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Music was my first love and it will be my last.
Music of the future and music of the past.
To live without my music would be impossible to do.
In this world of troubles, my music pulls me through.

Music, John Miles.
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Introduction

Subdivision schemes are efficient tools for generating smooth curves and surfaces as limit of
an iterative algorithm based on simple refinement rules starting from few control points defin-
ing a polyline (curve case) or a mesh (surface case). The basic ideas behind subdivision are
very old and can be dated back to the papers of de Rham, in which he proposed the so-called
‘corner cutting’ to describe smooth curves [35]. Some years later, the publication of the pa-
pers by Catmull and Clark [I4] and Doo and Sabin [48] marked the beginning of subdivision
for surface modeling. In fact, subdivision surfaces are currently extensively used in animated
features, computer-generated animated movies, computer graphics and video games design,
and they have recently started to appear also in the geometric kernels of modeling and CAD
systems. The great success of subdivision schemes is due to the many advantages they offer
such as computational efficiency and freedom in movements and shapes. In fact, only the
initial control points has to be stored and just few iterations are needed to get a ’graphically
smooth’ limit curve or surface. Moreover, using meshes with arbitrary manifold topology we
can include in the limit surface sharp edges, creases, cusps and any desired feature. Recently,
subdivision schemes have become of interest also in biomedical imaging applications, due
to their potential usefulness in efficiently representing active surfaces for the segmentation
of 2D and 3D biomedical images [38]. As a consequence, the widely use in many different
application fields has led to the definition of many different subdivision schemes and to the
development of tools for the analysis of the main properties characterizing the schemes and
the limit curves or surfaces produced. Many of these tools are based on algebra and linear
algebra structures.

Aim of this thesis is to give a complete framework regarding the tools used for the analysis
of subdivision schemes and to exploit them to construct new subdivision schemes improving
many results appeared in literature. In particular, we focus our attention on some linear
algebra structures that allow to give an exhaustive characterization regarding the analysis of
convergence and smoothness of the limit curves and surfaces produced. In fact, it is well-
known that for stationary subdivision surfaces constructed on an arbitrary manifold topology
mesh, the smoothness analysis near extraordinary vertices and faces could be investigated
by studying the eigenproperties of a block-circulant matrix and by applying a block diago-
nalization via a unitary matrix which involves the discrete Fourier transform [112] 117, [138].
Block-circulant matrices form an algebra and represent a subspace of block-Toeplitz used for
their approximation in many numerical methods such as multigrid methods, preconditioned
Krylov methods [33] B0] and, as we will extensively see in Chapter [5| in subdivision analysis.
If the literature gives us all the necessary tools for the analysis of stationary subdivision
surfaces on arbitrary manifold topology meshes, which are all summarized in Section no
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Introduction 2

general methods have ever been proposed for the study of non-stationary subdivision surfaces
near extraordinary vertices or faces. In this thesis (cf. Section , we propose general
sufficient conditions to check the convergence of non-stationary subdivision schemes on ar-
bitrary manifold topology meshes, exploiting again the eigenproperties of a block-circulant
matrix.

The design of these linear algebra tools are thus fundamental for the construction and anal-
ysis of stationary and non-stationary subdivision schemes on arbitrary manifold topology
meshes. The use of this kind of meshes, described by triangular or quadrilateral faces, is
extremely important for the application of subdivision surfaces. In fact, using only regular
meshes, we would not be able to design the complex models used in computer aided design as
well as in biomedical imaging segmentation. Moreover, non-stationary subdivision schemes
allow us to design particular shapes such as ellipsoids, tori and cylinders, thanks to their
capability of generating or reproducing not only polynomials, as the stationary schemes, but
also exponential polynomials. Chapters [f| and [6] deeply analyze these topics.

Regarding the univariate setting, the regularity analysis of stationary subdivision curves is
usually developed using algebraic conditions on a Laurent polynomial associated to the subdi-
vision scheme [52], 53, [57]. However, this technique provides only sufficient conditions ensuring
C" convergence. To work out necessary and sufficient conditions for the C” continuity of a
subdivision scheme, we should exploit a linear algebra tool that involves the joint spectral
radius of a set of matrices [I8], 22, B2, 115, 118, [12I]. This technique has been already used
in some papers (see e.g [13, [62], [74]), since it allows to compute the Holder regularity of the
limit curves. In this thesis, we are not interested in finding the Hélder exponent [20]; on
the contrary, in Section we exploit the joint spectral radius technique, to find the exact
ranges of variation of the free parameters that define the refinement rules of a subdivision
scheme.

We now describe in more details the contents of each chapter.

e Chapters[I] 2]and [3|recall the main notions regarding subdivision schemes. In particular,
Chapter [I] gives a classification of subdivision schemes, focusing on the features we will
consider in this thesis and explaining the terminology we will meet in the following
chapters. In Chapter[2] we present stationary subdivision schemes, together with all the
properties and methods proposed in literature for their analysis. Particular attention
is given to the description of the linear algebra technique based on the joint spectral
radius (Section , and to the construction and analysis of the block-circulant matrix
associated to the subdivision scheme (Section . In a similar way, Chapter |3| contains
the main notions on non-stationary subdivision schemes. We focus our attention on the
first general method to check convergence of non-stationary subdivision schemes near
extraordinary vertices and faces in Section [3.2.2]

e Chapter [] deals with univariate subdivision. In literature, many algorithms for high
quality curve design have been proposed during the years (e.g. [16, [35] 42} [72] [74], 90]).
In this chapter, we would not present new subdivision schemes, but we show some
generalizations of existent schemes in order to provide a complete framework and to
extend their use for more applications. In Section we present a 4-point parameter-
dependent subdivision scheme which results to contain numerous independent schemes
appeared in the last years as special cases [71}, [72, [66] 109, [67, 116]. Exploiting the
joint spectral radius technique, we show the complete range of variability of the free
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parameters in order to obtain limit curves of class C? and C3. This method allows us
to improve the result given in [I09]. To require not only high smoothness, but also the
capability of reproducing a large space of polynomials, we need to consider a 5-point
subdivision scheme. In Section we study the interpolatory 5-point subdivision
scheme proposed in [136], focusing on the property of convexity preservation, and we
generalize this scheme to the non-stationary setting, thus allowing for the reproduction
of exponential polynomials, i.e. reproduction of conic sections. These properties lead
to the construction of a piecewise-uniform scheme able to produce C? limit curves
containing segments of curve preserving the convexity of the initial data and segments
reproducing conic sections arcs. The advantages given by the use of non-stationary
rules prompt us to study a generalization of some fundamental families of subdivision
schemes [42, [74), 90] to the non-stationary setting. These extensions are presented in

Section [4.3]

e In Chapter b we consider stationary subdivision surfaces defined on arbitrary manifold
topology meshes. The goal is to study how to choose the free weights of the extraordi-
nary stencils in order to obtain limit surfaces of class C'' and with bounded curvature.
In Section [5.1 we study an interpolatory subdivision scheme generalizing the tensor-
product version of the Dubuc-Deslauriers 4-point scheme [42] to quadrilateral meshes
of arbitrary manifold topology. Requiring special conditions on eigenvalues and eigen-
vectors of the block-circulant matrix associated to the scheme (cf. Section , we find
which conditions have to be satisfied by the stencil weights to produce surfaces with
the desired properties. We also propose a particular choice for these weights to improve
the schemes in [39, [84), 93]. The technique used to find the stencil weights of this par-
ticular scheme could be generalized to be applied to any subdivision scheme, described
on triangular or quadrilateral meshes of arbitrary manifold topology. In Section [5.2
we propose a general computational strategy for this purpose, focusing on the case of
primal schemes associated to hybrid block-circulant matrices. We apply this strategy to
two schemes improving the properties of well-known Loop’s scheme [95] and we obtain
new ranges of variability for the stencil weights which satisfy the necessary conditions
for C' continuity and bounded curvature.

