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ABSTRACT

Surface subdivision schemes are used in computer graphics to generate
visually smooth surfaces of arbitrary topology. Applications in com-
puter graphics utilize surface normals and curvature. In this paper,
formulas are obtained for the first and second partial derivatives of
limit surfaces formed using 1-ring subdivision schemes that have 2 by
2 matrix-valued masks. Consequently, surface normals, and Gaussian
and mean curvatures can be derived. Both quadrilateral and triangu-
lar schemes are considered and for each scheme both interpolatory and
approximating schemes are examined. In each case, we look at both
extraordinary and regular vertices. Every 3-D vertex of the refinement
polyhedrons also has what is called a corresponding “shape vertex.”
The partial derivative formulas consist of linear combinations of sur-
rounding polyhedron vertices as well as their corresponding shape ver-
tices. We are able to derive detailed information on the matrix-valued
masks and about the left eigenvectors of the (regular) subdivision ma-
trix. Local parameterizations are done using these left eigenvectors
and final formulas for partial derivatives are obtained after we secure
detailed information about right eigenvectors of the subdivision ma-
trix. Using specific subdivision schemes, unit normals so obtained are
displayed. Also, formulas for initial shape vertices are postulated using
discrete unit normals to our original polyhedron. These formulas are
tested for reasonableness on surfaces using specific subdivision schemes.
Obtaining a specified unit normal at a surface point is examined by
changing only these shape vertices. We then describe two applications
involving surface normals in the field of computer graphics that can

use our results.
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1.2. BRIEF HISTORY OF SUBDIVISION SCHEMES 1

CHAPTER 1

Introduction

Based on certain assumptions we will be building easy-to-implement
formulas for the first and second partial derivatives of what is called a
refinable function. This function can be used to quickly generate a discrete
approximation to a target surface, called a subdivision surface. These
formulas will be based solely on certain right eigenvectors and what are
called the control and shape vertices of the original control net. From
such formulas one can then obtain unit surface normals and other geometric
information such as gaussian curvature. We will show a method for defining
what are called the shape parameters and demonstrate how such shape
parameters can change the normals of the target surface.

1.1. General Background

Subdivision is a powerful mechanism for the construction of smooth
curves and surfaces. More specifically, it is an algorithmic method for
surface generation that produces smooth surfaces by repetitively applying
a set of rules to an initial mesh or control net. As a result of the algorithm,
a sequence of meshes are produced, which generally converge to a limit
surface, called the subdivision surface. Application settings range from
industrial design and animation to scientific visualization and simulation.
Subdivision surfaces are used increasingly in high end animation production
(e.g. Pixar), game engines and are provided in many popular modeling
programs (e.g. Maya, Mirai, 3D Studio Max, etc.).

1.2. Brief History of Subdivision Schemes

Subdivision schemes go back to papers published by G. de Rham in 1947
and 1956 and by G.M. Chaikin in 1974 [PRO8],[dR47],[dR56],[Cha74].
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Here “corner cutting” routines were applied to “smooth out” polygonal
lines. Rham evenly trisected each edge to produce two new vertices and
Chaikin trisected each edge in a 1:2:1 ratio to produce new vertices. In
Chaikin’s algorithm quadratic B-spline curves were produced [Asp03]. Us-
ing subdivision schemes to produce B-spline curves led to tensor-product
B-spline surfaces. But in order to design surfaces that have an arbitrary
topology irregular points and faces were needed in the initial control net. In
the context of tensor-product spline surfaces, these would be points that had
a valence other than 4 or faces that had other than 4 sides. Such surfaces
were first introduced in 1978 by Edwin Catmull and Jim Clark [CC78] and
also by Daniel Doo and Malcolm Sabin [DS78]. The Catmull-Clark and
Doo-Sabin schemes extended to general control meshes the tensor-product
cubic B-spline and quadratic B-spline schemes respectively [PROS8]. In
[DS78] matrix multiplication was employed to describe the subdivision pro-
cess and eigenanalysis of this matrix was used to analyze the surface at the
irregular (extraordinary) vertices. In 1987, Charles Loop, in his Masters’
thesis, described a subdivision scheme defined over a grid of triangles (as
opposed to quadrilaterals)[Loo87]. Loop demonstrated that eigenanalysis
could be utilized to decide upon the coefficients to be used in the template
of an extraordinary point.

Another significant publication in 1987 was the description by Nira Dyn,
David Levin and John Gregory of their four-point curve scheme [DLG87].
This was new in that it was an interpolatory scheme, rather than an ap-
proximating one, and in that the limit curve did not consist of parametric
polynomial pieces. Here, the mask of the subdivision scheme (a finite num-
ber of coefficients which defined the method of refinement) was used to
determine the existence and the smoothness qualities of the limit of the
scheme. We also see the use of linear combinations of eigenvectors to pro-
vide a representation of certain neighboring points on a piecewise linear
approximation to a curve. Formulas for first derivatives are obtained with
a method similar to what we propose to use later. See Figures 3.5, 3.6 and
3.7 on pages 51, 53 and 54 for our first partial derivative formulas for an
interpolatory triangular scheme.
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In 1990 Dyn et al expanded the same type of analysis to surfaces when
they developed the “Butterfly” interpolatory scheme [DGL90].

Tools that were developed to analyze the convergence of schemes and
the smoothness of limit curves and surfaces included [PRO8]|:

e the notion of “derived subdivision schemes” obtained from the dif-
ferences and the divided differences of control points [DLG91]

e the notion of a symbol of a scheme that replaces the mask coeffi-
cients by a Laurent polynomial [CDM91|

e the notion of the “contractivity” of a subdivision scheme to check
for convergence [CDM91]

Algebraic manipulation of the Laurent polynomials that result from
these “symbols” led to sufficient conditions for a scheme to have a cer-
tain level of derivative continuity [DLM90]. (Note that, previously, the
eigenanalysis had only provided necessary conditions.)

In [Dyn92] Dyn extended the analysis in [DLG91] to the convergence
and smoothness of multivariate subdivision schemes. Such schemes used
matrices instead of scalars in their masks. They converged to function
vectors. In [Str96] multiwavelets were constructed from refinable function
vectors that had matrix-valued masks.

In 1995 Ulrich Reif developed the notion of the characteristic map to
assist in the analysis of the level of derivative continuity at extraordinary
points [Rei95].

Later schemes that have been developed include Kobbelt’s /3 scheme
where a triangular grid becomes denser by the insertion of a new point in
the middle of each triangle, the old edges disappear and are replaced by
new ones joining each new point to the corners of its triangle and to the
neighboring new points [Kob00]. This scheme has small support and is
O? except at extraordinary points where it is C*'. Also in 2001 Luiz Velho
and Denis Zorin developed the 4-8 subdivision that generalized the four-
directional box spline of continuity class C* to surfaces of arbitrary topology
[VZ01]. In 2004 Guiqing Li and Weiyin Ma developed the v/2 subdivision
scheme for quadrilateral meshes. This scheme can be regarded as an exten-
sion of the 4-8 subdivision scheme [LMBO4]. It produces surfaces of the
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same smoothness and is computationally more efficient. Of course this list
of subdivision schemes is not all-inclusive.

1.3. Scalar-valued Masks

Subdivision schemes are formulated in terms of certain templates of nu-
merical (scalar) values that are used as weights for taking weighted averages
of certain given “old” vertices (points in R?) for the purpose of generating
new vertices, and perhaps to move the positions of the old vertices as well.
It yields a higher resolution of some discrete approximation to the target
(subdivision) surface for each application (iteration) of the weighted aver-
ages. If the old vertices are not altered for each iteration, the subdivision
scheme is called an interpolatory scheme. Otherwise, it is called an approx-
imation scheme. Subdivision templates are displayed in two dimensional
space as certain triangles or quadrilaterals with certain weights attached to
each vertex. For regular vertices (also called ordinary vertices) these tri-
angles and quadrilaterals lie on 3-directional or 2-directional meshes since
the valences of regular vertices are 6 and 4 respectively [CJ03b].

Surface subdivision templates for regular vertices are derived from the
refinement equation of some bivariate refinable function with a finite re-
finement sequence. The refinement sequence is called the “subdivision
mask” of the subdivision scheme. A refinable function ¢ is one that has
the following quality:

(1.1) ¢(x)=> pd(Ax—k) x€eR’
keZ?

where A is some dilation matrix and {px}, is the (finite) subdivision mask.
It can be shown that the subdivision mask sums to |det(A)|. The selection
of the dilation matrix A depends on what is commonly called the “topo-
logical rule”. The most commonly used rule is the “1-to-4 split” that
dictates the split of each triangle or square in the parametric domain into
four sub-triangles or four sub-squares by connecting the mid-points of the
appropriate edges. Also a “face point” is introduced when the mid-points
of the opposite edges of a square are connected. The new vertices intro-
duced in the parametric domain correspond to new vertices in R?* when
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the templates are applied to take weighted averages [CJO05]. Most of
the well-known surface subdivision schemes such as Loop’s scheme and the
Catmull-Clark scheme use the 1-to-4 split topological rule. For the 1-to-4
split rule, the dilation matrix in the refinement equation is 2I,. Other
topological rules are the v/3 and v/2 rules with dilation matrices given by

1 1
1 -1
respectively [CJO05].
To apply a subdivision scheme, one must first select certain desirable

2 -1

A= 2] and Ay =

points in R? as well as connect these points to form a triangular or quadri-
lateral mesh. So the points thus chosen are vertices of triangles or quadri-
laterals. These points are called “control vertices” and the triangular or
quad meshes are called “control meshes” or “control nets”. For a con-
trol mesh with just regular initial control vertices v (i.e. their valences
are equal to 6 or 4 respectively) the refinement equation (1.1 |p.4) yields a
“local averaging rule”:

(1.2) ot = Zv}”pk_Aj m=0,1,..
J

where v} denote the set of newly generated points in R? after applying
the local averaging rule m times (or using the corresponding subdivision
templates to perform m iterations).

The target subdivision surface is precisely given by

) =) o(x—k) xeR’

k

with the initial control vertices as coefficients [CJ05]. We can thus see
that the smoothness of the limiting surface is reflected by the smoothness
of the refinable function ¢ (x).

Note that from (1.2 |p.5) one can obtain what is called the subdivision

matrix S where

S = (Paj-1); and v"tt = v™S
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A similar subdivision matrix can be constructed from the templates
involving extraordinary vertices. The eigenstructure of both these ma-
trices can tell us quite a bit about the smoothness of the subdivision
scheme [CJ06].

1.4. Matrix-valued Masks

Since the early 90’s work has been done with refinable function vec-
tors in the field of multiwavelets [Dyn92|, [Str96]. See (2.5 |p.12) for a
representation of a refinement equation with a refinable function vector.
Notice that the mask consists of matrices. Very briefly, wavelets (which
classically use a scaling function ¢) make large data sets more manageable.
Among other areas, they have been used as a basis set of approximating
functions and operators, in image processing, in processing music, speech
and other acoustic signals, and for displaying 2-dimensional geographic data
[Kob98|. Multiwavelets utilize refinable function vectors and have the ad-
vantages of shorter support and higher approximation orders than scalar
wavelets [Kei03].

In recent years Chui and Jiang have done work on matrix-valued subdi-
vision masks [CJ03b|[CJ08][CJ06]|. Some of the benefits they have found
include:

e the introduction of a parameter (called the shape parameter) that
can control and change the shape of the final subdivision surface

e the two components of a refinable vector-valued spline function can
be reformulated (by taking certain linear combinations of each) in
order to convert an approximation scheme into an interpolatory
scheme (at the expense, however, of an increase in the template
size).

e C? l-ring (non-spline) interpolating schemes (i.e. C? at regular
vertices)

The schemes developed by Chui and Jiang are C? on regular vertices
(regular surface areas) and the conditions for C'' smoothness are maintained
at the extraordinary vertices via the use of eigenanalysis of the subdivision
matrix through DFT (Discrete Fourier transform) techniques.



1.5. DISSERTATION OUTLINE

Here we will be working exclusively with refinable function vectors and
matrix-valued masks.

1.5. Dissertation Outline

In Chapter 2 we will list notations used throughout and give the as-
sumptions used to build our formulas for first and second partial derivatives.
Chapter 3 will develop these partial derivatives for a 1-ring interpolatory
triangular scheme in terms of the initial control net. Chapter 4 will do
likewise for a 1-ring interpolatory quadrilateral scheme. In Chapter 5 we
will cover both triangular and quadrilateral approximating schemes.

We then proceed to a formulation of the initial shape parameters (Chap-
ter 6) using discrete normals. Chapter 7 covers normals and curvature. In
particular, it deals with achieving a specific normal at a surface point. In
Chapter 8 we look at two applications of surface normals in the field of
computer graphics. One is their use in surface lighting and the other is
their use in texturizing a surface (bump maps). Conclusions are provided
in Chapter 9. Several appendices follow.
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CHAPTER 2

Preliminaries and Notations

In this chapter we will do the following:

introduce notation used throughout the paper
provide needed definitions
review the notion of a refinable vector-valued function

discuss sum rule order and provide assumptions used throughout
outline a method to determine Sobolev smoothness

2.1. Notations and Definitions

We will now introduce some notations used in this paper. Let Z.
denote the set of all nonnegative integers. And so let Z% denote the set of
all d-tuples of nonnegative integers. The following multi-index notations
will be adopted:

W=l B Bli=81 B, 1Bl =B+ ..+ B

for w = (wr,...,wq) €RL B = (By,...,5)" € Z4.
Ifa,pe Zi satisfy f—a € Zi then we will say that o < 8 and denote

(o) = =

For B = (B1,...,B4)" € Z4 let

D? .= —861 o —aﬁd
ox ol
where 0; = % is the partial derivative operator with respect to the jth
J

coordinate for 1 < j < d.
For ease of notation later on define

(21) Dj =
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Hence
(2.2) DP .= DJ'..DJe

For y := (y1,52)" € R2\ {0} denote the directional derivative in the
direction of y as
Dy =y Dy + y2 Do

and the second order directional derivative in the direction of y as
D?, = y; D} + 25192 D1 D2 + 45 D3
Note that

Dy, gr = Dy = DO

(1,0)
0,1)T
Digyyr = Dy = DOV
With that said, there will be instances in which the first and second
partial derivative of a function I’ will be represented as Fy, F}, Fi,, Fy, etc
where s and ¢ represent the variables of the first and second coordinates
respectively.

For a finite collection X ={xy,xa,...,x,} of vectors in R?® define the
span of X

(X) = mX1 + Y2Xg + ... + YuXy where v1,72, ..., 7, € R

The d x d matrix A is isotropic if 3A (d x d invertible matrix) and
o = (o1, ...,04) such that

(2.3) ANANY = diag (04, ..., 04)
where
lo1| = |oa| = ... |og| := spectral radius of A

If Ais an m xn matrix and B is a p X ¢ matrix then we say the Kronecker
product A ® B is the mp x nq block matrix
anB - anB
AR B = . :
amB - am, B

Also let 7 denote the space of all polynomials in R® of total degree d.
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For 1 < p < oo we denote by L, (Rd) the Banach space of all (complex-
valued) measurable functions f on R? such that [|f||, < oo where

iy = ([1rera)”

For an 7 x 1 vector-valued function f = (fi...., f.)", we say that f is in
some space on R? if every component f; of f is in that space. In particular,
such an f € Ly (Rd) means that each component f; € Lo (]Rd) )

Also, for such a vector-valued function f, its Fourier transform J? =

(j?l ceey ﬁ)t where

Foy = [ e cew

and where z - ¢ denotes the inner product of two vectors  and & in R
For v > 0, denote by W3 (R®) the Sobolev space [Jia99] of all functions

f € Ly (R?) such that

The smoothness of an 7 x 1 vector function W = (1, 1, ..., 1/1r)T where
1; € Ly (R®) is measured by the critical exponent X (V) defined as [JOO03] :

‘ 2

£ (6

(1+[¢]7) d§ < o0

(2.4) A(U) :=sup{A:¢; e W (R*) Vji=1,.,r}

The Sobolev embedding theorem [Mel02] states that for n € Ny and
v > 5 +n then Wy (R®) C C™ (R?).
Since here s = 2 the Sobolev embedding theorem reverts to

forn €Ny and v>1+n Wy (R*) CC" (R

If A is a matrix of size n x n then (where I,, is the n x n identity matrix)
the polynomial
det (A — \I,,)
is a polynomial of degree n. The roots of this polynomial are the eigenvalues
of A. If ); is a root then the algebraic multiplicity of A; is the multiplicity
of the root in the polynomial. Call this number k.  If p denotes the
number of linearly independent eigenvectors associated with A; then p is

10
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the geometric multiplicity of A;. It is known that p < k. But if p < k
then we say that the eigenvalue ); is defective.

In such cases, A is called a defective matrix. It has fewer linearly
independent eigenvectors than eigenvalues (counting algebraic multiplicity).
Generalized eigenvectors are needed to form a complete basis for A. A
generalized eigenvector is a nonzero vector v, which is associated with A;
having algebraic multiplicity & > 1, satisfying

(A= NIL)'v=0

The following definitions are from [O’INO6] :

(1) We say that a surface in R?® is a subset M of R? such that for
each point p of M there exists a proper patch in M whose image
contains a neighborhood of p in M.

(2) We say that a proper patch is a mapping x :D — R3 that is one-
to-one and regular (where D is an open set of R?) and for which
the inverse function x~! : x(D) — D is continuous.

(3) We say that a mapping x is regular if x, and x, give a basis for
the tangent plane of M at each point of x (D).

(4) If p is a point of M then for each tangent vector v to M at p then
we say that the shape operator of M is defined asS, (v) := —V,U
where U is a unit normal vector field on a neighborhood of p in M
and V, is the directional derivative.

(5) For any unit vector u tangent to the surface M at point p we define
the normal curvature of M in the u direction as: k(u) := S (u)-u

(6) The Gaussian curvature at point p on M is defined as K :=
k1ko K := kiko where k; and ks are the maximum and minimum
values of k£ (u) at p.

(7) The quadratic approzimation of M near pis: M := % (kyu? + kgv?).

We have non-degenerate curvature continuity if we have such a quadratic
approximation at every point p. [Loo01]

11



2.2. MATRIX-VALUED SUBDIVISION SCHEMES

2.2. Matrix-valued Subdivision Schemes

Reformulating (1.1 | p.4) for a vector function, an r x 1 vector of func-
tions @ is called refinable if there exists an s x s dilation matrix A (meaning
that the eigenvalues have modulus > 1) and a (finite) subdivision “mask”
Py consisting of r x r matrices such that
(2.5) O(x) = Y Pd(Ax-k), xeR

kezs

Note that we will only be working with s = 2, i.e. ®(x) is defined on
R2. Also the dilation matrix A will be restricted to 2I,. Use of 2[5, means
that we will be using the most commonly used topological rule that we
previously noted is called the “1-to-4 split” (dyadic) rule. Regular vertices
in triangular schemes are vertices with valence 6 (6 adjacent vertices) and
regular vertices in quad schemes are vertices with valence 4. Otherwise,
the vertices are labeled “extraordinary” vertices. Both triangular and
quadrilateral schemes will be examined.

For the sake of simplicity we will also restrict » = 2 in (2.5 |p.12). Thus
® = (41, o) where ¢y, ¢» map from R2 to R.  Also the support of the
finite mask Py is such that P, =0,k ¢ [-N, N ]2 for some positive integer
N.

Our initial control net is a collection of vertices {vj },in R* that belong
to what is called a “simplicial complex” [Zor00a]. A simplicial complex is
a set of vertices, edges and triangles (or quadrilaterals) in R? such that for
any triangle (quadrilateral) all its sides are in the complex and for any edge
its endpoints are vertices in the complex. No isolated vertices or edges are
assumed, that is, every vertex is an endpoint of an edge and every edge is
a side of a triangle (quadrilateral). Each vertex in the initial control net is
associated with a 3 x r (here r = 2) vector vi where

(2.6) vy = [vﬁ, sﬂ}

The collection of these {v{}, are called our ”initial control vector net.”
We can obtain subsequent generations of vector nets using the following

12



2.2. MATRIX-VALUED SUBDIVISION SCHEMES

algorithm called the “local averaging rule.”[CJ06] Under certain assump-
tions, as we shall shortly see, after m iterations of (2.7 |p.13) the first com-
ponents v' of these subsequent vector nets provide an accurate discrete
approximation of a target (subdivision) surface (2.9 |p.13) . Thus one can
effectively render a surface in three-dimensional space (3-D).

The local averaging rule is:

(2.7) Vit =) V'R, m=0,1,...,
jez?

where

(2.8) v = vy, syl

It is shown in [CJ06] that the generated subdivision surface is precisely
given by

(2.9) F(x)=) vor1(x—k) + > sips (x —k)

The natural question to be asked is what is the purpose of the second
component of (2.6 |p.12) or (2.8 |p.13)?  This second component is one
of the valuable features that matrix-valued subdivision schemes allow. It
is called the “shape-control parameter” and it functions just as its name
implies. This parameter allows the designer to control or change the geo-
metric shape of the surface. In Chapter 6, a method will be proposed for
defining this parameter that is based on the discrete normals of the initial
control polyhedron.

The local averaging rule (2.7 |p.13) gives rise to templates that visually
show how new vertices are “made” and how “old” vertices are updated.
Figure 2.1 shows the templates for two matrix-valued masks for 1—ring
triangular [CJ08] and quadrilateral schemes [CJ05].

For the triangular scheme we have:

(2.10) Poo = [pij]lgmgz D= [dij]lgi,jgz
B = [b;;] ¢ =

1<i,j<2 leiili<ij<o

13
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where

P11 =1, po1 =0, di;7 =0, dy; = 0 in the interpolatory case

and
B=Poy=P.g=FP,=FP_1=P =P
C=Py=Py 1=Poy=P, 1 =P _1=P,
(2.11) D=Py=Pg=FPoo=F_2=FPy=P3_»

for B from (2.7 |p.13)

For the quadrilateral scheme we have:
(2.12) Roo = [Tij]lgi,jSZ L= [lij]lgi,j§2 N [nij]lgi,j§2
K= [kij]lgi,j§2 J = [jik]lgi,jgz M = [mijhgi,jgg
where
rip =1, r91 =0, l11 =0, l5y =0, n;; =0, noy =0 in the interpolatory case
and
L=Pyog=Ps9=Fz2=F_
N=Po=Pos=P 3=P, »
K=P,=P _1=P11=P1
J=Po=F1=P10=F1

(2.13)
M=P,=Pas=P 1 9=Py 1=P 1=Py1=P15="_»

for P, from (2.7 |p.13)

14
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~
~

(b)

Figure 2.1. Top figure: regular template (triangular). Bot-
tom figure: regular template (quadrilateral). These templates
are 1-ring templates, meaning that the vertices involved in ei-
ther forming new vertices or updating old vertices come from
the immediate adjacent ring of vertices around a central ver-
tex.

2.3. Sum Rule Order and Other Assumptions

We will now define [as given in [CJ03a] | what it means for a subdivision
mask Py to satisfy the sum rule of order m.

If the dilation matrix A is 2 I [note: this will be the case used through-
out] it is said that Py satisfies the sum rule of order m if there exist 1 x 2

constant vectors 1§ with 1§ # 0, such that

(2.14) > (- (Z) 197035, = 27918

BLa
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for all v € {(o,O)T (1,007, 0,17, (1, 1)T} , | < m, with

Jpy = Z (k+ 2_17)6 Py gy
K

The sum rule of order m is an “attractive” property since it implies
(with the additional assumption that 1 ® (0) = 1) that linear combinations
of integer translates of ® will reproduce polynomials of total degree less
than m:

(2.15) X% = { “ ka—ﬂlg}cp(x—k), o] <m
> 20)

where 17 are the same as in (2.14). Note that (2.15) is called accuracy of
order m.
It can be shown that (2.14 |p.15) implies the following set of equations:

(2.16) > (O‘) (2,271 P (2k)*7 = (2,2)°15

b \P
BZSQ (g) (2,2)7 1 ; P (1) (2k— ((1]) ) o = (2,2)7°18
BZSQ (g) (2,2)7 1 ; Poe_(9) (2k— ((1]) ) . (2,2)7°15
BZSQ (g) (2,2)7° 15? P (1) (2k— G) ) o = (2,2)7°18

where |a| < m.

We will assume that the mask Py satisfies (at least) sum rule of order
3. As we shall see shortly, this assumption will provide us with suitable
left eigenvectors for eigenvalues % and i.

As indicated in section 1.4, ® is defined on R* where s = 2 and the
dilation matrix A in (2.5) is restricted to 2/,. Hence ® = (¢ gbg)T and
the topological rule will be the commonly used one called the “1-to-4 split”
(dyadic) rule.

16
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The support of the mask Py is assumed to be finite such that
(2.17) P.=0,k ¢ [-N,NJ?

for some positive integer N.

Please note that only 1-ring templates using either triangular or quadri-
lateral schemes will be examined. From the 1-ring assumption it can be
shown directly that N = 2 in (2.17). Such smaller templates do not depend
on mesh orientation and avoid the unnecessary surface oscillation artifacts
that larger templates have [CJ05]. As discussed in [CJ05], the schemes
will have four-directional symmetry for quadrilateral scheme templates and
six-directional symmetry for triangular scheme templates. Such symmetry
is a very desirable quality since on surfaces it would be very difficult to keep
track of mesh orientation.

Looking at the Fourier transform of both sides of (2.5 |p.12) the following
is obtained:

(2.18) =P (-/2) (-/2)
where

1 —ikw
(2.19) P (w) ::mkezﬁpke ki

is called the two-scale symbol of the mask {P}. Note that |det A| = 4.
Now one can see that if ® satisfies (2.5 |p.12) then any scalar multiple
of @ also satisfies (2.5).
So from [Jia99] @ is said to be a normalized solution to (2.5) if

(2.20) ®(0) = (1,¢)" for some scalar c
Note that from (2.18 |p.17)
®(0) = P(0) (0)

and so ®(0) is a right eigenvector of P(0) for the eigenvalue 1.
Now a matrix A is said to satisfy Condition E [She98] if

e the absolute values of its eigenvalues are less than or equal to 1
e 1 is the only eigenvalue on the unit circle

17
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e 1 is simple [geometric multiplicity = algebraic multiplicity =1].
We will assume that the symbol P (2.19) evaluated at 0 [P (0)] satisfies
Condition E.
Since our mask Py satisfies sum rule of order 1 (i.e. the basic sum rule),
the following is obtained from (2.16):

(2.21) 1Y Puy, =1
K
where n; € Z?/27* for j =0,1,2,3.
Hence
1) P=41)
Kk

or from (2.19)
P (0) =15

We will assume that
(2.22) Iy = (1,0)

i.e. that the left eigenvector of P (0) for 1 equals (1,0).
From (2.22 |p.18) and from the normalization in (2.20 |p.17), we will
obtain the following normalization of these left and right eigenvectors of

P (0). Note that this normalization is a frequent assumption in proofs in
[JJ02] and [CJRO02] among others.

123(0) =1

Now if 13 # (1,0) we will do the following:
Note that since P(0) satisfies Condition E (by assumption) there exists
a nonsingular matrix U such that

10

UP((0)U ! = <o d) with |d| < 1

If we define P; := UPU ! then ®' := U ® satisfies the refinement
equation
O =Py (-/2) 1 (-/2)
where ® is a solution of (2.18 |p.17). [She98|

18
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Note that the convergence and smoothness of ®! are the same as ® since
its components are just linear combinations of ®.

So if 1§ # (1,0) we will use ®' instead of ® and P; instead of P. With
these modifications we will obtain 13 = (1,0).

Notice from (2.15 |p.16) that

Y e(x—k) =1
keZ?

which in other words means that ® satisfies the condition of “generalized
partition of unity.” [CJO06]

Define

Tp = [Bacjly je(-n, vp?

where Bj : 42Pk 4 ® Py and Py is our subdivision mask.

From [CJ 06] the sequence of piecewise linear surfaces with vertices v}"

(2.8 |p.13) converges in the Ly-norm to the limit surface F'(x) (2.9 |p.13)
o if T}, satisfies Condition E and
e if (2.21 |p.18) is satisfied.

We will assume that Tp satisfies Condition E.

Hence only the first components of (2.8 |p.13) will be used as the vertices
of the triangular or (nonplanar) quadrilateral meshes for the m! iteration.
And these (finer and finer) meshes will converge to the target limit surface
F(x) in (2.9).

From the assumption of sum rule of order 3, one can show that

Zlﬁp%—j =(2,2)° Iy for any j € Z* and |a| <3

keZ?
where 1 is the same as in (2.14) and (2.15) and where
(2.23) I = > (g) joP1 forjeZ? and |a| <3
0<f<a
Thus
(2.24) I°L = (2,2) 1
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where |a| < 3 and L is the bi-infinite form of the regular subdivision matrix:

and where
(2.25) 1= [0,

So we have left eigenvectors for L corresponding to the eigenvalues
(2,2)"“ for |af < 3.

Since the support of Py is k € [-2, 2]2 there are up to 25 nonzero 2 x 2
matrices in the mask. However, a 1-ring triangular scheme will only need
to use 19 of these for its finite subdivision matrix (2.11). The quadrilateral
regular case will need all 25 for its finite subdivision matrix (2.13). Thus
the finite (regular) triangular subdivision matrix will be a 38 x 38 matrix
and the finite (regular) quadrilateral subdivision matrix will be a 50 x 50
matrix.

Denoting the required k € [—2, 2]2 by @, the finite subdivision matrix S
is
(2.26) S = [Poacjlyje0

11
1201
where it can be easily demonstrated that their geometric multiplicity is at

From (2.24) one sees that this subdivision matrix has eigenvalues 1

least 1,2,and 3 respectively. The eigenvalue 1 must be simple else the

scheme will not converge [RP06]. The subdominant eigenvalue % is as-

sumed to have geometric and algebraic multiplicity 2 else the scheme will

not be practically useful [Zor00a]. Finally, the subsubdominant eigenvalue

1is assumed to have geometric and algebraic multiplicity 3 else the cur-

4
vature continuity may be degenerate [Loo01]. The remaining eigenvalues
will be assumed to have modulus strictly less than i. If any of the re-

maining eigenvalues are defective then generalized eigenvectors will be used
when it becomes necessary to construct a basis for R3® or R [triangular
and quadrilateral cases respectively].
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For the extraordinary case, we will assume that 1 is a simple eigenvalue
of the (irregular or extraordinary) subdivision matrix and that its subdom-
inant eigenvalue A (where A < 1) is nondefective with multiplicity 2. The
modulus of the remaining eigenvalues is strictly less than A\. We will later
show how this matrix is similar to a block diagonal matrix. We will assume
that the subdominant eigenvalue )\ is an eigenvalue of the second and last
blocks of that block diagonal matrix. Cases in which this assumption is
not met are not useful in practice. [PR98|,[Zor00a]

Another assumption is that the limit surface F'is C? except on extra-
ordinary vertices where it is C'*. This is a common assumption for target
surfaces of subdivision schemes.

The following question naturally arises: given a certain mask, how can
the smoothness of this mask be determined? This question is answered by
Jia and Jiang in [JJ03]. See the section that follows.

2.4. Sobolev Smoothness Determination

In [JJ03], Jia and Jiang develop a theorem for determining the lower
bound on the Sobolev smoothness of refinable function ® € L, (Rd)TXI.
Here we will paraphrase the theorem.

Let ® € Ly (]Rd)TXl be a normalized solution of ® (x) = > ;4 Pa® (Ax — )
x € R? with mask P of r x r real-valued matrices and isotropic d x d dilation
matrix A. Assume that P has sum rule of order k. Define

Sk = Spec (TP‘HQ) \gk
where
Sy = {U_a)\_j,ﬁ)\j,a_ﬁ ca,BEZ ol <k, |B| <2k,2<j< r}

where o is from (2.3) and \; are the eigenvalues of P (0) where P (w) :=-- 3", P, e™™%
[By assumption, A\; = 1 and |\;| < 1 for j = 2,...,7.] Also recall that
m = |det A.
Now define Q) := {ZZ:;O A7*zy 2y, € [N, N]d} where supp(P) C
[N, N]*. Define [Q] := QN Z4.
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Jia and Jiang define Hg (a subspace of C (Td)rxr) as follows:

Hg:=qh(w) € Co (T ™ th(w) =) hae ™

acl)]

where Cj (Td)rxr denotes the space of all r x r matrix functions with
trigonometric polynomial entries.
And for a given refinement equation with symbol P (w) € Cj (Td)rw
they define the transition operator Tp on Cj (Td)rxr by
m—1
TpX (w) =Y P (A" (w+2mm)) X (AT (w+2mm;)) P (A (w + 2mny))”
=0
where the complex conjugate of P (w) is denoted by P (w)* = P (—w)"
and where {n;} is the complete set of representations of the m cosets of
73 | MT74,
Now if we define
po :=max {|\| : A € Si}

then we have the following lower bound for A (®) :
d

where A (®) is from (2.4 |p.10).
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CHAPTER 3

Derivative Formulas for Interpolating Triangular

Subdivision Schemes

3.1. Introduction

Here we are examining 1—ring triangular interpolating schemes. Their
template is given in the upper part of Fig. 2.1 and the elements of the
mask are given by 2.10. In an interpolatory scheme these matrices have the
following structure: [CJO8]

(3.1)

1 *

0 = *

0 %« --- x . 5
Poo=1. . e Py=i i il JeZ\{(0,0)}
Note that

(3.2) Vg, = 1)10(0

follows from (2.7 |p.13) and the above matrix structures.

These regular vertices lie on a 3-directional mesh in a “so-called” para-
metric domain. This domain corresponds to the integer subscripts of the
vertices and will be associated with the parameters of the limit surface (as
we will see later). See Fig. 3.1 on p. 24.

In the following we will be using the assumptions presented in Chapter
2 to develop the first and second partial derivatives of the regular vertices
of a triangular interpolating scheme We will derive from our assumptions
as much information as possible about the templates { P}, and the 1 x 2
constant vectors 1§ introduced in (2.14 |p.15).
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Figure 3.1. Three directional mesh for triangular scheme

Through direct calculation using the Sum rules we determined the fol-

lowing;:
(3.3) 179 = 1% = [0, 0]
l((]2,0) _ 1(()0,2) — [0,1]
l((]l’l) = [O, g} where h #£ 0

As indicated in Chapter 2, 180,0) = [1,0].
Also through direct calculation using the Sum rules we determined:

(3.4) Poo= (1 h(_%+9t3+%t4)> D= (0 h(%_%ts_ilﬁ))

0 ty 0 t3

B 2 0 o= £ 0
—5i—h §— 1 tr to

where ¢; for j = 1,...,4 are “free” variables and h is from (3.3 |p.24). Using
the techniques in ([JOO03]), the values of these ¢; will determine the Sobolev
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smoothness of the refinable function ® (2.5 |p.12). See the prior section
2.4 on p. 21 for more information.

3.2. Development of general derivative formulas

We will use the same technique as found in [SDL99] to develop a rep-
resentation of the first partial derivatives in terms of the initial control net.
In [SDL99] the authors represented a control net around any given regular
vertex (call it vy, ) as a linear combination of right eigenvectors of the
subdivision matrix. Then it was determined that in this linear combina-
tion the two first partial derivatives at vy, —are equal to two of the 1 x 3
“coefficients”, namely the coefficients for the right eigenvectors (call them
r; and ry) corresponding to the multiple eigenvalue % Finally by multi-
plying the initial control net by two normalized left eigenvectors of % (call
them 1 and 15) such that Lir; = § (i — j) where 4, j = 1,2 they obtained a
representation of the two first partial derivatives as linear combinations of
the initial control net.

Here we will use this technique to develop representations of the first
and second partial derivatives of the limiting surface where the initial con-
trol net is regular and then first partial derivatives corresponding to an

extraordinary vertex.

3.3. First Partial Derivatives(Regular)

Here, as in [SDL99], we will also start at any given regular vertex vin,
for some ko € Z? (after m iterations of our subdivision scheme). But in
contrast we will be initially representing its surrounding control net as a
linear combination of left eigenvectors.

In a regular interpolatory triangular scheme, the control vector net sur-
rounding a vertex (call it vih, ) is a 3 x 38 vector consisting of 19 3 x 1
initial control vertices and 19 3 x 1 initial shape control vertices. See Figure
3.2 on p. 27.

Denote each vertex surrounding vy, —after m subdivisions by

(35) uz),j = V;nmko-i-j
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where kg € Z% and j = (Q1,5, Q2 ,S)T fors =1,...,19 and where @ is defined
as the following 2 x 19 matrix:
(3.6)

Q:=

60110 -1 -1 0 220 -2-2021-1 -2 -1 1
o011 060 -1 -1022 0 -2 -212 1 -1 -2 -1

The columns of @) reflect the ordering in Figure 3.2.
Define the following 3 x 38 matrix

(3.7) Ly = {uﬂfm- 1§ =(Q1s, Qa5)" as above}
Hence
U = U
where S is given in (2.26 |p.20).
Additionally,

(3.8) Uy =uy 5"

In other words, the m®

control net surrounding vy, is obtained by
applying the subdivision matrix to our initial control net m times.

The initial control vector net (U} ) around any regular vy can be
represented as a linear combination of 1 x 38 (generalized) left eigenvectors
of our 38 x 38 subdivision matrix S (2.26 |p.20).

By letting {Lj},.;4; be a set of 38 (possibly generalized) linearly in-

dependent left eigenvectors of S then Uﬁo can be written as

(3.9) UL = al Lo+a”Li +ay Ly +af Ly +a{"L, + af L5+Za(0

where a§_0) eR® j=0,...,37

By assumption (see Chapter 2) 1 is the dominant eigenvalue of S with
multiplicity 1, % is the subdominant eigenvalue of S with multiplicity 2
and i is the subsubdominant eigenvalue with multiplicity 3.  All other
eigenvalues have modulus less than i.

In (3.9 |p.26) let Ly be the left eigenvector of 1, L; and Ly be the two
left eigenvectors of % and L3, Ly and Ly be the three left eigenvectors of
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v 0y Y 1 v 2
“9k0+(2) ot () 8k0+(2)
ko+(112 (o (0)  Pro ()
2 13
vkoJr(f)
Uk0+ 702 ko (—Ol) Vk, kg (é)
1 Ls
) 4 0 I vko + (7)
Yko+(22 ko#(71) vieo # (%)
16
18
> 6 Yo+ ()
v —2
i (32 |
17 e Vi + ( 2)

Figure 3.2. Ordering around central vertex. The intersection
of grid lines are the parametric location of the vertices (the
subscripts). The single numbers represent the order in which
the vertices are considered. The vertex subscripts reflect the
parametric domain.

1. For j > 6, L; is a (generalized) left eigenvalue corresponding to an
eigenvalue with modulus strictly less than i.
From (3.8 |p.26) we then have

37
m = oy Lot2 "o Li+2 "ol Ly+4 ™" 0 Ly+4 "ol Li+47"0{ L+ > Aral”L;

=6

where [);| < § for j =6,...,3T7.
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Thus
0
Jm U, = o Lo
lim 2™ (U;;; - agO>L0> = oL, + oL,
m—ro0
Now since

e the first component of U} is vy,
o vfh = vp, (see 3.2 |p.23) and
e the first component of Lg is 1

then we have
0 m
(3.10) ozé ) = Uy = Vb,
Hence we have the following:

(3.11) lim 2™ (U — [vg, 0,08, ,0,0,0..., 0% ,0]) =at”L; + oy’ Ly

m—ro0

Now from (2.23 |p.19),(2.25 |p.20), (3.3 |p.24) and (3.6 |p.26) we can
obtain the following representations of L; for j = 0,1,...,5.

(3.12) =[1,0,1,0,1,0,1,0,...,1,0,1,0]
L; =[0,0,1,0,1,0,0,0,...,—1,0,1,0]
L, =0,0,0,0,1,0,1,0,...,—2,0,—1,0]
[0,

Ly =[0,h,1,h,1,h,0,h,...1,h, 1,1
Li=10,-,0,~,1,= 2= =1, =
4 |i072a092> a2>07 ) ; 727 72
Ls = [0,h,0,h,1,h,1,h,...4,h,1,h]

h = h h h h h
2

So just looking at the odd components of the left and right sides of
(3.11 |p.28) we have

: m m 0 0 0 0 0 0 0 _
},}bglOOQ ([U2mkovU2mko+(1,0)T7U2mko+(1,1)T7 "'7U2mk0+(1,—1)T} - [Ukoavkoavkoa---avkoD =

(313) Oégo)fq + OK;O)LQ
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3.3. FIRST PARTIAL DERIVATIVES(REGULAR)

where
il =[0,1,1,0,-1,-1,0,2,2,0,—-2,-2,0,2,1,—1, -2, -1, 1]
L,=1[0,0,1,1,0,—1,-1,0,2,2,0,—2,-2,1,2,1, -1, -2, —1]
Our goal is to connect the above formula with the 2 partial derivative
of our limit surface F. First we need to locally parameterize F' in the (s, )

plane as in [SDL99]. The (s,t) plane is drawn in Figure 3.2.

Define as follows a local parameterization of F' in a neighborhood of
T
ko= (", 17) € 22
R AR (©) .
(314) F (]{7((] ) + 2_m’ ]{3(() ) + 2_m ‘= Ugmiy 41

where m € Z,, v™ as in (2.8 |p.13), and 1 = (I, l(2))T = (Q1.j, Qlj)?gjgw
for @ defined in (3.6 |p.26).
Since F' is assumed to be C? at regular vertices then

F (kY +2mm 1k 4 2mm1) = F (k0 6D)),
Tim 2™ F (kK +2m 1) = F (6017 o

F (k" +2mm (=1) 6+ 27m (<2)) = F (K0, 6))
F (kY 4 2mm 1k 42 (1) = F (K, 5D

(3.15) Fy (k0 k) T+ B (1" K ) T

So from the local parametrization (3.14 |p.29) we have

0 0 0

: m m m m m
lim 2 <|:,U2mk0’1)27”k0+(170)T’,U2mko+(1,1)T’""U2mko+(1,—1)T} = [V Vg Vg > Vi

m—00
F, (k;g”, k((f)) L +F (k((]l), k((f)) L,
By the linear independence of fq and fq we have
(3.16) F, (k;g”, k;ff)) =

Fi (K9 7 =

29

() - (040) (8210 P ().

)




3.3. FIRST PARTIAL DERIVATIVES(REGULAR)

Proposition 3.1. Suppose that an interpolatory triangular scheme is con-
vergent with limiting surface F in C* where for kg = [k(()l), kéﬂT € 7?2 the
initial control vector surrounding vy, s giwen as in Figure 3.2.  Also as-
sume its mask { P}, has Sum Rule of at least order 3. Let ozgo),ozgo) eR3

be the column vectors in (3.9 |p.26). Then
Fs (l{?(()l), ]{Z(()2)) = Ozgo), Ft (l{?(()l), ]{Z(()2)) = Oégo)

Similarly we can obtain the derivative of F" at a point (k((]l) + i;) , k‘(()z) + ’;—?)
for kg,i € Z* and n € Z,.

In this case denote each vertex surrounding v, ; after m additional
subdivisions by

n+m .__ _.n+m
Uiy i ' Vonimigpamiy  JOr M 70

n PO n —
Uy 5= Vongtigy Jor m=0

where j = (Q1, s, QQ’S),{SSSIQ for () defined in (3.6 |p.26).
Let

(317)  URT = {uﬁoﬁ'ﬁj = Qe Qo) ey 8 above}

Similar to what was done earlier, we can represent Uﬁ;’? as
(3.18)

37
Uﬁ;r,? = O‘(()n)LO + Ofgn)Ll + ozé")L2 + ozé")Lg + afln)L4 + ozén)L5 + Z ozg.n)Lj
§=7

where L; are defined in (3.12 |p.28) and ozg»n) € R3.
As in (3.10 |p.28) we have

(n) _.n _ . nt+m
@y~ = Vanko+i = Ugnimyy1omi

Likewise as in (3.11 |p.28) we obtain:

221@2 (Uko,i - [UQ"ko+i,’ O, ,U2”ko+i,? 0, UQ"ko-i—i,? 0, ,U2”k0+i,? 0i|) =0y L1+a2 L2

This in turn leads to (like in (3.13 |p.28)):
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3.3. FIRST PARTIAL DERIVATIVES(REGULAR)

pntm prm
2nt kg $2m47 V2m o 4-2mi4(1,0)T _
. m n+m i, B
(319) 71;21002 ,U2n+mk0+2mi+(1,1)T’ ) U2"+mk0+2mi+(17_1)T e

n n n n
Uonko+i,» Vankg+i,» Vankg+i,s -+ Voanko+i,

oL, + alVT

Our local parameterization of F' in a neighborhood of (k‘(()l) + ’2(,11) , k:(2 ’(2))

is
(3.20)
(2

i)
(1) n+m (2) n+m)7(2 = pmTn
F <k + o+ 2 (ntm) () gy + on T2 et )) = U kg samig

where m,n € Zy,v™ ™" asin (2.8 |p.13), and 1 = (I, l(z))T = (Q1.;, Qg,j)lTSij
for @ defined in (3.6 |p.26).

As in (3.15)
(3.21)
(P (k) + 12 kD 4 Z’;ff) (k:“ + 20 kP + %)
F (KD 4+ 5 2o 4 80) (k0 4 5, (2’+2‘;—3)
F (kY 4188 o=Crem) g gD % o=(nm) 1) —F (ké + kD + ’(”) ,
) F kY o+ g(if, @) | i3 4 g=(ntm) . 1) _F (kg” o et %)

m—ro0 F (&Y + 2(” o-mam) (1) gD 4 22(_1) 4 9—(n+m) (_2)> _
(1) (1) i)

F (KD 420 g 2n) ,

F (kD 4@ Zu) Fotmtn) (1) 52 4 4 o—(nm) (_1)> _

27L
) Z(l) Z<2>
|7 (K + 52 ke )

1 1) /(2) 1 i i@\ ~
:2_nF8<k”+Z—k +- )L1+—t<k:(1+—k:(2 —)L2

2n 2n on’ 2n
by the Chain Rule.
Using (3.20) we can equate the right sides of 3.19 and 3.21
(1) i@ i@

n 1 ? ~ 1 z( )
Oé§ )L1+a( )Lg = Q_nFs (k’((]l) + Q_n’ k’((]2) + 2_n> L1+2_nFt <k‘(()1) k‘(2 + 2_) L2
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3.4. SECOND PARTIAL DERIVATIVES (REGULAR)

So by linear independence

(1) (2)

(3.22) F, <k§” + Z—n kS + g—n) = 210"
(1) ®)

F, (k( '+ kS Zzn) — 2"

Proposition 3.2. Suppose that an interpolatory triangular scheme is con-

T
vergent with limiting surface F in C* where for ko = [k:(()l), k:(()z)} € 72 the

n' control net surrounding Von,4; for i € Z2\ (0,0)" (after n subdivisions

of the initial control vector net) is given as in (3.17|p. 30) Also assume
its mask { P}, has Sum Rule of at least order 3. Let ol oY € R? be the
column vectors in (3.18 |p.30). Then

i e (1) i (2
1) 2) n_(n 1 ? 2) n_(n
(k:( +—2n,k:( —2n)=2 ™, m(ky Sk 2n):2 ay’

3.4. Second Partial Derivatives (Regular)

The procedure for obtaining the second partial derivatives of our limit
surface F is similar. Again we will first consider vertex vl (= v, ) from
the initial control net after m subdivisions.

Define J* as the 38 x 38 “picking” matrix that for odd j between 3 and
31 replaces the j and j + 1 columns with the j + 6 and j 4+ 7 columns (and

vice versa) of any 3 x 38 matrix. To illustrate, Uy J* replaces uk LT

TWlthuk+( LT

with uk( 10T and vice versa. It also replaces u”

and vice versa.

ko+ (1,1)
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3.4. SECOND PARTIAL DERIVATIVES (REGULAR)

We then obtain the following set of equalities:

(3.23)
Tim 22 [UR + U J* = 2 vy, 0,03, , 0,03, , 0.0, vig, , 0] =
(

Lo + 27malVLy 4 270V L, + 470V L.

+
—|—4_m044(10)L4—|—4 m (O)L +0(2 2m)
im 2°" Lo +27mal"Ly + 27maV L, + 40V Ly. . ("
+4 0L, + 47O Ly + 0 (272m)
\ 2 [vko ,0, 00, ,0,v8,,0..., vk07,0] )
4—m (0)L3—|—4 m (0)L4—|—4 m (0)L5—|—0(2 2m) +
lim 2% © (0) (0) -
m—o0 470 Ly + 470 Ly + 470l Lis 4 0 (272m) | J*

lim 22 {2470 Ly +2 - 47" Ly + 2 4770y + 0 (27") | =
m—0o0
2a( )Lg + 2a(0)L4 + QQ(O)L

Now we look at the second order directional derivatives in the direction
of each of the 18 surrounding vertices and derive:

(3.24)
F (k" +27m (1), 60 + F (K + 27 (<1) 50

—2F (K", k")

F (kY 4 27m (1) kD +27m (1) + F (kY 277 (1) kY + 277 (-1)

- _oF (kg”, kg2>)

m00 F (K 4 27m (1) kP 4 27m (<2)) + F (B + 27 (1) 6 + 277 (2))
9F (kgn, kg2>) ,

F (K +27m (1), 67 + 27 (=1) + F (K 4 27m (<1 6+ 27m (1)

\ _oF (/fg”, k((f’)

F.. (kg”, e ’) Ly + 2F,, (k( e >) L, + F (k:él ke ) Ls

22m
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3.4. SECOND PARTIAL DERIVATIVES (REGULAR)

where
Ly = [0,12,12,0,(-1)%, (=1)*, ..., (=1)*,17]
L, = (0,1:0,1-1,0-1,(=1)-0,(=1)%...., (=1) (=2) , 1 (-1)]
Ls = [0,0,1%,1%,0, (1), ..., (=2)*, (=1)*]

which are the odd components of Ls, Ly, and Ly respectively.
Using (3.14 |p.29) we then can equate the right sides of (3.23 |p.33) and
(3.24 |p.33) to obtain:

20 Ly+20\ Ly +2a"'Ls = F., (kg”, k:((f)) Ly+2F, (kg”, ké”) Ly+Fy (kg”, ké”) L;
By linear independence we have:
(3.25) ., (k:g”, kg2>)

Fu (K, 12 = of?

Fiy (k(()l)a k(()2)) = 20‘9

Proposition 3.3. Suppose that an interpolatory triangular scheme is con-

2a§0)

T
vergent with limiting surface F in C? where for ko = [k‘(()l),k:(()z) € 7*
the initial control vector surrounding vy, is given as in Figure 3.2.  Also

assume its mask { Pc}, has Sum Rule of at least order 3. Let aéo),aio), aéo)

€ R? be the column vectors in (3.9 |p.26). Then
Fus (kg”, k:ff)) — 20y
Fu (kg”, k}f)) —af?
Fu (K2 = 200
Similar to the proof of Proposition 3.2 we have the following

Proposition 3.4. Suppose that an interpolatory triangular scheme is con-

T
vergent with limiting surface F in C* where for kg = [kél), /{:(()2)} € 7?2 the
n' control net surrounding Vomg,4; for i € Z2\ (0,0)" (after n subdivisions
of the initial control vector net) is given as in (3.17 |p.30).  Also assume

its mask { P}, has Sum Rule of at least order 3. Let ol ol € R3 be the
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

column vectors in (3.18 |p.30). Then

A B W e
(326) Fss ]{30 + 2_n’ ]{30 + 2_” =2 Qg
(1) /(2)
1 1 n
Fst <k‘(()1) + Q—n, k‘(()2) ‘l‘ Q_n) = 22n0é4(1 )

(1) 1(2)
7 7 n
F, <k(()1) o ,k(()2) > ) _ 22n+1aé )

3.5. First Partial Derivatives (Extraordinary)

The scheme is assumed to be C! at the extraordinary vertices. So in a
similar fashion, first partial derivatives at an extraordinary vertex (valence
n # 6) will be developed. As before, we will start by developing the left
eigenvectors of the subdominant eigenvalue A. We assume

e )\ has multiplicity 2 and
e the subdominant eigenvalue A is an eigenvalue of the second and
last blocks of a block diagonal matrix that is similar to the subdi-

vision matrix for the extraordinary vertex.

Please note that since our subdivision matrix has real entries only then by
the above assumptions A must be real.

First we introduce some notation from [CJ08|. Let C be a 2n x 2n
cyclic block matrix with 2 x 2 submatrix blocks C;. We have

Co Cp -+ Chy
(3.27) ¢= |Cn-1 Co oo G
c, C, - C,
Let C(Cy, Cy;Cy—1) denote the above matrix C but with C; = 0, j #
0,1,n—1.
Define the 2n x 2n matrix U,

[ kJ
(3.28) Up = [Z ][2}1@:0 _____ n—1, j=0,..n—1
where
(3.29) zi=em
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

Q/n

O/n

Figure 3.3. Extraordinary Vertex Template (triangular)

By direct calculation, the DFT (Discrete Fourier Transform) of C, de-
fined by C := U,CU, !, can be written as

é\: d’LCLg (60761, cee ,é\n_1>
where éj =300 Gtk

Let S, be the following (6n + 2) x (6n + 2) subdivision matrix around

an extraordinary vertex of valence n

[ Qn B B --- B] [D D - D] [C c .. O]
Q
(3.30) %C? C(B,C;0) C (Poo, D; D) C(B,0;B)
Q
0 0 diag (D) 0
L0 0 C (D, D;0) diag (C)

where B, C are as in (2.10 |p.13) and @,, @ are from the template for the
extraordinary vertex given in Figure 3.3:

36



3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

In Figure 3.3
(331) Q.= [1 “’] Q= [O q]

0 w2 2

where we will assume that

(332) U)Lg = —ql,g

Note that S, is a matrix on a 2-ring neighborhood of our central extra-
ordinary vertex just as S (2.26 |p.20) is a matrix on a 2-ring neighborhood

of our central vertex vy.

Define
U :=diag (I, U,,U,,U,) (6n+2) x (6n+2) matrix

Let L represent the (6n+2) x (6n+2) “picking” matrix that exchanges
the j 4+ nk block row with the 3 (j — 2) + k + 2 block row where 0 < k < 2
and 2< j < n+1. Then as in [Zor00a] and [CJ08], S,:=LUS, (U,) " £
is a (6n+2) x (6n+2) block diagonal matrix that is similar to S,, and hence
has the same eigenvalues. S, has the following representation:

(M, 0 0 O 0 0
0 M, 0 O 0 0
_ 0O 0 M --- 0 0
Sn = . . . . . .
o 0 0 --- M,, O
0o 0 0 -~ 0 M, ]
where
Qn B D C
Q B+2C Py,+2D 2B
MO - ’
0 0 D 0
0 0 2D C
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

and for j =1,2,...,n—1
B+C(4+ %) Ro+D(z+L) B(l+2)
0 D(1+%) C

Our real subdominant eigenvalue (call it A) of multiplicity 2 is assumed

to be an eigenvalue of the second block M; So it must either be an eigen-

D 0
D(1+1) ¢f
were an eigenvalue of the latter then its multiplicity would not be 2. Hence,
it is an eigenvalue of B + C' (z + %) )

So if we further restrict our subdivision matrix to a 1-ring neighborhood

value of B+C (z + %) or it must be an eigenvalue of If it

around the central extraordinary vertex we get the (2n+2) x (2n+2) matrix
S1,, where

[ 0, [B B B|]
Q
3.33 S, =
85 L emeo
(@ ]

If we define (2n + 2) x (2n + 2) matrix U := diag (I, U,) we can then
N _ SN |
define S1,, := U S1,, <U ) (here we do not need the “picking” matrix to

obtain the desired form we want):

(3.34)
Qn B 0 0
Q B+20 0 0
Sl,=|0 0 B+C(z+1) :
: : e : 0
0 0 0 o B+C (" + )

Note that the subdominant eigenvalue of Svln is .
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

Lemma 3.1. Claim that if ty (from 3.4 |p.24) is such that |+ — ts + to (z + 271)| <
S4s(z+27Y) then N = 2+ £ (2+271) and a left eigenvector for X of
B+C(z+1)is[1, 0]

Proof. From (3.4 |p.24), we see that
31 -1 0
pro(s )] By }
z —@—tl—l—tl(zjtz ) g—t2+t2(z+z )
So its 2 eigenvalues are 2 + 3 (2 +27') and § —to + 62 (2 + 271) . We know
that A\ is an eigenvalue of this matrix. Hence by our modulus assumption,

A =241 (z+2z7"). We can then readily see that [1, 0] is a left eigenvector
for A. U

Since t5 is a free variable, we can assume in the following that ‘% —ty+ty(z+ z_l)‘ <
S +i(z+27Y).

We can readily see that the 2n + 2 row vector (0,0,0,0,1,0,0,...,0) is
a left eigenvector of S1,, for A and thus (0,0,0,0,1,0,0,...,0) U is a left
eigenvector of S1,, for \.

So we have

L, = (0,0,0,0,1,0,0,...,0) U = (0,0,1,0,2,0,...,2"7",0)

where L; is a complex left eigenvector of S1,, for A
Note that A € R. Hence the real and imaginary parts <L1 and Lo respectively)
are two real left eigenvectors of the real matrix S1,, for \.

_ 9 2(n—1
L, = <0,0,1,0,cos <—7T) ,0,...,cos (M) ,O)
n n
- 2 2(n—1
(3.35) Ly — <0, 0,0,0, sin (%) 0,... sin (%) ,o)

Lemma 3.2. il and j:g are linearly independent over C.

Proof. Suppose 3 ¢1, ¢y € C such that clfq + 02f;2 = 0. Then imme-
diately we can see that ¢; = 0. Thus coLy = 0. Hence c; sin (%) =0 for

k=1,...,n—1. Thus since n > 3, c5 = 0. 0
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

A
2r(2) . 2n(2
(cos#,sm#)
0
u 2r(1) . 2x(1
3 (cos—w7( ),sm—wé ))
0
0 u
u 2
(003—2”(3) sz’n—2”(3)) *
T 7 0 27(0) . 27(0)
) uf  (cosTH, s
D 0 TS
on(4) . 2m(4 ul
(COS ﬂ; ))S'LTL 7T7( )')/ 1
0
u 2 2
5 o (cosZO) gin 278
ug o 70 7
u
( 2m(5) . 27r(5)) 7
cos==22 | sin =2
v

Figure 3.4. Initial control vector net of extraordinary vertex
of valence 7 and the 7 vertices adjacent to it. The parameters
of the surrounding 7 vertices are given. Note the s and ¢ axis.

As in the regular case we will be representing an initial control vector net
around an extraordinary vertex (having valence n) as a linear combination
of left eigenvectors.

Let us denote the extraordinary vertex by v) (the first component of
u) = [v,3]). The initial control vector net that includes u) and the
vertices immediately adjacent to ug is a 3 x (2n + 2) vector of n + 1 initial
control vertices and n + 1 initial shape control vertices. See Figure 3.4
where n = 7.

Denote the vector net immediately surrounding (and including) the ex-
traordinary vertex after m > 0 subdivisions by

U™ := [uf’,u*,uy’, ..., u)]
where for j = 0,1,2,...,n, uj’ := [vjm, sﬂ (the block vertex consisting of

new vertices and new shape control vertices).

Hence
Umtt = umsi,
U™ =1U%51,)"

where S1,, is given in (3.33 |p.38).
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

The 3 x (2n + 2) initial control vector net (U?) around this irregular
vy can be represented as a linear combination of 1 x (2n + 2) (possibly
generalized) left eigenvectors of our (2n + 2) x (2n + 2) subdivision matrix
S1, (3.33 [p.38).

So by letting {i] 0< < 2n+ 1} be a set of 2n + 2 (possibly gen-

eralized) linearly independent left eigenvectors of S1,, UY can be written

as
_ _ _ 2n+1 ~
(3.36) U’ =y Lo +a"Li + a5 Lo+ »_ &L
j=3

0 € R? where Ll, L2 are the left eigenvectors

where for j =0,...,2n+1 a(
for A from (3.35 |p.39).

Note that the left eigenvector for 1 is Lo = [1,0,1,0,...,1,0] due to the
assumption (3.32 |p.37).

Recall that by assumption the eigenvalues for Ijj (7 =3,...,2n+1) have

modulus less than .

Hence
U™ = a\ Lo + A"a\ "Ly + A"a"Ly + o (A™)
lim A~™ (Um 0 LO) =%, +alL,
m—o0
Since
e lim U = &'((]O)IEO
m—00

e the first component of Lo being 1 and
e the scheme being interpolatory
we derive &) =10 = vl for m = 1,2, ...
So we have
(837)  lim A" (U™ = [1§,0,08,0,04,0..., 0§, 0]) =&\ Ly + @ L,

Looking at the odd components of the left and right sides we obtain:

(3.38)
m ,m ,m m 0 ~(0)T

lim A™™ ([UO B N T [1)8,,1187,1)8’, ...,v07]) = L1 + ~(0)L
m—0o0
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3.5. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

where

~ 2.0- 2.1. 2.9. 2.(n—1)-
L, = {O,cos( gy W),cos( 7T) ,cos( W) ..., COS (M)]
n n n

= 2.0- 2.1. 2.9. 2. (n—1)-
L, = [O,sin( 7T),sin( W) ,sin( 7T) ,...,sin <M)]
n n n n

Now we will use (3.37 |p.41) to get a representation of the two first

e 3

partial derivatives at the point on the surface corresponding to the extra-
ordinary vertex.
Let us parametrize F' locally around this point (see Figure 3.4) where

F(0,0) := o)

2j 2
F <cos <ﬂ> , sin <ﬂ)) = U?_,’_l forj=0,1,....n—1
n n
m 29T m . (2T m o
F1A"cos | — ), A"sin ( — | | ;== 0]}, after m subdivisions
n n

Since F is assumed to be C! at extraordinary vertices then

F(0,0) = F(0,0), F (A™cos (227) , X™sin (227)) — F (0,0),
F (A™cos (22T) A sin (217)) — F(0,0),

lim \—"™ F (X™cos (22T) , A™sin (227)) — F(0.0), ...,

e F ()\m oS (@) A™ sin (W)) — F(0,0),

F ()\m cos (2(7‘%) A™ sin <M>> — F(0,0)

( )

F,(0,0) Ly, + F, (0,0) Ly
So from the local parametrization we have

: —m m ,m ,.m m 0,0 ,0 07} _
(3.39) 717%@00)\ ([of, v, v, o o] = v, g, vgs - vg] ) =

F,(0.0)L, + F, (0,0) Ly
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3.6. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL
NET

From (3.38 |p.41) and (3.39 [p.42) and the linear independence of L
and fq
F,(0,0) = a\”
F,(0,0) = &
Proposition 3.5. Suppose that an interpolatory triangular scheme is con-
vergent with limiting surface F that is C' at points corresponding to extra-

ordinary vertices. Let F'(0,0) be such a point. Let &go),&go) € R3 be the
column vectors in (3.30 |p.41). Then

F0,00=a,  F(0,0)=ay
3.6. Partial Derivatives in Terms of Initial Control Net

So far we have partial derivatives in terms of coefficients of the linear
combinations of left eigenvectors. Here we will obtain a much more specific
representation of the partial derivatives. They will be given in terms of
the initial control vector net. First looking at the regular case, we will use
right eigenvectors of the subdivision matrix to achieve this.

3.6.1. Regular Case

We are first going to obtain the right eigenvectors of S (2.26 |p.20).
Asin [Zor00a] and [CJ08], we can derive the following 6 diagonal block
matrix B that is similar to the subdivision matrix S where

(3.40) B=gUusu-tg!
and
(341) U= dlag (]2, Uﬁ, U6, Uﬁ) 38 x 38 matrix

where Us is defined in (3.28 |p.35).
£ denotes the 38 x 38 “picking” matrix that exchanges the 6k + j and
(7 —2)3+ k + 2 (block matrix) rows where 0 < k <2and 2<j <7
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3.6. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL
NET

One gets
My
My
B = A
M;
M,y
Ms
where
(3.42)
Pyo B D C
M,y — 6D B+2C PFyo+2D 2B | 8x8 matrix
0 0 D 0
0 0 2D C
B+C(#+%) Po+D(F+%) B(1+4)
M; = 0 D 0 , 6 x6 matrix forj=1,...

0 D(1+4) C

The eigenvalues of the blocks M; for j =0,...,5 are the eigenvalues of
S since B is similar to S.

We can show through direct calculations using a computer algebra sys-
tem that

e 1 and i are eigenvalues of My,

e - is only an eigenvalue of M; and M5, and

= N =

e - is also an eigenvalue of My and Mjy.

The corresponding right eigenvectors are
(3.43) 1y =[-3h,1,0,0,0, O]T for blocks M; and M;

{—h (16t5 + 1)
Yo = |\ —7 a7

T
T ,1,0,0,0,0} for block M, and M,

T
ryy = {—hq, 1, hg, —T, 0,0,0, O] for block M,
b
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NET

where ¢ = —1+ 24t5 + 414,

m = —4t4 +1+ 192ht1t3 + 32ht1t4 + 24t3 - Shtl,

p = —1+ 8ty (see 3.4 |p.24). Note that h is from (3.3 |p.24).
We then “pad” the top and bottom components with the appropriate

number of zeros and obtain right eigenvectors for B above. If we then mul-

tiply by U~ 1g1

matrix S.

(3.40 |p.43) we obtain right eigenvectors for our subdivision

Again using a computer algebra system we can obtain the following 38 x 1

right eigenvectors for l and l that are orthonormal to our left eigenvectors

T

in (3.12 |p.28); i.e. WehaveLR =6(i—j) 4,j=1,2,3,4,5:
1 -11 -1 -1 1 -1 1 -1 1
R, = |0,0,4,—r 1 - -1 1 =11 =111
! 39h€318h618h39h€18h618h’7 ]
-1 11 -11-11 -1 -1 1 -1 1
Ry = |0.0,— 1o 5 5 o0 o T o T 5 o7
? T 18h° 6" 18h" 3" 9h’ 6" 18h" 6 "18h 3 " 9h’ }
2y, 2dy, — 1 (dy — 1), 1 (ds + w) , —2(2dy + 1), 1(2d5 — w), =1 (2dy + 1), 1
Ry = 1 1 1 1
—3(d1 = 1),3 (ds +w), —3(2dy + 1), £(2d3 — w), —5(2dy + 1), 3(2d5 —w
_—le,—2d2,§(d1—1), —5 (dz +w), 5(dy +2), —3 (ds — 2w) , 5(dy — 1),
Ry = 1 1 1 1 1
- 3(di— 1), —5(ds +w), 3(d1 4 2), =3 (ds — 2w) , 3(d1 — 1),
[ 2dy, 2dy, —5(2d, + 1), 3(2ds — w), —¢(2d1 + 1), §(2d3 — w),
Rs := —3(dy — 1), 3 (ds +w) , —%(2dy + 1),
| §(2d3 — w), —5(2dy + 1), §(2d3 — w), —5(dy — 1), 5 (ds + w) ,0,...,0
where

w4
1
== (5)
1
=1 (%)
(14 16hty)
h (1 + 16t,)

and where p, ¢, and m are from (3.43 |p.44) and 7 := 1 — 2ty +30t3 — 96tot5 —

ty — 16taty + 144ht ts + 24ht 1ty — 6hty.

Note that by direct calculation the following are true:

45

See (3.4 |p.24) and (3.3 |p.24).

(2d3—w),
w),0,...,0

]T
—% (d3+w),
—% (dg +w) ,0, ,0
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3.6. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL
NET

e if 1 4+ 16t, = 0 then the eigenvalue i will have multiplicity >3
e if ¢ = 0 then % is no longer the subdominant eigenvalue
Since right and left eigenvectors that correspond to different eigenvalues
are orthogonal we can multiply both sides of (3.9 |p.26) by each R; and so
obtain (using (3.16 |p.29) and (3.25 |p.34)) the following representations for
the first and second partial derivatives at a point locally parameterized as

(k" K67 -

(3.44) F, (K8, k%

Note that the 15" through 38" components of the above right eigenvec-
tors equal 0. So define R} as the 14 x 1 column vector whose components
are the first 14 components of R; (j =1,2,...,5). Also define ﬂ'ﬁo as the
3 x 14 vector consisting of the first 14 elements of Uy, .

We can then rewrite (3.44) as:

i (K9 H7) = 208" = 200 R;

Similarly we then obtain from (3.22 |p.32) and (3.26 |p.35) the following
representations for the first and second partial derivatives of a point locally
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NET

parameterized as (kél) + iz(—;), k‘(()z) +

i(2)

2—n>on the surface F":

AT I A W 1 B
(1) (2) ~
¢ ¢ n nymn *
Ft (kél) ‘I’ 2—”’ ké2) —I— 2—11) = 2”0(; ) — 2 Uk(),iR2
(1) (2) ~
(W) G WY+ ) =20 = 21T
(1) (2) ~
? ? n nyn *
Fy (kél) + o k(()2) + 2_n) = 22”044(1 ) =22 Us,iRa
(1) (2) ~
Fu (k:g” + 5k + 5 ) = 22 = 21Ty, (R

where ﬂ'ﬁo,i is the 3 x 14 vector consisting of the first 14 elements of Uy ;
(3.17 |p.30).

Thus we see that once we are working with a specific subdivision scheme
we only need to compute the above right eigenvectors one time, and so all
that is needed to compute the partial derivatives is the surrounding control
net.

3.6.2. Extraordinary Case

Likewise we will obtain a similar representation of the first partial deriva-
tives of the limit surface at an extraordinary vertex. So we need to get the
right eigenvectors of S, (3.30 |p.36) for the subdominant eigenvalue \.

Lemma 3.3. Claim that ifty (from 3.4 |p.24) is such that | — ts + t2 (z + 271)| <
Spi(z+27t) then A =2 + L (2+27") and a right eigenvector of X for

- 24271
B+C (e 1) is (L) where dy = ZHT)
8

Proof. We have the same assumption as in Lemma 3.1. And so from
that lemma we have A = 24+ £ (2 + z7!). Recall that A is an eigenvalue of

1 Sy l(z4a! 0
B+C’(z+—): 18+8(Z+Z )_1 ) .
2 —an btttz g—tatt(z+27")
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Let [dy,do])" be a right eigenvector for A\. So we obtain the following
two equations:

3 1
(g ‘l— g (Z + Z_l)> dl = )\dl

1 1
<—@ — b+t (2 + z_l)) di + <§ —to+ty (2 + z‘l)) dy = Ady

If d; = 0 we must have dy # 0 and so A = é —ty + 1ty (2 + 271) by the
second equation. Contradiction. Thus d; # 0and can be normalized so
that it equals 1. From the second equation we have:

—a =ttt (z+27h)

(3.46) = y— L —tyta(z+21))

O

As said previously, we will assume that the free variable ¢, is such that
L —ta+ta(z4+ 27| <2+1(z+27"). Hence [1,dy] is aright eigenvector
of B4+C (z + %) corresponding to A.

Padding with zeros we have that the 2n+2 column vector [0, 0, 0,0, 1, ds, 0, ..., O]T
is a right eigenvector of A for S1,, (3.34 |p.38) and thus Ut [0,0,0,0,1,d,,0,..., O]T
is a right eigenvector of X\ for S1,,.

By direct calculation

Ry =[0,0,1,ds,7,dsz, 7%, do7", ..., 2", doZ" ']

is a complex right eigenvector of A for S1, where z is from (3.29 |p.35)
and Z is the complex conjugate of z.

Since A and S1,, are both real then the real and imaginary parts of R;
are also real right eigenvectors of A for S1,:

r 2 [ 0,0,1,d2,008(2.711.7r),dQCOS (z'i'”),..., !
( . ) 1 — COS (2.(n;l).7r> ,dg cos (2-(n;1)-7r>
& [0.0,0,0,5in (2%) dasin (37) !
2 = sin (2-(n;1)-7r> dy sin (2-(n;1)-7r>
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Note that ﬁl and ﬁg are linearly independent and the proof mirrors
the proof of Lemma 3.2 on page 39.
Through direct calculation and using the fact that Z sin (2’”) coS (2” ) =
=0
0, we obtain the following 2 right eigenvectors {Rl, Rg} such that L;R; =
d(i—j) for L; in (3.35 |p.39) where i,j =1,2:

-k ()

LR,
= 1
o ()
LR,
n—1
Furthermore, since LRy = 3 cos 2(#1) = 2 and LR, = 2 sin® (224 =
J=0 =1
3
- 2 -
(3.48) R, = -R;
n
. 2 -
R2 - —R2
n

From Proposition 3.5 on page 43 and from (3.36 |p.41) we now have
a representation of the first partial derivatives of the limit surface at an
extraordinary vertex in terms of the surrounding block vertices:

F,(0,0) = U°R,
F;(0,0) = U°R,

Proposition 3.6. Suppose that an interpolatory triangular scheme is con-
vergent with limiting surface F that is C' at points corresponding to e-
traordinary vertices.  Let F(0,0) be such a point. — Assume that \ =
S+ 4(z+27"). Then for Ry, Ry in (3.48)

F,(0,00=U"Ri,  F(0,0)=UR,
3.7. Specific Template

Let’s now apply these formulas to a specific 1-ring triangular interpola-
tory scheme that was developed by Chui and Jiang in [CJ05]. The scheme
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3.7. SPECIFIC TEMPLATE

is given by (3.4 |p.24) where

1
(3.49) b1, ta, ty,ta] = 275 [~17, =5, —45, ~182]

h=1

These values result in ® being in 117303450,
Substituting these values into our formulas for the right eigenvectors
(regular case) we get:

1 11 1 11 11 111 11*
RT: 0707_7__7_7__7__7_7__7_7__7_7_7__

7737 9767 187 67187 3’97 67186 18

I 111 11 11 1 11 111"
R;: O>0a__>_7_7__>_a__a_a__>__a_a_ '

I 6°18°6" 18’3 9’6 18 6°18 3'9

Re_ [200 6468 700 77 515 77 515 68 700 77 515 77 515]"
57597 597597 1593° 118" 3186° 118" 3186'59° 1593’ 118’ 3186’ 118" 3186
Re_[20064 68 700 9 185 68 700 68 700 9 185 68 700]"
1T [597597 59715937 597 15937 5971593 5971593 597 1593’ 59’ 1503
Re_ [L200 64 77 515 77 515 68 700 77 515 77 515 68 700]"
®T | 597 597118° 31867118° 31867597 1593’ 118" 3186 118" 3186’59 1503

3.7.1. Corresponding specific derivative formulas

Note that for any particular scheme, the above calculations only need to be
done once. If we insert these values into either (3.44 |p.46) or (3.45 |p.47)
we then get the first and second partial derivatives as linear combinations
of the block vectors that surround the regular vertex.