e Chapter [f] studies non-stationary subdivision schemes and their application in biomed-
ical imaging segmentation. An important challenge in biomedical imaging is the seg-
mentation of closed 3D structures. Since objects in biomedical images generally have
an ellipsoidal shape, non-stationary subdivision schemes turn out to be useful in this
field. In this chapter, we propose novel explicit definitions of 3D deformable models
based on two different non-stationary subdivision schemes both defined on triangular
meshes. In Section [6.1] we construct a non-stationary subdivision scheme defined on
regular triangular meshes and providing exact reproduction of ellipsoids; while in Sec-
tion [6.2| we propose a non-stationary subdivision scheme defined on arbitrary manifold
topology triangular meshes and able to produce a good approximation of an ellipsoid.
We compare these two proposals, highlighting positive and negative aspects. Tests on
real biomedical images are shown.

e In Chapter [7] we propose a general algorithm to design interpolatory curves and sur-
faces using stationary and non-stationary approximating subdivision schemes. The key
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element of this algorithm is the use of the so-called limit stencil which indicates the
position of the control points at the end of the subdivision process. In the station-
ary case, the computation of the limit stencil is obtained exploiting once again linear
algebra tools; in particular, we use the Jordan decomposition of the so-called local sub-
division matrix. In the non-stationary case, there is not a general method to find the
limit stencil, but we show two different ways to compute it based on linear algebra and
geometrical approaches. Many examples of interpolatory curves and surfaces are shown
using both stationary and non-stationary approximating subdivision schemes.

The papers that supply material for this thesis are the following. For the convergence anal-
ysis of non-stationary subdivision schemes near extraordinary elements see [45], currently in
preparation. For the study of univariate schemes see [103, [105] [106]. For the analysis of
stationary subdivision schemes on arbitrary manifold topology meshes see [46], [104], while for
the use of non-stationary subdivision schemes for biomedical imaging segmentation see [108]
and [6], in preparation. Finally, for the interpolatory algorithm, a first example based on
non-stationary Chaikin’s scheme is presented in [I02], while an extended generalization is in
preparation (see [107]).



Chapter 1

Classification of subdivision
schemes

In this thesis we study univariate and bivariate subdivision schemes to design smooth curves
and surfaces. We consider only linear and scalar subdivision schemes, that is subdivision
schemes whose refinement rules are described as a linear combination of points. Thus, we
exclude from this treatment subdivision schemes defined by non-linear or geometrical rules
as well as subdivision schemes applied to vectors (see e.g. [17) 43}, 60] and [26], 50, [79]).
Among linear scalar subdivision schemes, we can distinguish between stationary and non-
stationary schemes. Stationary schemes are characterized by refinement rules which are
independent from the subdivision level, thus they are the same at each step of the refine-
ment process. On the contrary, non-stationary schemes have refinement rules that change
with the subdivision level, hence they are level-dependent. As we will see in the following,
non-stationary subdivision could be seen as a generalization of the stationary setting. In this
thesis we study both stationary and non-stationary subdivision schemes.

Another distinction regards the uniformity of the subdivision rules. A subdivision scheme
is called uniform if the same refinement rules are applied to all control points of the initial
polyline or mesh, otherwise it is called non-uniform. In general, in this thesis we consider uni-
form scheme, except for a piecewise-uniform scheme studied in Section and the definition
of the so-called extraordinary vertices and faces in the surface case presented in Chapter
since they usually require special refinement rules. Thus, where it is do not explicitly specify,
we imply that the considered scheme is uniform.

Summarizing, in this thesis we focus on subdivision schemes which are

e univariate or bivariate,
e linear,

e scalar,

stationary or non-stationary,
e uniform or non-uniform.

Since we have talked about extraordinary vertices and faces, in the following we describe in
detail the elements that compose a mesh and their properties.
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1.1 Regular and arbitrary manifold topology meshes

In general, a mesh is defined by vertices and polygonal faces identified by the so-called vertex
valence, i.e. the number of edges incident on a vertex, and face valence, i.e. the number of
edges delimiting a face. For a quadrilateral mesh, vertices and faces are called regular if they
have valence 4 (see Figure|l.1| (a)). Differently, for a triangular mesh, regular vertices are the
ones with valence 6, while regular faces have valence 3 (see Figure (b)). In this thesis, we
use the term regular mesh to refer to a mesh that contains regular vertices and regular faces
only. The irregular vertices and faces are called extraordinary vertices/faces and, whenever

<

(a) Regular quadrilateral mesh (b) Regular triangular mesh

Figure 1.1: Regular meshes.

they appear, the mesh is said to be irregular or of arbitrary manifold topology (see Figure

13).

(a) Extraordinary face (b) Extraordinary vertex

Figure 1.2: Extraordinary elements in a quadrilateral mesh.
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In literature, there are also subdivision schemes defined on quad/triangle meshes, i.e. meshes
defined both by triangles and quadrilaterals (see e.g. [81}[98]). However, this kind of schemes
are not studied in this thesis.
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(a) Binary scheme (b) Ternary scheme

Figure 1.3: Examples of bivariate binary and ternary schemes on triangular meshes.

1.2 Main characteristics of subdivision schemes

There are other common terms to classify subdivision schemes. The arity m > 2 indicates the
rate with which the control polyline or mesh is subdivided. Precisely, a univariate subdivision
scheme of arity m inserts m new vertices in correspondence of an old vertex or edge, while
a bivariate subdivision scheme splits each old polygonal face in m? new faces, as shown in
Figure In this thesis we study binary (m = 2) and ternary (m = 3) subdivision schemes.

(a) Univariate primal scheme (b) Univariate dual scheme

Figure 1.4: Univariate binary primal and dual schemes.

A me-arity univariate subdivision scheme is said to be primal if it retains or modifies the old
vertices and create m — 1 new vertices at each old edge of the control polyline (see Figure
(a)), while it is said to be dual if it creates m new vertices at the old edges and discards the
old vertices (see Figure[1.4[b)). In a similar way, a bivariate subdivision scheme is said to be
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primal if it performs a face split as explained in Figure (a), while it is said to be dual if
it performs a vertex split as shown in Figure (b).

(=i
= i

(a) Bivariate primal scheme (b) Bivariate dual scheme
Figure 1.5: Bivariate binary primal and dual schemes.

During the subdivision process, for each vertex of the initial control polyline or mesh, a
sequence of vertices corresponding to different subdivision levels is defined. If all the vertices
in the sequence are the same, the scheme is called interpolatory, otherwise it is termed
approximating. In practice, an interpolatory scheme retains all the old vertices and introduces
new ones, so that the limit curve or surface passes through the initial control points see
Figure (a). On the contrary, an approximating scheme deletes the old vertices and creates
new ones, thus the limit curve or surface follows the shape of the initial control polyline or
mesh without interpolating the starting vertices, as shown in Figure (b).

(a) Interpolatory surface (b) Approximating surface
Figure 1.6: Subdivision surfaces produced by approximating and interpolatory schemes.

We point out that all the interpolatory schemes are primal, since they retain the old vertices.



Chapter 2

Stationary subdivision schemes

This chapter is devoted to recalling the main notions on stationary subdivision schemes:
the formalism and the notation, the important properties that characterize a stationary
subdivision scheme, the main tools used to develop the analysis of the limit curves or surfaces
generated.

A stationary subdivision scheme is denoted by 8. The term ‘stationary’ is important to
distinguish this kind of schemes from those studied in Chapter [3] and it underlines that the
refinement rules characterizing the scheme & are the same at each step of the subdivision
process, namely they do not depend on the subdivision level & € Ny = N U {0}. Thus,
a stationary subdivision scheme is an iterative algorithm that generates the refined data
sequence flk+D) — {fi(kﬂ),i € Z*}, starting from a set of control points £O0) = {fi(o),i € 7Z°},
by applying the same refinement rules at each subdivision step.

When we study a stationary subdivision scheme, we have to pay attention not only to its
refinement rules but also to the set of initial control points and the topology with which they
are connected, especially in the bivariate case. In fact, in the univariate setting (s = 1), the
set of control points £(©) is just a sequence of ordered vertices, connected by edges, and thus
defining a control polyline. The control polyline could be open or close. In the bivariate
setting (s = 2), the control points f () define a mesh composed by polygonal faces, vertices
and edges. As we have seen in Section we could distinguish between regular or arbitrary
manifold topology meshes defined on quadrilateral or triangular grids. Open polylines and
meshes require special conditions on the boundary, which are not the main goal of this thesis.
Thus, to avoid any problems on boundaries, when an open curve or surface is studied we
consider it as a truncation of a more extended one.