Figures 3.5, 3.6 and 3.7 visually show the symmetry that these formulas
have.

3.7.2. ”Visual C'” for extraordinary case

In [CJ08|, Chui/Jiang develop a template for an extraordinary vertex of a
1-ring interpolatory scheme. Referring to @), and @ in (3.31 |p.37)

0 i 1 145
Q= 51425 Q, = 512
0 =5 0 T

T BI2

20



3.7. SPECIFIC TEMPLATE

Fs

(—1/6,1/18) . ('”120+(0,1)’5(1io+(0,1))

(176, =1/18) « (v 4 1,1y Shp+(1,1))

(=1/3, 1/9)-(“00+(,1,0 750 +(,1,0))
(0,0) . (vpL, spg)

(1/3,-1/9). ('%201,(1,0)» 5(110+(1’g))

(1/6,=1/18) + (v 1 (0,~1)7 Shg +(0,~ 1))

(=1/6,1/18) « (v 4 (—h,— 1)+ Skt (—1,—1))

()

Fy

(1/3,-1/9). ('L’EO+(0,1)75§0+(0’1))

(1/6,—-1/18). (“ﬁ0+(1’1)7 Sa0+(1’1))

(1/6, —=1/18) « (v (1,0} Spgt(—1,0)

(0,0) . (vl ,sD )

(—1/6,1/18) . (ugoJr(Lo), 5§0+(1,o>)

(=1/3,1/9) . (U£O+(01,1):5§0+(0,,1))

(=1/6,1/18) . ('Uac”,(, 1,—-1) s(liOJr(—l,—l))

(b)

Figure 3.5. The above diagrams represents F; and F;. Each
block vertex has both a “regular” vertex and a shape control
vertex. Each is multiplied by the respective numbers. Note
the symmetry in each diagram around the central vertex. F;
only differs from F; by a rotation of the s — ¢ axes.

They found that the eigenvalues of the upper left block in My in (3.42 |p.44)
59

would be given by 1, 2%, and Ay o= 242+ 1./400 — 1280z + 102423 — 1554.
Choices can be made for z; and [ such that the eigenvalues of the subdi-
vision matrix S1, (3.33 |p.38) satisfy A\g = 1, A\; = Ag, with |\ < 1| and
Nl <M, 7 =3.4,..
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3.7. SPECIFIC TEMPLATE

Meshes are formed by subdividing an initial control set of points in R?
whose coordinates are the 2 left eigenvectors of the subdominant eigenvalue
A. The extraordinary scheme is shown to be “visually” C! in the sense that
these 2-D meshes suggest the regularity and injectivity of the characteristic
map.

From Lemma 3.3 and from (3.48) we can get specific right eigenvectors
of A by using appropriate values of t;,t; and h [from (3.4 |p.24)].

We obtain:
1T (2427 AT

123469 (24271
where z is from (3.29 |p.35).

So from (3.47 |p.48) and (3.48 |p.49) and using the values from (3.49 |p.50)
we get forn =5

2

~ 2 2w 2w 8w 8w

R, = 5 [0,0, 1, dy, cos (?) , d cos (?) s +nes COS (g) , dy cos (?)}

~ 2 . 2 . 2 . 8 . &

R, = : {0,0,0,0,8111 (?) , da sin <€) y+es SITL <€) ; da sin <€)}
where

—17(z+271) —47
= ~ —.3471689765
123469 (z + 271)

See Figure 3.8 on p. 55 for a visual representation of these two partial

da

derivatives.
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SPECIFIC TEMPLATE

FSS

(77/59, —515/15

3) . ('”120+(o,1)'320+(0,1))
(77/59, —515/1593) . (vﬂ0+(1,1)v320+(1,1))

(136/59, —1400/1

3) - ('”L0+ 1,0)'323+(71,0))

(—580/59,|—128/59) . (ugo,sgo)

0 0
(136/59, —1400/1593) . (vl | (1.0)+ Stg 1 (1,0))

(77/59, —515/1593) . (uﬁ0+(0’71), sa0+(0,71))

(77/59, —515/1593) . (

(a)

Fiy

(136/59, —1400/

0 0 )
kg+(—1,—-1)’"kg+(—1,—-1)

593) - (Vieg 4.(0,1)* Skg+(0,1))
(77/59, —515/1593) . (

(77/59, —515/1593) . (ugo

0 0
Yko+(1,1) Sko+(1,1))

s0 )
H(=A,0)" "ko+(~1,0)
(—580/59,|—128/59) . (ugo,sgo)

7/59, —515/1593) . (uﬁ0+(1’0), sa0+(1,0))

(136/59, —1400/1593) .

(77/59, —515/1593) . (

(b)

Figure 3.6. The above diagrams

(vﬂ0+(0,71)'320+(0,71))
0 $0 )
ko+(—1,-1) Skg+(—1,—1)

represents F,, and Fj;. Each

block vertex has both a “regular” vertex and a shape control
vertex. Each is multiplied by the respective numbers. Ob-

serve the symmetry in each dia,

gram around the central ver-

tex. Fy only differs from F, by a rotation of the s —t axes.
Note that the central vertex is multiplied by factors. Also
note that the factors have been multiplied by 2 as required

by (3.44 |p.46).

23
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SPECIFIC TEMPLATE

Fst

(—68/59, 700/15

3) + (Vg 1(0,1)7 ko +(0,1))
0 0
(—9/59, —185/1593) « (w0, 4 (1.1)+ 500 4 (1,1))

(—68/59, 700/1593) . (ugo

s0 )
H(=A,0)" "k +(~1,0)
(290/59, 64/59) . (ugo,sgo)

£68/59, 700/1593) . (ugom’o), SQOHLO))

(—68/59,700/1593) « (

(—9/59, —185/1593) .

(a)

0 0
Yk +(0,—1) Sko+(0,—1))
v s )

ko+(—1,-1)" Skg+(—1,-1)

Figure 3.7. The above diagram represents Fy;. Each block
vertex has both a “regular” vertex and a shape control vertex.
Each is multiplied by the respective numbers. Observe the
symmetry in each diagram around the central vertex. Note
that the central vertex is multiplied by factors.
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(%cos(%"), 7.1389603(4?7‘-)) . (v 3

(%cos(%’), 7.1389603(2?")) . ('ug, 5(2’)

(0,0) + (08, 50) .

(%cos(%"),f.ISSQCos(? 112,52)

(a)
F

(Zsin(4Z), —.1389sin(4X)) . (v3.58

(2,-.1389) . (v, s9)

—cos(s?ﬂ')7 7.1389cos(8?7")) . ('ug, sg)

)

(%szn(%), 74138937171(2?")) . (vg, sg)

(0,0) .« (v3,%9)

(2sin(87), —.1389sin( ST 03, s9

(b)

(0,0) - (), )

2sin(82), —.1389sin(82)) . (v2, 59)

Figure 3.8. The above diagrams represents F, and F; at an

extraordinary vertex of valence 5.

We use the scheme in Sub-

section 3.7.2. Each block vertex has both a “regular” vertex
and a shape control vertex. Each is multiplied by the respec-

tive numbers.
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4.1. INTRODUCTION o6

CHAPTER 4

Derivative Formulas for Interpolating Quadrilateral

Subdivision Schemes

4.1. Introduction

Here we are examining 1—ring quadrilateral interpolating schemes. Their
template is at the lower part of Fig. (2.1 |p.15) and the elements of the
mask are given by (2.12 |[p.14).  As in the triangular interpolatory case,
the structure of these matrices corresponds to the algebraic structure of an
interpolatory mask given in [CJ08] and shown in (3.1 |p.23).

For the quadrilateral scheme, the regular vertices lie on a 2-directional
mesh in the “so-called” parametric domain. This domain corresponds
to the integer subscripts of the vertices and will be associated with the
parameters of the limit surface (as we will see later). See Fig. 4.1 on p. 57.

In the following we will be using the assumptions presented in Chapter
2 to develop the first and second partial derivatives of the regular vertices
of a quadrilateral interpolating scheme

We will derive as much information as we can regarding the templates
{Px}, and the 1 x 2 constant vectors 1 introduced in (2.14 |p.15).

Through direct calculation using the Sum rules we determined the fol-

lowing:
(4.1) 15" =1 = [0, 0]
18270) _ 16072) — [0, 4]
1y = [0,0]
where h # 0

As indicated in Chapter 2 180,0) = [1,0].



4.1. INTRODUCTION

Figure 4.1. Two-directional mesh for Quadrilateral subdivisions

Also through direct calculation using the Sum rules we determined:

(4.2)

1 4ts+h (=5 + 8ty + 8t + 2t6)>
Ropo =
0 ts
;o (0 —ts— 5 (s + D (=5 + 8t + 8t5 + 2t)) N [0 s
0 t5 0 t4
3 1 1
e 0 3 0 = 0
J = , 1 K= S M=
—an —2t1 5 — 2ty —Th 16 1 to
where t; are "free” variables for j = 1,...,6. Using the techniques in

([JOO03]), the values of the ¢; will determine the Sobolev smoothness of the
refinable function ® (2.5 |p.12). See section 2.4.
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4.2. FIRST PARTIAL DERIVATIVES (REGULAR)

4.2. First Partial Derivatives (Regular)

We will use the same technique as in the triangular regular case to
develop a representation of the first partial derivatives in terms of the initial
control net.

Again we start at any given regular vertex vy, for some ko € Z? (after
m iterations of our subdivision scheme). Also we will be initially represent-
ing its surrounding control net as a linear combination of left eigenvectors.

For the regular interpolatory quadrilateral scheme, the control vector
net surrounding a vertex (call it vy, ) is a 3 x 50 vector of 25 3 x 1 control
vertices and 25 3 x 1 shape control vertices. See Figure 4.2.

As before, we define () as the matrix whose column entries represent
the subscripts of the vertices (@ is now a 2 x 25 matrix):

061r0-1 01 -1 -1 1 20 -2

4.3 =
()Q[0010—111—1—1020

o 2 -1 -2 1 2 -2 -2 2 1 -2 -1 2
-21 2 -1 -2 2 2 =2 =22 1 -2 -1
The columns of @) reflect the ordering in Figure 4.2.

Define the following 3 x 50 matrix that represents the vertices surround-
ing vymy, in a 2-ring neighborhood:

(4.4) U = {u?o,j 1] =(Q1s, Q23>?SSS25 as above}
where ko € Z* and uj? ; is defined as in (3.5 [p.25).
Again

[ - Ul
where S is from (2.26 |p.20).

The initial control vector net (U} ) around any regular vy can be
represented as a linear combination of 1 x 50 (generalized) left eigenvectors
of our 50 x 50 subdivision matrix 5.

By letting {L; : 0 < j <49} be a set of 50 (possibly generalized) linearly
independent left eigenvectors of S then Uj can be written as
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4.2. FIRST PARTIAL DERIVATIVES (REGULAR)

v _ t
ko+( 22) Uk0+(*21) Ut (9) Viegi (2 v R
ko+
18 14 10 ® 2@ 17 ®
() Jeor () [ror @) Pror()
2 2 3 13
ot ()
v, —2 —1
k0+( 0‘)1] k0+( 0 ) Vg kaJr([l)) 9"l)lg[)Jr(g)
D 3 0 1 "
v —2
ko+(—125 kU*(:i) vko‘f’(:)l) . 240 ,
7 4 o kot (%)
Tot ()
Uk -2 v _
0+(72)19 koJr(f;) 12 16 20 Uk +( 2 )
23 v (% 1 -
wr(4)
ot (%)

Figure 4.2. Ordering around central vertex. The intersection
of grid lines are the parametric location of the vertices (the
subscripts). The single numbers represent the order in which
the vertices are considered. The vertex subscripts reflect the
parametric domain.

49
(4.5) Uy, = oy Lo+a{"Li+0y Lo+ af Ly + o Li+ o L+ > ol”L;
=6
where a§0) ceR® j=0,...,49
We have the same assumptions regarding the eigenvalues as for the
triangular scheme, and in (4.5) Lg, Ly, Lo, L3, Ly and L5 are defined as
before.
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4.2. FIRST PARTIAL DERIVATIVES (REGULAR)

We thus get (after m subdivisions)

49
m = ay Lot2 " aVLi+2 70y Ly +47" 0y Ly+4 "o L4 "oV Ls+ ) AralVL

i=6

where |\;| < 7 for j =6, ...,49.

Hence
0
A U, = o Lo
lim 27 ( - ag°>L0) = oL, + oL,
m—0o0
Now since

e the first component of Uy} is vy,
o v = vy, (see 3.2) and
e the first component of Ly is 1

then we can derive

Hence we have the following

(4.6) lim 2™ (UP — vy, 0,vp,.. 0,00 ,0..., 0, . 0] ) :ago)Ll + aéO)LQ

m—r0o0

Now from (2.23 |p.19),(2.25 |p.20), (4.1 |p.56) and (4.3 |p.58) we obtain
the following representations of L; for j =0,1,...,5

(4.7) =1[1,0,1,0,1,0,1,0,...,1,0,1,0]
L; =[0,0,1,0,0,0,—1,0,...,—1,0,2,0]
L, =[0,0,0,0,1,0,0,0,...,—2,0,—1,0]
L;=[0,h,1,h,0,h1,h, ..., 1, h 4,1
L, = [0,0,0,0,0,0,0,0, ...,2,0, =2, 0]
[0,

Ls = [0,5,0,h,1,1,0,h, ..., 4, 1,4
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4.2. FIRST PARTIAL DERIVATIVES (REGULAR)

So just looking at the odd components of the left and right sides of (4.6)
we have

: m m 0 0 0 0 0 0 0 _
lim 2 <|:'U2mko’U27”ko+(170)T’,U2mk0+(0,1)T’ "",U2mko+(2,—1)T:| - [Uko’vko’vko"“’vko}> =

m—>00
"Ly + oL,
where
L, = 0,1,0,-1,0,1,-1,—-1,1,2,0,-2,0,2,-1,-2,1,2, -2, -2,2,1, -2, —1, 2]
L, = 0,0,1,0,-1,0,0,—1,-1,0,2,0,—-2,1,2,—1,-2,2,2, -2, —2,2,1, —2, —1]
Again the goal is to connect the above formula with the 2 partial deriva-
tives of our limit surface F'. So we need to locally parameterize F' in the

(s,t) plane as in [SDL99|. The (s,t) plane is drawn in Figure 4.2.
We will use the same local parameterization of F' in a neighborhood of

T
ko = (kg”, k;g”) e 72

o 1V e 1PN
(48) F ko + 2_777,’ ko + 2_m «— U2mk0+1

where m € Z,, v™ as in (2.8 |p.13), and 1 = (I, l(2))T = (Q1.;, Qlj)fgjg%
for @ defined in (4.3 |p.58).
Using the same argument as in Section 3.3 we arrive at:

: m m m m m 0 0 0 0 o
ggﬁ ([U2mkoaU2mko+(1,0)T>U2mko+(0,1)T’ “'>U2mko+(2,—l)T} - [Uko’vko’vko"“’vko}> =

Fy (k0 k) T+ B (1K) Lo
By the linear independence of L, and L, we have
(4.9) F, (kgw, k;g?)) =

Fi (K9 2 =

Proposition 4.1. Suppose that an interpolatory quadrilateral scheme is
convergent with limiting surface F in C* where for kg = [k(()l), kéz)]T € 72
the initial control vector surrounding vy, is given as in Figure 4.2.  Also
assume its mask { P}, has Sum Rule of at least order 3. Let ago),aéo) eR?
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4.2. FIRST PARTIAL DERIVATIVES (REGULAR)

be the column vectors in (4.5 |p.59). Then
F(K KD = ol E (KD ) =

As we did in the triangular case, denote each vertex surrounding v, ;
after m additional subdivisions by

n+m .__ . n+m
Ui = Vo romin form #0

n P n —
Wy 5= Vougriyg Jor m=0

where j = (Q1, s, Qg’s){§8§25 for @ defined in (4.3 |p.58).
Let

(4.10) e (RS e (TO N

In the case where we have not done any additional subdivisions, we can
represent the n'* control net surrounding the regular vertex vani,;i as a
linear combination of L; (4.7 [p.60)

(4.11)
49

Uﬁ;:? = Oz(()n)L(] + Oégn)Ll + Oégn)LQ + Oéi(;’n)Lg + Oéin)L4 + Oéén)L5 + Z Oég»n)Lj
j=6

where a§n) € R3.

We obtain the following proposition:

Proposition 4.2. Suppose that an interpolatory quadrilateral scheme is
convergent with limiting surface F in C* where for kg = [k(()l), kéz)]T € 7?
the n'™ control net surrounding vaon, 1 for i € Z*\ (0,0)" (after n subdivi-
sions of the initial control vector net) is given as in (4.10|p.62).  Also

assume its mask {Px}, has Sum Rule of at least order 3.  Let agn),agn)
€ R3 be the column vectors in (4.11 |p.62). Then

(4.12)
i

(0

(2) /(1) /(2)

1 n i i " (n
Proof. The proof is the same as in section 3.3 for obtaining the first

partials at a regular point on the surface after n subdivisions. O
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4.3. SECOND PARTIAL DERIVATIVE (REGULAR)

4.3. Second Partial Derivative (Regular)

The procedure for obtaining the second partial derivatives of our limit
surface [ is similar is to the triangular case. Again we will first consider
regular vertex vk, (= vp,) from the initial control net after m subdivi-
sions.

Again define a “picking” matrix J (50 x 50 this time) that for odd j
between 3 and 31 replaces the j and j + 1 column with the j +4 and j 4+ 5
column (and vice versa) of any 3x50 matrix. To illustrate, using the column
vectors of @ (4.3 |p.58) for the ordering of subscripts in Uy (4.4 [p.58), then

Uk J replaces uk LT with uk (10T and vice versa and uk T with
u;'":)Jr(_L_l)T and vice versa.
We then derive the following set of equalities:
(413)  Tim 22 U + U T — 2 [, 0,0, ,0, 0, , 0.0, 0f, 0] | =
(| oLy + 27 L; + 2701, + 470 L. )
44-m (O)L 4 4-m (0)L5 + 0(2 2m)
. 2m 0 m m (0 m (0 _
im 2 . alLg +2- (oé)§>L1+2 “L2+4 alVLs... e
+4_mOé4 L4 + 4= OéS L5 +o0 (2 2m)
\ —2 [, 0,00, , 0,0, 0..., 05, . 0] )
4_m04§0)L3 + 4_m04510)L4 +4 "« (0)L5 +o0 (2_2m)
lim 2°" (0) (0) (0) (=
m—+00 + |47 ™ay Ly + 47"y 'Ly + 4 ™ay 'Ly + 0 (272™) | J

lim 22m {2 . 4—ma§0)L3 +92. 4—ma£10)L4 +92. 4_m04é0)L5 +o (2—2m)} —

m—o0

2a§0)L3 + 2a(0) L, + QQ(O)L
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4.3. SECOND PARTIAL DERIVATIVE (REGULAR)

Looking at the second order directional derivatives in the direction of
each of the 24 surrounding vertices, we have:

(4.14)
( F (kY +27m (1) k) + F (K + 27 (<1), 50
—2F (K", k).
F (K +27m 0), K 277 (1)) + F (K + 277 (0), K + 277 (<1))
. —oF (&Y, kg2>) .
lim 2
m-s00 F (kgw y2om(—1) k@ 2 (—2)) Y F (kg” +27m (1), k2 4 2m (2))
oF (k(l) ké”) ,
F(k:g”+2—m( ), k2 427 ( 1)) +F<k:(1 pom(— ),k52)+2—m(1))
\ _oF ( )
Fyo (K6 ) T + 2 (17,6 T+ Fie (K57, 167) s
where

f‘3 = [(O>2 ) (1)2 ) (0)2 ) <_1)2 ) (0)2 ) <1>2 [RRRY <_1>2 ) (2)2}
Ly = [(0)*, (1) - (0),(0)- (1),(=1) - 0,0+ (=1), (1)* ..., (1) (=2) , (2) (~1)]
f‘5 = [(0)2 ) (0)2 ) (1)2 ) (0)2 ) (_1)2 ) (1)2 JRRRY (_2)2 ) (_1)2}

which are the odd components of Ls, Ly, and Lj (4.7) respectively.
So using our parametrization (4.8 [p.61) we can equate the last expres-
sion in 4.13 and the right side of 4.14:

20" Ly+20 VL +20"L; = F,, <k0 k2 ) Li+2F, (k< ) k2 ’) L.+ F, (k:< ) kD

By linear independence
(4.15) Foo (K", K) = 20
1) 5.2 0
P (0, K2) = o

Fiy <k(()1)7 k(()2)) = 20‘9
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

Proposition 4.3. Suppose that an interpolatory quadrilateral scheme is
convergent with limiting surface F in C* where for kg = [k:(()l),k((f)]T €
Z? the initial control vector surrounding vy, s given as in Figure 4.2 on
p. 59.  Also assume its mask { P}, has Sum Rule of at least order 3. Let
al? .0l ol € R3 be the column vectors in (4.5 |p.59). Then

Fss (k(()l)v k(()2)> = 20&§0)

Fy (k:é”, k{f)) — o

Fy (kf(()l)a k(()z)) = QO‘éO)
Proposition 4.4. Suppose that an interpolatory quadrilateral scheme is

T

convergent with limiting surface F in C* where for ky = [k:(()l), k((]2)] € 7?
the n'™ control net surrounding vaon, i for i € Z*\ (0,0)" (after n subdivi-
sions of the initial control vector net) is given as in (4.10|p.62).  Also

assume its mask {Pyc}, has Sum Rule of at least order 3. Let o\ ol
€ R? be the column vectors in (4.11 |p.62). Then

(1) i (2) i 2n41, (n)
(4.16) Fos | ky' + o ko A+ o | = 27" g
(1) (2)
7 1 n
Fy <kél) + on ,k(()2) + on ) = 22”044(1 )
(1) (2)
1 1 n
Fy (k:(()l) + on ,k:(()z) + on ) = 22"+1aé )

Proof. Proof is similar to the proof of Proposition 3.2 on p. 32. U

4.4. First Partial Derivatives (Extraordinary)

Here we will obtain a representation of the first partial derivatives
in a similar fashion as in 3.5 starting on p. 35. Using the notation in
(3.27 |p.35), the following is the (12n + 2) x (12n + 2) subdivision matrix
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

S, around an extraordinary vertex of valence n # 4:

where J, K, L, M, N and Ry, are all from (2.12 |p.14) and (4.2 |p.57) and
W,,, W, and w are from the template for the extraordinary vertex given in
Figure 4.3 on p. 67.

In this template, W,,, W, and w are given by:

(4.17) W, = | b M2 wee [0 M wi= |0 W12
0 N9 2 0 W272 0 W2 2

where we will assume that

(418) ﬁl’Q -+ WLQ + Wi2 = 0

Note that S,, is a matrix of a 2-ring neighborhood around our central extra-
ordinary vertex just as S (2.26 |p.20) is a matrix on a 2-ring neighborhood
of our central vertex vg.

We now define
U :=diag (I, U,,U,,U,, U, Uy, U,)  (12n+2) x (12n + 2) matrix
with U,, as in (3.28 |p.35).
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(M ... M]T

C(M,0;J)

diag (J)

0
0
diag (

W, J..J K .. K] L..L] [M..M] [N..N]
w
%4
S| CULM;M) C(K,0:K) C(Roo,N;N) C(J,0;M) C(L,0;L)
w
w
(M M0) diag (K) C(L,Li0)  diag(J)  diag (Rop)
—w—
0 0 0 diag (L) diag (M) C(N,0;N) C(0,0;M)
0 0 0 diag (N) diag (M)  diag (L)
0 0 0 0 0 diag (N)
L0 0 0 C (0, N;0) 0 diag (L)

M) |



4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

w/n

w/n

w/n

Figure 4.3. Extraordinary template. (quadrilateral scheme)

Let L represent the (12n 4 2) x (12n + 2)“picking” matrix that ex-
changes the j 4+ nk block row with the 6 (7 — 2) + k + 2 block row where
0 <k <5and 2< 57 < n+ 1. Then as in [Zor00a] and [CJO8|
Sp = LUS, (U,)™ £V is a (12n+2) x (12n + 2) block diagonal matrix
that is similar to S, and hence has the same eigenvalues. §n has the fol-

lowing representation:

My, 0 0 O 0 0 |
0 My 0 0 O 0
_ 0 0 M, --- 0 0
Sn = . . . . .
0 0 O M, O
0 0 O 0 M,
where
[ J K L M N )
J
oM K 2L J
M,y = M 2N

W, M
W J+2M 2K Ryo+2N J+M 2L M+
w Roo J
0 M
0 0
0 0
0 M

o o oo
o o oo
Z o =2t

M L
0 N
0 L
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

27

and for j=1,2,...,n—1 and z :=e™n

(J+M(FZ+L) K(+27) Ryog+N(Z+L) J+M(() LA+2) M+J(F)]
M(14 1) K L(1+3) J R, /
Iy 0 0 L M
’ 0 0 N M
0 0 0 0
0 0 N (%) 0

For j =0, M; has an upper left 6 x 6 block and for j =1,2,....,n —1
M; has an upper left 4 x 4 block. For j =0,1,2,...,n—1, M, has a lower
right 8 x 8 block. Through direct calculation using a computer algebra
system, the eight eigenvalues of each of these lower blocks are:

1
0,0, t9, t4, T and the 3 roots of a cubic characteristic polynomial

where 5 and t4 are from (4.2 |p.57).
Now the second block M; [where we are considering M, as the first
block| has for one of its eigenvalues the subdominant eigenvalue A\. From

the structure of My, A is either an eigenvalue of either the 4 x4 upper block
L M N(1+2)

1
J+M(Z—1i_5) K(1+2) or the 8x8 lower block N L
M(1+1) K o 0 N
N(%) 0 L

Since by assumption A has multiplicity 2, it will have to be either an eigen-
value of the 4 x4 upper block or a root of the cubic characteristic polynomial.
We will assume that A is an eigenvalue of the upper 4 x 4 block.

Again by direct calculation, the 4 eigenvalues of the upper block of M;

are:

10 + 2 cos (27”) + \/38 + 40 cos (%’T) + 2 cos (%)
32

. 14t [256 + 192 (cos (2 — 1))]
3+ 32ty (cos (%) — 1) & \/ +1024 (t2)” [cos” (37) — 2cos (3) + 1]
32
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

Since t5 is a free variable that can be small we have that the subdominant
eigenvalue A\ is:

10 4 2 cos (%’T) + \/38 + 40 cos (%’T) + 2 cos (47”)
32
Via direct calculation, a left eigenvector for A of this 4 x 4 upper block

(4.19) A=

is

(4.20) I, =[1,0,e3,0]
where
B 14+ 2
ST N1

Now if we restrict our subdivision matrix to a 1-ring neighborhood
around the central extraordinary vertex we get the following 4n+2 x 4n+ 2
matrix S1,,:

[ w, [J J] [K K}'
e
W
: C(J,M; M) C(K,0;K)
(4.21) Sl,:= | |w
w
1 w
- C(M,M;0) diag(K)
L _w_ =

If we define U := diag (I, U,,U,) [a (4n + 2) x (4n + 2) matrix] and
L as a “picking” matrix that exchanges the kn + j and 2(j —2) + k + 2
(block matrix) rows where 2 < 7 < n+1and 0 < k < 1 then ﬁn =
LU (S1,) U'L7" is a similar matrix with the same eigenvalues as S1, and
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

the following form:

M, 0 0 0 O 0 ]
0 M, 0 0 O 0

_ 0 0 M 0 0

(4.22) S1, = S .
0 0 0 -+ M,, O
(0 0 o 0 M,
where
w,  J K
My= |W J+2M 2K|and
w 2M K

— [i+M(F+L) K(+2)
! M(1+ %) K

j=1,2..,n—1

J+M(z+1) K(1+2)
M(1+1) K
we see that A is an eigenvalue of the second block M; and from (4.20 |p.69)

By our assumption that A is an eigenvalue of

ly = [1, 0, ﬁ, O] is a corresponding left eigenvector.
By padding the 1 x 4 rowvectorl, with 6 initial zeros and 4 (n—1)
trailing zeros and we obtain a left eigenvector il for \ of ﬁn Hence,

fl = ilLﬁ is a left eigenvector for A of S1,,. Through direct computation

~ 0,0,1,0.2,0,220,....271 0, 1= 0 (L) 2.0
L,=| " ’Z(’ ljj)’ 720’2 (’142,343_17:_1’ E]4>\—1)Z’ ’ 1x(4n + 2) vector
m Z, v \—1 Z y
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

By considering the real and imaginary parts we get 2 real left eigenvectors
for A of S1,,

(423)
s O 0,1,0,cos (%) ,0, cos (2£2) ,0, ..., cos (2”'(2_1)) .0, 55 (1 + cos (£
b g (cos (35) + cos (2£2)),0, ..., 7 (cos (W) + cos (2”7”)>
i O 0,0,0 sm( ) 0 81n(2”2) ,0,...,sin (2”'(2_1)> ,0, 4)\1 - (sin (%’r)) ,0

2 =
o (sin (2) +sin (222)) ,0, ..., 55 (sin (Mn_l)> + sin (2 ”)) .0

As was done with the triangular interpolatory extraordinary case, the
initial 1—ring control vector net (U?) around this irregular v§ can be rep-
resented as a linear combination of 1 X (4n + 2) (possibly generalized) left
(4n + 2) subdivision matrix S1,, (4.21).

be a set of 4n+2 (possibly generalized) linearly
0<j<4n+1

independent left eigenvectors of S1,, then U° can be written as

eigenvectors of our (4n + 2) x
By letting {i]

An+1

(4.24) U =) Lo +a"Li + a5 Lo+ »_ &L
j=3
Wherea €ER? j=0,...,4n+ 1 and
e the left eigenvector for 1is Ly = [1,0,1,0,...,1,0] due (4.18 |p.66)

and

Ly, L, are the left eigenvectors for A from (4.23 |p.71).

By assumption the eigenvalues for ij (j =3,...,4n + 1) have modulus less

than \.
Hence
U™ = al"Lo + A"a\"Ly + A"a"Ly + o (A™)

lim A~™ (Um - agO>L0> = dO%, + a1,
m—o0

Due to

e lim U™ = &éo)io
m—roo
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

e the first component of Lo being 1 and

e the scheme being interpolatory

then & = o0 = o form = 1,2, ....

So we have

(4.25)  lim A7 (U™ — [6§,0,03,0,05,0...,v3,0]) =a\"L; + ay’ Ly

m—ro0

If we just look at the odd components of the left and right sides of (4.25)
then we get

(4.26) ) )
}riLgoo)\_m ([vg, v, vg"s ] — [vg,,v&, 1)8,, ...,vgj) :&PL + &éo)f,z
where
E _ [ 0,1, cos (7”) cos( 2) .., COS (w T (1 + cos (%’T) ;
b 4A T (Cos (27“) -+ cos ( )) s eens ﬁ (cos (W) -+ cos (2“7")>
= [ 000 (3) i (352)sin (PGl (sin (3))
> Tl_l(sin (7”) +s1n( )),...,m (sin (W) —|—s1n(2”"))

Now we will use (4.26) to get a representation of the two first partial
derivatives at the point on the surface corresponding to the extraordinary
vertex.

Let us parametrize F' locally around this point. Let

F(0,0) := v,
2j 27
F (cos (%) ,sin (ﬂ)) = v?H forj=0,1,...n—1
n
(e (22)
—4/\1_1 (sm (2 ) + sin (_Qﬂ(iﬂ))) EREArAS

fory=0,1,....n—1
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

After m subdivisions the 2n surrounding vertices are parametrized as
follows;

2j 2j
F (Am {cos (%)] S AT [sin (%)}) =y, for j=0,1,..,n—1

Am 2mj 27 (j+1)
Dol (cos( - ) + cos (771 ,

m
=0, .
A . 2] . 2m(j+1) n+j+1
a1 (sm (—n ) + sin (771

fory=0,1,....n—1

F

Notice that there is a factor ﬁ in the parametrization of the last n
surrounding vertices. These vertices are the ones in the quadrilaterals that
are “opposite” from the central extraordinary vertex. Their parametrization
is essentially this factor multiplied by the sum of the parametrization of the
other 2 vertices that adjoin the central vertex. See Figure 4.4. Also see
Table 4.1 that displays these factors for various valences and shows them to
be positive in value. In particular, see that if the central vertex were really

a regular vertex (i.e. having valence 4) then 5— = 1.
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

valence Zfif
3 1.5616
4 1
5 .8334
6 7583
7 7173
8 .6923
9 6758
10 .6643
11 .6559
12 .6497
13 .6449
14 6411
15 .6381
16 .6356
17 .6336

Table 4.1. Values of

for several valences

Since F' is assumed to be C* at extraordinary vertices then

(4.27)

[cos (2’;0) + cos (2”(2“))}

i A= D1 yw
3o F(0,0),
F (A5 cos (222) + cos (20 | 3 [sin (222) +
-F (0,0)
F <4’A\—1 [cos (2” (n= 1)> + cos (2”(" )} T [sin <27r'(z L)
( —F(0,0)

F, (0,0) i1 + F,(0,0) iz
74

( F(0,0) — F(0,0), F (A™cos (227) X" sin (227)) — F'(0,0),
F (A™cos (217) | )\msm (2:m)) — F(0,0),
F (X™cos (22Z) , A™sin (222)) — F(0.0),
F <)\m cos (72'(";1)'” , A\ sin <2(";1)'W) F(0,0),
A Am . 2m(0+1)
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4.4. FIRST PARTIAL DERIVATIVES (EXTRAORDINARY)

v7
F (g (cos(2L)  cos(2%:2), sin(28:L) 4 sin(2:2)))

P

F(cos( 27%'1 ), sin(zg'l )

0
'UO Vg
F(cos(272), sin(27:2)) L (cos(2x: 0) + cos(2%L), sin(250) 4+ sin(251)))
0
vg vj

Fcos(2Z0), sin(220))

F(74>\171 (cos( 27:5'2 )+ cos(zg'

0 1) + cos(2EB), sin(ZE4) + sin(252)))
Uy

F(cos(2%3), sin(2%3))

0 F(cos(2%4), sin(24))

Vg

F( 4)\171 (cos( 27;,'3) + cos( 27%'4

), sin(2E2) 4 sin(2T:4)))

Figure 4.4. Figure shows the parametrization around a vertex
of valence 5 for an interpolatory quadrilateral scheme. Note
that the vertices were placed on the figure using the actual
values of the parameters.

So from the local parametrization we can equate the right sides of
(4.25 |p.72) and (4.27):

dOT, +aOT, = F,(0,0)Tq + F, (0,0) T

By linear independence this gives us
F,(0,0) = &,”

F, (0,0) = &y

Proposition 4.5. Suppose that an interpolatory quadrilateral scheme is
convergent with limiting surface F' that is C at points corresponding to
extraordinary vertices. Let F (0,0) be such a point. Let ag ),N(O) € R? be
the column vectors in (4.24 |p.71). Then

F,(0,00=a",  F(0,0)=ay
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4.5. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL
NET

4.5. Partial Derivatives in Terms of Initial Control Net

As in the triangular case, we now have partial derivatives in terms of
coefficients of the linear combinations of left eigenvectors. We will again
obtain a much more specific representation of the partial derivatives. They
will be given in terms of the initial control vector net. Initially looking at
the regular case, we will use right eigenvectors of the subdivision matrix to

achieve this.

4.5.1. Regular Case
We will obtain the right eigenvectors of S (2.26 |p.20) for the eigenvalues 1
and i.

We can derive the following 4 diagonal block matrix D that is similar

to the subdivision matrix S where
D:=gUsu—'e™!
and where
U :=diag (Io,Us, Uy, Uy, Uy, Uy, Uy) 50 x 50 matrix

for Uy defined in (3.41 |p.43).
£ is the 50x50 “picking” matrix that exchanges the 4k+7 and (j — 2) 6+
k + 2 (block matrix) rows where 0 < k < 5and 2 < j <5.

We obtain
M

M
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4.5. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL

NET
where
[Roo  J K L M N M
AL J+2M 2K Royog+2N J+M 2L M+J
AN  2M K 2L J Ry J
My=| 0 0 0 L M 2N M 14x 14 matrix
0 0 0 N M L 0
0 0 0 0 0 N 0
0 0 0 N 0 L M |

and for j = 1,2,3 the following 12 x 12 matrices

(J+M(#+2L) K(1+2) Rog+N(#+2) J+M(z) L(1+2)
M(1+ %) K L(1+4) J Ry
0 0 L M N (1+27)
0 0 N M L
0 0 0 0 N
0 0 N (5) 0 L

where z = 1" = /—1.
We can show through direct calculations that:

e 1 and i are eigenvalues of M,

is an eigenvalue of M; and Mj

= N =

is a double eigenvalue of M.

The right eigenvectors of % for M, i for My and i for My are (respec-

tively)

4
7’1/4 = [wg,wg,w4,w5,w6,w7,0, ...,O]T 14 x 1

s = [1,w5,0,0,0,...,0]"  12x1

1 T
7’1/22{Lwo,—(l—i),wl(l—i),O,...,O] 12x1

1 T
=10,0,1, ——,0,...,0 12 x 1
T1/4 |:a YRR :| X

7

M+ J ()




4.5. PARTIAL DERIVATIVES IN TERMS OF INITIAL CONTROL
NET

where
— (3 + 32t1h)
Wy = ——— -
h (32t + 7)
(32ty — 64ht; + 1)
wy = —

4h (32t +7)
Wo = h (1 — 16t4 — 16t5 — 4t6)

Wy = 1
wy = —32t3

8 (2t6 + Ft3 + 128t1t5 — 1 — 4t;)
Ws =

32t — 3

we = —h + 4htg + 32t3 + 16hty + 16ht;

—1 — 32ty + 16t5 — 512tat5 — 48ty + 512taty + 4ts + 128tst + 3213 + 1024t 113
32ty — 3

Wy =

1432t
we = — (220
1+ 32t
where t1, 19, t3,14,t5,t¢ and h are from (4.2 |p.57).
It can be directly shown that
ot 3% and to 5—21 else the subsubdominant eigenvalue, i, has
multiplicity 4 and
e if 32t, + 7 = 0 then the eigenvalue 1 has multiplicity greater than

1.

We then insert the appropriate number of leading and trailing zeros to
obtain right eigenvectors for D above. By multiplying by U~'£~! we derive
right eigenvectors for our subdivision matrix S.

Again using a computer algebra system we can obtain the following 50x 1

1

right eigenvectors for 3 and 1 such that L;R; = 6 (i —j) j = 1,2,...,5
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where the L; are from (4.7 |p.60):

(4.28)
T
11 11 1 1 1 1 1
R1 _ 0 07373w070 O ’LU(],O 0 1y 190 3W1, —195 —3W1, 715, —3W1, 13
w1,0 0
T
[0,0,0,0,, L, 0,0, -1, —Luwg, & 1wy, L Lu SW
R2: » 35 3 W0y 3 W0, 195 3W1y 195 3W1y 719y — 3 WL, T 19>
1
_gwlvoa 70
r 1T
_ZLl_FM 8_|_wo ___|_____|_wo 1 w
R — 2wy’ 2wy’ 4 8w 8wy’ 8wy ? 8wy’ 4 8w7
3 %+&_l+ﬂ ws+&ﬂlﬂlﬂlﬂlo 0
| 4 wy? 4 8w 8wy’ 8wy’ 87 8wy’ 87 8wy’ 87 8wy’ 8’ ]
r 1T
1 1 1 1 1 1 1 1
R4: _07070’07070707070’071’_12}17_17 12h’17_12h’_17 12h707"'70-
T R B R R '
R — 2w7’2w7 8w7 8w7’4 8w7 8wy ? 8wy’
> +wol+ +&%lﬂl%lﬂlo .0
4 8wy’ 4 811)7 8wy ? 8wy’ 87 8wy’ 87 8wy’ 87 8wy’ 8

Since right and left eigenvectors that correspond to different eigenvalues
are orthogonal we can multiply both sides of (4.5 |p.59) by each R, and so
obtain (using (4.9 |p.61) and (4.15 |p.64)) the following representations for
the first and second partial derivatives at a point locally parameterized as

(k" k)

F (k" k) = of =T Ry
B (KK = o —ULR,
1 2 0
(4.29) Fy (K" k) = 208 =209 Ry
Fy (K k) = o) =UL Ry

Fi kél)akéz) = QO‘éO) :2Uﬂ0R5

Note that the 19" through 50" components of the above right eigenvectors
equal 0. So define R} as the 18 X 1 column vector whose components are
the first 18 components of R; (j = 1,2, ...,5). Also define fjﬂo as the 3 x 18
vector consisting of the first 18 elements of Uy, (4.4 [p.58).
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We can then rewrite (4.29) as:

Fo (k) k) = o) =T R

E (k) k)= o =T R;

1 2 0 70 T *

(4.30) Fy (K" k) = 208 =209 R
Fo (K kD) = o =ULR;

Fy kél)akSQ) = 2aé0) :26&)?{;

Similarly we then obtain from (4.12 |p.62) and (4.16 |p.65) the following
representations for the first and second partial derivatives of a point locally
parameterized as (kél) + ’;—3, k‘(()z) + ﬁ) on the surface F

>
Fy (b + 50 6 +52) = 2nay” =270y, Ry
Fy (k) + 50 67 +22) = 27al? =2"Up (R

431)  F (kY + 50 kP + 52 ) = 22l =20 (R
Fo (k" + 52 kP +82) = 220V =22Up (R
Fy (K + 52 kD +52) = 220410{") = 2201107 (R,

where ﬂ'ﬁo,i is the 3 x 18 vector consisting of the first 18 elements of Uy ;
(4.10 |p.62).

So again we see that once we are working with a specific subdivision
scheme we only need to compute the above right eigenvectors one time, and
thus all that is needed to compute the partial derivatives is the surrounding

control net.

4.5.2. Extraordinary Case

We will obtain a similar representation of the first partial derivatives of the
limit surface at an extraordinary vertex with valence n # 4. Therefore, we
need to get the right eigenvectors of S1,, (4.21 |p.69) for the subdominant
eigenvalue \.
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Through direct calculations the following is a right eigenvector of sub-
dominant A for M; in S1,, (4.22 |p.70):

1
do
ds
dy
where
(4.32)
16A—1 \ [ —8(AA—1)+128h(4AA—1)(re(z)—1)t] —2—2re(z)\  64h(4AA—1)t; —1
do = _(2+27“e(z))< 64h(4N—1) )_ 64h(4X—1) cR
2 to+[ A2 [[1416t2 (re(2)—1)—8)]
N
dy = 163—4 ¢ R
dy = 256t2 (1+re(2)) x
4= [1+z][—16t2(1+re(z))—{16A—1}{14+16t2(re(z)—1)—8A}]

—d 2t (e () = 1) = O [ - S L (re ()~ 1) - A]) ¢ R

and where z := e, t1,1s, h are from (4.2 |p.57) and A is from (4.19 |p.69).
The following will be needed shortly:

1+re(z
re (d3> = 1—2)\_(4)

im(dy) = o)

_ 1+re(z) 256t2 (1+re(z))
re(ds) = 2+2Te(z)> X ([—16t2(1+re(z))—{16)?—1}{1+16t2(re(z)—l)—8)\}}) X

— 2t (re (2) - 1) — e [;— . m] [L 42, (re(2) — 1) — A})

. . —im(z) 256t2 (1+7re(2))
im (dy) = 2+2re(z)> X ([—16t2(1+re(z))—{1ﬁf—1}{1+16t2(re(z)—l)—sx}}) X
1 2+4-2re(z) 1 1
—gr 20 (re(2) = 1) = gy — [% - W] [§ +2t2 (re (2) = 1) —)‘D

Now we will insert 6 leading zeros and 4 (n — 2) trailing zeros to get a
right eigenvector of A\ for S1,. Then multiplying by U 'L~! we get the

following 4n + 2 right eigenvector of A for S1,, (4.21 |p.69):

= 3= =2 3 =2 —n—1 j =n—1 = 3= 722 7 =2 —n—1 7 =—n—-11T
[0,0,1,d2,2,d22,2 ,dQZ yaeey R ,dQZ ,d3,d4,d32,d42,d32 ,d4Z ,...,ng ,d4Z :|
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Separating the real and imaginary parts we have 2 real right eigenvectors
of A:

(2”(" L) ) ds cos( 1)>
R re (dz) cos (2) + im (ds) sm( ™), ( 1) CO
! re (ds) cos (M) m (ds) sin 2n(n— 1)> ;

re(dy) cos (Mn_l)> +im (dy) sin (2

n

[ 0 ,0,1,ds, cos ( n) ds cos (2”) -
2

0 0,0,0 sm( ) do 51n(27r),...,si

n
- im (ds) cos (25) — re (ds) sin (2
27r(n 1

)az
)

(=57,
im (dy) cos (W) —re(dy) sin (W)

Through direct calculation using a computer algebra system we obtain
the following 2 right eigenvectors [Rl, Rg] such that for¢,j = 1,2 : LiR; =

im (d3) cos

§(i—7) where L; is from (4.23 |p.71) for
. 28 ~ -
(4.33) R, = b R, +- “R,
n-r -
. 200 ~ 2 -
R, = R, — P R,
n-y n-ry
and where
v = —1—2re(es)re(ds) + 2im (e3) im (ds)

— [re (es) re (ds)]* — [im (es) im (ds)]*> —
B :=—1—re(eg)re(ds)+im(e3)im (ds3)
a = —re(e3)im (dz) —im (e3) re(ds)

[re (e3) im (d3)]* —

So by Proposition 4.5 on p. 75 and by (4.24 |p.71) we now have a represen-
tation of the first partial derivatives of the limit surface at an extraordinary
vertex in terms of the surrounding block vertices:

- Uoﬁl
= UR,

(4.34) F;(0,0)
F;(0,0)

Proposition 4.6. Suppose that an interpolatory quadrilateral scheme is
convergent with limiting surface F that is C* at points corresponding to
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4.6. SPECIFIC TEMPLATE

extraordinary vertices.  Let F(0,0) be such a point. Assume that \ =
S+ 4(z+27"). Then for Ry, Ry in (4.33|p.82)

F,(0,0)=U"R,,  F(0,0) = U'R,
4.6. Specific Template

Let’s now apply these formulas to a specific 1-ring quadrilateral interpo-
latory scheme that was developed by Chui/Jiang in [CJO05]. The scheme
is given by (4.2 |p.57) where

ti1,t9,13,14, 15,1 -1, — -9, — —
[17 2,03, U4, U5, 6] 256 [5 9 307 97 337 86]

h——
These values result in ® being in 327720,

Plugging these values into our formulas for the right eigenvectors (reg-
ular case) (4.28 |p.79) we get:

1 19 1 19 1 17 1 17 1 17 1 171*
R, = . o e
! 0,0, "37165° 0,0, 3’ 165’0’0’ 127660 127 660" 127 660" 12’ 660}
1 19 1 19 1 17 1 17 1 17 1 17
R%‘P“““s1%””*5*ﬂ%ﬁ?&ﬁﬁ?&@‘ﬁ*@@fﬁ?‘%ﬂ

R. = 764 7 1917 764° 5348 764° 53487 764’ 53487 764’ 5348
3 975 309 975 309 975 309 975 309

[ 3075 200 941 2205 550 1149 941 2205 559 1149 |
3056’ 3056’ 3056 3056’ 3056 3056° 3056’ 3056

Ry =0,0,0,0,0,0,0,0,0,0, 7, =5, —\ — 15, 70 50— 15

[ 3975 200 559 1149 941 2295 559 1149 941 2295 ]T

I 11111111]7“

R 764 7 1917 764 5348 7647 53487 7647 53487 7647 53487
5 975 309 975 309 975 309 975 309

30567 30567 30567 3056’ 30567 3056’ 30567 3056

4.6.1. Corresponding specific derivative formulas

Note that for any particular scheme, the above calculations only need to be
done once. If we insert these values into either (4.30 |p.80) or (4.31 |p.80)
then we get the first and second partial derivatives as linear combinations
of the block vectors that surround the regular vertex.
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4.6. SPECIFIC TEMPLATE

Fy Fy
t t
A 3
—1 |17
(T3 fs60) v 1 (1{a5) v
k0+(1) (0,0) - v 12 1 660 Ko+ (=Y (L, 229 v
d k0+(?) ( 1 ) 3’ 165 ko+ [1)
2 2 3
T 17 T 17
SR ) T2 30 i (3)
=1 |=19 0,0) - v _
( ) 1 1
3’| T65 +< o ) (0,0) - vyl X ko+{ o ) (0, 0) - vig, S
N 3 0 1l 190y N 3 0 1(0,0) .
3’ 164 k 1 ’ k 1
N R O At )
¥o+(71) (0,0)~vk0+(o) ko+(Z1 (=~ 5] "k0+(0)
. 3 —1
7 4 1 17 7 4 —1 —1
(5 ggo) ' v (5 ss0) " Vv
12 660 k0+(j1) T2’ 66 k0+(31)

Figure 4.5. Partial derivatives in interpolatory quadrilateral
scheme. Note the symmetry around the central axis. Observe
the symmetry between F, and F;

The following charts (Figures 4.5, 4.6 and 4.7) visually show the sym-
metry that these formulas have:

4.6.2. “Visual C'” for extraordinary case

To accompany this specific regular template, we propose the following tem-
plate for an extraordinary vertex. Referring to the matrices in (4.17 |p.66),
let

(4.35)
W, |1 B[4t + h (=1 + 8ty + 8t5 + 21g) | W 5 0 —2t5+h (2 — 2ty — 2t5 — Lte)
0 £ (t6) 0 ts
10t
w:=[ 0 t4]

where f =4 if n = 3 else § = %. Note that if n = 4 then these revert to
the matrices for the regular mask.

This template appears satisfactory for three reasons. The first is that
the leading eigenvalues of the subdivision matrix S1, (4.21 |p.69) satisfy
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Fss Fiy
t t
A 3
(555 [F555) v —1 (f55|f528) " v -1
559 1149 1528|1528 941 22i5
KO*(l)(sgz’%'Z)"’k +(9) k0+(1)(382’26'4)'vk 0
ot (1 ot (1
q 2 2
075 309 975 09
(1538 Tp28) " ka)*(i) (1538 Tp28) " ka)*(i)
41 3295 559 1149
33385 v —1 ( L9,
kp+ =3975 400 . 382 2674 K It
(%) | 382 0 [191) "k2' s o+(%}) (=3975 ,490) . vy, s
- 3 1 (9241 2295 N 1 (859 1149
0 (382 5671 "k0+(1) 3 0 (382 g671) "k0+(1)
(1957258 ’ 1350298) v 1 0( 1957258’ 1350298) Y 1 ’
k —1)) 559 1149 E Ik —Df941 2295
o+(C1)[538. $4H v, | o o+ (T34 33D vy Lo
0 —1 0 —1
4 S 7 4 s
7 (275 309 ., (975 309 4.
1528 ° 1528 k0+( 11) 1528 ° 1528 k0+( 11)

Figure 4.6. Second partial derivatives F,, and F}; in inter-
polatory quadrilateral scheme. Note the symmetry around
the central axis. Observe the symmetry between Fi, and F},

Fst
t
A
(= 5 Vi +(71)
(0,0) - v
AR AR LY
12 i+ (1)
(O’E)) vko+(71) (0,0) - vy R s
3 0 T ;
SRR @0 Teor()
11 k0+(:}) (0, 0) v +(0
0, —
7 4 e
(7 713) Vk0+(j1)

Figure 4.7. Note the extremely simple form of Fy;. Also sym-
metric around central vertex.

85
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the conditions
(436) >\0 =1 A=\ ‘)‘j| < ‘)\1‘ j = 3,4,

for valences 3 to (at least) 16. See Appendix A for a listing of the eigen-
values for each of these valences.

The second is the appearance of the 2-D meshes formed by performing 4
subdivisions on an initial control set of points in R? whose coordinates are
the two left eigenvectors of the subdominant eigenvalue A. These meshes
were first introduced in [Rei95] and were seen again in [CJ08]. The meshes
in Figures 9.1 through 9.3 shown in Appendix B suggest the regularity and
injectivity of the characteristic map.

The background for the above second reason is that in [Rei95] Reif in-
troduced sufficient conditions for C'! continuity at an extraordinary vertex.
Namely, if the leading eigenvalues satisfied (4.36 |p.86) and if the charac-
teristic map is regular and injective then almost all surfaces generated by
the subdivision are C' continuous. Briefly, the characteristic map is the
map ¢ : U — R? that is the subdivision surface generated from U (a 2-D
initial control net whose coordinates are the two left eigenvectors of the
subdominant eigenvalue \).

The third reason is that actual subdivision surfaces generated using the
templates in (4.17 |p.66) and (4.35 |p.84) appear good. See Figures 4.9 and
4.10.

From (4.32 |p.81) and (4.33 |p.82) we can derive specific right eigenvec-
tors ﬁl, ]/.:\{2 of A by using the values of ¢; and h from the regular case. For
valence = 5 we obtain the following:

[ 0,0,.2749,.0934, .08492, .02887, —.2224, —.0756, —.2224, —.0756, .08492,
R, = | .02887,.07497,.02305, —.02864, —.008798, —.09266, —.02850, —.02864,
| —.008804,.0794,.02304

~ [ 0,0,0,0,.2614, .0888, .1616, .05492, —.1616, —.05492, —.2614, —.08888, .05447,
01675, .08816, .02711, 0, 0, —.08816, —.02710, —.05447, —.01675
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If we insert these values into (4.34 |p.82) then we get the partial deriva-
tives as linear combinations of the block vectors that surround the extraor-

dinary vertex.

The following diagrams [Figure 4.8] visually demonstrate these formulas:

F
ud - (—.02864, —.008798)
u) - (.08492,.02887)
ug - (42224, +-.0756) u - (.07497,.02305)
ul - (—.09266, —.02850) J/ul - (0,0) |uf - (-2749,.0934)
0
uy - {2224, 1-0756) ), - (07497, .02304)
ud - (.08492, .02887)
ug - (—.02864, —.008804)
(a)
F,
u? - (.08816,.02711)
ud - (.2614,.0888)
ud - (/1616,.05492) ud - (.05447,.01675)
ug-(0,0) ug - (0,0) [u?-(0,0)
0 (1
- (1616,1-06492) L o (05447, —.01675)
ud - (—.2614, —.0888)
u - (—.08816, —.02710)
(b)

Figure 4.8. The above diagrams represents F, and F; at a
vertex of valence 5 for our specific interpolatory quadrilateral

scheme.

87



4.6. SPECIFIC TEMPLATE

bl

|
y

iy

iy

|
i

|"/I" /
il

b

|
\Qs‘s“&g

W

\

Figure 4.9. Figure created using our interpolating quadrilat-
eral subdivision scheme There are several extraordinary ver-
tices of valence 3 and 7.

)
%
%
4
A

Figure 4.10. Another view of the figure created with the in-
terpolating quadrilateral scheme
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5.1. ADDITIONAL ASSUMPTIONS 89

CHAPTER 5

Derivative Formulas for Approximating Triangular

and Approximating Quadrilateral Schemes

With approximating schemes initial and subsequent control vertices do
not lay on the limit surface F'. Instead these vertices converge to the limit
surface. In other words, for vi* = (v, sj") generated after m subdivisions

n+m n+m _n+m

or for v = (vk ) Sk ) generated after n+m subdivisions by the local
averaging rule (2.7 |p.13) we have

(5.1) lim sup |vym, — F (k)] =0
m—oo
lim sup |vZ5" . —F k+i =0
m—0o0 k 27L+mk+2ml 2“

A benefit of approximating schemes is that the quality of the surface
produced is generally better than that produced by interpolatory schemes
[Zor00b]. A drawback is that vertices are not points on the limit surface
and thus we have the limit above (5.1) instead of the following equality that
we have for the interpolatory case:

Vi = F (k) m=0,1,2,... keZ?

As a result we require an additional assumption so that we can derive
the partial derivatives as for interpolatory schemes.

5.1. Additional Assumptions

We will assume that the cascade algorithm converges in C*' (R?) and in
C? (R?). Basically we are proposing to extend Jiang/Smith’s 1-D work on
deriving formulas of first and second derivatives for approximating schemes
for curves to the 2-D surface case. (See [JS09].) B-splines were used
there. We will be using box-splines.



5.1. ADDITIONAL ASSUMPTIONS

The cascade operator Qp f for some nontrivial 2 x 1 vector of compactly

supported functions ®; € C* (R?) and a refinement mask P is defined as
Qp®o:= Y PP (2 —k)
kez?

The iteration scheme ®,, := Qp P, 1 is called a cascade algorithm.
Note that @, = QP ®¢. Also the refinable ® associated with P is a fixed
point for the cascade algorithm (i.e. ® := @Qp ®). In addition note that if
the cascade algorithm converges then the limit function is ®.

We also have the following relation from [Jia02]:

(5.2) ka (QF o) (x — k) ka Dy (2™x — k)

From [JJLO2] we say that the cascade algorithm converges in C* (R?)
if
(5.3) lim Y |[D* (Qp®o) — D*®||, =0 for |u| <k
m—0o0
lul<k
holds for any ®, € C* (R?) where ® is compactly supported and has accu-

racy order of at least k + 1
Note that (5.3) implies

lim || D" (QF®) — DM, =0 for |u] <k

m—o0

5.1.1. Characterization of C* Convergence

Before we proceed further, we wish to give the characterization of C* con-
vergence provided by Chen, Jia and Riemenschneider in [CJRO02]. Here is
their theorem:
The subdivision scheme associated with a mask a (r x r
matrices) and a (s x s) dilation matrix M converges in
Ck (R®) if and only if (1) Vj is invariant under A. for
every € € E and (2) pso ({Aly 16 € E}) <m™/¢
In what follows we will define (as in [CJRO2]) the terms in the above
theorem.
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The matrix M is the same as matrix A in (1.1 |p.4). In their paper,
M is also assumed to be isotropic which means that 3A (s x s invertible
matrix) such that AMA™! = diag (04, ...,0,) where |o1| = |oa| = ... |0s| :=
spectral radius of M. Note that m := |det M]|.

E is the complete set of representations of the cosets of Z°/MZ°*. We
include 0. There are m elements in E.

A, is a linear operator on ({y (Z*%))" [finitely supported r x 1 sequences
on Z*°] where

Av (o)=Y a(e+Ma—B)v(B) acZ andve (o (Z°)
Bezs

Define Uy, as the linear span of w, (|| < k) where
K v s
u, (o) = Z (1/) (Aa)” B,—, a€eZ
v<p
where we have the following recursive definition
B,:=)Y_ (“) "V B,_,q, (—iD) A(0)

v
v<p

By := left eigenvector of A (0) corresponding to eigenvalue 1
The linear space V}, is defined using Uy, :
Vi i={ve (lo(Z)" : (u,v) =0} YueU,
where for u € (€(Z*))™", v e (L (2%))!
.0 == 3 u(-a)v (o)

aEels

We now obtain V' (a subspace of V}.) defined as:
Vi=Vin({(K))
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where (¢ (K))" is the linear space of r x 1 sequences supported on the
following set K:

K CcZ® = %M_"G
n=1

where
G := (supp a U{0}) — E + [-1,1]°
Regarding the second condition of the theorem in [CJRO02], if A is a fi-

nite multiset of linear operators on V' then A" := {(Ay, Ay, ..., A,) 1 A1, As, .. A, € A}
We define

||An||oo = Il’laX{HAlAQAnHOO . (Al,AQ, ,An) c An}

where for any m x n matrix P

| P, = max <Z |p,-j|> = the maximum of the row sums (using absolute values)
J

Now we can define p, (A) :
poo (A) = lim [|A"[| )"
n—oo

So for that second condition of the theorem, we use the finite multiset
{A.|v : € € E} in place of A used above in the definitions.

5.2. Templates with Sum Rule Order
5.2.1. Triangular Scheme

We again will derive as much information about the templates {F}, and
the 1 x 2 constant vectors 1§ introduced in (2.14). This time we will no
longer have the interpolatory format given in (3.1) and (3.2). As a result
we will have more free variables. The number of free variables increases
from 4 to 6.
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Through direct calculation using the Sum rules we can determine the
following;:

(5.4) 1" =1 = [0,0]
1Y =10 = [0, 4]

h
l((]l’l) = [O, 5} where h # 0

As indicated in Chapter 2, 1((]0,0) = [1,0].
Also per direct calculation using the Sum rules we can determine:

C+Wﬂ%m&%)h@%+%ﬁ%h» (ﬁ@%+5g;4
Poo = D =

ts ly le
(5.5)
3 1
3 0 0
B = . ° 1 c=\;
—s h gt 1t
where t; for j = 1,...,6 are “free” variables. Using the techniques in

[JOO03], the values of the ¢; will determine the Sobolev smoothness of the
refinable function ® (2.5 |p.12). See section 2.4.

5.2.2. Quadrilateral Scheme

Again we will have more free variables than for the interpolatory quad
scheme. The number of free variables increases from 6 to 10.

Through direct calculation using the Sum rules we can determine the
following;:

(5.6) 16 =1 = [0,0]
129 — 10 _ [ 4]
1(171) _
o =10,0] where h # 0

As indicated in Chapter 2 1((]0,0) =[1,0].
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5.3. INITIAL DERIVATIVE FORMULAS: APPROX TRI AND QUAD

Through direct calculation using the Sum rules we determine:

(5.7)

R 1 — 4ty — 4ty Aty + h (—1 + 8ty + 8t5 + 2t5)
PO\ — by — 2t — 4t — 4t t
[ [t —ts— i (4ts+h (=g + 8ty + 8t + 2t)) N [fo B
t7 t5 t8 t4
3 1 1
— =2t L2t — L t to

where t; for j = 1,...,10 are “free” variables. Using the techniques in
[JOO03], the values of the ¢; will determine the Sobolev smoothness of the
refinable function ® (2.5 |p.12). See section 2.4.

5.3. Development of general formulas (Regular case: Triangular
and Quadrilateral)

Here we will find representation of the first and second partial deriva-
tives of the limiting surface in terms of limits of linear combinations of
surrounding vertices as the number of subdivisions goes to co. To do this
we will be using box splines. So we will first introduce what box splines
are.

5.3.1. Box Splines

As in [CDV10] define the following set of direction vectors in R? :

2
(58) D, = €1,...,€1,€9,...,€2,€3,...,€3,€4,...,€4 CZ \{O}
—— e e e —
ni n2 ns3 n4

where
e = (1,007 ey =(0,1)" Jes:=e;+e; = (1,1)" jes =1 —e; = (1, -1)"

and where ny, ny are positive, ns, ny may be zero and n := ny+ngs+nz+ny.
Now relabel the direction vectors in (5.8) with superscripts and define

(5.9) D, :={e', €’ ...,e"} C D, above
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where
(5.10) e =e,
e’ = e,
e” € {ey, e, e5,€,} 2<m<n

Now define the box spline M (x|Ds):
M (x[D2) = X912 (X) . x € R?
and similar to [Chu98| define the box spline M (x|D,,) inductively for

m=3,..n:

1
M (x|Dy) = | M (x—te™Dy1)dt xR

D=

For convenience of notation, write
Myynonang == M (-|Dy)
]\4711712 = Mn1n200 if Ng =Ny = 0
Mn1n2n3 = Mn1n2n30 if ngy = 0

where D, is from (5.8 [p.94) or (5.9 |p.94).
As shown in [Chu98| the directional derivative of a box spline can be
given in terms of a forward difference:
(5.11)
DeiM (+|D,,) = DNei M (-] D2\ {€'}) for any j such that (D,\ {€’'}) = R?

where D, is given in (5.9 |p.94), € is given in (5.10 |p.95) and where
e r(3) 10
Now let A? be the 2-directional mesh with vertices in Z? as given in
Figure 4.1 on p. 57 and let A® be the 3-directional mesh over Z?* as given
in Figure 3.2 on p.27.
Define

*

n* :=min {ny + ny + n3, Ny + no + nyg, Ny + ng + ng, Ny + N3 + Ny} — 2

We have the following facts from [CDV10]:
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o M (x|D,) € C" (R?)

. . 2 . . 2
e The restriction of M,,,, on each square of A%isin m; ..,

2

. . . 3 . .
e The restriction of M, p,n, on each triangle of A% isinm, ..,

e The closure of the support of M (x|D,,) is: [D,] = >t —i <
i=1

1
2

t; <

[N

5.3.2. Partial Derivatives as Limits of Surrounding Vertices

With the background given above we can now proceed to develop a rep-
resentation of partial derivative of the limiting surface as a limit of linear
combinations of surrounding vertices. The proofs are provided in Appendix

C.

Theorem 5.1. Assume that the subdivision scheme is an approrimating

scheme and that the cascade algorithm given by ®,, := Qp P,,_1 converges
in C'(R). Then for ko € Z*

DiF (ko) = lim 27 {1 < 3V gmkeor (1,07 T Vamkot (107 T Vamio(1,1)7 ) }
8

m—00 —p™m m —pm
U2fﬂko+(0,1)T + U2Mko+(0,—1)T U2fﬂko+(—1,—1)T
. 1 v, T — Vg, e L
m—0o0 — —
U2fﬂko+(—1,—1)T - Uzmko+(0,1)T U2mk0+(0,—1)T

where F (-) == Y, vi® (- — k) is the limiting surface for the subdivision
kez?

scheme and ® is from (2.5 |p.12).

Corollary 5.1. Assume that the subdivision scheme is an approzimating
scheme and that the cascade algorithm given by ®@,, .= Qp P,,_1 converges
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in C'(R). Then forky,i € Z* n e Z,

( n+m _ n+m

i 1 ontmkg+2mit (1,007 ontmkg4+2mit+(—1,0)T
— 9N 15 m - n+m _,n+tm

D (ko * 2") = 2" lim 279 3 Fgnimigamir(11)7 7 Vantmigamis(0,1)T
+ n-+m n-+m

2n+7nk0+27ni+(07_1)T o 2"+mk0+2mi+(—1,—1)T

( n—+m _ ,ntm
; ontmico2mit(1,1)7 ontmikg4+2mit(1,0)7
__on 1 m - n+m )
D2F (kO + 2n> =2 73‘1_{202 ] + 2"+mk0+27”i+(—1,0)T 2"+mk0+2mi+(—1,—1)T
_|_3Un+m _ n+m
L ontmkg4+2mi+(0,1)T ontmkg+2mi+(0,—1)T

where F (1) := > vi® (- — k) is the limiting surface for the subdivision
kezZ?
scheme and ® is from (2.5 |p.12).
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Theorem 5.2. Assume that the subdivision scheme is an approzimating

scheme and that the cascade algorithm given by ®@,, .= Qp P,,_1 converges
in C? (R). Then for ko € Z?

1 —8Y 4007 T Wamigr 1,07 T Wamico i (—1,0)7
D%F (ko) = n}bi_rgofm 6 _2U;}71k0+(1,1)T + U;?}”ko+(2,1)T + U;}”ko—i—(o,l)T
L _2U$Lk0+(—1,—1)T + U;nmko+(0,—1)T + U;nmko—l—(—l—l)T
( ] Ut 00~ Vomior (1,007 Vamko(—1,0)7
DDy F (ko) = 721_{202% 5 TVt @)” ~ Yomko+(0,1)7
\ F Ut (1,17~ Vamigt(0,-1)T
( 1 _SvgznkoJr(o,o)T - 4Ug"bmko+(o,1)T - 4vg’"bmk0+(0’_1)T
D3F (ko) = 7,11_](,20227” 6 20107 T Vo127 T Vanio(1,0)7
\ 2V (—1,-1)T T Vamicg s (21,07 T Vomi (—1,-2)7
where F (1) := > vi® (- — k) is the limiting surface for the subdivision

kez?

scheme and ® is from (2.5 |p.12).
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Corollary 5.2. Assume that the subdivision scheme is an approzimating

scheme and that the cascade algorithm given by ®@,, .= Qp P,,_1 converges

in C? (R). Then for ko, i€ Z? n € Z,
r
D*F | ko + 1) 227 Jim 2%™ E
1 0 on m—00 6
\
4
i 2n 1 2m 1
D2D1F k() +— =2 lim 2 -
on m—oo 2
\
4
D3F (ko + 1y 92 Jim 22 { 1
2 0 on m—oo 6
\

_S,Un—l—m

2n+mko+2mi+(0,0)

+4vn+m

2ntmko+2mi+(—1,0)"

n+m
v
- ontmio+2mit(2,1)7

__9,ntm
2ntmko4+2mit(—1,-1)
n+m
+ 2ntmko+

n—+m
2Vt micy 1 2miy (0.0)T
__,ntm
2n+mk0+2mi+(_1’0)T
__ntm +
ontmio+2mit(0,1)T
__,,ntm

n+m
T _'_ 4/U2n+mk0+(170)T

n+m
ontmig+2mit(1,1)T

n+m
v
+ ontmio+2mit(0,1)7

n+m
T Vg pamig (0, 1)

omit(—2,—1)T
n—+m
ontmo+2mit (1,007
n+m
- U2"+7”k0+2mi+(1,1)T
n-+m
2ntmko42mit(—1,—1)7

(%

2ntmko+2mi+(0,—1)"

_ Q,ntm
BUont micy s 2mig (0.0)T

H4pntm -

2ntmko+2mi+(0,—1)
‘l‘ n-+m
ontmio2mit(1,2)T
_ n+m
2ntmko+2mi4+(—1,—1)
_'_ n-+m

4 n—+m
T AUy iy r2mit(0,1)T

n+m
27L+mk0+27ni+(1’1)T

n—+m
T Vgntmig 4 ami (1,0)7

n+m
¥ Vgnsmig pamig (~1,0)7

2n+mk0+2mi+(_1’_2)T

where F (1) := > vi® (- — k) is the limiting surface for the subdivision

kez?

scheme and ® is from (2.5 |p.12).

Proof. Proof follows the same method as Corollary 5.1.

U

5.3.3. Partial Derivatives as Linear Combination of Eigenvectors

We will now get a representation of the partial derivatives as linear com-

binations of left eigenvectors as we had done for the interpolating scheme.