The kind of mesh on which we apply a subdivision scheme § influences the refinement rules
of the subdivision algorithm and the tools useful for the analysis of the limit surface. In
particular, in the univariate setting and on regular meshes, the action of the subdivision
scheme 8 is described by the subdivision mask

a={a;,iecZ%. (2.1)

To emphasize the connection with the subdivision mask, when the subdivision scheme § is a
univariate scheme or a bivariate scheme defined on regular meshes, we refer to it as Sa. In
this case, a stationary scheme S, is described by the refinement rules

A = S g (Y, e, kem, 22)
Jjezs
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which generate the sequence of points at level k 4 1 starting from the points at level k. In
particular, s = 1 for curves and s = 2 for surfaces, while m indicates the arity of the scheme
(see Section|1.2)). The coefficients of the mask in ({2.1]) define the so-called subdivision symbol

a(z) := Z a;z', z € (C\{0})’, (2.3)

ieZs

with 2! = zil z?, in case s = 2. Since the schemes we consider have finite support supp(a) =
{i € Z* | a; # 0}, the corresponding symbols are Laurent polynomials, namely polynomials
in positive and negative powers of the variables.

On the other hand, in the irregular regions of a mesh, i.e. in the neighborhood of an ex-
traordinary vertex or face, the action of the subdivision scheme 8§ is described by the local
subdivision matrix S (see Section [2.3). Near an extraordinary vertex/face, the subdivision
rules which relates the vertices of the k-th level mesh with those of the next level are encoded
in the rows of the local subdivision matrix S, resulting in

fl+D) — gp(k) — g2p(h=1) —  — gh+1£(0), (2.4)

Important properties of subdivision schemes are convergence, polynomial generation and
reproduction, approximation order and regularity of the limit curve or surface. In particular,
in literature there are tools for the study of polynomial generation and reproduction related
only to regular case [19, 25| [9T], while regarding convergence and regularity analysis different
methods have been proposed for both the case of regular meshes (see e.g. [62), 63| 57, 62, [74])
and arbitrary manifold topology meshes (see e.g. [112], 111 117]).

In the following sections we recall the main results regarding these important properties.

2.1 Generation and reproduction of polynomials

We start by denoting with II} the space of s-variate polynomials up to degree d. Polynomial
generation of degree d is the capability of a subdivision scheme S, to generate the full space

5, while polynomial reproduction of degree d is the capability to produce in the limit exactly
the same d-degree polynomial from which the data are sampled. To give more details, we
first need to recall the notion of convergence and non-singularity of a stationary subdivision
scheme S,.

Definition 2.1 A stationary subdivision scheme S, is called uniformly convergent if, for any
initial data £©) € €(Z?), there exists a limit function geoy € C(R®) (which is nonzero for at
least one initial nonzero sequence f(o)) such that the sequence of continuous functions F'*)
interpolating the data £%) at the parameter values ﬁ, i€ Z*, converges to geo) as k — 400,
i.e.

Jp©) = kgrfoo Saf = kgrfoo P,

uniformly. The stationary subdivision scheme S, is called C" convergent, r € Ny, if geo) €

O (RY).

Definition 2.2 The limit function ¢ := gs with initial data

&:{1"_Q iezs (2.5)

0, otherwise,

1s called the basic limit function of the subdivision scheme and it is compactly supported.
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Definition 2.3 [19/ A stationary subdivision scheme is called non-singular if it is convergent

and geo) = 0 if and only if £ s the zero sequence, namely fi(o) =0 for allie Z°.

In particular, the notion of non-singularity is equivalent to the notion of linear independence
of the integer shifts of the correspondent basic limit function [19, Proposition 1.3].

The differences between polynomial generation and polynomial reproduction have been stud-
ied in [25] for the univariate case, and in [I9] for the surface case. We underline these
differences in the following definitions.

Definition 2.4 A convergent stationary subdivision scheme Sa generates polynomials up to
degree d if for any polynomial m € 113 there exists some initial data £0) ¢ U(Z®) such that
SefO) = 7.

Many properties of a subdivision scheme do not depend on the choice of the associated
parameter values ti(k),i € 7%, to which the data fi(k) are attached. Thus, these are usually
set to

t®) .= —, 1i€7Z° k€N,

which is called the standard parametrization. However, for the analysis of polynomial repro-
duction it turns out that a better parametrization is given by {T®) k € Ny} such that

ﬂ“:{é“:‘*Tie%}, (2.6)

mk "’

with a suitable 7 € R®. The sequence {T®) k € Np} in (2.6) is called the sequence of
parameter values associated with the subdivision scheme.

Definition 2.5 A convergent stationary subdivision scheme Sy with associated parametriza-
tion in (2.6) reproduces polynomials up to degree d if for any polynomial 7 € 1L, and for the

initial data £(©) = {ﬂ(ti(o)),i € Z°} the limit of the subdivision satisfies SPf(©) = 7.

Another important property of stationary subdivision is the so-called step-wise polynomial
reproduction.

Definition 2.6 A convergent stationary subdivision scheme S, with associated parametriza-
tion in (2.6]) is step-wise polynomial reproducing up to degree d if for any polynomial w € 115

and for the data £%) = {ﬂ(ti(k)),i € 7%}

fHD = S8R o, equivalently, F(ti(k+1)) = Z Ai—mj W(ték)), ieZ’.
jezs

For a non-singular subdivision scheme the concepts of polynomial reproduction and step-wise
polynomial reproduction are equivalent [19, Proposition 1.7].
In [19], sufficient algebraic conditions on the subdivision symbol a(z) of a convergent sta-
tionary subdivision scheme S, are proposed to guarantee generation and reproduction of IL}.
They could be seen as a multivariate extension of the conditions shown in [25]. We denote
with

E:={0,...,m—1}° (2.7)
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the set of the representatives of Z°/mZ?® containing 0 = {0, ...,0} and let = be the set

={e= efi%e . e€ E}, (2.8)

[1]

containing 1 = (1,1,...,1), while
= = =\{1}. (2.9)

Finally, by D7 we denote the directional derivative along v = (y1,...,7s) € N§, that is

D’Y ) 8’71 875

=49 2.1
0z]" 0z’ (2.10)

and |v| = 3251 ;-

Proposition 2.7 A convergent stationary subdivision scheme with symbol a(z) generates
polynomials up to degree d if

DYa(e) =0, VeeZ, |y|<d

Polynomial generation of degree d implies that the associated refinable function has accuracy
of order d [78], but it is only a necessary condition for the corresponding shift-invariant space
to have approximation order d + 1. Moreover, the condition of polynomial generation is
strictly connected with the notion of sum rules (see e.g. [20]).

Definition 2.8 A stationary subdivision scheme S, satisfies sum rules of order d+1 if

a(l) =m® and max max |D7a(e)| = 0.
[7I<d ec=’
Proposition 2.9 A convergent stationary subdivision scheme, with symbol a(z) and asso-
ciated parametrization in (2.6 with some T € R®, reproduces polynomials up to degree d
if
DYa(1) =m®q;(r) and Da(e) =0, VeecZ, |y <d,
where
s Ji—1

qo(z) =1, qj(z1,...,25) = H H (zi =€)y j= (1,1 Js)

i=10,=0

The results in [91] Proposition 3.5] state that sufficient condition to have approximation order
d 4+ 1 is given by the polynomial reproduction of degree d.

Proposition 2.10 If a stationary subdivision scheme reproduces 115, then it has approxima-
tion order d + 1.

Another important property required by a stationary subdivision scheme is the affine in-
variance. If we moved all the control points simultaneously by the same amount, we would
expect the curve or surface defined by these control points to move in the same way as a
rigid object, i.e. the curve/surface should be invariant under distance-preserving transfor-
mations, such as translation and rotation. It follows from linearity of subdivision that if
subdivision is invariant with respect to distance-preserving transformations, it also should be
invariant under any affine transformations. The family of affine transformations in addition
to distance-preserving transformations, contains shears.
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Proposition 2.11 [, [112] If a stationary subdivision scheme Sa reproduces 113, then it has
the property of affine invariance.