5.3.3.1. Triangular Approximating Scheme. Our sum rule assump-

tion (2.14 |p.15) provides us with specific left eigenvectors of our subdivision
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matrix for eigenvalues 1, 1 and I [see(2.23 [p.19),(2.25 [p.20), (5.4 [p.93)].
So for a 1-ring neighborhood around a regular vertex vﬁo where kq € Z? we
have the following representation of this 3 x 14 ring of vectors:

v sl of 9 00 50
07 7ko? “ko+(1,007 “ko+(1,00T7 “ko+(1,1)T “ko+(1,1)T? (0) (0) 0y,
) o0+( )0 0+(1,0) . o+(1,1) 0o (L,1) = ay Lo+al L1+a L + o

B Uk0+(—1,—1)T’ Sk0+(—1,—1)T’ Uk0+(0,—1)T’ Sk0+(0,—1)T
where we have the following 3 x 14 (possibly generalized) linearly indepen-
dent left eigenvectors of a 14 x 14 subdivision matrix S:

Lo =11,0,1,0,...,1,0] for eigenvalue 1

1
L, =10,0,1,0,1,0,0,0,...,—1,0,0,0] for eigenvalue 5

1
L, =10,0,0,0,1,0,1,0,...,—1,0,—1,0] for eigenvalue 5

1
L; = left eigenvectors for eigenvalues ~; where |v;| < 3
Let J be the 14 x 2 matrix defined as
T
3 1 1 3 1 1
J::OO 510§0—3§0—1§O—§0 §30
00 -50g50 5 0 5 0—-50—-50
By direct calculation:
0 0 ,0 0
Uko» Sko> Uko+(1,0)T’ Sko-‘r(l,O)T’ a((]o)Lo + a%O)Ll
0 0 0 0 _
Uko+(1,1)T’8ko+(1,1)T’""Uko+(—1,—1)T’8ko+(—1,—1)T’ J = +a2 L +Za(0) J

0 0
) S
ko+(0,—1)T" “ko+(0,—1)T

= Oéo L0J+OK1 L1J+Oé LQJ

+ ZaEO)L J

_ag°> 0,0] + ! [1,0] + o [0, 1]

+ ZaEO)L J
i=3
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After m subdivisions we have:

v sm
2mko+(1,1)T7 “2mko+(1,1)T ...,
m Sm

Uzmk0+(—1,—1)T’ 2mkg+(—1,—1)T7

Um T Sm T
L 2mk0+(0,—1) 2mk0+(0,—1)

(5.12)

Now note that

m

v sm
2mko+(1,1)"77 “2mko+(1,1)7 ...,
m m
Uzmk0+(—1,—1)T’ Szmk0+(—1,—1)T’

m m
B U2mk0+(0,—1)T’ 32mk0+(0,—

nHT

101

m m m
Ugmiqr Samkq s U2mk0+(1,0)T’ 32mk0+(1,0)T’

m m
Ugmiqr Samkq s U2mk0+(1,0)T’ 32mk0+(1,0)T’

(O)LO + 2” mOég )Ll

J
120, + 3 ymalL,
=3
= aVLoJ + 2701, J + 270V L, g

+ nyima

(0)

+ Z%m a)”
1=3

(0)

7

[0, 0] + 27" [1,0] + 27"l [0, 1]

0

7 7

§,Um -+ 1. m - 17
8 "2mko+(1,0) 8 2mko+(1,1)
_év 2mko+(0,1)" %Unj”ko-l—(—lvo)T
_év2mko+(—1,—1)T +3 8 2mk +0,-1)7T
_év2mko+(1 0T T8 5 ?ﬂko-l-(l T
+g ;nmk +(0,1)T +3 8 2mk o+(-1,00T
=5 Ui b(—1-1)T 8k 0—1)7 |
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Hence taking the limit as the number of subdivisions goes to infinity:

[ 3, m 1, m
i i 8 Vamico (1,007 T 8Vamicy(1,1)7
m m _1,m _3,m
Ugmiqr Samkq s §Vamio+0,)7 T 8V2mko+(-1,0)7
v’ sm _Lym Loym
27”k0+(1,0)T’ 2mk0+(1,0)T’ 8U2mk0+(_1’_1)T + 8U2mk0+(07_1)T
i m v sm = [ m
i 2 2o+ (L) S+ (L), | = 1 2
™ sm —Lym + Lym
2mko+(—1,-1)T7 “2mkq+(—-1,-1)7" 8 Vomko+(1,007 1 8 2mko+(1,1)7
2}2mk0+(0,—1)T’ szmk0+(0,—1)T +8U2Mko+(0,1)T + 8U2mko+(—1,o)T
_Llym _ 3ym
8 "2mko+(—1,—1)" 8 2mko+(0,—1)"

=" [1,0] + 3" [0, 1]
= D1 F (ko) [1,0] + D2 F (ko) [0, 1]
= Fi (ko) [1,0] + Fi (ko) [0, 1]
by Theorem 5.1 on p.96 and by (5.12).
And so by linear independence:
N

Fs (kO)
Fy (ko)

For the second partial derivatives we will need to go to a 2-ring neigh-
borhood around regular vertex vi, where kg € Z* and where this 3 x 38 ring
of vectors Uy} is defined the same way as in the interpolatory triangular
scheme (3.7 |p.26).

Uy, can be written as a linear combination of left eigenvectors of the
subdivision matrix:

37
(513) Ugo = Oz((]O)L0+OK§O)L1+Oé§0)L2+OK§0)L3+04‘(10)L4+OK§)0)L5+Z Oég-O)Lj
j=6
From (5.4 |p.93) we see that L; for j = 0,1,,,,.5 are the same as the
L;for j=0,1,,,,.5 (3.12 |p.28) in the interpolatory triangular scheme.
Let J* be the 38 x 3 matrix defined as

Ji
J>
J3

J' =
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where we have

40 2 0 -0 Lo 2z o0o-Lo L o]
14 x 3 matrix Jy:=|-3 0 =2 0 3 0 -2 0 -2 0 3 0 —20

202010 zo0-2010 20
12 x 3 zero matrix = Jo

10000020000 0]
12><3matriXJ3::%O%OOO%O%OOO

§ 02000502000

By direct calculation we obtain the following representation of the 3 x 3

matrix Uﬁo J*:

37
U?io J = {Oééo)L(] + OégO)Ll + OK;O)LQ + aéO)Lg + OKELO)L4 + OééO)Lf) + Z Oég»O)Lj} J*

=6
37

=20 [1 4 1] +2a" [0 4 1] +2a" [0 4 4]+ {Za§°)Lj}J*
j=6

After m subdivisions we have:
Lo + 27 oL, 4+ 27 o V1,
UpJ* =14 4272 oLy + 272" (°>L +272m oLy o J”
+ Z] 67"y )LJ

—2.2 a1 4 142220 [0 4 1] 42220l [0 4 4]

37
+ {va a;%j} ;
=6

Hence

lim 2270 = 208" [1 4 1] +20 [0 4 2] +2a{" [0 4 4]

m—r0o0

Furthermore, using Theorem 5.2 on p. 98, direct calculations show that

lim 22"U J* = D2F (ko) [1 4 1]+2D2D1F(k0) [o 4 2]+D§F(k0) [o 4 4]

m—ro0
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Thus by linear independence
D?F (ko) = 20"
Dy Dy F (ko) = ol
D3F (ko) = 20"

Theorem 5.3. Assume that the subdivision scheme is an approzimating

triangular scheme and that the cascade algorithm given by ®,, == Qp ®,,_1
converges in C* (R). Then for kg € Z*

DlF (ko) = Oégo)
DQF (ko) = Oégo)
where F (+) == Y, vi® (- — k) is the limiting surface for the subdivision

kez?

scheme, ® is from (2.5|p.12) and oy, ag are from (5.12|p.100). If in
addition the cascade algorithm converges in C* (R)

D?F (ko) = 20
Dy Dy F (ko) = o
D2F (ko) = 20
where aéo), af) aéo) are from (5.13 |p.102).

Corollary 5.3. Assume that the subdivision scheme is an approzimating
triangular scheme and that the cascade algorithm given by ®,, == Qp ®,,_1
converges in C1 (R). Then for ky,i € Z* n € Z,

DiF (ko + 2%) = 2o

DyF (ko + 2%) = 27a{"

where F (+) == Y, vi® (- — k) is the limiting surface for the subdivision
kez?
scheme, ® is from (2.5|p.12).and o\™, oS are from (5.18|p.30). If in
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addition the cascade algorithm converges in C? (R)

DIF (ko + 2%) — 221

DsDy F (ko + Qin) — 22"

DIF (ko + 2%) = 22t o{)

where a{”, a{” o™ are from (5.18|p.30).

)

5.3.3.2. Quadrilateral Approximating Scheme. Our sum rule assump-
tion (2.14 |p.15) provides us with specific left eigenvectors of our subdivision
matrix for eigenvalues 1, 3 and 1 [see(2.23 |p.19),(2.25 [p.20), (5.6 [p.93)].
So for a 1-ring neighborhood around a regular vertex vy where ko € Z* we
have the following representation of this 3 x 18 ring of vectors:

0 0 0 0 0 0

Vkg» Sko> Uk0+(1,0)T’ Sk0+(1,0)T’ Uk0+(0,1)T’ 8k0+(0,1)T’

V0 7, 80 o, oY 7, 0 ” 17
ko+(—1,0)T" “ko+(—1,00T7 “ko+(0,—1)T’ “ko+(0,—1)T’ _ (0 (0) (0) (0)
UOO( ) 300 ( )UO 0+(0,~1) 0 0+(0,~1) = ay Lo+a) ' Li4+ay, Lo+ Y a; L,

ko+(1,1)T7 “ko+(1,1)T7 “ko+(—1,1)T7 “ko+(—1,1)T’ i=3

0 0 0 0

Uk0+(—1,—1)T’ 3k0+(—1,—1)T’ Uk0+(1,—1)T’ Sk0+(1,—1)T
where we have the following 3 x 18 (possibly generalized) linearly indepen-

dent left eigenvectors of a 18 x 18 subdivision matrix S

Lo =11,0,1,0,...,1,0] for eigenvalue 1

L, =10,0,1,0,0,0,—1,0,...,—1,0,1,0] for eigenvalue %
L, =10,0,0,0,1,0,0,0,...,—1,0,—1,0] for eigenvalue %
L; = left eigenvectors for eigenvalues ~; where |v;| < %
Let J be the 18 x 2 matrix defined as
ooz o to-2o0torooo0-tooo|
00 -0 2 0 4+ 0-204%000-000
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By direct calculation:

0 0 0 0
Uko? Sko? ,Uk()-‘r(l,o)T’ Sk0+(1,0)T’
0 0

0 0

0

0
v S
ko+(1,—1)T? “ko+(1,—1)T

After m subdivisions we have:

m m m
Ugmiqr Samkq s U2mk0+(1,0)T’ 82mk0+(1,0)
m m
Vamko+(0,1)T7 P2mko+(0,)7 ..
m
Vomigt (1,

v sm
2mko+(1,—1)T7 “2mko+(1,—1)T

m
)7 Samic(~1,-1)T

(5.14)

Now note that
m m
,U2mk0 ) S2mk0’

v sm
2mko+(1,0)77 “2mko+(1,0)T

™ sm
2mko+(0,1)"7 “2mko+(0,1)7 ...,

'Um T Sm T
2mko+(—1,—1) 2mko+(—1,—1)

m

m
U2Mko+(1,—1)T’ 82Mk0+(1,—1)T

v S v
ko+(0,1)T7 “ko+(0,1)7 ..., "ko+(—1,- 1)’ “ko+(—1,-1)

3,m 1, m _ 1. m T
8 Vamio+(1,0)T T 8 Vamko(1,1)T 8 Vamko+(0,1)
_3,m _ 1. m 1 o™
8U2Mko+(—1,o)T 8Uzmk0+(—1, nT T3 2”k0+(0 nT
1 3
BE k+(10)T+8 oo+ (11T T 8Vamice (0,17
1,.m 1,.m 3
5V (1,07 T 8V2mio(—1—1)T T 8 V2o (0,-1)7
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Oé((] )LO + Oé(O)L
+oVL, + Z% 'L

=3

= af"LoJ + a{"LiJ + oy LyJ

17
+ ZaEO)L J
=a10,0] + o\ [1,0] + oV [0, 1]
+ ZaEO)L J
=3
(O)LO —|— 2 mOé§ )Ll
J
+2_’”a§0 L, + Zy{”aEO)Li
i=3
0\ J 4 27l Ly g

+ Zy{”aﬁ‘”LiJ

o [0,0] + 27\ [1,0] + 27l [0, 1]

+ nyimozgo)L J
i=3
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Hence taking the limit as the number of subdivisions goes to infinity:

§ m _|_l m
] 8Vamio+(1,0)" 8 Vamk(1,1)7
m gm l,Um _ 3, m
2mko 2™k 8 Yomko+(0,)T 8 2 k0+(—1 0)T
v 75 S0, T —lvm +1
2mko+(1,0) ’ 2mko+(1,0) ’ 8 "2m ko+(—1 )T 3 2mk0+(0 1)
i m v sm = i m
n}f_{%ﬁ 2mko+(0,1)T? Z2mko+(0,1)7 ..., J n}f_{%ﬁ
m _1,m
Uomicg +(—1,—1)7 > Smico +(—1,-1)7 5 V9mic (1,07 T szmk R
m 3 o™
Ugmieo 4(1,-1)7 Somico 4(1,-1)7 +5v et 7T +3 2mk H(—1,0)7
—1iy — 3y
8 2mk0+( 1,-)T 8 27”k0+(0 —1)7
0
=a”71,0] + a{” [0, 1]

= D1 F (ko) [1,0] 4+ D2 F (ko) [0, 1]

= F; (ko) [1,0] + F; (ko) [0, 1]
by Theorem 5.1 on p.96 and by (5.14).

And so by linear independence

N0

O

Fs (k(])
Fy (ko) =

For the second partial derivatives we will need to go to a 2-ring neigh-

borhood around regular vertex vy, where ko € Z? and where this 3 x 50 ring

of vectors U} is defined the same way as in the interpolatory quadrilateral

scheme (4.4 |p.58).

U}, can be written as a linear combination of left eigenvectors of the
subdivision matrix:

19
(5.15) UYL, = oy Lot Li+ad Ly+af Ly+of” Li+a"L: + Y of”L
=6
From (5.6 |p.93) we see that L; for j
Liforj=0,1,,,,5

=0,1,,,,.5 are the same as the
(4.7 |p.60) in the interpolatory quadrilateral scheme.
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Let J* be defined the

where we have

10 x 3 matrix J; :=

10 X 3 matrix Jp :=

10 x 3 matrix J3 :=

10 x 3 matrix J; :=

10 x 3 matrix Jy :=

By direct calculation we
matrix Uy J*:

49
U?{o J = {O‘(()O)Lo + OK§O)L1 + ozgo)Lz + OééO)Lg + aflo)L4 + ozéo)L5 + Z ozg-O)Lj

50 x 3 matrix defined as

Ji
J2
J = J5

Ju

[ J5 ]
r T
4030 p0 30 4o
30§ 05 0§ 0§ o0
-5 0 50 -50-50—-50
L 000 -20000 0]
1000 -200000
' 000 5 00000
0 000002Lo000]
0000000000
0000002000
ol 9T
1000000000
0000000000
00000000 0]
000000000 0]
000002000
00000 ¢ 00 0]

obtain the following representation of the 3 x 3

j=6

|

49
=23 [1 0 1] +2a" [0 0 2| +20{" o 1 1] +{Za§°>Lj}J*
j=6
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After m subdivisions we have:
aéO)LO 42 ago)Ll 42 aéO)Lg
UpJ =3 4272 oLy + 272 o L +272m oLy 3 J*
+ Z] 67" O‘ LJ
—9.972m ,0 [1 0 1] 4 9.972m o0 [0 0 2] 4 9.972m o0 [0 1 1]

49
+ {va aﬁ-o)L]} J
=6

Hence

lim 227U =208 [1 0 1] +20 [0 0 2] +20{" 0 1 1]

m—o0

Furthermore, using Theorem 5.2 on p. 98, direct calculations show that

lim 227U = DEF (ko) [1 0 1] 42D, Dy F (ko) [0 0 2] 4 D2F (ko) [0 1 1]
Thus by linear independence
D2F (ko) = 20
Dy Dy F (ko) = ol
D2F (k) = 20"
Theorem 5.4. Assume that the subdivision scheme is an approzimating

quadrilateral scheme and that the cascade algorithm given by ®,, := Qp ®,,_
converges in C* (R). Then for kg € Z?

D:F (ko) = a”
Do F (ko) = ol
where F (+) == Y vi® (- — k) is the limiting surface for the subdivision

kez?
scheme, ® is from (2.5|p.12) and oy, ay are from (5.14 |p.105). If in

109



5.4. PARTIAL DERIVATIVES AS LINEAR COMBINATION OF
INITIAL CONTROL POINTS

addition the cascade algorithm converges in C? (R)
D}F (ko) = 20"
Dy Dy F (ko) = o
D3F (ko) = 20"

where aéo), af) aéo) are from (5.15 |p.107).

Corollary 5.4. Assume that the subdivision scheme is an approrimat-
g quadrilateral scheme and that the cascade algorithm given by ®,, =
Qp D,,_1 converges in C1 (R). Then for ky,i € Z* n € Z,

DiF (ko + 2%) = 2ma{

DoF (ko + 2%) = 91

where F (+) == Y vi® (- — k) is the limiting surface for the subdivision
kez?
scheme, ® is from (2.5|p.12).and o\, oS are from (4.11|p.62). If in

addition the cascade algorithm converges in C? (R)

DIF (ko + 2%) = 22t o

DsD F (kO + 2%) = 22”0&51”)

D2F (ko + 2%) — 92+l

where aé"), aﬁf) aé") are from (4.11 |p.62).

5.4. Partial Derivatives as Linear Combination of Initial Control
Points

As with the interpolatory cases we will now derive right eigenvectors

for % and i of our subdivision matrix that are orthonormal to their cor-
responding left eigenvectors. Again this is done using direct calculations
with a computer algebra system in the same manner as subsections 3.6.1

and 4.5.1.
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5.4.1. Triangular Approximating Case

We can obtain via direct calculations the following 38 x 1 right eigenvectors

for 2 and 1 such that L;R; = 6 (i —j) 4,j = 1,...,5 where L; are from

(3.12 |p.28):

(5.16)
R-—_ool_ll -1 -1 1 -1 1 -1 1
P37 9767187 6 7187 3 'Ok’ 6 18k 6 18h’
[ -1 1 1-11-11-1-1 1 -1 1
R, = S, = = = 0,...
2 _0’0’ "18h° 67 18h" 37 9L 67 18K’ 6 ' 18h" 3 9K’ 0 }
T
R, o | 20020 =5(d = 1), 5 (ds + @), =5(2d: + 1), (25 — w), —5(2d1 + 1), §(2ds — w),
L _§<d1 1) %<d3+w)7_%(2d1+1)7%(2d3_ )7 6(2d1+1)76(2d3_ )707’"70
R4 .: [ —2d1,—2d2,%(d1 —1),—%( ),%(d1+2) (d3—2w),§( ),—% (d3+w),
| 5(di = 1), =5 (ds + w), 5(di +2), %(d3—2w),%(d1—1) %(d3+w),0,.-.,0
[ 2dy,2dy, —L(2dy + 1), 2(2d5 — w), —1(2ds + 1), L(2d5 — w), ’
R5 = ——(dl 1),%(d3+ﬂ]) ——(2d1+1),
| 5(2ds —w), —5(2dy + 1), §(2d3 — w), —5(dy — 1), 5 (ds + w) ,0,...,0

where

1(YO
b= (7)
1 (Y

1 (Z

(1+16hty)
h (1 + 16t,)
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for

(5.17)
G —1 + 24t5 + 4t
"1+ 4hts + 24ht

X = 144ht3t5 + 3ht5 - 24ht2t5 + 54ht6 - 144ht4t6
— 144htots + 1 — 2ty + 30t5 — 96tats — t4 — 16taty + 1440t ts + 240t 1ty — 6Lty

Z = 48hts + 192htsts — 192htts — 4ty + 1 4 192ht ts + 320t 1ty + 24t — 8hty

where ¢; for j =1,...,6 and h are from (5.5 |[p.93).
Note the following facts that can be shown with direct calculation:
o if 1 + 16t; = 0 then eigenvalue i has multiplicity greater than 3
o if —1 + 24t5 + 4t, = 0 then t5 + 6t5 < —ﬁ or else % is not the
subdominant eigenvalue

Since right and left eigenvectors that correspond to different eigenvalues
are orthogonal we can multiply both sides of (5.13 |p.102) by each R; and
so obtain (using Theorem 5.3 on p.104) the following representations for
the first and second partial derivatives at a point locally parameterized as

(" K57 -

(5.18) Fy (kY k) =l = UL Ry

Note that the 15" through 38" components of the above right eigenvec-
tors equal 0. So define R as the 14 x 1 column vector whose components
are the first 14 components of R; (j =1,2,...,5). Also define ﬂ'ﬁo as the
3 x 14 vector consisting of the first 14 elements of Uy, .
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Theorem 5.5. Assume that the subdivision scheme is an approzimating
triangular scheme and that the cascade algorithm given by ®,, .= Qp 1
converges in C1 (R). Then for ko € 7>

DiF (ko) = Fi (K", kP ) = UR R;
DyF (ko) = F, (kg”, kff)) ~ U)R;
where F (+) == Y. vl® (- — k) is the limiting surface for the subdivision

kez?
scheme, ® is from (2.5|p.12), Uy, is the 3 x 14 wector consisting of the

first 14 elements of Uy, and R}, Rj are as above. If in addition the cascade

algorithm converges in C? (R)
DIF (ko) = Fi, (K, 1") = 204, R;
DyD1F (ko) = Fur (k;g”, kg2>) ~ U) R;
DSF (ko) = Fiu (K§", k) = 204, R;
where R, R}, RE are as above.
And from Corollary 5.3 on p. 104:

Corollary 5.5. Assume that the subdivision scheme is an approrimating
triangular scheme and that the cascade algorithm given by ®,, == Qp ®,,_1
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converges in C* (R). Then for ko,i € Z* n € Z,

DiF (ko + i) — Uy R}

2n
i 'I’LN'fL *
where F (+) == Y. vi® (- — k) is the limiting surface for the subdivision

kez?
scheme, ® is from (2.5 |p.12), and Uy is the 3 x 14 vector consisting of the

first 14 elements of Uy ; (3.17|p.50). If in addition the cascade algorithm
converges in C? (R)

i
DiF (ko + 2—) 271U (R
i
DyD,F (ko + 27) 22Uy, (R
i
DiF (ko + 2—n) = 21Uy (R:
If the denominator 1 + 4hts + 24htg for Q in (5.17 |p.112) equals zero

then through direct calculations we can arrive at the following three 38 x 1
right eigenvectors of i, {R;};=345, such that LLR; = (i — j) 1,7 = 3,4,5

R3 — 20& O ——Oé—i—%,% _%77_%a_%7éﬁ+éf%_la (137;,5—’_%77

L __Oé—i_%v% _377_%05_%7%54_%77_%0‘_673B+677 7"'70

I 11 1
R4 — —12CY 0 a——a——ﬁ‘l‘g%goﬁL@—gﬁ_gV{ 3a1_ §a:§ﬁ+§7a

L gOé - _a _§ﬁ + 377 3Oé + 3 _§ﬁ - 577 3a 3 _§ﬁ + §77O> aO
(5.19)

r T
R5 — 20‘707_%05_%7%5—1—%77_10‘ 673ﬁ+6%——04+373 _%77

L _%O‘_%aéﬂ_‘_%’y _%a_6>§ﬁ+677__a+%7% %790%“70
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where
B 8ty — 1
T 16ty — 1+ 24ht, — 1440t
g 8ht, — 1 — 48ht;

h (—=16ty — 1 + 24ht; — 144htg)
1+ 16hty
7T (1 + 16ty)

The 14 x 1 shortened version of these eigenvectors would then be used
in Theorem 5.5 and Corollary 5.5.
5.4.1.1. Specific Triangular Approximating Scheme (Regular). In
[CJO08] and [CJ03b] Chui/Jiang devised a spline-based 1-ring triangular
approximating scheme that was labelled the S7—subdivision. The nota-
tion indicates that the splines are C? functions whose restrictions on each
triangle are polynomials of total degree < 3. Here

1
(5.20) h = —3
1,83, s 1] = 22,0, -1, -2,6,1]

where we note that 1+ 4hts + 24htg = 0.

We will use the right eigenvectors for i from (5.19) and the right eigen-
vectors for 1 from (5.16).

We obtain:
. o [.o1111 1 1 1 1 1 111]"
R1:: any_a_a_a_a__a__a__7__a__>__>_a_
| 3366 6 6 3 3 6 666
1 1111111 1 1 1 11"
R; = 0707__7__7_7_7_7_7_7_7__7__7_ )
i 60 6663366 6 6 3 3
Rem | 9p221111221111)"
3_- >737396967676739396767676
L2 211 2 2 2 211 2 217
R4 = 2a07__a__7_7_7__7__9__7__7_7_9__7__
3 333 3 3 3 333 3 3
I 11112211112 2]"
R; = _2707_7_7_7_7_7_7_7_7_7_7_7_
i 666633666633
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Figures 5.1, ,5.2 and 5.3 visually show the symmetry that these formulas

have.

Fs (ko)

)

ol

\ 1
(Uﬁ (1.1)’1"s£0+(1,1)7') : (5’

('”?(w(o,l)T’so & .1)T) i)

0 .0 (=1 1
(vko+(*1-0)T’sko+(*1 7) (3 -3)

W, 50, - (0.0) s

0 0 (L1
(Uko+(l,0)T'sko+(l,U)T) (3:3)

0 0 (=1 1
(vk0+(71.—1)'r’sk0+ 1,71)T) ( 6776

11
(U£D+(l),—1)T7S({"O*’(Uv*l)T) (50

Diagonal Axis
(a)
Fy (ko)
t
11
(”;i (1,1)T"S:io+(1,1)T) (55)
(”ﬁoﬂovl)T’su & -1>T) (5w
11
(v;loﬂ—l.o)T’S;]coJr(—l, : (E’ E)
Ul{lu’sk“o) -(0,0) S

0 0 (=1 1
(vkg+(1,U)T’Sko+(1,U)T) (=% —3)

) .0 (=1 41
(Uko+(*1»*1)r’§ko+ 1,—1>T) =513

1 1
(Ulo(u%»((),—l)T’S(IJc0+(O,—l)T) (=3 -3)

Diagonal Axis

(b)

Figure 5.1. The above diagrams represent F; and F;. Note
the symmetry between each diagram around the diagonal
axis.
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Fss (kO)
t
11
(Uﬁ « 1)T’sﬁ0+(1,1)T) (3:3)
w0 0 11
(Uk0+(D,I)T’b 4 ( .1)T) (33
X E
(UgO‘F(fl,O)T’sio«#(—l, (5:5)
vl‘in,sgn) - (—4,0 S
44
(Uﬁoﬂl,u)T’Sﬂoﬂl,u)T) : (E’ §)
11
(vﬁo+(—1.—1)7"s(110+ 1,71)’F) . (E* §)
11
(Ul‘iuHUfI)T’S(IJ<0+(0,—1)T) (3:3)
Diagonal Axis
(a)
Fit (ko)
t
11
(”;i (1,1)T"S:io+(1,1)T) (3:3)
X 44
(”ﬁw(o,x)“su . .1>T) (3:3)
) (L
(7/;:0+(71.(!)T‘520+(71, (3:3)
050, ) - (=40 s

11
(vggﬁ»(l,n)T’Sio+(1,())T) (3:3)

) .0 (L1
(Uko+(*1-*1)r’§ko+ 1,—1>T) (5:3)

0 0 4 4
(Ukui»((),—l)T’5k0+(0,—1)T) (3:3)
Diagonal Axis

(b)

Figure 5.2. The above diagrams represent F,, and Fj;. Note

the symmetry between each diagram around the diagonal
axis.
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Fst (kO)

0 0 1
(”k (1,1)T’sk0+(1,1)T> (3

)

=

0 0 (=2 2
(”ko+(—1,0)T’sko+(—1, (=5.-3)

0

0 0 2 2
(Uko+(0»1)T7S a ,1)T> (=3.-3)

Vkg Sko

3

) (2,0) s

0 0 (L
(Ukoﬂflﬁl)T’skovL 1,71>T) (5-3)

=

Diagonal Axis

2 2
(UgoHOfl)T’SEOHO»*I)T) (=3.-3)

0 0 (=2 _
(”ko+<1,0)T’sko+<1,0>T> (=3

3)

3

Figure 5.3. The above diagram represents Fy;. Note the sym-

metry around the diagonal axis.
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5.4.2. Quadrilateral Approximating Case

As indicated at the beginning of section 5.4 on p. 110, we can use the same
techniques as for the interpolating case and obtain the following 50 x 1 right
eigenvectors for 1 and i, {R;}j=1, 5 such that LLR; = d(i—j)i,j =

2
1,...,5 where L; are from (4.7 |p.60):

(5.21)
r 0.0.1 1343t (o _1 13432t () L 1 —323+64ht;—1 1T
R, — 7V 8 TS R(T432t0) 7 U0 U0 30 B A(T432t) 7 0 0 120 12 h(7T+432t2)
D7l 1 1826464kt =1 1 1 320464kt =1 1 1 —32+64hiy—1 ) 0
| 120 127 n(7432ta) 0 120 12 h(7T+32t2) 12712 A(7T+32ty) 0 Y
i 0.0.0.0.1 _13432hts g g _1 13432ht; 1 1 —32r46dhty—1 17
R, — 7 Y3 TR R(T432t) 0 0 0 37 3h(T+32tp)? 120 12 h(7+32t2)
27 | L 1 3246dht o1 1 1 Z32646dhti =1 1 1 32464kt 1 | 0
12012 h(7+32t2) 120 12 h(7T+32t2) ° 127 12 h(7+32ty) Y
i 1 E(16ts+4t+16ta—1) 1 E 1 ED | 1 1 G _ 1 1432hty T
2 C-F "2RC) T 2h CF T 4°2hC 4 R(1+32t2)°
_1ED_ 1 1G 11432ty _1ED 1 1G _ 11432ht
R. — 2nC-F ~ 4°2hC T 4n(1+32t2)’ 2R C-F | 4°2nC ~ 4 h(1+32t2)°
3 _1ED 1 1G 1 143%n 1 EH 1.J
2hC-F ~ 4'2hC T 4n(1+32t)’ 8h C-F’ 8R C
1EHd 1J 1EH 1J 1EH 1J 0
L 8h C-F?'8hC?8h C-F’8h(C’8h C-F’>8h(C’ 7"
T
1 1 1 1 1 1 1 1
R, :=10,0,0,0,0,0,0,0,0,0, -, ——,—1—~, —, -, ——,——, —,0,...0
4 ) ) Y ) Y ) Y ) Y 747 12 ) 47 12 747 12h7 4712h7 Y
1 E(16ts+4t6+16t4—1) 1 F 1 ED 1 1G + 1 _1+32ht; T
2 C-F Y2RC0 T 2h CF  4°2hC T A h(143262)°
—1ED 1 1G _ 11482t _1ED 1 1G4 1 1+32ht)
R. — 2nC-F T 102nC T 4n(1+32tz)’ 20 C-F  4°2hC ' 4n(1+32t2)°
o _AED 1 1G 1 1+3%hn 1 EH 1]
2nC-F T 1°2nC ~ 4h(1+32t2)’ 8h C-F’ 8 C
1EH 1J 1EH 1J 1BH 1J 0
8h C-F?8h(C?8h C-F’8h(C’8h C-F’>8h(C’ 7"
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Here we have

C := —64htyo + 5h — 16t + 128t5ty — 1280htst o + 64htatio — 1792htsto — 2048h%t,ts
— 2048h*t 1ty — T68htsty — 1024htsty — 2048h*tsty — 512Rh*tsts — 2048ht ts — 384h*tgt;
— 1536h*ts5t; — 1536h%t,t7 + 1024h%tot; — 1024htot, — 256htats + 8192htatst1o 4+ 2048htatst g
+ 8192tat3t 9 + 4096tat3tg + 256htaty + 96hty + 64hts — 8ht + 16384ht tste + 32768ht t5t g
+ 32768h%t st + 81920t tet 1o + 32768R%t t4t1g — 8192htytst 1y — 8192htatsty — 16384h%tyt sty
— 4096h°tytst; — 16384Rh%tot 4ty — 512t9ts — 24hty + 256t5t1 + 128h%tg + 96h*t; + 32ht,
D := 8 (16htstyy — htig + 4htgtig + 16htstyg — t3 + Ststy + 16tst1g)
E = h (3 — 48ty — 32ty + 512tat 9 + 256t5ty — 24tg)
F = —1+ 8ty + 16ty
G := —8htiy + h — 8tg + 64tsty — 256htst1y + 32htetiy — 128htyt1y — 256R%t,tg
— 256R%t 1t — 192htsty — 128htyty — 256h*tsts — 64h>tgts — 256ht ts — 96h>tt; — 384h%tst;
— 384h%t,t7 + 8hts — 4htg + 2048ht tste + 4096ht tsto + 4096h°t tst1o + 10240t tst o
+ 4096h°t tst19 + 128t5t10 + 16h%ts + 24h%t;
H := 256t5tg — 32t3 — 16hty + 512tst19 + 128htstig — 4hts
— 32ht1g + 512htstyg + h — 16hts + 512ht,t g
J = —32ht1g + h — 32t5 + 256tste + 512htst o + 128htgtiy — 512ht4t1g — 1024h>t4ts
— 1024h%t t1g — 512ht4ty — 1024htsts — 256h*tets — 1024ht ts + 1024h*tot; — 512htoty
— 128htots + 512htots + 48ht, — 16hts — 4dhtg 4+ 8192kt tsty + 16384ht tstyg
+ 16384h*t L5ty + 4096Rh%t 1 tgt 1o + 16384h°t tat19 — 16384htatstg
— 8192htotsty — 16384h%totst; — 4096h*totst; — 16384h%tot 4t,
+ 512t3t19 + 64htg + 32ht,

where h and t; for j =1,...,10 are from (5.7 [p.94)

It can be directly shown that:

1

’ 40

e if 7+ 32ty = 0 then the eigenvalue 1 has multiplicity greater than
1.

® iy #£ 5—21 else the subsubdominant eigenvalue has multiplicity 4.
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Since right and left eigenvectors that correspond to different eigenvalues
are orthogonal we can multiply both sides of (5.15 |p.107) by each R; and
so obtain (using Theorem 5.4 on p.109) the following representations for
the first and second partial derivatives at a point locally parameterized as

(k" k) -

(5.22) F,

Note that the 19"* through 50" components of the above right eigenvec-
tors equal 0. So define R} as the 18 x 1 column vector whose components
are the first 18 components of R; (j =1,2,...,5). Also define ﬁﬁo as the
3 x 18 vector consisting of the first 18 elements of Uy, .

We can then rewrite (5.22) as:

Theorem 5.6. Assume that the subdivision scheme is an approrimating
quadrilateral scheme and that the cascade algorithm given by ®,, = Qp P4
converges in C1 (R). Then for ko € Z?

DiF (ko) = F, (ké”, ké”) — U) R;

DyF (ko) = F, (kg”, k;ff)) — U) R;
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where F (1) := Y. vi® (- — k) is the limiting surface for the subdivision
kez?
scheme, ® is from (2.5|p.12), Uy, is the 3 x 18 wector consisting of the

first 18 elements ofUﬂO and Ry, R are as above. If in addition the cascade

algorithm converges in C? (R)
DIF (ko) = Fuy (K", k) = 204, R;
DoDyF (ko) = Fy (k;g”, kgz>) — U)R;
D3F (ko) = Fy (K", k) = 203, R;
where R5, R}, RE are as above.
From Corollary 5.4 on p. 110:

Corollary 5.6. Assume that the subdivision scheme is an approrimat-

g quadrilateral scheme and that the cascade algorithm given by ®,, =
Qp D,,_1 converges in C1 (R). Then for ky,i€ Z* n e Z,

DiF (ko + 2%) = 2ma{

DoF (ko + 2%) = 91

where F (+) == Y vi® (- — k) is the limiting surface for the subdivision
kez?
scheme, ® is from (2.5 |p.12).and o\, oS are from (4.11). If in addition

the cascade algorithm converges in C* (R)
D2F (k + i) . 22n+1 (n)
1 0T o0 ) T a3

DsD F (kO + 2%) = 22”0&51”)

D2F (ko + 2%) — 92+

where aé"), ai") aé") are from (4.11 |p.62).

)

5.4.2.1. Specific Quadrilateral Approximating Scheme (Regular).
The following specific template for a 1-ring quadrilateral approximating
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scheme was developed using the Jiang/Oswald Matlab® routines (see [JOO1))
for determining the Sobolev smoothness of refinable functions. Here we
have

(5.23) h=1

1
[tb t2> t3> t4a t5a t6> t7> t8> tg, th] = % [_5> 8a 36a _167 _24a 127 _127 _57 307 10]

= W3.91577948

We use the right eigenvectors from (5.21 |p.119) and obtain the following
50 x 1 column vectors:

119 1 19 1 13 1 13 1 13 1 13 r
R,:=100>—-00 -, —. 00—, ——uv —— 2 = 2 2.0
P 19207 371927 7 127 3847 1273847 1273847127 384 T }
[ 119 1 19 1 13 1 13 1 13 1 13 r
R,:=(0.0.00,-,— 00, ——, — — > ~ =2~ 2~ 2 0..0
2T 1927 371927127 3847127 3847 1273847 1273847 07 }
[ 848 144 1533 5231 709 1495 1533 _ 5231 709 1495 109 T
R - 11217 11217 4484° 71744 4484 717447 4484 ° 71744° 4484 717440 1121°
3 _ 435 109 _ 435 109 _ 435 109 _ 435 | 0 ]
L 179367 11217 179367 1121° 179367 1121° 179367 7 )
[ 1 1 111 1 11 T
R, = e M
4 -0707070707070707070747 127 47 12747 127 47 127 M 7O:|
[ 848 144 709 1495 1533 _ 5231 709 1495 1533 _ 5231 109
R S 11217 11217 44847 717447 4484 71744 44847 717447 4484 717447 11217
5 - _ 435 109 435 109 _ 435 109 _ 435 ]
L 179367 1121 179367 1121° 179367 1121° 179367

Figures 5.4 , ;5.5 and 5.6 visually show the symmetry that these formulas
have.
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Fs (kO)
t L
0 0
(UO T 50 T) ) (7%) % (Uk0+(0’1)T’SkO+(O’1)T /,0(0»0) 0 1 13
ko+(=1.1)7 " ko+(~1,1) 4 1’1<0+(1,1)T'sko+(1,1)T> ’ (ﬁ’ 7m)
0 0 (=1 19
<vk0+(*110)T'sko+(7110)T) ( 301 2) 0 0 1 _ 19
(“ko+(1,0>T'sko+<1,0)T> (- 1)

0
(”km(—l,—l)T’

0
S
ko

! I(Ugo’ Sflio) - (0,0)

S

)

Diagonal Axis

0

1
ko+(—1,1)T”

(v +(—1,1)T> ’ (12

0
S
kg

()
F,

_ 13
384

)

0 0 1 13
(Uk0+(1,71)T’sk0+(1,—1)T> ' (ﬁ’7384)
0 0
<”ko+<0,—1)T’Sko+<0,—1)T) (0,0
(ko)
t .
0 0 1 19
(vk0+(0,1)T’SkO+(o,1)T ,;"'(5’7m)
0 0 . (; ,g)
\ko+(1, )T ko +(1,1)T 127 384

0 0
(“ko+(71,0)T’sko+<71,o>T) +(0,0)

0 0
(“ko+(1,0)T’sko+<1,0)T> -(0,0)

0 0
v T8
( ko+(—1,—-1) ko

(-1 a3
+(7/1,,1)T> ( 12 384

. /(vﬂo'sﬁo) - (0,0)

S

13

384

)

) 0 0 1
(Uko+(l,fl)T’Sko+(1,fl)T> ’ ( 1z

Diagonal Axis

(b)

0 0 (=1 19
(Ukoﬂo,—l)T’Sko+<0,—1)T> (=5 %)

Figure 5.4. The above diagrams represent Fy and F;. Note
the symmetry between each diagram around the diagonal

axis.
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FsskO )
t

218 435

vo so . (
ko+(—1,1)T "kg+(—1,1)T 1121’ 8968

’UO SO
ko+(0,1)T" “kg+(0,1)T

vY $0 . (1533 _ 52317)
ko+(—1,00T" "kgH(-1,00T 2242’ 3587

1533 523

00 $0 . ( 218 _ 435 )
ko+(—1,—1)T “ko+(+1,-1)T 1121’ 8p68

A 709 1495
S 2242 35872
"0 s0 . ( 218 _ 435 )
&'\ ko+(1, DT "ko+(1,1)T 1121~ 8968

00 s9 . (_ _ 1 )
ko+(1,00T’ “kg+(1,00T 2242’ 35872

T (20 0 /1696 %8
ko’ ko 1121 1121

00 s9 . (& _ 435 )
ko+(1,—1)T "ko+(1,-1)T 1121 ~ 8968

Diagonal Axis

(a)
Fi (ko)

00 0 . (m _ 435
ko+(—1,1)T" "kg+(—1,1)T 1121’ 8968

709 1495 )

00 s0 . (,
ko+(0,—1)T "’ "kg+(0,—1)T 2242’ 35872

5231

t X
00 s0 . (A533 _ )
ko+(0,1)T “kg+(0,1)T ) [ X2242° ~ 35872

218 435

00 $0 . (, 709 14957)
ko+(—1,00T" "kgH(-1,00T 2242’ 3587

00 $0 (- )
&'\ ko+(1, DT "ko+(1,1)T 1121~ 8968

709 1495

=

20 s0 . ( 218 _ 435 )
ko+(—1,—1)7T’ “ko+(1,-1)T 1121’ ~ 3p68

‘| 0 0
(Uko’ Sko) ’ (

_ 1696
1121 11

21
S

Diagonal Axis

(b)

533 5231 )

29 s9 (1_ _
ko+(0,—1)T "’ “kg+(0,-1)T 2242~ 35872

Figure 5.5. The above diagrams represent F,, and F};. Note
the symmetry between each diagram around the diagonal

axis.
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5.4. PARTIAL DERIVATIVES AS LINEAR COMBINATION OF
INITIAL CONTROL POINTS

Fst (kO)
t P
0 0
(UO s ) . (*l i) (Ukoﬂﬂ,l)T'skoHO,l)T ,/})(0'0) 0 1 1
ko+(—1,1)T "kg+(—1,1)T 412 . ”k0+(1,1)T’sk0+(1,1)T> . (Zfﬁ)

0 0 .
(UkoJr(*l,O)T’sk0+(*1,0)T> @0 o o
(vko+(1,0>T’sko+<1,0)T> (0,0

J[CREARDD
S

0 0 (11
(kaJr(fl,—l)T’Sk0+(7’i,—1)T> (4' 12)

|~

=
fn

0 0]
(”ko+<1,—1)T’sko+<1,71>T> : (

0 0
(UKDHU,*I)T’sko+(0ﬁ1)T> (0.0

Diagonal Axis

Figure 5.6. The above diagram represents Fy;. Note the sym-
metry around the diagonal axis.
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5.5. FIRST PARTIAL DERIVATIVES: APPROXIMATING
EXTRAORDINARY CASE

5.5. First Partial Derivatives: Approximating Extraordinary
Case

The approximating extraordinary case is the most difficult to establish
first partial derivative formulas. We will require an additional assumption.
Before we get to that, we will first obtain right and left eigenvectors for the
subdominant eigenvalue A that has multiplicity 2.

5.5.1. Triangular Scheme

The template and subdivision matrix for the extraordinary vertex are the
same as with the interpolatory extraordinary case except for the matrices
@, and Q. See Figure 3.3 on p. 36 for the template and see (3.33 |p.38) for
the subdivision matrix.

Here @), and ) will be denoted by

wy,1 W12 11 q1.2
(5.24) Q. = Q=
W1 W22 q2,1 422
where we will assume that
wir+q =1
wi2+q2=0

These restrictions on the templates are needed to ensure that the left
eigenvector for 1 has the format

Lo=[1,0,1,0,...,1,0]

Just as with the extraordinary interpolatory case, we have that A is an
cigenvalue of the 2 x 2 matrix B4 C (2 + 1) where z := e [n equals the
valence of the extraordinary vertex| and where B, C are from (3.4 |p.24).

In addition, as with the interpolatory triangular case, if we further re-
strict our subdivision matrix to a 1-ring neighborhood around the central
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extraordinary vertex we will arrive at the same pair of left and right eigen-
vectors of \:

. 2 2(n -1
(5.25) L= <0,0,1,0,cos (1),0,...,cos (M),o)
n n
2(n — 1
<0000sm<”) ,...,sin<7(n M))
n n
2
n

,0
] [0 0,1,d2,COS(21ﬂ) , do cOs 2';”) s !
e cos (M> , dy cos (2'(";1)'”>
_ 9[0,0,0,0,sin (27)  dysin (27) 7"
R2:E sin (2(n Dl ) dy sin (Ln L )
n 2 n

for some dy € R.

As with the interpolatory case, the initial control vector net (U°) around
the irregular vertex [again let us call it v§] and the vector net after m
subdivisions (U™) can be represented as a linear combination of (possibly
generalized) left eigenvectors.

By letting {i] 0< 7 <2n+ 1} be this set of 2n 42 (possibly general-
ized) linearly independent left eigenvectors then U and U™ can be written
as

2n+1

(5.26) U° =a"Lo + &L, + a\VL, + Z a1,

U™ = al"Lo + A"a\"Ly + A"a"Ly + o (A™)

where we have:
DeRd j=0,...2n+1
e the left eigenvector for 1 is Lo = [1,0,1,0,...,1,0] and
e Ly, L, are the left eigenvectors for A from (5.25 |p.128).

Hence
(5.27) lim U™ = al Ly
(5.28) Wlbi_ril)o)\_m (Um — &(()O)L()) = go)fll + &;O)ig
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C m,k

F ()\m cos (2(371%) A™ S.in (2(3—1)7r

-

vgn'k

/ F (3 cos (2507) amsin (20507 ) )
as k = oo o )
U;n’ as k= oo
vZL'k

<

F (X7 cos (24507 ymgin (26207 ok

. ‘3 F ()\m cos (2(5gl)w) A sin (2(5;1)#))

Figure 5.7. Representation of vertices approaching points on
the limit surface that are parameterized as in (5.29 |p.129).
Valence = 5.

Let us parametrize the limit surface F' locally in a similar fashion as we
did for the triangular interpolatory extraordinary case.
Since this is an approximating convergent scheme then we know that:

lim v is a point on the limit surface.
m—o0

Define F'(0,0) := %ig;ovg"b Now let us fix m € Z,.. After we subdivide
m times we get m new neighboring vertices around v{'. We shall denote
them as vj" for j = 1,2,...,n. As we then continue to subdivide beyond m
times we get updated vertices for these v7* and for vg’. Note that since
this is an approximating scheme the updated vertices are not the same as
the older vertices. Let us denote the updated vertices after k additional
subdivisions as ’U]m’k for j =0,1,...,n. Again, for j = 0,1,...,n, l}:rrolov;”k
are points on the limit surface.

For j =1,2,....n we will parametrize these points as:

(5.29) F <Am cos (@) , A sin <M)) = lim v}

n

See Figure 5.7 for a visual representation in the case where valence = 5.
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From (5.27 p.128), lim of" = a” for j=0,1,...,n
Thus we have:
al = lim o = F (0,0)
So from strictly looking at the odd components of each side of (5.28 |p.128)

we have

(5.30)
lHm A7 ([, o] vyt o] — [F(0,0), F(0,0), F(0,0), ..., F(0,0)]) =

n
m—ro0

2 4 2(n—1
al” [0, 1, cos <—7T> , COS (—) ..., COS <M)}
n n n
2 4 2(n—1
—l—&ém l0,0,sin (—W) ,sin <—7T) ,...,sin <M)}
n n n

By assumption, the limit surface is C'! at the parametrized point F (0, 0).
Thus
(5.31)

lim A™™

s
meree ()\mcos (72(”_1”) A" s (2(” )”))

)
£ (0,0) [0717608 (2%) 0s (4%) ..., COS <W)}
+£;(0,0) [0,0,sin <2%) ,sin (4%) ,...,sin (@)]

If we subtract (5.31) from (5.30) we obtain

F(0,0),F ()\m cos( , A sin 2(2)”
lm A7 | [vg", o] vy, o] — F ()\m cos ( ’T) sm( )) )

b m (2522) o (222)
00 o () (). on (222
{00} o (%) (). .o (252)
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Now we come to the additional assumption mentioned earlier for this
case. We will assume that
(5.32)

F(0,0),F ()\m cos ( ) A™ sin (
ﬂ}bi_rgok_m [vg", ], vyt o] — F ()\m cos ( ) A8 (—”)) ,
F ()\m cos( (n—1)r ) A sin (W

Due to linear independence, this assumption leads to

F,(0,0) = a1>
F,(0,0) = &
For a particular subdivision scheme, this assumption could be verified

through the use of a computer program. Unfortunately we don’t know of
any other method to characterize this assumption.

Recall that ilf{] =0(i—yj) fori,j = 1,2. So from (5.26 |p.128) we
derive
F, (0,0) = U°R,
F,(0,0) = U°R,
Theorem 5.7. Suppose that an approximating triangular scheme is con-
vergent with limiting surface F that is C' at points corresponding to ex-

traordinary vertices. Let F'(0,0) be such a point. Assume (5.32|p.131).
Then for Ry, Ry in (5.25 |p.128)

F,(0,0)=U"R;,  F(0,0) = U'R,

5.5.2. Quadrilateral Scheme

The template and subdivision matrix for the extraordinary vertex are the
same as with the interpolatory extraordinary case except for the matrices
W,,, W and w. See Figure 4.3 on p. 67 for the template and see (4.21 |p.69)
for the subdivision matrix.
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Here W,,, W, and w will be denoted by

(5 33) W = [ﬁl’l ﬁ1’2] W - [WLl W1,2] W= [7,U171 'LU172]

Na21 N22 Wz,l W2,2 Wa1 W22

where in addition to the assumption needed in the interpolatory case (4.18 |p.66)
we must also assume that

nig+ Wi +w, =1

These restrictions on the templates are needed to ensure that the left
eigenvector for 1 has the format

Lo =[1,0,1,0,...,1,0]

Just as with the extraordinary interpolatory case, we assume that the
t; are such that A is an eigenvalue of the 4 x 4 matrix

J+M(z+1) K(1+2)
M(1+1) K

2mi

where z := e™n [n equals the valence of the extraordinary vertex| and where

J, M, and K are from (4.2 |p.57).

In addition, as with the interpolatory quadrilateral case, if we further
restrict our subdivision matrix to a 1-ring neighborhood around the cen-
tral extraordinary vertex we will arrive at the same pair of left and right
eigenvectors of A as given in (4.23 |p.71) and (4.33 |p.82).

Again, like with the interpolatory case, the initial control vector net
(UY) around the irregular vertex [again let us call it vj] and the vector net
after m subdivisions (U™) can be represented as a linear combination of
(possibly generalized) left eigenvectors.

By letting {i] 0< ) <4dn+ 1} be this set of 4n+2 (possibly general-
ized) linearly independent left eigenvectors then U and U™ can be written
as
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In+1

(5.34) U’ = Lo+ alL + a5 Lo+ »_ &L
=3

U™ =a"Lo + A&\ "Ly + A"aV Ly 4+ 0 (A™)
where we have:
oV eR? j=0,... 4n+1

e the left eigenvector for 1 is Lo = [1,0,1,0,...,1,0] and
e L, L, are the left eigenvectors for A from (4.23 |p.71).

Hence
(5.35) lim U™ = alV Ly
(5.36) Tim A (U = G0To) = aLy + 6Ly

Let us parametrize the limit surface F' locally in a similar fashion as we
did for the quadrilateral interpolatory extraordinary case.
Since this is an approximating convergent scheme

lim v;" is a point on the limit surface.
m—r0o0

Define F'(0,0) := lim vj* Now let us fix m € Z,. After we subdivide
m times we get 2n nefzv_);feighboring vertices around vj'. We shall denote
the n vertices that share an edge with vy" as vf" for j = 1,2,...,n and the n
vertices that are opposite vg' in each quadrilateral as uj* for j = 1,2, ...,n.
As we then continue to subdivide beyond m times we get updated vertices
for these vj", u7" and for vg'. Note that since this is an approximating
scheme the updated vertices are not the same as the older vertices. Let

m,k um,k
J 7

are points on

us denote the updated vertices after k£ additional subdivisions as v
respectively. Again for j = 1,2, ..,n limo™" and lim «"

k—oo 7 k—oo 7
the limit surface.
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For 7 =1,2,....n we will parametrize these points as:

2(7—1 2(i—1
lim v;n’k = F <)\m cos <M) , A sin (M))
k—o0 n n
2 oo (252 4 on (2]
lim u;n’k = F

k—o00 ' .
. [sin (LJ;””> + sin (@Wﬂ

From (5.35 |p.133),

for j=0,1,...,n n}l_rgoz;;” — &(()0)
~(0)

for j=0,1,...,n lim v}’ =
m—0o0

Hence we have:
al = lim v = F (0,0)
m—0o0
So from just looking at strictly the odd components of each side of
(5.36 |p.133) we obtain

oy R O P LR T L V]
5.37 lim A~™ 4 . _
(5.37) mrva0 ( [F(0,0), F(0,0), F(0,0), ..., F (0,0)]

0,1,cos (22) ,cos (27) , ..., cos (@) ’

a(o)

' = (T4 cos (), ., 5 (cos (2(";1”) + cos (@))
0,0,5in (22) ,sin (4) ... sin (2220

n

Tl—l sin (2%) 3 4>\1_1 (Sin (2(7:1)”) + sin (2(2)7T>>

+ay)
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By assumption the limit surface is C* at the parametrized point F (0,0) .
Thus

(5.38)
F(0,0),F (Am cos (2@3”) A™sin (2(33”)) ,
F <)\m cos (@) , A sin (@) s
lim A-™ F ()\m cos (2(7:1)”) , A\ sin (2(";1)”>) ,
ml—I}go A 2(0)w 2(1)mw PN . 2(0)m : 2()w
F 5= [cos | =.— ) +cos (= s o7 (s | =) +sin | =
F (43\\—1 cos (2(";1”) + cos 2@”)] ] [sin (2("_1)”> + Sln<
—[F(0,0), F(0,0), F(0,0), ..., F(0,0)]
£, (0,0) 0,1,cos () ,cos (22) , ..., cos (2("n1)7r> ,
T =T |:COS (@) + cos (2(3”)} s T |:COS (2("n1)7r> + cos (@)}
0,0,5in (2) ,sin (1) ,...,sin (2527
‘I'Ft (070)

n

—4/\1_1 [sin (—2(2)7r> + sin (—2(2”” R —4/\1_1

Just as in the triangular approximating case, if we subtract (5.38) from

[sin (72(n;1)7r> + sin (—2(”)”

(5.37) and if we assume
(5.39)

”) , A\ sin <2(0)”>> , |

lim A™™
m—00
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then by linear independence

Again, as with the triangular case, this assumption could be verified for
any particular subdivision scheme through the use of a computer program.
Recall that L;R; = ¢ (i — j) for i,j = 1,2. So from (5.34 |p.133) we

derive
F, (0,0) = U°R,
F,(0,0) = U°R,

Theorem 5.8. Suppose that an approximating quadrilateral scheme is con-
vergent with limiting surface F that is C' at points corresponding to ex-
traordinary vertices. Let F (0,0) be such a point. Assume (5.39 |p.135).
Then for Ry, Ry in (4.33|p.82)

F,(0,0)=U"R;,  F(0,0) = U'R,
5.5.3. “Visual C''” Templates

5.5.3.1. Triangular. In [CJ08], Chui/Jiang develop a template for an ex-
traordinary vertex of a 1-ring triangular approximating scheme. Referring
to @, and @ in (5.24 |p.127), they set

a —a l—a a

a —a T3 Ty
where a = 2 — (£ + 1 cos 2;”)2 [the weight used in Loop’s scheme [Loo87]]
and x3, x4 € R.

Chui/Jiang found that the eigenvalues of the upper left block in M in

(3.42 |p.44) would be given by 1, ¢, and

~ 5 x4 —a
Ay = —
SR TR

1
iﬁ\/ 64a2 — 176a + 128az4 + 25 — 804 + 6422 + 256az;
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Choices can be made for z3 and x4 such that the eigenvalues of the sub-

division matrix S1,, (3.33 |p.38) satisfy A\g = 1, A\; = Ay, with |\; < 1] and
Al < A, 7 =34, ...

One such choice was to set XJF = (% + icos 27”)2 [where we then obtain
that z3 = %] and \_ = x4 for a sufficiently small value of x4.

Meshes are formed by subdividing an initial control set of points in R?
whose coordinates are the 2 left eigenvectors of the subdominant eigenvalue
A. The extraordinary scheme is shown to be ”visually” C! in the sense that
these 2-D meshes shown in [CJ08] suggest the regularity and injectivity
properties of the characteristic map.

As discussed earlier, the right eigenvectors of A\ have the same formula
as in the interpolatory triangular extraordinary case. However, the value
of dy (3.46 |p.48)will differ since we would use t1,ts and h values from the
corresponding (regular) approximating triangular scheme.

Using the t1, to and h values from (5.20 |p.115) we obtain that dy = 1
no matter what the valence is for the extraordinary vertex.

So from (3.48 |p.115), (3.47 |p.48) and for n =5

2 2 2 g
R, =-10,0,1,1,cos nill , COS aill , +eny COS 8—7T , COS 8—7T

5 5 5 5 5
. _(2m\ . (2 (87 . (8m\]"
R2 = g |:0,0,0,0,Sln (3) , SIn (g) 5 eeny SIIL (7) , SIn (7):|

See Figure 5.8 for a visual representation of the two first partial derivatives.
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('ug, 38) - (0,0)

Figure 5.8. The above diagrams represent F, and F; for
a specific triangular approximating scheme developed by
Chui/Jiang in [CJO08]. Valence = 5.
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5.5.3.2. Quadrilateral. To accompany the reqular approximating quadri-
lateral template (5.7 |p.94), we propose the following specific template for
an extraordinary vertex. Referring to the matrices in (5.33 |p.132), let

W 1— Bty + t1o) B 14ty + h (—% + 8ty + 8t5 + 2t6) |
! B [—4t1o — 2ty — 4ty — 4t £ (ts)
L —ty — 5 (4t + h (—5 + 8ty + 8t5 + 21g))
_t7 t5
w=p t10 t3]
ts b

where f =4 if n = 3 else § = %. Note that if n = 4 then these revert to
the matrices for the regular mask.

This template appears satisfactory for three reasons. The first is that
the leading eigenvalues of the subdivision matrix S1, (4.21 |p.69) satisfy
the conditions (4.36 |86) for valences 3 to (at least) 16. See Appendix D
on p. 213 for a listing of the eigenvalues for each of these valences.

The second is the appearance of the 2-D meshes formed by performing 4
subdivisions on an initial control set of points in R? whose coordinates are
the two left eigenvectors of the subdominant eigenvalue A. These meshes
were first introduced in [Rei95] and were seen again in [CJ08]. The meshes
shown in Appendix E on p. 218 suggest the regularity and injectivity of
the characteristic map.

As discussed earlier, the right eigenvectors of A have the same formula as
in the interpolatory quadrilateral extraordinary case. However, the values
of dy, d3,and dy (4.32 |p.81) will differ since we would use the values of
t1,to and h (5.23 |p.123) from the corresponding (regular) approximating
quadrilateral scheme.

Using such t1,t, and h values we obtain for n =5

dy = —.3124965340
ds = 2727224604 — .1981444659:
dy = —.1136337283 + .08255973628:
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So from (4.33 |p.82) we have:

- T
R, 0,0,.2749, —.08597, .08492, —.02656, —.2224, .06954, —.2224, .06954, .08492, —.02656,
' 074978, —.03127, —.02864, .01194, —.09266, .03864, —.02864, .01194, .07497, —.03125
- T
R, 0,0,0,0,.2614, —.08176, .1616, —.05053, —.1616, .05053, —.2614, .08176,
o 05447, —.02270, .08816, —.03672, 0, 0, —.08816, .03672, —.05447, .02270

See Figure 5.9 on p. 141 for a visual representation of these two first
partial derivatives.

See Figures 5.11 and 5.12 on p. 143 and p. 143 that show a subdivision
surface for this quadrilateral scheme. The original polyhedron is shown
in Figure 5.10 on p. 142. These figures suggest C! at the extraordinary

vertices.

140



5.5. FIRST PARTIAL DERIVATIVES: APPROXIMATING
EXTRAORDINARY CASE

F,(0,0)

(u9,59) - (02864, .011pa) (63, 52) - (08492, —.02656)

0o .0
(v9,59) - (—.2224,206954) (9,59) - (o798, —.03127)

,’/’/('U(D), s3) - (0,0)
(u?,s?) . (.2749, —.08597)
S

(ug, §g) - (.07498, —.03125)

0o .0
v0,50) - (.08492, —.02656
1194) (v8:58) - ¢ ' )

,s9) - (0,0)

(3, 58) - (—.05447, .02270)

(u3,59) - (08816, .03672) (+8: ) - (~2014, 03170

(b)

Figure 5.9. The above diagrams represent F, and F; for our
specific quadrilateral approximating scheme. Valence = 5.
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Figure 5.10. Approximating quadrilateral scheme: Original
Polyhedron
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Figure 5.11. Approximating quadrilateral surface

Figure 5.12. Approximating quadrilateral scheme: Closeup
of subdivision surface
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6.1. BACKGROUND 144

CHAPTER 6

Shape Parameters

6.1. Background

Parameters have been used to improve the smoothness of subdivision
curves and surfaces at least as far back as 1987 when Dyn and Levin
([DLG8T]) showed that for a certain range of parameter values a 4-point
interpolatory subdivision curve is C*. Later in 1998, Shenkman, Dyn and
Levin [SDL99] demonstrated that the Butterfly scheme is C! at irregular
vertices [valence 4 through 10] for a certain range of parameter values that
are part of its mask. We have already mentioned the use of free vari-
ables [parameters] to arrive at a certain Sobolev smoothness for the surface
generated by the regular mask [CJ05], [JOO03].

We have found two articles in the literature that specifically use the
term “shape parameter” that are different than how the term is used here
[GZCO07], [MA10]. In [MA10], Mustafa and Ashraf showed that for
certain ranges of a “shape parameter” w that is part of the scalar mask,
a 6-point ternary interpolatory subdivision scheme will generate either a
C° C* or C? curve. In [GZCO07] 3 “shape parameters” are introduced in
a Doo-Sabin surface: one is for the scale of the type-V face and the other
two perturb the normal vector of the type-V face. [The type-V face is a
face that contains a vertex.]

Here we use the term “shape parameter” as initially used by Chui/Jiang
in [CJO3b]. Our initial vector “net” is defined as collection of row vectors

{Vlg}k
Vie ' = [0 Vo ges oo Uil
Each component is a “point” in 3-D where the first component is used
for the position of the subdivision vertices and the remaining components

provide up to 3(n — 1) parameters for shape control. Throughout this
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paper, n = 2 and the initial shape control vertex is represented as s} instead
of as vy, We see how the limiting subdivision surface is influenced by {sj },
in (2.9 |p.13).

In [CJ06] it was proposed that the shape control parameters be related
to the vectors for the sum rule order of the subdivision mask. And in
[CJ08] observations were made that for a 1-ring interpolatory triangular
subdivision the corresponding shape parameter s? for an initial “corner-
type” vertex v could be defined as —t;v; for some suitable t; € (0,2].

In the following we will discuss a geometric method to formulate these

initial shape control parameters {sf.}, .

6.2. Definition based on discrete normal

We are utilizing discrete normals to formulate our initial shape control
parameters. Here we are extending what was done in the 1-D setting by
Jiang/Smith in [JS09]. Discrete normals have in the past been used as part
of the subdivision process. See [Yan06] and [YanO05] for the 1-D case and
2-D case respectively. In fact, the methods in [JS09] were in part based on
the work done in [Yan06].

So we will have a geometric definition of the initial shape vertices (pa-
rameters). We will see that this definition

e can be fairly easily implemented using computer programming
e provides for surfaces that appear free of wavy artifacts
e has a foundation in differential geometry.

In [JS09] shape parameters were formulated for a C? 3-point subdivision
scheme that produces planar curves. To formulate a shape parameter at an
initial vertex v; of the polygon, the basic idea was to use a projection of one
of the two neighboring edges onto a well-defined discrete unit normal at that
vertex and then multiply the resulting vector by a scalar w;. Values of w;
ranging between —.5 and +.3 produced curves that appeared satisfactory.

Working with triangular surfaces, Yang in [Yan05] used projections
of edges onto vertex (discrete) normals to determine a suitable new edge
midpoint. Figure 6.1 shows one of the triangular edges that has vertices
vy and p? at each end. Using a weighted average of the normals to each
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adjoining face, he constructs a discrete unit normal at the two end vertices.
The new edge vertex then equals the sum of the midpoint of the edge and
the sum of the projection of each half of the edge onto the two normals.
That sum is then weighted by a free parameter w. See (6.1) and Figure
6.1. Yang found that for w between 0.2 and 0.4 the interpolatory surface
generated by this “normal based subdivision” is G' smooth (i.e. it has
tangent plane continuity).

(61) ng+1 = % (Uﬁ _'_p?) +w (dvnv + dz”z)
1
dv = 5 (Uﬂ—p?) * My
d; = ! (p —vp) - n
2
0
n, Uok+1
\ i &
0
0 i

Figure 6.1. Shows the method used in [Yan05] to obtain a
new edge vertex. Note that discrete normals are used.

With this method in mind, we will use specially calculated discrete nor-
mals at the initial vertices as a basis for the initial shape control parameters.

First we need to determine a “reasonable” definition for such a discrete
normal for both our triangular case and our quadrilateral case.

6.3. Discrete Normal for Triangular Mesh Surfaces

In differential geometry, the mean curvature normal at a point P on a
surface M is

(62) Ry ﬁp
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where [[O’NO06]]

o p is a unit normal vector to M at P
o ry =tk and
e ki, ko are the maximum and minimum values of the normal curva-

ture of M at P.

The mean curvature normal is related to the Laplacian or the more general
Laplace-Beltrami operator on M. If our surface is parametrized by a
mapping x (s,t) such that x5 -x; = 0, X5 - X, = 1, and x; - x; = 1 [s,¢
are then called conformal parameters [ DHKW92]] we then have [see also
[DHKW92]]|

(6.3) 2k W = Xy + Xy

where x,, + X is a form of the Laplace-Beltrami operator on a surface.

In [MDSBO02] the Laplace-Beltrami operator is denoted by K (P) where
P is the point on the surface. ~We shall also use this notation for the
Laplace-Beltrami operator. Recall that here our surface M is a complex of
discrete triangular meshes. Let our point P be denoted by vertex x;. For
each of the surrounding triangles we define an area as follows [MDSBO02]:

e [f the triangle is non-obtuse, then the area is the area of the quadri-
lateral bounded by the vertex x;, the two midpoints of each side
of the triangle that has x; as an endpoint and by the circumcenter
of the triangle. Note that the circumcenter of a triangle is the
point where the three perpendicular bisectors of each side meet.
See Figure 6.2.

e If the triangle has an obtuse angle and if that obtuse angle is at
the vertex x;, then the area in the triangle is the same as before
except that we now use the midpoint of the side opposite the vertex
[instead of the circumcenter].

e Finally if the non-obtuse angle is not at the vertex, then the area
in the triangle is the area of the triangle whose three vertices are
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the vertex x; and the two midpoints of each side of the triangle
that has x; as an endpoint.

Using the notation of [MDSBO02] we will denote the sum of all these areas
surrounding the vertex x; by Aj,.

Ui

Figure 6.2. Method used in [MDSBO02] to denote a quadri-
lateral area in an adjoining triangle if the triangle is non-
obtuse. One corner of the quadrilateral is the circumcenter
of the triangle.

/ K (x) dA:// Xgs + Xy ds dt
.AM -AM

and using Green’s theorem in normal form [see [Strl0]| that turns the

So we have

Laplacian over a region into a line integral of the gradient over the boundary
of the region:

// X5 + Xy ds dt = // V- -Vaxdsdt = / VX -ng,dl
.A]\/[ -A]\/I aAJM

where V,;x is the gradient of the surface and n,; is the outer unit normal
to the border 0.4, with respect to the s, t parameter space.

148
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In [MDSBO02], Meyer et al derive that
1
Vi ngpdl = - Z (cot aj + cot By5) (x5 — x;)
D Anr 2 =
]EN1(Z)

where Nj (i) are all the subscripts of the 1-ring neighboring vertices sur-
rounding x; and «;;, 3;; are the two angles opposite to the edge in the two
triangles sharing the edge X;X;. See Figure 6.3.

J

Figure 6.3. Diagram of angles opposite the common side X;X;
as done in [MDSBO02]

Hence
1
(64) // K (X) dA = 5 Z (COt (027 + cot 51]) (Xj — Xi)
A FENL(3)
Using (6.4) the discrete mean curvature normal operator at a vertex x;
of a triangular mesh is then defined in [MDSBO02] as

b Z (cot a; + cot By;) (x; — x;)

(6.5) K (x;) :=
2Au JENL()

Hence the discrete unit normal at the vertex x; is
K (x;)
(6.6) —
1K (i)
For triangular mesh surfaces we will be using the definition in (6.6) for

the discrete unit normal at a vertex x;.
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Note that from (6.3 |p.147) and (6.5), Meyer in [MIDSBO02| obtains a
formula to define the discrete mean curvature at a vertex x;

1 1 9
(67) Ry = E Z |:§ (COt Qi + cot 61]) ||XZ — Xj” KZJ-Y]-
JEN1(2)
where kY. is an estimate of the normal curvature in the direction of the

2%
edge x;x; given by
(6.8)

N _ o (Xi—X;)n

i = for n = the discrete unit normal in (6.6 |p.149)

i = x|
In [MDSBO02] it was reported that (6.7 |p.150) had a low average percent
error when compared to second-order accurate Finite Difference operators
on discrete meshes for approximating curvature on simple surfaces where
the curvature is known analytically.

In [Xu04] it is shown that under certain conditions the discrete Laplace-
Beltrami operator in (6.5 |p.149) converges to the actual Laplace-Beltrami
operator. Hence, under these same conditions, the discrete mean curvature
normal converges to the actual mean curvature normal.

6.4. Discrete Normal for Quadrilateral Mesh Surfaces

As noted in [LXZ08] we could use the above methods for quadrilateral
meshes if we subdivide each quadrilateral into two triangles. However, since
a quadrilateral may not be located on a plane, two ways of subdividing a
quadrilateral into triangles can lead to two different computational results
[two different discrete normals] if we apply the methods from subsection 6.3.
So in [LXZ08], Liu et al use a different computational method to define the
discrete mean curvature normal in the case of quadrilateral mesh surfaces
in R3.

In such a case, Liu first defines a bilinear parametric surface S; that
interpolates the four vertices, {p;, p;, pj+1, pj}, of the quadrilateral (see
Figure 6.4):

(6.9)
S;(s,t) = (1 —5) (1 —t)pi+t (1 —s)pj+s (1l —t)pjt(st)py (s,t) €[0,1]
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Pj+2

Sj+2

Sj+3

Dj+a

Figure 6.4. Diagram of quadrilaterals and their vertices
around vertex p;. S; are from (6.9 |p.150).

Liu uses the formula in differential geometry

2VA —
Ii —_— = = —H (P
diaml(r}%%(] A o e ( )
where

e iy Wp [mean curvature normal] is from (6.2 |p.146)

e A is the area of a region R around point P

e VA is the gradient of A with respect to the (z,y, z) coordinates of
P and

e H(P) is notation for the mean curvature normal at P

From this starting point the discrete mean curvature normal at point p; is
derived to be

2

(6.10) H (pi) == ) Z [ (pj — pi) + Bjv1 (pjr1 — pi) + 5 (yr — pi)
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where A (p;) is the total area of the quadrilaterals around p;, and is

A(pi) = ZAj

given by

and where

A5 = ISP 1S = (., 8

1 1
Ss = B (Pj+1 —pi) + 2 (Pj’ - pj)
1 1
Sy = 3 (pj —pi) + 3 (pjr — pj41)
_ 1S )1* = [1Se)1?
J 4A;
A AT
5j+1 - T
LS s
J 4A;

In [LXZO08] it is shown that the discrete mean curvature normal given in
(6.10 |p.151) converges to the actual mean curvature normal given certain
conditions that include that the vertices interpolate a sufficiently smooth
surface.

Hence for quadrilateral meshes we will use

H (Pz)

I1H (i)l
as the discrete unit normal at vertex p;.

6.5. Formulation of Shape Parameters for Triangular Meshes

We will now formulate our shape parameters for both the triangular
and quadrilateral meshes. Examples will be given on sample meshes that
indicate the feasibility of these formulations. A geometric interpretation
will also be given.

First we will consider shape parameters of our 1-ring triangular scheme
(either interpolatory or approximating).

152
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For the triangular case (either interpolatory or approximating) we now
will develop initial shape parameters that generate a “suitable” new edge
point. Using the top template of Figure 2.1 on p. 15 along with the local
averaging rule, we can derive the following formula for the new edge vertex
(here denoted as vgy ) [See Figure 6.5]:

(6.11)

v + 0 v) + v)
U%k—l—m = 2b171 < k 5 1 ) + 20171 ( 9 J ) + 6271 (SIO{ + S?) + C2.1 (S? + SJO)

where i, j,k,1,m € Z2.

Uy

e

O

0
Uy

Figure 6.5. Diagram of new edge vertex for a triangular scheme

In [Yan05], Yang computed the new edge vertex in a triangular scheme
as the sum of the midpoint of the two edge vertices plus projections of that
same edge onto discrete unit normals of its two end vertices. Similarly, we
will formulate the new edge vertex vy, . as equal to

e a “weighted midpoint” of the 4 vertices of the two triangles (the
first two terms in (6.11)) plus
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e a certain linear combination of projections of edges onto the dis-
crete unit normals (6.6 |p.149) of the four surrounding vertices (the
last two terms in (6.11)).

The shape parameters {sy, s{, s{, s} will be these linear combina-
tions of edge projections onto the discrete unit normals of the respective
corresponding vertices.