Finally, we consider the particular case of an interpolatory subdivision scheme. If S, is
interpolatory, then it satisfies

Salemiz) =m®,  with J={(j,...,js),0<ji<m—-1Vi=1,...,s}. (211
jeJ

Corollary 2.12 Let Sy be an interpolatory subdivision scheme II}-generating. Then Sy is
also II5-reproducing with respect to the parametrization in (2.6).

2.2 Convergence and smoothness analysis of subdivision curves
and surfaces defined on regular meshes

To recall the main notions regarding convergence and smoothness analysis of stationary

subdivision schemes, we first focus on the univariate case (s = 1), and then we study the case

of subdivision surfaces defined on regular meshes (s = 2). Most of the following results are
taken from [52] (53], 57].

2.2.1 Convergence and smoothness analysis of subdivision curves

Let s = 1. If S, is convergent, than the subdivision mask a in (2.1) satisfies

Zamiﬂ-:l, forall j=0,...m—1,
€L

[53, Theorem 1] and thus the subdivision symbol in (2.3)) could be factorized into

a(z)=(1+z+...+2"Ha(z), q1)=1. (2.12)

Theorem 2.13 Let Sy be a stationary subdivision scheme with symbol a(z) and denote by

AfO = {(AFO), = O _ O iczy for £O = (O tiez). It holds, then
A(Saf®)) = S AFP),

Af®) is called the divided difference scheme of order 1, with associated symbol given by the
Laurent polynomial q(z) in (2.12). It is clear that if S, is convergent, Af(®) tends to 0 as
k — 4o00. The opposite direction is also true.

Theorem 2.14 A stationary subdivision scheme Sy is convergent if and only if for all initial
data £

lim Skt =o. (2.13)

k——+o0
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If ([2-13)) holds for any initial data f(®), the subdivision scheme Sy is called ‘contractive’ and
the check of the convergence of S, is equivalent to checking whether Sq is contractive. This
means that, we first compute the symbol

L—-1

a"(z) == a(z)a(z") ... a(z""),

of the iterated scheme Sé and then check the C" convergence of S5 showing that there exists
L € N (reasonably L < 10) such that

HSéHOO = max {Z Q] 10 <d < mL} <1, forsome L € N. (2.14)

7

In the following, to simplify the notation, we denote || - || = || - ||co-
The smoothness analysis is similar.

Theorem 2.15 Let a(z) = (%)Tbm(z). If Sy is convergent, then Sf(©) ¢
C"(R) for any initial data £(0).

Thus, C™ continuity of the subdivision scheme S, follows from the convergence of the subdi-
vision scheme S,y and hence from the contractivity of the scheme Sy -+1) associated to the

symbol bl"t1(2) such that bll(z) = (142 +...+ 2™ 1)blr+t1(2), i.e the symbol of the divided
difference scheme of order r + 1 defined recursively as A1) = A(AT£(),

Joint spectral radius

Studying the contractivity of Sy -+17, we can derive sufficient conditions ensuring C" continuity
of the scheme S, Differently, to work out necessary and sufficient conditions for the C”
continuity of a subdivision scheme S,, we can exploit the joint spectral radius approach
introduced in [32]. In particular, we here recall the result in [22], Theorem 4.1].

Proposition 2.16 Assume that bt has finite support of dimension n € N and let

pr=pBy Y, BT

s “m—1
= lim sup (max{HBgH} e Bgﬂ] Bg"'””l/e e €e{0,....m—1}, i =1, ...,E})

f—00

denote the joint spectral radius (JSR) (see [1Z21]) of the set {B([)TH], e ,Bgtﬁ]} of n xn
matrices given by

B£T+1] _ (b [r+1]

n+i7mj+€)i,j=0,.“,n71 , €=0,...,m—1,

(see e.g. [32,[18, (115, [118]). The subdivision scheme S is C" continuous if and only if it
satisfies sum rules of order v +1 and p € [1,m).
Taking into account that (see, e.g., [89])
+1 +1 +1 +1
max{p(By 1), ..., p(BL D)} < p < max{|BSY, 1B, (2.15)

whenever the upper and lower bounds in coincide, we can provide explicit formulas for
the joint spectral radius p.

This method will be used in Section to determine the complete regions of C? and C?
continuity of a combined ternary scheme.



Stationary subdivision schemes 15

2.2.2 Convergence and smoothness analysis of subdivision surfaces on reg-
ular meshes

The analysis of convergence and smoothness of a bivariate subdivision scheme (s = 2) on
regular meshes could be easily deduced from the univariate case if the symbol factorizes into
univariate smoothing factors. Otherwise, a more complex method involving matrix symbols
is required, as shown in [57].

In the following, we assume to deal with binary subdivision scheme, i.e. m = 2, since the
bivariate subdivision scheme on regular meshes studied in this thesis are all binary schemes.
However, the generalization to any arity m is immediate.

Let us start by considering the easier case of a stationary subdivision scheme S, with factoriz-
able symbols a(z), and suppose to consider a quadrilateral regular mesh. Necessary condition
for the convergence of S, is

> aigy=1, i=/{(0,0),(0,1),(1,0),(1,1)}.

jez?

In contrast to the univariate case (see (2.12])), this necessary condition does not imply a
factorization of the symbol. If the symbol is factorizable, then the two following theorems
state convergence and C" smoothness of S [67, Theorems 4.23 and 4.24].

Theorem 2.17 Let Sy have a symbol of the form a(z) = a(z1, 22) = (14 21)(1+ 22)b(21, 22).
If the schemes with the symbols aj(z1, z2) = a(lz_il_f), ag(z1,22) = a(ﬁi’;) are both contractive,

then Sy is convergent. Conversely, if Sa is convergent, then Sa, and Sa, are contractive.

Theorem 2.18 Let S, have a symbol of the form a(z) = a(z1, z2) = (1421)" (1+22)"2b(z1, 22).
If the schemes with symbols

2MH724( 21, 29)
1+ 21)7“1 (1 + ZQ)TQ

a?”1,7”2(z].7z2): ( s Tl,TQZO,...7T,

are convergent, then Sy is C”.

Remark 2.19 The previous analysis applies also to tensor product schemes, but it is not
needed, since a(z1,z2) = a1(21)az(22) is the symbol of a tensor product scheme and thus its
smoothness properties derived from those of the associated univariate schemes Sa, and S, .

A similar analysis could be done also for schemes defined on triangular meshes, where the
correspondent symbols, if factorizable, have the form

a(z1,22) = (14 21)" (1 4+ 22)" (1 4 2122)"*b(21, 22).

Theorem 2.20 Let S, have a symbol of the form a(z1, z2) = (1421)(1+22)(142122)b(21, 22).
Then Sy is convergent if and only if the schemes with symbols

a2, 22) _a(z1,22) _a(z1,22)
al = ; ag = ) — )
1+ 2 1+ 29 14 2129

are contractive. If any two of these schemes are contractive, then the third is also contractive.
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We can generalize the proposed method for the smoothness analysis of a subdivision scheme
with a factorizable symbol, to the case of non factorizable symbols as shown in [57]. We
proceed as follows. Choose Z,1 C {(i,4,¢) € N} : i+j+{=r+1} such that # 2,1 =r+2,
where ¢ = 0 on quadrilateral meshes and ¢ > 0 on triangular meshes. If a(z1, 22) satisfies

((1 —21)"(1 — 22)7(1 — z122)4> a(z1,20) = bIrt (21, 29) <(1 — 221 — 22)9(1 — 23232

¢

) )(i,j,f)€2r+1
(2.16)

then blrt(zy, 29) is the (r + 2) x (r 4 2) matrix symbol of the ( + 1)-th order difference

scheme Sp-41). It satisfies

(1,5,£) € Zrt1

V' Sa = Sy V1
with V" 1 0(Z2%) — £772(Z?) consisting of r + 2 independent backward differences of order

r + 1, defined by Z,,;. For instance, when r = 0, V = ( v

! ) and we can alternatively
Va

choose

e 2, = {(1,0,0),(0,1,0)} and Vic = ¢ —c(- —1,:), Vac = ¢ — ¢(-,- — 1), both on
quadrilateral and triangular meshes,

e 2, ={(1,0,0),(0,0,1)} and Vic=c—c(-—1,-), Vac = c—c(-—1,-—1), on triangular
meshes,

e 2, ={(0,1,0),(0,0,1)} and Vic =c—c(:,-—1), Vac = c—c(-—1,-—1), on triangular
meshes.