For the following we will be developing the shape parameter s} corre-

sponding to the vertex Uio. We will assume that v; has a valence k; and so
has k; adjacent edges. This vertex has a discrete outer directed unit normal
n; as defined by (6.6 |p.149). If we want to use projections of edges onto
the unit normals, then we must use all k; adjoining edges in our formulation

of the shape parameter. Thus define

J

1
(612) di,j = 5 (U? — UO) - 14

where {vjo }J, are the k; adjacent vertices to v; and we use the factor % as in
(6.1 |p.146) from [Yan05].
We will average these projections. Hence we will use

1
o
J

in our formula for the shape parameter s;.
The resulting vector that we obtain from projecting these averages onto
the discrete unit normal nj is

(6.13) [kl Z di,j] n;

Notice in (6.11 |p.153) that the shape parameters are either multiplied
by bay or by coq. Similarly [see (6.14)] when we update existing regular
vertices in the triangular approrimating scheme the shape parameters are
either multiplied by ps; or by dy; from (2.10 |p.13). If the vertex to be
updated is extraordinary (let’s call it v)) then the shape parameters are
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multiplied by wo; and 1 go from (5.24 |p.127). See (6.15).
(6.14) Uske = P11k

0 0 0
dis < Uk o7 T Viern g T Vo 7 )
; 0 0 0
011 7 T Vg1 17 T Vo —j7

0
+ P2,15k

0 0 0
Y d < Seat F T Skt 7 T Skqpo yr )
! +59

0 0
kt[=1 07 T Ska[-1 —17 T Skt —1)7

(6.15) vy = Wi 0]
1 V9 + 08 +vd
T - 0
n +o.FU, o+ vU, TV,
+ wg,lsg

1 s+ 89 + 9
T 2, 0 0 0
n +o.F+ S, 9+ 8,158,

Since we want a new edge point (and in addition any updated vertex) to
mainly reflect the average of the projections onto the unit normal we will
now multiply our formula (6.13 |p.154) by the factor ,Yi such that

e 7; = the element of {psy,da1,ba1,c01} that has the mazimum

0

absolute value if the initial shape parameter (s}

V) is for a regular

vertex that immediately adjoins only other regular vertices
e +; = the element of {p271,d2’1, %Qzl,bz,l,cz,l} that has the maax-

0

imum absolute value if the initial shape parameter (s

) is for a

regular vertex that also adjoins an extraordinary vertex of valence
n

e 7; = the element of {wy1,da1,b91,c21} that has the mazimum
absolute value if the initial shape parameter (s?) is for an extraor-

dinary vertex of valence n
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So now we have arrived at the following formula:

1
ERS)

Finally as in [Yan05] and [JS09] we want to multiply by a free variable

w; that we can vary to achieve differing shape results with our shape pa-
rameter. Hence we finally arrive at the following formulation for our shape

parameter:

(6:16) = [ o de]
b

Vi

From (6.11 |p.153) and (6.16 |p.156) we see that our new edge vertex
is a weighted average of the four surrounding vertices plus a displacement
using the four surrounding discrete unit normals.

Similarly, from (6.14 |p.155), (6.15 |p.155) and (6.16 |p.156) we see that
an updated vertex [approximating case] is a weighted average of the old ver-
tex and its surrounding vertices plus a displacement using the surrounding
discrete unit normals.

See Figure 6.6 that diagrams how the edge vertex is created [or a regular
vertex is updated] for the triangular case. In these diagrams, {x stands for

Wx
Yx kx
Now let us explore this definition of the shape parameter in terms

of the definition of the discrete normal curvature in [MDSBO02]. From
(6.8 |p.150) and (6.12 |p.154) we see immediately that

N TR e
[0 = o]

> dx; in the shape parameter formula (6.16 [p.156).

Thus
N |[,,0 0|2
Rij HUi Y H

4

dij = = one fourth the product of the discrete normal curvature in the

direction of the edge v{v] and the square of the length
of that adjoining edge.
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ictfo yT ﬁkﬂﬂ 1T Skt 1T ﬁk+[1 1T

4 0 0

4o Vippo yr (4000 Vi g7
§k+[—1 o]T ﬁk —10)T

€1 ofT Tict(1 ofT
d1,1) vy da, v

0
k+([1 0T

€1 40T Tiyi—1 —yT

k+[0 —1]T

0
o A1) Yy _q7
k4[—1 —1]T

(a) (b)

0
b171 Uk

d1,1) v

Figure 6.6. Two diagrams that show how the edge vertex is
created [left side] or how a regular vertex is updated [right
side] for the triangular case. In these diagrams, & stands for

Wx

" i dx; in the shape parameter formula (6.16 [p.156).

From the definition of the dot product we also know that

Koy = H2U(.:O_S %JH
iy
where 6; ; is the angle between the discrete unit normal n; and the adjoining
edge v —vf.
So we also have that
cos b ; Hv? — UJQH

i7j - 2

= half the product of the cosine of the angle
between n; and the adjoining edge v — vjo
and the length of that adjoining edge.

We can thus reformulate s{ (6.16 |p.156) as:

Wi
LR P

)

W
89 = 2Vi1ki ; HU? — U.?H Ccos Hi,j] 1;

[

157



6.5. FORMULATION OF SHAPE PARAMETERS FOR
TRIANGULAR MESHES

Figure 6.7. Original Triangular Polyhedron

So we can see that if a vertex o) has larger discrete normal curvatures
in the directions of its adjacent edges then the length or norm of s{ will
increase. From (6.11 |p.153) this increased length will provide more dis-
placement to “push out” further the new midpoint vertices along these
edges.

In the same vein, if we have the same angles {6} ; }J. yet longer adjacent
edges then the length or norm of s{ will increase. So again we will have more
outward displacement of the midpoint vertices along these longer edges.

Note that with our definition of s we now have only one free variable for
each individual initial shape parameter rather than three [since the shape
parameter is a 3 X 1 vector]. Thus we can still vary the shape parameter
to achieve different shapes but we now only have to deal with choosing
one value for each initial shape parameter. So of course this leads to the
question of what range of values for the free variable w; might produce
suitable surfaces that have fewer artifacts or waviness.

Figure 6.7 is the original triangular polyhedron. Figures 6.8, 6.9 and
6.10 show the result of using 3 different values for w for all the initial shape
vertices (interpolatory triangular scheme). Note how w = .25 appears
smooth. We could speculate that values of w between .2 and .4 provide
smooth surfaces with that particular interpolatory triangular scheme. Fur-
ther examples might be able to support that speculation.
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I /‘E 10
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10

Figure 6.8. w = .10: Note that surface is very ”bumpy”

S

3

b & A N o N & & ™

/

Figure 6.9. w = .25: Note that surface appears smooth
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T —
20 T T —— —
B N |
’ -0 20 10 5 o 5 -10

Figure 6.10. w = .50: Note that surface appears a little
"bumpier” than with w = .25
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6.6. Formulation of Shape Parameters for Quadrilateral Meshes

For a quadrilateral scheme [both interpolatory and approximating] we
now will develop initial shape parameters that generate “suitable” new edge
points, face points and updated existing vertices [approximating case only].
Using the bottom template from (2.1 |p.15) along with the local averaging
rule, we can derive the following formulas for the new edge, face vertices and
updated existing vertices (let’s call them vy, ;, v3,,, and vy respectively).

For a new edge vertex vép +; the local averaging rule yields: [for both
the interpolatory and the approximating cases]

(6.17)
v 4?0 v + v + 00 400
Vopyi = 211 < = q) +4my 1 ( K J _m n) +ja1 (sp + 5g) +man (sk + SJ(‘) + Sp + 5n)

2 4
where p,i,j,k, m,n,q € Z*
For a new face vertex vy, the local averaging rule yields: [for both
the interpolatory and the approximating cases]

0 0 0 0
(6.18) vl =4k, (U‘" U th i UW) + g (804 82+ 50+ )

where r.,s,t,u,v,w € Z*
To update an existing regular vertex ’UJQ [in the approximating case] the
local averaging rule yields:

0 0 0 0
U@ T YT T kgt T ”j+<o,—1>T>
1

(619) U%j = 7’171’115) + 4[171 (

0 0 0 0
+an Ui T Y T VT T YT
1,1 1
+ 7“27183)
0 0 0 0
+ 2, (Sj+(1,0>T TS50 T Si107 T Sj+(0,—1)T>

0 0 0 0
+ no 1 <8j+(171)T + Sj+(_171)T + sj—i—(—l,—l)T + Sj+(1,—1)T)

where j € 7?
To update an existing extraordinary vertex vy [in the approximating
case] we use the template given in (4.3 |p.67) and the corresponding matrices
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given in (5.33 |p.132). See Figure 6.11 to help clarify the notation in the
following.

o9+ v + vd
+vn 2+vn 1+v
( u? + uf + ud )

_|_

+w
MU,

s + 89 + 89

+ W21
+sn 2—|—Sn 1+s

80 + 59 + 89
+ W21 20 0 0
n +..+ S, o+ s,1 S,

Similar to our triangular mesh case, we will formulate the new edge
vertex vy, ; as equal to a “weighted midpoint” of the 6 vertices of the ad-
joining quadrilaterals (the first two terms in (6.17 |p.161)) plus a certain
linear combination of projections of the edges onto the discrete unit nor-
mals (from [LXZO08]) of the six surrounding vertices (the last two terms in
(6.17 [p.161)). The shape parameters (s, s, s%,, %) will then be these
linear combinations of edge projections onto the discrete unit normals of
the respective corresponding vertices.

The new face vertex v3,,, will be equal to a “weighted midpoint” of the
4 vertices of the quadrilateral (the first term in (6.18 |p.161)) plus a certain
linear combination of projections of the edges onto the discrete unit normals
of these four surrounding vertices (the last term in (6.18 |[p.161)). Again the
shape parameters (s;, Ss, St, Sw) Will be these linear combinations of edge
projections onto the discrete unit normals of the respective corresponding
vertices.

The updated existing regular vertex véj will be equal to a weighted av-
erage of the “old” vertex and the 8 surrounding vertices [regular case] (first
3 terms in (6.19 |p.161)) plus a certain linear combination of projections of
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1 0 1 0
L o L o 7W1’1’U3 + ?W2,183
ZW1,1U3 + 7 W2,183

1 0 1 =0
7 W1,1U2 + 7 W2,182

1 0 1 0
7W1,1'U4 + 7W271S

1 0 1 0
7W1,1'l)2 + 7W27132

1 0, 1
FW1,1Us + FW2,1 8 . o 1 0
FW1,1U] + FW2,151

~ 0, = .0
n1,1V9 + N2,150

1 0 1 0
7W1’11)1 =+ ?W2y181

1 0 1
7W1’1U5 + 7

1 0 1 =0
ZW1,1U7 + zW2,187
1 0 1 ~0
7W1,1U5 + 7 W2,155

1 0 1 0
7W1,1U6 —+ 7W2,136
1

0 1 =0
7 W1,1Ug + 7 W2,156

Figure 6.11. Diagram showing what an initial extraordinary
central vertex and shape parameter and its surrounding ver-
tices and their shape parameters are multiplied by to update
the central vertex. Note that the u) and s9 pertain to the
vertices that are opposite the quadrilateral from the central
vertex. Here valence = 7.

edges onto the discrete unit normals of the “old” vertex and and of these 8
surrounding vertices (last 3 terms in (6.19 |p.161)). The shape parameters

s9 &0 9 9 9

30T SO0 (10" T, )T are these linear combina-
0 0 0 0

59 59 S, S.

A0 i)™ T, -0T P -1) T

tions of edge projections onto the discrete unit normals of the respective
corresponding vertices.

The shape parameter sy (related to v?) is defined similarly as in the
triangular case:

(6.20) = [ o Zdi,j]
1 1 j

fy.
where

e w; is our free variable and can vary in value as needed [we will

generally want to keep it within the range from .2 to .4]
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e k; = valence of v?,

e n; is the discrete unit normal at v{ as defined for a quadrilateral
mesh in [LXZO08|

o dij:=3 (v) — o)) - n; where {vf}j are the adjacent vertices along
edges to v
and

e 7; = the element of {ra1,l21,n21, k21, ja.1, M2} that has the maz-

0

imum absolute value if the initial shape parameter (s}

) is for a

regular vertex that immediately adjoins only other regular vertices
e +; = the element of {7“271, loa, 21, ka1, 92,1, M2, %Wlb %wg,l} that
has the mazimum absolute value if the initial shape parameter (s?)
is for a regular vertex that also adjoins an extraordinary vertex of
valence n
e 7; = the element of {nay,lo1,n01,ka1,J21,m21} that has the

0

mazimum absolute value if the initial shape parameter (s;

V) is for

an extraordinary vertex of valence n

6.7. Illustration of Shape Parameter Definitions Using Matlab®,

With this definition of the shape parameter in place, we can use com-
puter routines on various surfaces to test how well such a definition works.
We will use the quadrilateral schemes developed in sections 4.6 (p. 83), 4.6.2
(p. 84), 5.4.2.1 (p. 122), and 5.5.3.2 (p. 139). Figures 6.13 through 6.24
show the result of using 3 different values for w (w = .25, w = .4, w = .8)
uniformly for all the initial shape vertices. Since interpolatory schemes
retain all the vertices from every level of subdivision we would expect them
to more quickly reflect differing values for w. Note how w = .25 appears
fairly smooth for both types of schemes but w = .4 starts to show a bit of
waviness for the interpolatory scheme. The waviness increases significantly
for w = .8. On the other hand, the approximating scheme remains smooth
for both w = 4 and w = .8.

All figures were done with 3 subdivisions of the original polyhedron
(Figure 6.12).
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USING MATLAB®,

®

Figure 6.12. Original polyhedron used for the following figures

Figure 6.13. Approximating scheme with w = .25
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USING MATLAB®,

Figure 6.14. Top view for approximating scheme where w = .25
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Figure 6.15. Interpolatory scheme with w = .25
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Figure 6.17. Approximating scheme with w = 4
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Figure 6.19. Interpolatory scheme with w = .4
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Figure 6.21. Approximating scheme with w = .8
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USING MATLAB®,

Figure 6.22. Top view of approximating scheme with w = .8
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Figure 6.23. Interpolatory scheme with w = .8
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Figure 6.24. Top view of interpolatory scheme with w = .8
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CHAPTER 7

Surface Normals and Curvature

Up to now we have obtained the first and second partial derivatives at
a point Xo on the limit surface F' that is locally parameterized as (s, to).
In applications the geometric structures of interest are the unit surface
normals, Gaussian curvature and perhaps the mean curvature. We can
derive formulas for these directly from these first and second partial deriva-
tives [Gra93].

7.1. Normal and Curvature Formulas

Having obtained the first partial derivatives at a point xy on the limit
surface I that is locally parameterized as (sg,ty), the unit surface normal
at such a point

_ 4 D (s0,t0) X Do (80, t0)
’ D1 (s0,t0) X Da (S0, t0)|l

where ||-]| is the Euclidean norm and

($17$2, $3)T X (?Jh y27y3)T = ($2y3 — Y23, T3Y1 — Y31, T1Y2 — yﬂz)T

for (z1, @9, 23)" , (Y1, Y2, y3)" € R?

We can also obtain the mean and Gaussian curvatures [Gra93|

If xo corresponds to a regular vertex then the Gaussian curvature,
K, (x0), equals

[D3 (50, t0) - (D1 (s0,t0) X D2 (50, t0))] [D3 (50, t0) - (D1 (50, t0) X D2 (s0,10))]
— [D1Dy (50, to) - (D1 (50, t0) X Da (50, t0))]?

(D1 (s0,t0) - D1 (50, t0)) (D2 (s0, t0) - D2 (s0,t0)) — (D1 (s0, o) - D2 (so, to))2]2
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If xo corresponds to a regular vertex then the mean curvature, K (Xo),

equals
(D3 (s0,to) - (D1 (s0,t0) x D2 (s0, 0))) || Ds (s0, to) I
-2 <D1D2 (507 tO) . <D1 (So,to) X D2 (80,t0))) (Dl (507 tO) . D2 (So,to))
K (x9) = + (D3 (s0, to) - (D1 (50, t0) % Da (s0,t0))) || D1 (50, t0)|?

2 (||D1 (50, to)[I” | D2 (s0, to) I = (D1 (50, o) - D (Soato))2)%

We have created several figures of normal vectors on both triangular and
quadrilateral surfaces (both interpolatory and approximating.) These were
created on Matlab® using the formula (7.1 |p.172) and using our derived
formulas for the two first partial derivatives. For each particular surface
we have created figures showing a surface normal vector corresponding to
both a regular vertex and an extraordinary vertex. Hence all of our first
partial derivative formulas were used. See Appendix F starting on p. 221 to
view these figures. The black line extending from the figures is the surface
normal. For visual purposes, we have deliberately made the normals longer
than unit length. Note that the lines appear to be visually normal to the

surface.

7.2. Achieving a specific normal at a point

There may be times when a specific normal is desired on a surface. (See
Chapter 8 starting on p. 179.) First note that the first partial derivatives
are a linear combination of the immediately surrounding control and shape
vertices. Also recall that the parameter (w) is the free variable in deter-
mining a shape vertex. So basically there are 2 methods that can be used to
achieve a specific unit normal at a point corresponding to a vertex. They
are:

e to adjust the needed surrounding parameter values (w;)
e to adjust the necessary surrounding initial control vertices

We will examine the first option. (The second option may be examined
in future work. Notice that by changing or adjusting surrounding con-
trol vertices then by our definition of shape vertices the surrounding shape
vertices will also change.)
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So the goal is to discover surrounding parameter values that minimally
differ from their default value (for instance, a default value of wy = .25)
and that at the same time will achieve the desired unit normal at our point
on the surface.

Let us assume we have a point on the surface that corresponds to a ver-
tex of valence n. For a triangular scheme the two first partial derivatives
are composed of a linear combination of the n adjacent initial control and
shape vertices For a quadrilateral scheme, they are composed of a lin-
ear combination of the 2n adjacent and opposing initial control and shape

vertices. Let us denote the initial control vertices by {v)}; "] ** and the

corresponding shape vertices by {wib}},"] * where Y is the initial shape
control parameter defined in (6.16 |p.156) or (6.20 |p.163) except for the wy.

So we then have for specific ay., Bk, Vi, N from our first partial derivative

formulas:
n or 2n
D1 (S(), t()) = Z (Oék'U]g + 5kwkbz)
k=1
n or 2n
Ds (s0,t9) = (vp + mrwiby)
k=1

where here we will allow wy, to vary as needed.
In order to achieve a specific unit normal u := (ul,u2,u3)T we must
satisfy the following set of equalities:

(7.2) w—1[10 0

(
‘ ' (
Ug — _O ]. O_ <||D1 (80,
(
(

us— 0 0 1]

that are nonlinear in our variables wy,.
In addition, we want at the same time to keep our wy values as close
as possible to whatever value we usually set the wy equal to. So, as an

174



7.2. ACHIEVING A SPECIFIC NORMAL AT A POINT

example, we want to minimize

n or 2n
(7.3) (wip — .25)
k=1

Hence our problem becomes minimizing Y7 % *" (wy — .25)* while sat-
isfying 3 nonlinear constraint equations (7.2).

We solved this problem by using the command patternsearch on Matlab®.
This command in turn utilizes an Augmented Lagrangian Pattern Search
(ALPS) algorithm to solve the nonlinear constraint [Mat11]. Here is some
background and information on both patternsearch and ALPS.

The patternsearch algorithm is a direct search algorithm. The term
“direct search” has been around since 1961 where it appeared in an article
[HJ61] by R. Hooke and T.A. Jeeves . There it was described as a

sequential examination of trial solutions involving compar-
ison of each trial solution with the ‘best’ obtained up to
that time together with a strategy for determining...what
the next trial solution will be.

In [LTTO0] Lewis discusses three basic categories of direct search meth-
ods that are used in solving the unconstrained minimization

minimize f (z) where f:R" - R

These categories are:

e pattern search methods
e simplex methods
e methods with adaptive sets of search directions

Only the first method (pattern search) will be discussed here. Starting
with some initial point in R", the value of the function f (z) is considered at
a pattern of points that lie on a rational lattice. These surrounding points
can be considered as steps leading from the initial point. For example, this
rational lattice can be formed from the n unit coordinate vectors where the
magnitude of the vectors (i.e. the magnitude of the steps) indicates the
resolution of the lattice. Look at Figure 7.1 on p. 176 for a simple example
where n = 2.
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ab+Ak

length of vectors are Ay

(a — Ag,b) 4‘>0 (a+ Ag,b)

initial (or current) point with rational coordinates (a, b)
((Z, b - Ak:)

4 points will be polled from the current center point

Figure 7.1. Current point with the arrows pointing to next 4
points to be polled. Length of the steps will change according
to the algorithm.

A systematic strategy is employed for visiting the points in the lattice in
the immediate vicinity of the current point in R”. This strategy of visiting
points is called “polling.” At each point visited (or polled) the function is
evaluated or compared with previous values. If a point in that poll is found
that has a smaller value for the function f (x) then that point is labeled as
the new current point. The mesh size is then increased (often by a factor
of 2) and a new polling begins around that new current point. If the poll
is unsuccessful (i.e. no smaller function value is found) then the mesh size
is decreased (often by a factor of .5).  This is the only time the mesh of
the lattice is reduced. This feature is crucial to the convergence to the
discovery of a minimum value [LTTO00].

In our case, the function we want to minimize is subject to 3 nonlin-
ear constraints (7.2 |p.174).  So patternsearch must have an additional
algorithm to accommodate such constraints. This algorithm is the Aug-
mented Lagrangian Pattern Search algorithm (ALPS) that is discussed in
both [Mat11] and [KLT06].

The algorithm uses what is called an outer iteration and each outer
iteration contains an inner iteration. Assume that we have m nonlinear
equality constraints (¢; = 0 for i = 1...m) and the function to be minimized
is f(x) where ¢; : R" — R and f : R" — R. At each (outer) iteration k
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the new function to be minimized becomes

m

- 1
Dy (x; )\(k),/ik) = f(z)+ Z Agk)ci () + 2—/% Ci (x)z
i=1

=1

where AE’“ are (nonnegative) Lagrange multiplier estimates and py is a
positive penalty parameter. Note that this is an unconstrained function
and so a direct search method such as patternsearch is used to to find the
solutions

(7.4) X = arg min Oy (x; A\, 1)

This minimization requires its own iterations (the inner iterations) and
a stopping criterion is the first unsuccessful polling for a mesh size less
than J; (a stopping tolerance that is calculated with each outer iteration).
Stopping criteria for the outer iterations are that our mesh has become
suitably small and that the nonlinear equality constraints are met using x
from (7.4 |p.177):

dr < 0" [a small predetermined positive number]
i (xx)|lim; <n*  [another preset small positive number]
At each outer iteration Agk) and ju, are updated.

If |le; (xx)|li-; < mi [small number determined at each outer iteration]
then the )\Ek) are updated by

¢ (xx)
HE

)\gk—l—l) _a® 4

)

and py stays the same (pugsr1 = pg)-
()\(k‘-i-l)

Otherwise keep the Lagrangian multiplier estimates the same
)\(k)) and reduce the penalty parameter py :

7

Hk+1 = Tk

for some small 75, that is calculated with each outer iteration.
The solutions to (7.4 |p.177) at the final outer iteration are the output
of this algorithm. The convergence of this algorithm is shown in [KLT06].
In Appendix G we show several figures using our various subdivision
schemes.  Each figures shows a “desired” normal that is obtained using
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the above algorithm in the Matlab® routine patternsearch. This normal is
shown using a solid line. Also shown as a dashed or broken line is the normal
we would have obtained at that point if we had not been trying to obtain a
specific normal. The caption shows the angle (in degrees) between the two
normals and the value of the minimized function in (7.3 |p.175). Note that
generally the larger the minimized function value is then the poorer the
final surface appears. Also note how approximation schemes yield surfaces
with fewer artifacts than the comparable interpolatory schemes.
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CHAPTER 8

Applications Involving Surface Normals

Here we shall consider two uses of surface normals in the field of com-
puter graphics.

The first is in lighting and shading. Surface normals have been and
still are used in computer graphics to light and shade figures. Lighting
and shading, however, are not identical. Lighting refers to the interaction
between sources of light and the materials that the light(s) shine on. In
this process, some light is absorbed and some is reflected [Avi89]. On
the other hand, shading refers to where and how the lighting methods are
applied. It is used to determine the color of all the pixels. Shading can
be done per polygon (flat shading), per vertex (Gouraud shading) or per
pixel (Phong shading, Ray tracing) [FvDFH95|. So shading and lighting
are not independent since the lighting model that is used does affect the
shading of a pixel.

The second application of surface normals that we will consider involves
creating the appearance of a “rough” surface without explicitly changing
the geometry of the underlying model. This process is called bump mapping
and was developed by J.F. Blinn in [B1i78].

But first we will look at lighting and shading.

8.1. Lighting and Shading Models

We shall first look at two lighting models that use the surface normal:
e Lambert model
e Phong model
These are not the only lighting models. For instance, the Torrance-Sparrow
model [TS92] and Anisotropic lighting [IB02] also use surface normals.
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After first looking at these two models, we will then look at three shading
methods that use surface normals:

e Flat shading
e Gouraud shading
e Phong shading

8.1.1. Lambert Lighting Model

Before discussing the Lambert model, note that light also gets reflected
off objects in the environment instead of just emanating from an outside
light source. This indirect lighting is called “ambient” lighting. In lighting
models this ambient lighting is added onto the other types of light reflec-
tion considered by the particular model. By adding this ambient lighting
unlit areas do not appear completely black. The formula for this ambient
illumination is: [FvDFH95|

Lok,
where I, is the ambient light intensity, k, is the material’s ambient re-
flectance coefficient, and 1,, k, € [0, 1].

Now we shall go on to the Lambert lighting model. This model uses
Lambert’s cosine law. This law states that the intensity of reflected light
from a surface that only reflects in a diffuse way [such a chalk] is directly
proportional to the cosine of the angle # between the vector to the light
source and the surface normal. [FvDFH95] This type of reflection is called
a “diffuse” reflection. Here the intensity of the reflected light depends only
on the direction of the light sources and is not dependent on the position
of the viewer. If a light source is directly “over” the unit surface normal
then the reflection will be the most intense. The larger the angle the light
source makes with the unit surface normal then the less intense will be the
reflected light.

The formula for the intensity of the diffuse reflection (1) is: [FvDFH95|

(8.1) Iy =1 kg max (n-L,0)

where

e [, =light source intensity € [0, 1]

180



8.1. LIGHTING AND SHADING MODELS

e k, =the material’s diffuse reflectance coefficient € [0, 1]
e n=surface unit normal

e L =unit vector pointing toward the light source

See upper diagram in Figure 8.1.

% Light Source

L Vector in the direction of

Liw n Unit Surface Normal

(a)

% Light Source

L Unit Vector in the direction of Light Source

n Unit Surface Normal
/% r Unit Vector in the direction of
Specular Reflection
v Unit Vector in the
direction of Viewer
@)
X
(b)
Figure 8.1. The top diagram represents the Lambert Illumi-
nation Model. Note that the position of a viewer is not part
of the model. The bottom diagram represents the Phong Il-
lumination Model. Here we have two additional components:
a vector r that reflects the light source vector across the unit
normal n and a vector v that points to a viewer. Thus spec-
ular highlights are made that depend on the position of a
viewer.
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8.1.2. Phong Lighting Model

In this model developed by Bui Tuong Phong in 1975, light received by a
surface is also considered to be reflected in one direction [Pho75]. Note
that this is in addition to having a diffuse reflection component and an
ambient reflection component. This type of reflection is called a “specular”
reflection. Metallic or polished surfaces conform to this model. Bright spots
on the surface exhibit these reflections. Here the intensity of the reflected
light depends on the relationship between the viewer, the light sources and
the surface.
One formula for the intensity of the specular reflection (;) is [FvDFH95]:

I, =11, ks max (r-v,0)"

where
e [, =light source intensity € [0, 1]
o k, =specular reflectance coefficient € [0, 1]
e v=unit vector in the direction of the viewer

e r = unit vector in the direction of the specular reflection = %
forn and L in (8.1 |p.180)
e n = an index that conveys how imperfect the surface is [Note

that when n = oo then the surface is a perfect mirror and all
reflected light emerges along the direction reflected by this “mir-
ror” [Wat00].

See lower diagram in Figure 8.1.

An alternative lighting model [Blinn-Phong model] was developed in
1977 by J. Blinn [BIli77]. Here the formula for the intensity of the specular
reflection (Ig) is:

I,=1p k; (n-h)"
where
e [, =light source intensity € [0, 1]
o k, =specular reflectance coefficient € [0, 1]

e n=surface unit normal

. L4v
e h:=
|| L+v||

e n = an index that conveys how imperfect the surface is
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Since the angle between h and n is always less than 90°, this alternative
avoids a problem in the regular Phong model that occurs when the angle
between r and v is greater than 90° [McK11].

Now we proceed onto the three types of shading that we will consider.

8.1.3. Flat Shading

Flat shading is a fast way to color the pixels of each polygon. Here an
illumination method is applied at one of the vertices of the polygon or at
the center of the polygon. The color that is so obtained is then applied to
all the pixels of that particular polygon. The obvious disadvantage is that
the surface appears faceted since there is no variation in shade across the
polygon. The advantage is that is it relatively inexpensive to implement.

8.1.4. Gouraud Shading

Gouraud shading reduces the faceted appearance of the flat shading method
[Gou71]. Here an illumination method is applied to each of the vertices
of the polygon. Thus an RGB color is calculated for each of the polygo-
nal vertices. These colors are then interpolated across each polygon. See
Figure 8.2 showing the interpolation across a scanline of a surface triangle.

Gouraud shading does not deal effectively with specular highlights and
so is usually reserved for calculating diffuse reflections. However, it is com-
putationally less expensive than Phong shading discussed below [Wat00].
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Ay
B sxy = X2
Ap =sxy - Az + (1 —sxy) - Ay
tcp = %
A A, A,

scanline
Ay =tpp-Aa+ (1 —1tpp)- Ap

Ay =tep-Ac+ (1 —tcs) - Ay

¢ — DY
DB DB|

D
Aqg

Ajetter Tepresents an attribute such as RGB color or unit surface normal

Figure 8.2. This diagram represents the interpolation of an
attribute such as RGB color [Gouraud shading] and Unit Sur-
face Normal [Phong Shading]. Given any scanline across a
surface polygon, the endpoint attributes (A,, A,) are first
interpolated and then the attribute on the scanline (A,) is
interpolated using the previously obtained interpolated val-
ues at the two endpoints.

8.1.5. Phong Shading

In Phong shading, the unit surface normals are calculated at each vertex and
then interpolated across the surface of the polygon similar to how Gouraud
shading interpolates a color across the surface. Then at each pixel of the
polygon, the interpolated surface normal is used to implement the Phong
lighting method. So we see that the illumination is applied per pixel.
Phong shading provides a more realistic image than does Gouraud shad-
ing. Specular reflection will show up that might be missed with the Gouraud
method. Highlights are produced that are much less dependent on the un-
derlying polygons. However, Phong shading is more expensive to implement
than Gouraud shading since more calculations are required to interpolate
the surface normal and to evaluate the illumination at each pixel [Wat00].
In the Gouraud method and particularly in the Phong method, we have
an advantage in that we can use the methods described in this paper and
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thus calculate the precise unit surface normals at each vertex instead of
approzimating the surface unit normal with a discrete normal calculation.
Future work could include comparing the difference in the shading of the
image using our exact surface unit normal versus using a discrete approxi-

mation.

8.1.6. Perspective Corrected Interpolation

Both Gouraud and Phong shading use linear interpolation of some attribute
(RGB color and unit surface normal respectively). However, the linear
interpolation of some attribute in 3D space between two points of varying
distances from the viewer does not translate into a linear interpolation in
2D screen space. For instance, a point in 3D space that is not at the center
of the interpolation line could be projected onto 2D screen space at the
center of the 2D projection of the 3D line. This will cause a distortion of
that attribute in our 2D image.

Many graphics rendering programs place a “virtual” camera at the origin
of 3D space and have it look out into either the —z or 42z direction. The z
value of a 3D point tells us the distance that point is away from the virtual
camera. In [Low02] Low determined how we can interpolate in screen space
and yet correct for perspective. The formula is given in (8.2).

If Z; is the z coordinate for attribute A; at one end of an edge in 3D
space and Z, is the z coordinate for attribute Ay at the other end of that
edge in 3D space then we can interpolate between these two attributes in
2D space [say using variable s] as follows:

(8.2) Al = <<2 o Eé _ ;1;)) se[0,1]
nts\zm %

8.2. Bump Mapping

Now we’re moving onto the second application of surface normals that
we will consider. This application is called “bump mapping.” In [FvDFH95]
we can find a summary of the process of bump mapping developed by J.F.
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Blinn in [Bli78]. This process involves slightly changing the surface nor-
mal before using the normal in the lighting and shading model. The surface
itself is not actually changed because of this new surface normal. What
does change is the way the surface will be illumined. This process models
a slight roughness in a surface that if it truly were there would alter the
surface normal.

So a bump map is an array of displacements, each of which is used to
model moving a point on the surface slightly. Say we have a point on the
surface represented by P. Using our first partial derivatives given in this
paper, we can calculate the surface normal at this point. Let’s call it V.

N=P,xP,

where P, and P, are the two first partial derivatives at P.

Note that this surface normal is unnormalized.

This point P can then be displaced by adding to it the normalized
surface normal scaled by a selected bump-map value B. The new point P
is: BN

PR
P =P+ N

Blinn then provides an approximation for the new [not yet normalized|

normal of this “new” surface point. Let’s call this normal N

v . B8 xP) - B, (N xP)
N [N

where B, and B, are partial derivatives of the bump-map entry B with

respect to a parameterization of the bump-map using axes labeled u and
v. Blinn notes that bilinear interpolation can be used to obtain bump-map
values at any certain (u,v) and that finite differences can be used to derive
B, and B,.

This new normal (N,) is then normalized and substituted as the surface
normal in the lighting and shading process to give the illusion of texturizing.

Two very convincing color plates are displayed in [FvDFH95] demon-
strating the realistic texture provided by bump mapping.
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THESE APPLICATIONS

8.3. Potential to Use Matrix-valued Schemes for these

Applications

These two general applications, shading and texturizing with a bump
map, can be readily applied if our computer graphic surfaces are gener-
ated using a l-ring triangular or quadrilateral matrix-valued subdivision
scheme described in this thesis. Given a particular matrix-valued subdivi-
sion scheme, we can initially compute the coefficients that form the linear
combination of surrounding control and shape vertices. Recall that these
coefficients come from the orthogonal right eigenvectors. See, for example,
(4.28 |p.79), (5.16 |p.111), and (5.21 |p.119). These linear combinations of
surrounding vertices (both control and shape) provide us with precise first
partial derivatives that in turn give us precise unit surface normals. We
can then shade or texturize our generated surface using these exact unit
normals.

We can obtain these precise unit normals at vertices of the original con-
trol mesh without even having to further subdivide. The formulas for the
first partial derivatives involve the immediate surrounding vertices at what-
ever refinement level of subdivision we have attained. So for first partial
derivatives at initial vertices, we only need the surrounding initial vertices
(again both control and shape). We want to emphasize that the coefficients
that multiply these surrounding vertices only need to be calculated one
time for any particular matrix-valued subdivision scheme.

So, to summarize, any computer graphic application that requires unit
normals can benefit from these formulas that readily provide such unit
normals as long as the surface is being generated by a 1-ring matrix-valued
scheme described here.
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CHAPTER 9

Conclusions and Future Work

Surface subdivision schemes are used in computer graphics to generate
visually smooth surfaces of arbitrary topology. Knowing precise unit sur-
face normals on these smooth surfaces can be useful for certain applications
in computer graphics. We have seen two applications (shading and textur-
izing with a bump map) that require knowledge of the unit surface normal
at a wide array of surface points. In this dissertation we have provided
formulas for such normals for both triangular and quadrilateral 1-ring sub-
division schemes at both regular surface points and extraordinary surface
points. Both interpolatory and approximating schemes have been consid-
ered. Hence, a computer graphics surface designer can use our subdivision
schemes to readily compute unit surface normals as needed.

We derived these unit surface normals at points on the limit surface as
follows. Starting with 1-ring subdivision schemes (triangular and quadri-
lateral), we were able to obtain formulas for the two first partial derivatives
at points on the limit surface that “correspond” to vertices of the initial
control net or that “correspond” to vertices of any subsequent refinement
of that initial control net. Then, by normalizing the cross product, we
obtained the unit normals.

In addition, at points on the limit surface that correspond to so-called
reqular control net vertices, we have been able to derive the three second
partial derivatives. Hence, we can then obtain Gaussian or mean curvature
values at such points on the limit surface.

Since we are using subdivision schemes that have matrix-valued masks,
every vertex of our original polyhedron (and of its successive refinements)
has a corresponding “shape” vertex. These shape vertices are aptly named
because they play a role in changing the shape of our ultimate limit sur-
face. More specifically, the first and second partial derivative formulas for



a particular point consist of linear combinations of “surrounding” vertices
and their corresponding shape vertices. In this dissertation, for various
1-ring subdivision schemes, we derived the coefficients involved in these lin-
ear combinations. Given any particular subdivision scheme we only need to
calculate these coefficients one time. From there, we can readily obtain the
partial derivatives. And so we can use the appropriate formulas from Dif-
ferential Geometry to obtain the unit normals and, if desired, the Gaussian
or mean curvatures.

With the use of Matlab® to not only generate the refinements for an
initial triangular polyhedron (Fig. 6.7|p.158) and an initial quadrilateral
polyhedron (Fig. 6.12|p.165) but also to calculate the surface normals using
our derivative formulas, we saw that the unit surface normals so obtained
visually appear to be normal to the surface at both regular and extraordi-
nary vertices.

We proposed a definition of the initial shape vertices that correspond
to our initial vertex control net. Up to now there have been preliminary
suggestions as to how to define the initial shape vertices [CJ06], [CJO08].
Taking the lead from Yang in [Yan05] and [Yan06] who used discrete
normals to obtain new edge points, we defined an initial shape vertex as
the average of the adjacent edge projections onto the discrete surface unit
normal where this result is then multiplied by a scalar w.

There is an advantage and a disadvantage to defining the initial shape
vertex this way. The advantage is that there is only one variable to be
decided upon when defining the shape vertex. That variable is the w value
we want for that particular shape vertex. The disadvantage is related to
the advantage. There is a lack of flexibility in only having one free variable.
Future work could involve using different values for the w variable at differ-
ent areas of the surface. Here we uniformly used one value of w throughout
the surface. Artifact was seen in some of the w values chosen (particularly
in interpolating schemes). Future work could include testing w values that
vary depending on the curvature of the surface.

We know that the shape vertices will affect the shape of the limiting
surface. Here, we examined how to obtain a specific unit surface normal
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by changing just the surrounding shape vertices. Since the initial control
net of vertices of the polyhedron was not changed, we saw quite a bit of
waviness in the interpolatory schemes when we created a unit normal that
widely differed from its original direction. Approximating schemes showed
less artifact.

Future work could include also changing the surrounding control net
vertices to achieve a certain unit surface normal. This could result in sur-
faces with less artifact (particularly in the interpolatory case). However,
there could be a significant increase in computation time.

Another factor to consider is the reason we are wanting to alter a sur-
face normal to become some specified vector. If the reason is to change
the texture of a surface (in computer graphics), we saw that this can be
achieved using a bump map without actually altering the shape of the sur-
face. Nonetheless, surface normals are still used in bump mapping and our
formulation of the first partial derivatives can be directly utilized in the
bump map algorithm discussed in section 8.2 on p. 185.

Other future work could involve comparing the lighting and shading
achieved using our precise surface normals as opposed to using approximate
discrete surface normals. Is there a significant enough improvement in the
image to compensate for a possible increase in computational cost?

Another avenue of future work would be to program the algorithm for
the determination of C* convergence discussed in subsection 5.1.1 on p. 90.
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9.0. APPENDIX A

Appendix A

Eigenvalues are listed for varying valences of the Quadrilateral Inter-
polatory Scheme (see 4.35 on p. 84). The eigenvalues are listed for a
4n 4 2 x 4n + 2 subdivision matrix around the extraordinary vertex of va-

lence n. The subdominant eigenvalue A of multiplicity 2 is listed in bold
10+2COS(%)+\/38+4OCOS(%)+2Cos(%)

32 :
The eigenvalues are listed in increasing modulus with the exception of 2

where \ =

complex conjugate eigenvalues that are listed last. Note that their modulus
is less than .

Valence 3
0.065949, 0.065949, 0.077245, 0.12832, 0.13327, 0.13327, 0.15240,0.15240,
0.25000, 0.41010, 0.41010, 1, 0.073007-0.057712 1 ,0.073007+0.057712 I

Valence 5

0.063740, 0.063740, 0.073791, 0.073791, 0.077245, 0.11365, 0.11365,
0.11911, 0.11911, 0.12832, 0.13790, 0.13790, 0.18377, 0.18377, 0.25000,
0.34011, 0.34011, 0.54999, 0.54999, 1, 0.073007-0.057712 1,
0.0730074-0.057712 1

Valence 6

0.062500, 0.065949, 0.065949, 0.076467, 0.076467, 0.077244, 0.10782,
0.10782, 0.11494, 0.11494, 0.12832, 0.13327, 0.13327, 0.14062, 0.15240,
0.15240, 0.25000, 0.25000, 0.25000, 0.41010, 0.41010,

0.57968, 0.57968, 1, 0.073007-0.057712 I, 0.073007+0.057712 1

Valence 7

0.063130, 0.063130, 0.068222, 0.068222, 0.077244, 0.078550, 0.078550,
0.10443, 0.10443, 0.11189, 0.11189, 0.12832, 0.12883, 0.12883, 0.13532,
0.13532, 0.13922, 0.13922, 0.20022, 0.20022, 0.25000, 0.31216, 0.31216,
0.46186, 0.46186, 0.59851, 0.59851, 1, 0.073007-0.057712 I,
0.0730074-0.057712 1

Valence 8
0.062500, 0.064438, 0.064438, 0.070312, 0.070312, 0.077244, 0.080203,
0.080203, 0.10227, 0.10227, 0.10958, 0.10958, 0.12500, 0.12500, 0.12500,
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0.12500, 0.12832, 0.13640, 0.13640, 0.14062, 0.17090, 0.17090, 0.25000,
0.25000, 0.25000, 0.36572, 0.36572, 0.50000, 0.50000,
0.61111, 0.61111, 1, 0.073007-0.057712 I, 0.0730074-0.057712 I

Valence 9

0.062880, 0.062880, 0.065949, 0.065949, 0.072165, 0.072165, 0.077245,
0.081542, 0.081542, 0.10082, 0.10082, 0.10778, 0.10778, 0.11827, 0.11827,
0.12179, 0.12179, 0.12832, 0.13327, 0.13327, 0.13977, 0.13977, 0.15240,
0.15240, 0.21019, 0.21019, 0.25000, 0.29734, 0.29734, 0.41010, 0.41010,
0.52843, 0.52843, 0.61994, 0.61994,

1, 0.073007-0.057712 I, 0.07300740.057712 I

Valence 10

0.062500, 0.063740, 0.063740, 0.067480, 0.067480, 0.073791, 0.073791,
0.077244, 0.082645, 0.082645, 0.09978, 0.09978, 0.10635, 0.10635,
0.11365, 0.11365, 0.11911, 0.11911, 0.12832, 0.13025, 0.13025, 0.13790,
0.13790, 0.14002, 0.14002, 0.14062, 0.18377, 0.18377, 0.25000, 0.25000,
0.25000, 0.34011, 0.34011, 0.44634, 0.44634, 0.54999,

0.54999, 0.62634, 0.62634, 1, 0.073007-0.057712 1,
0.0730074-0.057712 1

Valence 11

0.062755, 0.062755, 0.064805, 0.064805, 0.068945, 0.068945, 0.075215,
0.075215, 0.077244, 0.083570, 0.083570, 0.099029, 0.099029, 0.10517,
0.10517, 0.11030, 0.11030, 0.11685, 0.11685, 0.12748, 0.12748, 0.12832,
0.13134, 0.13134, 0.13562, 0.13562, 0.14005, 0.14005, 0.16550, 0.16550,
0.21686, 0.21686, 0.25000, 0.28820, 0.28820, 0.37764, 0.37764, 0.47587,
0.47587, 0.56662, 0.56662, 0.63113, 0.63113, 1,

0.073007-0.057712 I, 0.073007+0.057712 1

Valence 12

0.062500, 0.063359, 0.063359, 0.065949, 0.065949, 0.070312, 0.070312,
0.076467, 0.076467, 0.077244, 0.084354, 0.084354, 0.09846, 0.09846,
0.10419, 0.10419, 0.10782, 0.10782, 0.11494, 0.11494, 0.12500, 0.12500,
0.12500, 0.12500, 0.12832, 0.13327, 0.13327, 0.13872, 0.13872, 0.14062,
0.15240, 0.15240, 0.19313, 0.19313, 0.25000, 0.25000,
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0.25000, 0.32361, 0.32361, 0.41010, 0.41010, 0.50000,

0.50000, 0.57968, 0.57968, 0.63480, 0.63480, 1,

0.073007-0.057712 I, 0.073007+0.057712 1

Valence 13

0.062682, 0.062682, 0.064148, 0.064148, 0.067102, 0.067102, 0.071575,
0.071575, 0.077244, 0.077570, 0.077570, 0.085028, 0.085028, 0.098013,
0.098013, 0.10337, 0.10337, 0.10592, 0.10592, 0.11330, 0.11330, 0.12023,
0.12023, 0.12280, 0.12280, 0.12832, 0.13098, 0.13098, 0.13701, 0.13701,
0.14022, 0.14022, 0.14270, 0.14270,

0.17568, 0.17568, 0.22163, 0.22163, 0.25000, 0.28200, 0.28200, 0.35575,
0.35575, 0.43797, 0.43797, 0.51984, 0.51984, 0.59009, 0.59009,
0.63767, 0.63767, 1, 0.073007-0.057712 I, 0.073007+0.057712 I

Valence 14

0.062500, 0.063130, 0.063130, 0.065030, 0.065030, 0.068222, 0.068222,
0.072732, 0.072732, 0.077244, 0.078550, 0.078550, 0.085612, 0.085612,
0.097663, 0.097663, 0.10266, 0.10266, 0.10443, 0.10443, 0.11189, 0.11189,
0.11655, 0.11655, 0.12084, 0.12084, 0.12832, 0.12883, 0.12883, 0.13515,
0.13515, 0.13532, 0.13532, 0.13922, 0.13922, 0.14062, 0.16254, 0.16254,
0.20022, 0.20022, 0.25000, 0.25000, 0.25000, 0.31216, 0.31216, 0.38453,
0.38453, 0.46186, 0.46186, 0.53627, 0.53627, 0.59851, 0.59851,

0.63996, 0.63996, 1, 0.073007-0.057712 I, 0.073007+40.057712 1

Valence 15

0.062638, 0.062638, 0.063740, 0.063740, 0.065949, 0.065949, 0.069298,
0.069298, 0.073791, 0.073791, 0.077245, 0.079422, 0.079422, 0.086122,
0.086122, 0.097380, 0.097380, 0.10205, 0.10205, 0.10324, 0.10324, 0.11066,
0.11066, 0.11365, 0.11365, 0.11911, 0.11911, 0.12683, 0.12683, 0.12832,
0.12957, 0.12957, 0.13327, 0.13327, 0.13790, 0.13790, 0.14032, 0.14032,
0.15240, 0.15240, 0.18377, 0.18377, 0.22520, 0.22520, 0.25000, 0.27753,
0.27753, 0.34011, 0.34011, 0.41010, 0.41010, 0.48236, 0.48236, 0.54999,
0.54999, 0.60540, 0.60540, 0.64181, 0.64181, 1,

0.073007-0.057712 I, 0.073007+0.057712 1

Valence 16
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0.062500, 0.062982, 0.062982, 0.064438, 0.064438, 0.066872, 0.066872,
0.070312, 0.070312, 0.074762, 0.074762, 0.077245, 0.080203, 0.080203,
0.086575, 0.086575, 0.097150, 0.097150, 0.10152, 0.10152, 0.10227,
0.10227, 0.10958, 0.10958, 0.11130, 0.11130, 0.11756, 0.11756, 0.12500,
0.12500, 0.12500, 0.12500, 0.12832,

0.13143, 0.13143, 0.13640, 0.13640, 0.13955, 0.13955, 0.14062, 0.14443,
0.14443, 0.17090, 0.17090, 0.20575, 0.20575, 0.25000, 0.25000, 0.25000,
0.30376, 0.30376, 0.36572, 0.36572, 0.43273, 0.43273, 0.50000, 0.50000,
0.56153, 0.56153, 0.61111, 0.61111, 0.64333, 0.64333 , 1,
0.073007-0.057712 I, .0730074-0.057712 I
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Appendix B

Figure 9.1. “Characteristic” map for Interpolatory Quadri-
lateral Scheme (4.35 |p.84) for valences 3 and 5. Note that it
“appears” regular and injective.

Figure 9.2. “Characteristic” map for Interpolatory Quadri-
lateral Scheme (4.35 |p.84) for valences 7 and 9. Note that it
“appears” regular and injective.
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Figure 9.3. “Characteristic” map for Interpolatory Quadri-
lateral Scheme (4.35 |p.84) for valences 11 and 13. Note that
it “appears” regular and injective.
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Appendix C
The following is the proof of Theorem 5.1 on p. 96:
Proof. Let ®; := [Mgﬂ. Note that Mgy € C' (R?) and that My, € 73

(accuracy order 4). Define

Fo(x) =Y vi'®o (2"x — k)

kez?

= ZUITMml (2"x — k)
kez?

= Zvﬁ@?}@o (x —k) from (5.2 |p.90)
kez?

So for j = 1,2, and using the derivative notation from (2.1 |p.8):

(9.1) DjFu (x) = Y wD; {Qp® (x — k)}
kez?
lim D;Fy (x) = ) v lim D, {QFPo (x — k)}
kez?
= ZvﬂDj@ (x —k) by the C* convergence
kez?
= D;F (x)
Now we will get a representation of D; [}, (x) in terms of surrounding
vertices.
DiFp (%) =Y oDy {May (2"x — k)}
kez?
1 \7T 1\
= Z’l}{{an {M121 <2mx — k—l— (5,0) ) - M121 <2mX — k— (5,0) ) }
kez?

by (5.11 [p.95)
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Thus for kg € Z*? we have:

1 T 1 T
DiF, (ko) = > w2 {Mm <2ka —k+ (5, 0) ) — Mo (2ka — k— (5, 0) ) }

kez?
m o m m
—om {1 ( 3Vt (10)T  SVamkgt (1007 T Vamieo(1,1)7 ) }
_am m _,m
8\ Umeron® T Um0, T Yamicoi(-1,-1)7

where we use Figure 9.4 on p. 206 showing values of M;js; when the first
coordinate equals :t%. Note that these values were obtained by using the
software in [Kob96].

Now we take the limit as our subdivisions go to infinity:

( 3o (1,07 T SVamikot(-10)7 T Vamico 4 (1,1)7 ) H

| =

™ T+Um _m

m—so0 m—o0 — T v T
2mko+(0,1) 2mko+(0,—1) 2mko+(—1,—1)

And so by (9.1 |p.204)

Dy F (ko) = lim [2m {1 ( Parkor07 107 ¥ " )H
8§\ —um m

m—00 m —
2mko+(0.1)7 T Vamkgr(0,-1)T ~ Vamicy 4 (—1,-1)7

Similarly we will get a representation of Dy F,, (x) in terms of a limit of

surrounding vertices.

DayFy (x) = > 0Dy { Moy (2"x — k) }

kez?

=Yg {Mm (2mx — K+ <07 %)T> My, (2mx — k- (O, %)T) }

kez?
by (5.11 |p.95)
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(=1/2,0) value = 3/8
(1/2, 1) value = 1/8

\ (1/2,0) value = 3/8

/

(=1/2,-1) value =1/8

Figure 9.4. Values of My, where first coordinate ::t%

Thus for kg € Z? we have:

NT INT
Dy F, (ko) = ZU? " {M211 <2mko — k+ (0, 5) > — Moy <2mk0 —k— (0, 5) > }

kez?
_om {1 < Upmico (117~ Vamic (1,007 T Vamiot(~1,0)7 ) }
8 _U;n’ka"l‘(_L_l)T _'_ 3/U;T:nk0+(071)T N 3/U;7;lnk0+(07_1)T
where we use Figure 9.5 on p. 212 showing values of Mj5; when the second
coordinate equals i—%. Again recall that these values were obtained by

using the software in [Kob96|. Now we take the limit as our subdivisions
go to infinity:

lim DyF,, (ko) = lim [2’” {1 < Vamieot (1)7 ~ Yomieg (1,007 T Vamicot(1,0)7 ) }]
- T

m—00 m—00 8 m o — vy,
Yomkot(—1,-1)T +3U2mk0+(0,1)T 3U2mko+(0,—1)

And so by (9.1 |p.204)

D2F (ko) = hm [27” {1 ( UzkaJ"(lvl)T o U2mk0+(1,0)T _'_ U2mk0+(—17O)T ) }]
8\ —uvm m

m—00 — 3™
2mko+(—1,—1)T - 3U2mk0+(0,1)T 3vzmk0+(0,—1)T

O
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The following is the proof of Corollary 5.1 on p. 96:
Proof. It follows the proof of Theorem 5.1.

ZVIT(I)O "x — k) —

kez?
Frin ( va+”<1> (2™"x — k) —
kez?
for j =1,2  DjFpin(x) =Y 2"V D;dg (2"x — k)
kez?
=2") "2V D; P (2% — k) —
kez?
Lim D Fyy (x) = 27 lim Y 2" vt Dy (2% — k) —
kez?
D;F (x) = 2"7715%0227” DBy (27 x — k) —
kez?

n1: My m+n m+n i _
=2" lim ) 27w "D (2 [k0+2n} k)—>

kez?

D,F (ko + 2i) 2" Tim 2"V DBy (27 kg + 27— k) —

kez?
D F k 1 m m4+n m4+n m s
1 0+2— rrlLl—I>r<l>oZQ D1M221(2 k + 2 l—k) fOI"]—]_
kez?
Dy F (ko + 2%) = 2" lim ) 2" " Dy Moz (27 "ko + 271 — k) for j =2
kez?

The rest of the proof follows from using (5.11 |[p.95) and the methods in
last parts of Theorem 5.1. O
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The following is the proof of Theorem 5.2 on page 98:

Proof. Let &, := [Mglﬂ. Note that M35 € C? (R?) and that Mz3 € 72

(accuracy order 6). Define

Fo(x) =Y vi'®o (2"x — k)

kez?

= ZUITM313 (2"x — k)

keZ?
= ZV&Q?}(DO (x —k) from (5.2 |p.90) —
kez?
DU F, (x) = > VD {Qpdy (x —k)} for (i,5)" = (2,007, (1,1)",(0,2)"
keZ?
where we are using the derivative notation in (2.2 |p.9)
Hence we can derive due to the C? convergence:

(9.2)
Jim DO, () = v lim D Q0 (x ~ k)
keZ?
— ZVﬂD(i'j)TQ (x — k)
keZ?

_ D(i,j)TF (X) for ('l,j)T = (2, O)T 5 (17 ]-)T 9 (Oa 2)T

Now we will get a representation of DO (x) in terms of surrounding

vertices.

Fo(x) = > o' DY {Myy; (2% — k) }

keZ?

)T

D(l,O

B Z mom Mo13 <2mX —k+ (3 O)T
B e —M213 (2mX —k— (

keZ?
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Hence
( )
M3 (2 x — k+ (1, )T)
T
— M3 (me — k— + (1,0 )
DLO” [D(l,o)TFm (Xﬂ _ Zvﬂnfm ( ) (21 )T
ke72 M113 (2 X — k+ ( ) (5,0) )
—M113 (2 X — k— (]_, 0)T>
N Y,
Let ko € Z2.
( T \
My (27K — ke (1,0)")
M <2mk 1 T)
D(LO)T |:D(170) i| va22m 113 0 ( ) (21’ O)T >
My (27K — e+ (3,0)" = (3,0)")
M (2 ko — k— (1, O)T)
\ ),
1 8V 1007 T Famico 1 (1,07 T Womir(-1,0)7
_ 92m _ m m m
=276 20" T Vg ey T Vamig 0,07
2ot T Yamicoro, T F Vamkg a2, 1)7

by Figure 9.6 that shows values of Mj;3 where both coordinates are
integers.

Hence
lim D@0" F,, (ko) =
m—ro0
1 _SU;kﬁ(o 0T + 4U2mk +(1,0)7 + 4U2mk)+( 1,0)"
. 2m m
7711—1’>Ic1>o2 6 2U2mk rant T Vi o+@ )T T Vom0,

_9,m oM oM
2U2mk0+(—1, )T+ 2mko4(0,— 1)T+ 2mko+(—2,—1)7

and so by (9.2 |p.208)

T
D*" F (k) =
1 _8U;k()+(o 07 + 4U2mk )+(1,0)T + 4U2mk +(—1,00T
: 2m m m m
,711_%02 6 _2U2mk0+(1 0T T Vom0 T Vomiqy+0,1)7
2Vt (—1,-1)7 T Vgmicg s 0,-1)T T Vgmicg 4 (—2,-1)7
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Using a symmetric argument [this time starting with &y := [M813]] we
can derive
T
D" F (ko) =
_Q,m m m
1 8Ymieot 0,07 T Wamico o, T Homieo 40,1y
: 2m __9,m m m
,}Ll_rf})OQ 6 22}2mk0+(1,1)T T Vomiggr(1,2)7 T Vomicg+(1,0)7
_9,m m m
2U2mk0+(—1,—1)T + U2mk0+(—1,o)T - U2mko+(—1,—2)T

Now we will get a representation of Dy D1 F), (x) in terms of surrounding

vertices. Let ®( := [Mé”]. Note that Moy € C? (R?) and that My, € 72

(accuracy order 5).

Dy Fy (%) = > 0Dy {Ma (2"x — k)}

kez?
M <2mx—k+ 10 T
N 1 (21 ) A% by (511 p.9s)
Kez2 —M122 <2mx — k— (5, 0) )
Hence
/ 1 T T
M112 <2mX — k‘l— (5, O) + (Oa 5)
2 — My, (2mx—k— (1,07 + (0,%)T)
DaDifn () = 3 k2 My (27 ket (50)" = (0.9)")
— Mo (2 x — k- (%aO)T - (0, %)T)
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Let ko € Z2.
( T T )
My (27K — et (3,0)" + (0, 3)
T 7
— Mz (kao —k—(3,0)" + (0,3 )
DngFm (kO) _ Z,Ulr{n22m - (21 )T ( 21)T >
B T T
|| M (27— k= (3,0)" = (0.8)) |
1 2V ke 10.0)T ~ Vamieot(1,0)T — Vamkot(—1,0)7
__92m m _am
=2 2 +U2mk0+(1,1)T U2Mk0+(0,1)T
FUmiegt(—1,-1)7 — Vamig(0,-1)7

by Figure 9.7 on p. 213 showing values of M5 at (%, %) and (—%, —%)

Thus we have

1 Vot +(0,0)7 ~ Vomkgr (1,007 Vamkot(—1,0)T
tim Dy Dy Fy, (ko) = nlbi_lgofm 5 FUmior@,)” ~ Vamior(0,1)7
+2}7277Lﬂko+(—1,—1)T - U;nmko+(0,—1)T
and so by (9.2 |p.208)
1 2vgjnko+(0,0)T - U;’ano+(1,o)T - U;}nko—l-(—l,o)T
DyDyF (ko) = 732202% ) +U;}nko+(1,1)T - U;’}nkﬁ(o,l)T
+om -

v
2mko+(—1,—-1)T 2mko+(0,—1)T
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(0,1/2) value =3/8

/ (1,1/2) value = 1/8

/

(=1,-1/2) value = 1/8

(0,— 1/2) value = 3/8

Figure 9.5. Box spline Ms;: showing values where second
coordinate ::I:%

(1,1) value=1/6
@
®
% (0,0) value=2/3

([
(—1,-1) value=1/6

Figure 9.6. Box spline M3 with values shown at integer co-
ordinates
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(1/2,1/2) value = 1/2
o

o
(-1/2,-1/2) value =1/2

Figure 9.7. Box spline M, with values shown at (%,

(~5-)

) and

1
2

Appendix D

Eigenvalues are listed for varying valences of Quadrilateral Approxi-
mating Scheme (5.5.3.2 |p.139). The subdominant eigenvalue A is listed
in bold, and eigenvalues are listed in increasing order. Note that complex
eigenvalue(s) are listed last and that their modulus is less than the sub-
dominant eigenvalue.

Valence 3

0., 0., 0., 0.093750, 0.093750, 0.15240, 0.15240, 0.25000,
0.41010, 0.41010, 1., -0.051460-0.0000027064 I,
0.060722+0.0000027064 I, 0.10011-0.000001 I

Valence 5

0., 0., 0., 0., 0., 0.074441, 0.074441, 0.11365, 0.11365, 0.14432, 0.14432,
0.18377, 0.18377, 0.25000, 0.34011, 0.34011, 0.54999, 0.54999,

1., -0.051460-0.00000270641, 0.060722+0.0000027064 I, 0.10011-0.000001 I

Valence 6

0., 0., 0., 0., 0., 0., 0.062500, 0.093750, 0.093750, 0.10782, 0.10782, 0.15240,
0.15240, 0.15625, 0.15625, 0.25000, 0.25000, 0.25000, 0.41010, 0.41010,
0.57968, 0.57968, 1., -0.051460-0.0000027064 I,

0.0607224-0.0000027064 I, 0.10011-0.000001 I
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Valence 7

0.,0.,0.,0.,0.,0., 0., 0.10443, 0.10443, 0.13532, 0.13532, 0.20022, 0.20022,
0.25000, 0.31216, 0.31216, 0.46186, 0.46186, 0.59851, 0.59851, 1.,
-0.051460-0.00000270641I, 0.0607224-0.0000027064 I, 0.068682+0. I,
0.0686824-0. I, 0.10011-0.000001 I, 0.1110940. I, 0.11109+0. I,
0.16396+0.000001I, 0.16396+0.000001 I

Valence 8

0, 0., 0., 0., 0., 0., 0., 0., 0.062500, 0.080806, 0.080806, 0.10227, 0.10227,
0.12500, 0.12500, 0.12500, 0.12500, 0.16919, 0.16919, 0.17090, 0.17090,
0.25000, 0.25000, 0.25000, 0.36572, 0.36572, 0.50000, 0.50000,

0.61111, 0.61111, 1., -0.051460-0.0000027064I,
0.0607224-0.0000027064 I, 0.10011-0.000001 I

Valence 9

0.,0.,0.,0.,0.,0., 0., 0., 0., 0.093750, 0.093750, 0.10082, 0.10082, 0.11827,
0.11827, 0.15240, 0.15240, 0.21019, 0.21019, 0.25000, 0.29734, 0.29734,
0.41010, 0.41010, 0.52843, 0.52843, 0.61994, 0.61994, 1.,
-0.051460-0.0000027064 I, 0.060722+0.0000027064 1,
0.066266-0.0000012706 I, 0.066266-0.00000127061, 0.10011-0.000001 I,
0.13585-7.2936x 107 (-7) I, 0.13585-7.2936x 10" (-7) 1,

0.17288+0.000001 I, 0.17288+-0.000001 I

Valence 10

0.,0.,0.,0.,0.,0.,0.,0., 0., 0., 0.062500, 0.074441, 0.074441, 0.09978,
0.09978, 0.10568, 0.10568, 0.11365, 0.11365, 0.14002, 0.14002,
0.14432, 0.14432, 0.17556, 0.17556, 0.18377, 0.18377, 0.25000,
0.25000, 0.25000, 0.34011, 0.34011, 0.44634, 0.44634, 0.54999, 0.54999,
0.62634, 0.62634, 1., -0.051460-0.0000027064 I,
0.0607224-0.0000027064 I, 0.10011-0.000001 I

Valence 11

0.,0.,0.,0.0.,0.,0.,0., 0., 0., 0., 0.099029, 0.099029, 0.11030, 0.11030,
0.13134, 0.13134, 0.16550, 0.16550, 0.21686, 0.21686, 0.25000,

0.28820, 0.28820, 0.37764, 0.37764, 0.47587, 0.47587, 0.56662, 0.56662,
0.63113, 0.63113, 1., -0.051460-0.00000270641,
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0.060722+0.0000027064 I, 0.065032-0.0000010 I, 0.065032-0.0000010 I,
0.084069-0.0000011, 0.084069-0.000001 I, 0.10011-0.000001 I,
0.11611-0.0000029 I, 0.11611-0.0000029 I, 0.15096+0.000004 I,
0.15096+-0.0000041, 0.17759+-0.000002 I, 0.17759+0.000002 I

Valence 12

0., 0.,0.,0.,0.,0.,0.,0., 0., 0., 0., 0., 0.062500, 0.070872, 0.070872,
0.093750, 0.093750, 0.09846, 0.09846, 0.10782, 0.10782, 0.12500,
0.12500, 0.12500, 0.12500, 0.15240, 0.15240, 0.15625, 0.15625,

0.17913, 0.17913, 0.19313, 0.19313, 0.25000,

0.25000, 0.25000, 0.32361, 0.32361, 0.41010, 0.41010, 0.50000,

0.50000, 0.57968, 0.57968, 0.63480, 0.63480, 1.,
-0.051460-0.00000270641I, 0.0607224-0.0000027064 I, 0.10011-0.000001 I

Valence 13

0., 0., 0. 0., 0.,0.,0.,0., 0., 0., 0., 0., 0., 0.064316, 0.064316, 0.078219,
0.078219, 0.098013, 0.098013, 0.10284, 0.10284, 0.10592, 0.10592,
0.12023, 0.12023, 0.13253, 0.13253, 0.14270, 0.14270, 0.16050, 0.16050,
0.17568, 0.17568, 0.18034, 0.18034, 0.22163, 0.22163, 0.25000, 0.28200,
0.28200, 0.35575, 0.35575, 0.43797, 0.43797,

0.51984, 0.51984, 0.59009, 0.59009, 0.63767, 0.63767, 1.,
-0.051460-0.00000270641I, 0.0607224-0.0000027064 I, 0.10011-0.000001 I

Valence 14

0.,0.,0.,0.0.0.,0.,0., 0., 0., 0., 0., 0., 0., 0.062500, 0.097663, 0.097663,
0.10443, 0.10443, 0.11655, 0.11655, 0.13532, 0.13532, 0.16254, 0.16254,
0.20022, 0.20022, 0.25000, 0.25000, 0.25000, 0.31216, 0.31216, 0.38453,
0.38453, 0.46186, 0.46186, 0.53627, 0.53627, 0.59851, 0.59851,
0.63996, 0.63996, 1., -0.051460-0.00000270641,
0.0607224-0.0000027064 I, 0.068682+0. I, 0.068682+-0. I,

0.086041+3.x 10°(-7) I, 0.086041+3.10x 10°(-7) 1,

0.10011-0.000001 I, 0.11109+0. I, 0.111094-0. I, 0.13892+43.x 10°(-7) I,
0.13892+3.10x 10°(-7) I,

0.16396+0.000001 I, 0.16396+0.000001 I, 0.18132-0.000001 T,
0.18132-0.000001 I
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Valence 15

0., 0.,0.,0.0.0.,0.,0.,0.,0.,0.,0., 0., 0., 0., 0.063862, 0.063862,
0.074441, 0.074441, 0.093750, 0.093750, 0.097380, 0.097380,

0.10324, 0.10324, 0.11365, 0.11365, 0.11847, 0.11847, 0.12957, 0.12957,
0.14432, 0.14432, 0.15240, 0.15240, 0.16682, 0.16682, 0.18209, 0.18209,
0.18377, 0.18377, 0.22520, 0.22520,

0.25000, 0.27753, 0.27753, 0.34011, 0.34011, 0.41010, 0.41010, 0.48236,
0.48236, 0.54999, 0.54999, 0.60540, 0.60540, 0.64181, 0.64181, 1.,
-0.051460-0.0000027064 I, 0.060722-+0.00000270641, 0.10011-0.000001 I

Valence 16

0., 0.,0.,0.0.0.,0.0.,0.,0., 0., 0., 0., 0., 0., 0., 0., 062500, 0.067256,
0.067256, 0.080806, 0.080806, 0.097150, 0.097150, 0.10108, 0.10108,
0.10227, 0.10227, 0.11130, 0.11130, 0.12500, 0.12500, 0.12500, 0.12500,
0.14443, 0.14443, 0.14892, 0.14892, 0.16919, 0.16919, 0.17090, 0.17090,
0.18274, 0.18274, 0.20575, 0.20575,

0.25000, 0.25000, 0.25000, 0.30376, 0.30376, 0.36572, 0.36572, 0.43273,
0.43273, 0.50000, 0.50000, 0.56153, 0.56153, 0.61111, 0.61111,
0.64333, 0.64333, 1., -0.051460-0.00000270641,
0.0607224-0.0000027064 I, 0.10011-0.000001 I
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Appendix E

Figure 9.8. “Characteristic” maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 3 and 5.
Note that they “appear” regular and injective.

Figure 9.9. “Characteristic” maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 6 and 7.
Note that they “appear” regular and injective.
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Figure 9.10. “Characteristic” maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 8 and 9.
Note that they “appear” regular and injective.

Figure 9.11. “Characteristic” maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 10 and 11.
Note that they “appear” regular and injective.

~\¢!’I‘£
S N

z’l’lﬁI\V \\’
SRS
R

Figure 9.12. “Characteristic’ maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 12 and 13.
Note that they “appear” regular and injective.
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Figure 9.13. “Characteristic” maps for Approximating
Quadrilateral Scheme (5.5.3.2 |p.139) for valences 14, 15, and
16. Note that they “appear” regular and injective.
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Appendix F

Here are figures showing normals at both regular and extraordinary
vertices for approximating and interpolatory quadrilateral and triangular
schemes. The normal vector in each figure is indicated by the black line.
Please observe that these normal vectors visually affirm the formulas that

went into their calculation.

Figure 9.14. Interpolatory triangular scheme: Two different
views of same normal vector at a regular vertex
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Figure 9.15. Interpolatory triangular scheme: Normal at ver-
tex of valence 5
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Figure 9.16. Interpolatory quadrilateral scheme: Normal at
regular vertex

Figure 9.17. Interpolatory Quadrilateral Scheme: “Top
View” of same normal at regular vertex
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Figure 9.18. Interpolatory Quadrilateral Scheme: Normal at
vertex of valence 3

Figure 9.19. Interpolatory Quadrilateral Scheme: “Top
View” of same normal at vertex of valence 3
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Figure 9.20. Approximating triangular scheme; Normal at
regular vertex

Figure 9.21. Approximating triangular scheme:  Another
view of normal at regular vertex
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Normal at vertex of
valence 4

Figure 9.22. Approximating triangular scheme: Normal at
vertex of valence 4

Normal at vertex of
valence 4

£

Figure 9.23. Approximating triangular scheme:  Another
view of normal at vertex of valence 4
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Figure 9.24. Approximating quadrilateral scheme:

at a regular vertex
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Figure 9.25. Approximating quad
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Figure 9.26. Approximating quadrilateral scheme: Normal
at vertex of valence 3

Figure 9.27. Approximating quadrilateral scheme:  “Top
view” of same normal at vertex of valence 3
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Appendix G

Here are shown figures with a specified normal vector [solid line| and
the “usual” normal [broken line] the surface would have had if we had not
done the calculations from section 7.2 on p. 173. Brief descriptions are
given along with the value of the minimized function f (z) = 3 (z — .25)°
(7.3 |p.175).
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Figure 9.28. Approximating quadrilateral scheme: Larger
angle (19.88°) between desired normal [solid line] and the
“usual” normal [broken line]. 3 (w, —.25)* = 39.34 Note
how the figure is forced into a lopsided shape due to the di-
rection of the normal at the top.
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Figure 9.29. Approximating quadrilateral scheme: Smaller
angle (9.93°) between desired normal [solid line] and “usual”
normal [broken line]. 37 (wy, —.25)* = 10.65 Note there is a
lesser lopsided look to the figure.
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Figure 9.30. Interpolatory quadrilateral scheme: Larger an-
gle (19.94°) between desired normal [solid line] and “usual”
normal [broken line]. 3 (wi —.25)° = 19.0319 Note the
large amount of artifact and bumpiness for the interpolating
figure to accommodate the new position of the normal at the
top.
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Figure 9.31. Interpolatory quadrilateral scheme: Smaller an-
gle (9.97°) between desired normal [solid line] and “usual”
normal [broken line]. 3 (wi —.25)> = 5.165 Less bumpi-
ness than with the larger angle, but artifact is still present

with the interpolatory figure accommodating the new normal
at the top.

Figure 9.32. Approximating triangular scheme: Larger an-
gle (19.97°) between desired normal [solid line] and “usual”
normal [broken line]. 3 (w; —.25)> = 1.4468 Note that the
left “tower” bulges a bit more due to the new direction of the
normal at top.
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Figure 9.33. Approximating triangular scheme: Smaller an-
gle (9.79°) between desired normal [solid line] and “usual”
normal [broken line]. 3 (wy —.25)* = .2794 Note there is
less bulging of the left “tower”.

Figure 9.34. Interpolatory triangular scheme: Larger angle
(19.46°) between desired normal [solid line] and “usual” nor-
mal [broken line]. 3 (wy —.25)* = 1.2749 Note “bulges” in
right “tower” to accomodate new direction of normal at the
top.
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Figure 9.35. Interpolatory triangular scheme: Smaller angle
(9.53°) between desired normal [solid line] and “usual” desired
normal [broken line] 37 (wy — .25)% = .2468 Note that there
is much less bulging of the left “tower” to accomodate the
direction of unit normal at the top.
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