The straightforward generalization of the approach in [57] for checking C" convergence, r €
Np, of S, is based on verifying the contractivity of the (r 4 1)-th order difference scheme
Spir+11- This means that, we first compute the symbol

(b[r—l—l})[L](Z) — b[r+1] (Z) b[r+1] (ZZ) o b[r+1} (ZQLfl)’

with z = (21, 22) € (C\{0})?, of the iterated scheme Sé[r 117 and then check the C” convergence
of Sa showing that there exists L € N (reasonably L < 10) such that

> G -2 < % (2.17)

jez2

Sk = max
ISkl = o,

2.3 Extraordinary vertices and faces

Section [2.2.2]deals with convergence and smoothness analysis of bivariate subdivision schemes
defined on regular meshes. As we have seen, the tools used for these analysis are the subdi-
vision symbol and the contractivity of the divided difference masks. On arbitrary manifold
topology meshes, we need to use different tools to study convergence and regularity of the
limit surfaces at the limit of extraordinary elements of the mesh, that is extraordinary ver-
tices and faces.

First of all, we always suppose that the extraordinary elements are isolated. We focus our
attention on the local configuration of the control points near an extraordinary element, since
it influences the structure of the subdivision matrix S. The subdivision matrix S describes
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the action of the subdivision scheme 8 near extraordinary elements.

A primal scheme is influenced by the presence of extraordinary vertices. In this case, the
local configuration of the points of the mesh is given by a central vertex of valence n plus
a certain number of vertices lying on rings with increasing radial distance from it (see Fig-
ure (a)). Near an extraordinary vertex, primal subdivision algorithms are characterized
by a local subdivision matrix S of size (pn + 1) x (pn + 1), exactly in view of the fact that
their refinement rules involve the central vertex of valence n, and n sectors with p vertices
each coming from the rings around it. A dual scheme is influenced by the presence of an
extraordinary face. The local configuration of the points of the mesh is given by a central
face of valence n surrounded by a certain number of vertices lying on rings with increasing
radial distance from it (see Figure (b)). From this configuration it follows that near an
extraordinary face dual subdivision algorithms are described by a local subdivision matrix S
of size pn x pn. In order to keep the matrix size as small as possible, we emphasize that it

' (0)
.f;)[r)z" fpn, -1

(a) Extraordinary vertex (b) Extraordinary face

Figure 2.1: Local configurations of the points near an extraordinary vertex or face in case of
quadrilateral meshes.

is convenient to derive the value of p considering the exact number of rings required by the
subdivision rules. Precisely, for subdivision schemes defined on triangular meshes by r-ring
rules, the number p of points contained in each sector is

r(r+1)

_nrr2 2.1
p 5 (2.18)

while for quadrilateral meshes we have

5 (2.19)

_J r(r+1) for primal schemes,
L for dual schemes.

Moreover, it is of crucial importance to know that, having labeled both the old and the new
vertices in a symmetric way around the central vertex or face, the structure of the matrix
S changes depending on the ordering of the entries of the vectors f(*) and f(*+1) in (2.4).
Precisely:
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Order 1.

Order 2.

Primal scheme: ordering the vertices outwards from the central vertex, that is on
successive rings with increasing radial distance, yields a matrix S that, discarded the
first row and column, is a p X p block-matrix where each block, of size n x n, is circulant;
Dual scheme: ordering the vertices outwards from one of the vertices of the central face,
that is on successive rings with increasing radial distance, yields a matrix S that is a
p X p block-matrix where each block, of size n x n, is circulant;

Primal scheme: ordering the vertices starting from the central vertex and outwards
within each sector, before moving on to the next, and labeling compatibly within the
sectors, gives a matrix S that, discarded the first row and column, is a n x n block-
circulant matrix with blocks of size p x p;

Dual scheme: ordering the vertices starting from one of the vertices of the central face
and outwards within each sector, before moving on to the next, and labeling compatibly
within the sectors, gives a matrix S that is a n x n block-circulant matrix with blocks
of size p x p.

Doo and Sabin [48] were the first to show that many properties of the limit surface can be
investigated by studying the eigenproperties of the matrix S. Depending on the ordering of
points that has been chosen, the following different methods have appeared in the literature
to analyze the spectrum of S.

Method 1.

Method 2.

Originally presented by Doo and Sabin [48] and successively exploited by Ball and
Storry [7] and by Zorin [137], it applies a similarity transform to S given by the matrix

1
0 for primal schemes, and I, ® F;, for dual schemes, with I, denoting the
0, ®F,

2mije1n—1
identity matrix of size p and F;, the Fourier matrix F,, = ﬁ {eij} . Then, once

a matrix with diagonal blocks is obtained, a permutation is applied to finally reduce
the local subdivision matrix into a block-diagonal matrix containing one block of size
(p+1) x (p+1) and n — 1 blocks each of size p x p for primal schemes, or n blocks each
of size p x p for dual schemes.

Introduced by Peters and Reif [I12], if the scheme is primal, it artificially extends each
block of size p x p by one row and one column such that the local subdivision matrix
assumes a standard block-circulant structure, and then diagonalizes it by applying the
block-Fourier matrix F, ® I,11, while if the scheme is dual the extension is not necessary
and a diagonalization is obtained by applying the block-Fourier matrix F;,, ® I,,.

In Section [5.2] we will show a general strategy for the eigen-analysis of S, while in this
chapter we order the points of the mesh as in Order 2 and we follow Method 2 to study the
eigenproperties of the subdivision matrix, as we show in the following.

If 8 is a dual scheme, near an extraordinary face the subdivision matrix has the form

My My -+ My
Myp1 My -+ My o

S = , (2.20)

My - M,1 My
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where M; € RP*P,  =0,...,n—1. Thus S € RV*¥ with N = np and it has a block-circulant

structure. For short we write S := circ(My, ..., M,—1). On the other hand, if § is a primal
scheme, near an extraordinary vertex we construct a matrix S of the form
a bl BT ... b”
¢ My My - My
S=|¢ My My -+ Mpo |, (2.21)
¢ My - M, M

where @ € R, b,é € R? and M; € RP*P, ; =0,...,n — 1. Then, following the method shown
in [I12, Example 5.14], we transform the matrix S in a block-circulant matrix S of the form

S = circ(Mo,...,Mp—1) with M;= (

Sl 3=

A
|, j=0,....n-1 2.22
M) J (2.22)

It follows that S € RV*YN with N = n(p + 1) and again it has a block-circulant structure.
Without loss of generality, we can thus always assume that the local subdivision matrix S has
a block-circulant structure with blocks of dimension p X p, where p = p if the mesh contains
an extraordinary face and p = p 4+ 1 if it contains an extraordinary vertex.

Following the notation in [112] 117, 131], we also assume that near an isolated extraordinary
vertex or face the regular subdivision surface r is defined on the local domain D,, = Q) x Z,
and described as r : D,, — R3. If we apply one step of refinement to the local domain D,,, we
obtain a new domain with 4n cells: 3n outer ordinary cells and n inner cells that contain the
extraordinary elements. The restriction ry of r to the outer cells is called ring. Moreover, r
could be divided into n patches r’,i = 0,...,n — 1, and the n parts of the ring corresponding
to the initial patches are called segments. Let us denote with T the inner part of r, that is
r =r\rg. We repeat the refinement process only for I to obtain a second ring r; and an even
smaller inner part. Hence, iterated refinement generates a sequence of rings {ri,k € Np}
which covers all of the surface except for the central point (limit of the extraordinary vertex
or face), that hereinafter we denote by r. (see Figure . Precisely, assuming the central
point to be placed at 0 and introducing the notation

Q= O\Q, Q= 2770, D= Q% X Zn, k€N,
by exploiting the refinement process we can represent §2 and D,, as

Q= @%u{o}, D,= ] D,rU{0}. (2.23)
keNp k€Ng

In particular, we can explicitly write Q, = {(u,v) € R?|u,v > 0 and 2% < u +v < 2275}
in the case of triangular meshes while €, = {(u,v) € R? |u,v > 0 and 2' 7% < max{u,v} <
227k} in the case of quadrilateral meshes (see Figure .

The segment r}'g corresponds to the restriction of the patch r? to the set €y, i.e.

ri(Q) =r(%), i=0,....,n—1, k€N,

as shown in Figure (bottom), while the ring ry corresponds to the restriction of the regular
subdivision surface r to the set D,, , i.e.

ry(Dp1) =r(Dnk), ke Ny,
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PRI
)

-

b=
—_
]

Figure 2.2: Domains g, 21, s corresponding to three subdivision steps in the case of a
quadrilateral mesh containing an extraordinary vertex.

2 2
Q
Q,
1 1
0 1 2 0 1 2

Figure 2.3: Domain g in the case of a triangular (left) and a quadrilateral (right) mesh
containing an extraordinary vertex.

(see Figure (top)). This implies

r'(@Q) = |J ri(@)U{rl, rDn) = {J ri(Dn1) U{re},

kGNQ, kENo,

where r. = r(0) is the central point.
Now, we denote by f*) € RN*3 the vector of vertices (points in R3) of each ring r, and
with ®(u,v) € RN the vector with the associated basic limit functions (see Definition ,
resulting in

rk:Dn,k:QkXZn%Rg

(u,v) — rp(u,v) = (EO)T B(u, v). (2.24)

Remark 2.21 If the subdivision algorithm is convergent, then the N functions collected in
®(u,v) satisfy the property of partition of unity, i.e. they sum up to 1 for all values of
(u,v) € R?, namely ®(u,v) xo =1 for all (u,v) € R?, with o = [1,...,1]T.

Now, exploiting the definition of k-th level ring ry given in (2.24]), we can finally introduce
the notion of convergence of a stationary subdivision scheme 8§ in correspondence to irregular
regions of the mesh (see [I17] for more details).

Definition 2.22 [117, Definition 2.1] Let 8 be a stationary subdivision scheme whose action
in correspondence to extraordinary elements of the mesh is described by the matriz S. 8 is
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A
QQ—k
Ql—k X Zn
gl—k 92—k
A
QQ—k
21—k
) Ql—k 22—[;'

Figure 2.4: Ring rj (top), segment ri (bottom) in the case of a quadrilateral mesh with an
extraordinary vertex (figure taken from [112]).

said to be convergent in the vicinity of an extraordinary vertex/face if, for all bounded initial
data £0) € RVN*3 | there exists a limit point r. € R such that

kll}rfoo rp = re, (2.25)
with vy, defined according to (2.24) and
£ = gelk=1) — = gkf(0), (2.26)

If the subdivision scheme 8 converges, then r = ¢y, rx U {r.} is a surface without gap, i.e.
r is a surface which is continuous at all points including r.. We call r the limit surface of the
subdivision scheme 8. For r we can provide a weaker definition of C' continuity at the limit
point r¢, called tangent plane continuity, which reads as follows.

Definition 2.23 [117, Definition 2.2] Let n(r.) denote the normal vector at the limit point
r.. A subdivision surface r is called tangent plane continuous at r. if there is a unique vector

n(r.) such that for all sequences of normal vectors {ny, := %ﬁu—z, k € No, },

li = .
e = e

2.3.1 Linear algebra tools: Jordan decomposition

The convergence of a stationary subdivision scheme near an extraordinary element is de-
scribed by the formula in , which leads to the study of S¥. We assume that S € RVXV
has 7 + 1 different eigenvalues A\, r = 0,...,7, 0 <7 < N — 1, sorted in decreasing order
according to their magnitude, i.e. [Ag| > |A1] > ... > |7, and we denote by ¢, + 1, ¢, >0
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the algebraic multiplicity of A,.

In order to study the properties of S*, it is convenient to use its Jordan decomposition.
Firstly, the Jordan decomposition of S is S = XJX ! with J = diag(Jp, J1, ..., Jr), where
the r-th Jordan block J, corresponding to the eigenvalue A, has dimension (¢, +1) x (¢, +1)
and is defined as

A 10 -+ 0

o N 1 -+ 0

o -+ 0 X 1

o -+ 0 0 A
According to the block structure of J, the matrix X is partitioned as X = [Xp, X1,..., X7
with X, = [20, ..., 2%]. The vectors «, » =0,...,7, £=0,...,/, form the set
{x8,. ..wgo, .. .,wg, e ,a:?} of generalized eigenvectors. Moreover, for any v € RV*3 and
p := X lv, in view of the structure of X we can write p = [p{,p?,...,pZ|? with p, =

[P, pL, ..., p ] . Thus, since S* = X J¥ X~ with J* = diag(J&, JF, ..., J¥) and

)\kz,O )\k71 )\k,? . )\klr
6 )\Z,O /\2,1 . )\k,?r—l
Ji=1 SV (2.27)
0 0 A0 )KL
0 0 0 AkO
where '
‘ (M)MNE=Tif A # 0 and 0 < j <k,
PN if \, =0and j =k, (2.28)
0 otherwise,
we have
T Ay Ly ‘ '
Shv = X Jbp = ZZA’%ZQ:T@])}M (2.29)
r=0(=0 i=t

Remark 2.24 Note that, the definition of N7 in ([2.28) implies that, if £, = 0, then \&0 =
Mo, Moreover, the terms Nt r = 1,... 7, decay to zero as k — +oo (see [113, Section 4.5]).

2.3.2 Sufficient smoothness conditions

In this section, we show that the smoothness properties of the limit surface produced by
the stationary subdivision scheme 8 near extraordinary elements can be detected from the
leading eigenvalues of the subdivision matrix S and an associated characteristic map W. The
following results are taken from [112] 117} [138].

Theorem 2.25 A stationary subdivision scheme 8 associated to the subdivision matriz S
converges if 1 = Ao > |\|, for allr =1,...,7 and o = [1,...,1]T.

Remark 2.26 [t is a well-known fact that a subdivision scheme 8 is affinely invariant in the
neighborhood of extraordinary vertices if the elements in each row of S sum up to 1 [5].
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The further smoothness properties of the limit surface can be derived from the leading eigen-
values of S and a map W which depends only on the corresponding eigenvectors of S and
the basic limit functions. Therefore, ¥ is called the characteristic map of the subdivision
process.

Definition 2.27 For a stationary subdivision matriz S with 1 = Ao > A1 > |\|, for all
r=2,...,F, with A\y positive real and double and associated linear independent eigenvectors
x, x1, the characteristic map is defined by ¥ (u,v) := ®[xY,x1]. ¥ is called regular if

det(DW (u,v)T) = det (g“:igg’g;;) #0, V(u,v) € R

or equivalently sign(det(D¥ (u,v)T)) is constant.

Of course, the characteristic map is subjected to the ambiguity in the choice of the vectors
x{, 1, however, all of its crucial properties are well defined as proved in [I17, Lemma 3.4]
from which injectivity and regularity of the characteristic map do not depend on the particular
choice of the vectors ), z}. The next theorem gives a sufficient condition for the tangent
plane continuity of a subdivision algorithm.

Theorem 2.28 If 1 = \g > X\ > |\, for all r = 2,...,7, with \; € R" with algebraic
and geometric multiplicity 2 and if the characteristic map W is reqular, then the limit surface
is tangent plane continuous at the limit points of an extraordinary element for almost every
initial vector £O) of control points.

Requiring the injectivity of the characteristic map we gain the C' continuity of the limit
surfaces in the limit points of an extraordinary element.

Theorem 2.29 If 1 = X\g > A\ > |\, for all v = 2,....F, with \y € RY with algebraic
and geometric multiplicity 2 and if the characteristic map W is reqular and injective, then
the limit surface is C' continuous at the limit points of an extraordinary element for almost
every initial vector £O of control points.

Method 2 proposes a useful and extensively used strategy (see e.g. [48][65] [96] 137]) to study
the eigenvalues of the subdivision matrix S which consists in applying a block diagonalization
to S via the discrete Fourier transform F),, ® I;. It means that starting from the subdivision
matrix S = circ(My, My, ..., M,_1), we compute

n
S,,:ZMijV, v=0,....n—1, w=en,
J=0

thus defining the diagonal matrix

S’ = diag(é’o, 5’1, ey gn—l)-

Definition 2.30 For anyv =0,...,n—1, if \; is an eigenvalue of S, we call v the Fourier
index of \i and we write F(\;) = v.
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Remark 2.31 If the double eigenvalue A1 is an eigenvalue of the blocks S and S,_1, i.e.
F(M\) ={1,n—1}, and the characteristic map ¥ is reqular, then the injectivity of ¥ follows
immediately [112, Chapter 5].

The spectral properties of the subdivision matrix S expressed in Theorems and
regards convergence and C' continuity. However, to design limit surfaces with higher quality
in correspondence to extraordinary elements, the properties of boundedness of curvature and
of optimal shrinkage of the local configuration of points are also required. All these properties
could be obtaining requiring special necessary conditions on the eigenvalues of .S, and could
be written as follows (see [48|, 112, 111, 117, 138]).

(I) Requirements for convergence:
Apart from A\g = 1 which must have Fourier index 0, all other eigenvalues of S have to
be less than 1 in modulus, i.e.

1= X > M\, with  F(1) =0.

(IT) Requirements for tangent plane continuity:
The sub-dominant eigenvalue has to be double, equal to a real positive A, with Fourier
indices 1,n — 1, and all other eigenvalues have to be less than A in modulus, i.e.

1:)\0>)\::)\1:/\2>|)\3|, )\ER+, f(A):{l,n—l}.

(ITI) Requirements for boundedness of curvature:
The subsub-dominant eigenvalue has to be triple, equal to i = A2, with Fourier indices
0,2,n — 2, and all other eigenvalues have to be not larger than A? in modulus, i.e.

1:)\0>)\::)\1:)\2>,u::)\3:)\4:)\52|)\6|, f(u)2{0,2,n—2}.

(IV) Requirements for optimal shrinkage:
The sub-dominant eigenvalue A has to be equal to % (or the closest possible to %),
where m is the arity of the subdivision scheme.

Now, for any v = 0,...,n — 1, let AY be the r-th eigenvalue of M,,. In this way, properties
(I)-(IV) can be summarized as in Table

Conditions required on the eigenvalues of S

V) A= % (m = arity of the subdivision scheme).

Table 2.1: Conditions to be satisfied by the eigenvalues of S.
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2.3.3 Important valences

Extraordinary elements of a triangular mesh with valence less than 5 or greater than 7 are
also problematic for many mesh processing tasks. However, vertices with valence equal to 6
everywhere is most often impossible due to either surface topology or surface feature preser-
vation, that is why 567-meshes are particularly of interest.

Many authors [I} 23], 127, 134}, 133] have developed (complex) strategies to either drastically
reduce the number of extraordinary elements of a triangular mesh or at least avoid too irreg-
ular ones (with valences less than 5 or greater than 7). 567-remeshing algorithm, proposed in
[1] and improved in [I33], falls in the latter category and has gained particular attention since
it can resolve all issues regarding edge collapse, artifacts and distortion in the limit surfaces.
This algorithm locally retriangulates a mesh containing extraordinary elements of any valence
to obtain a mesh with only valences n = 5,6, 7 which closely approximates the original mesh
geometrically, e.g. in terms of feature preservation, and has a comparable vertex count as
the original mesh. Thus, thanks to this algorithm any arbitrary manifold topology mesh can
be transformed into a 567-mesh.

The same reasoning could be applied to quadrilateral meshes, thus focusing on the valences
n = 3,4,5 and producing a 345-remeshing. However, to the best of our knowledge there are
no results in this field in literature and this topic is not one of the purposes of the thesis.

2.4 Review of some stationary subdivision schemes in litera-
ture

In this section we recall the most famous binary bivariate subdivision schemes proposed in
literature and their main properties. This is not a complete list of all the subdivision schemes
appeared during the years, but we here present only the schemes that will be useful in the
following chapters for comparisons or generalizations. In particular, among the schemes
defined on triangular meshes, we recall Loop’s scheme, firstly proposed in [95], and the
interpolatory Butterfly scheme [54] defined only on regular meshes and then generalized to
the case of arbitrary manifold topology meshes [I39]. Among the subdivision schemes defined
on quadrilateral meshes, we recall Doo-Sabin’s and Catmull-Clark’s schemes [48] [14] which
are a generalization of the bi-quadratic and bi-cubic splines, respectively, and Kobbelt’s
interpolatory scheme [84]. Other subdivision schemes not considered in this thesis are for
example the Simplest scheme [TT0], the v/3-scheme [85], the 4-8 scheme [I32] and the 3-4
scheme [113].

2.4.1 Loop’s scheme

Loop’s scheme is a primal approximating subdivision scheme originally proposed in [95] and
2
described by the stencils in Figure with § = (% + icos 27”) + %. This scheme produces

C? limit surfaces on regular meshes and C! in correspondence of extraordinary vertices.
During the years, many variants of Loop’s scheme appeared requiring an adjusted edge-point
stencil to gain the boundedness of curvature at extraordinary vertices [65, 96, 97]. However,
the property of optimal shrinkage is never satisfied in a neighborhood of an extraordinary
vertex. We will study Loop’s scheme and its variants in Section
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16
3 3
8 8
1= 1-4 1
n n 106
(a) Vertex-point stencil (b) Edge-point stencil

Figure 2.5: Stencils for the vertex-point rule and the edge-point rule of Loop’s subdivision
scheme at vertices of valence n.

2.4.2 Butterfly scheme and modified Butterfly scheme

The Butterfly scheme is an interpolatory subdivision scheme proposed in [54] defined on
regular triangular mesh. Some years later, Zorin et al. [I39] proposed a generalization of
the Butterfly scheme, calling it the modified Butterfly scheme. The rule for the vertex-point
computation is trivial since the scheme is interpolatory, so all the old points are retained in
the new mesh, while the edge-point stencil is shown in Figure (a) with

1 1
ay=—-—w, «a =uw, agz—ﬁ—w, a3:§+2w,

where w is chosen in [—0.03,0) to produce C! limit surfaces (see [73]). The original Butterfly
scheme is obtained with w = 0. Zorin et al. also proposed an extension to meshes with
arbitrary manifold topology with an adjusted rule for the edge-point computation near an
extraordinary vertex described by the stencil in Figure (b), with

5 1
O'g—ﬁ, 01 = 09 ﬁ’ if n=23,
3 1
O-U_ga yo1 =03 =0, 0-2:_§7 1fn:4,
1/1 275 1 47y
aj—(—i—cosm—l—cosm), 7=0,....n—1, if n>5.
4 n 2 n

This scheme produces C! limit surfaces also at extraordinary vertices, but it has neither
bounded curvature nor optimal shrinkage at extraordinary vertices. In Section we will
recall the main properties of the Butterfly scheme and we will propose a new scheme improving
its smoothness and accuracy.
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(a) Regular edge-point stencil (b) Extraordinary edge-point stencil

Figure 2.6: Edge-point stencils of (a) Butterfly subdivision scheme for regular vertices, (b)
modified Butterfly subdivision scheme for extraordinary vertices of valence n # 6.

2.4.3 Doo-Sabin’s scheme

Doo-Sabin’s scheme [48] is a dual approximating subdivision scheme whose rules for the
computation of the new points are described by the stencil in Figure with

21y

Oéozi‘f‘%, o = 73+24C§S noogi=1...,n—1.

When n = 4, the rules reduce to the tensor-product of the quadratic B-spline, thus implying
the C! continuity of the limit surface on regular meshes. Moreover, this choice of stencil
coefficients guarantees C! continuous limit surfaces, with bounded curvature and optimal
shrinkage also at extraordinary faces.
Catmull and Clark proposed a variant of this scheme, which is known as the quadratic
Catmull-Clark’s scheme to underline the main difference with the well-known Catmull-Clark’s
scheme based on cubics and recalled in the next section. The stencil coefficients they proposed

are
1 1 1 1 1 .
040254’@, alzanflzg"i_ﬁa aj=-——,7=2,...,n—2,

which for n = 4 reduce to the coefficients of the tensor-product quadratic B-spline, thus
implying the C!' continuity of the limit surface on regular meshes.However, these coefficients
do not allow for bounded curvature and optimal shrinkage at extraordinary faces.

A level-dependent variant of Doo-Sabin’s scheme will be studied in Chapter [7] to produce
interpolating limit surfaces after a suitable preprocessing of the initial control mesh.

2.4.4 Catmull-Clark’s scheme

Catmull-Clark’s scheme [14] is a primal approximating subdivision scheme whose rules for
the computation of the new vertex- edge- and face-point are described in Figure with

7 3 1

a . B v
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(177/71

Figure 2.7: Stencil for the computation of a new vertex of Doo-Sabin’s scheme.

When n = 4, the rules reduce to the tensor-product of the cubic B-spline, thus implying the
C? continuity of the limit surfaces on regular meshes. At extraordinary vertices, the limit
surfaces are only C!, with neither bounded curvature nor optimal shrinkage. Catmull-Clark’s

’ 1 1
! 16 16

(a) Vertex point (b) Edge point (¢) Face point

Figure 2.8: Stencils for the computation of (a) the vertex-point, (b) the edge-point, (c) the
face-point, of Catmull-Clark’s subdivision scheme.

scheme will be used in Chapter [7] to produce interpolating limit surfaces.
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.

S e 27+1
725
(a) Face point (b) Edge point

Figure 2.9: Stencils for the computation of (a) the face-point, (b) the edge-point, of Kobbelt’s
subdivision scheme.

2.4.5 Kobbelt’s scheme

Kobbelt’s scheme [84] is an interpolatory subdivision scheme. Its stencils for the computation
of the edge- and face-point are shown in Figure with

5+ 1 1 1 1 . 9 9
a1 = — -_— a3 = 09n—-1= — — — Q95 = —— = e, —
1 3 an’ 3 2n—1 16 an’ 27+1 An’ J ) ) 9
45 9 9
— — — S . = —— :2 PR _1
ﬁl /83 128 457@7 B2j+1 6477,7 J ) N )
5 n 1 5 n 1 1 o 9
= —_— —_— = n — -, -:7’ = ’__.,n— s
716 T 6an T 128 64n’ ¥ T Gan
1 1 1
0g =04 = 0opp—9 = 0oy = —— — —— 0y =—, j=2,...,n—3.
2 4 2n—2 2n 36n 144’ 23 36n J ) y T

Since the scheme is interpolatory, the computation of the vertex-point is trivial. When
n = 4, the rules reduce to the tensor-product of the 4-point scheme.This scheme produce C*
continuous limit surfaces with bounded curvature and optimal shrinkage on regular meshes,
but it is only C'! at extraordinary vertices. Improvements of this scheme have been proposed
in [39, 93] which gain bounded curvature and optimal shrinkage also at extraordinary vertices.
These variants will be studied in Section



Chapter 3

Non-stationary subdivision schemes

In this chapter we recall the main notions, properties and tools regarding non-stationary
subdivision schemes. A non-stationary subdivision scheme is denoted by {8,k € Ng}. The
subscript k, with k& € Ny, and the term ‘non-stationary’ underline the main difference with the
stationary subdivision schemes introduced in Chapter [2], that is the fact that subdivision rules
change with the subdivision level k, namely they are level-dependent. Thus, a non stationary
subdivision scheme is an iterative algorithm that generates the refined data sequence f¢+1) =
{fi(k+1),i € Z°}, k € Ny, starting from a set of control points £(0) = {fi(o),i € Z°}, by applying
refinement rules that depend on the subdivision level.

As in the stationary case, when we study a non-stationary subdivision scheme we have to
pay attention not only to the subdivision rules, but also to set of initial control points f(©), in
particular in the bivariate setting where the control mesh could be regular or could contain
extraordinary elements. In fact, different tools are used to analyze non-stationary subdivision
schemes on regular meshes and on arbitrary manifold topology meshes.

In the univariate setting and on regular meshes, the action of a non-stationary subdivision
scheme {8,k € Ny} is described by the k-level subdivision mask

®) § e z5). (3.1)

alh) = {3

To emphasize the connection with the k-level subdivision mask when the subdivision scheme
{8k, k € Np} is a univariate scheme or a bivariate scheme defined on regular meshes, we refer
to it as {S,x), k € No}. In this case, a non-stationary scheme {S, &),k € Ny} is described by
the refinement rules

FED = 3 ai(f)mj fj(k), iecZ®, keNy, (3.2)
jezs
which generate the sequence of points at level k 4 1 starting from the points at level k. The

coefficients of the k-th level mask a(®) in (3.1 define the so-called k-th level subdivision
symbol

a®(2):= 3" Mz, z e (C\{0}). (3.3)

iezs
On the other hand, in the irregular regions of a mesh, i.e. in the neighborhood of an ex-
traordinary vertex or face, the action of the non-stationary subdivision scheme {8,k € Ny}
is described by a sequence of local subdivision matrices {Sk, k € Np}. Near an extraordinary

30
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vertex/face, the subdivision rules which relate the vertices of the k-th level mesh with those
of the next level are encoded in the rows of the local subdivision matrix Sg, resulting in

£ — 5 0 — 6,6, f*-D = = gD §(0), (3.4)

with
S+ — 6 G 4 -+ Sp, (3.5)

Important properties of non-stationary subdivision schemes are convergence, exponential
polynomial generation and reproduction, approximation order and regularity of the limit
curves or surfaces. In particular, in literature there are tools for the study of exponen-
tial polynomial generation and reproduction [21I] and for the smoothness analysis of the
limit curves/surfaces produced by univariate non-stationary subdivision schemes or bivariate
non-stationary subdivision schemes defined on regular meshes (see e.g. [20, 24, [56]). In the
following, we recall these results and we also show the first proposed method of sufficient con-
ditions to check the convergence of the limit surface produced by a non-stationary subdivision
scheme near extraordinary vertices and faces. The latter is one of the main contributions of
this thesis.

3.1 Generation and reproduction of exponential polynomials

We start by adapting the general definition of the space of s-variate exponential polynomials,
given in [21, Definition 3.1], to the specific context of our interest.

Definition 3.1 Let d € Ny. Let also

s - d+1)(d+2
Iy:= {’y:(yl,...,'ys)eNo : ngngd}, #Fd:()g()’ (3.6)
j=1
A = {O,t, —t : te (0,772%7T>U1R+}, #At: and O CA xApx...xAs.
s times
(3.7)

We define the space of bivariate exponential polynomials as
EPY, ¢) = span{x?e?® . £ c R, vy €Ty, 0O (3.8)

Z{emazlk 3.2 We underline that EP(SFd, 0) = IT}, that is the space of s-variate polynomials of
egree d.

For the analysis of the non-stationary subdivision schemes proposed in the following chapters,
we denote by Wy the subspace of EP(SFd 0) defined as

Wi = span{z? € R®y € T4} U{e’®, 6 € ©} C EP}, o). (3.9)

The definition of convergence of a non-stationary subdivision scheme {S ),k € No} is very
close to Definition 2.1
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Definition 3.3 A non-stationary subdivision scheme {Sy), k € No} is called uniformly con-
vergent if, for any initial data £ € 0(Z#), there exists a limit function ggo) € C(R?®) (which
is monzero for at least one initial nonzero sequence f(o)) such that the sequence of continuous
functions F®) interpolating the data £%) at the parameter values ﬁ, i € Z*%, converges to
Jg0) as k — 400, i.e.

— T 0) _ 13 k
Jg(0) ‘= kll)l_ir_loo Sa(k+e)Sa(k+1z—1) "-Sa(z) f( ) = kll}riloo F( ), ¢ € Np,

uniformly. The subdivision scheme {Sy), k € No} is called C" convergent, r € Ny, if geo) €
C"(R?).

The following definitions stress the difference between the notions of generation and repro-
duction of the space of exponential polynomials EP(SFd o)

Definition 3.4 A convergent non-stationary subdivision scheme {S,x),k € No} is said to
be EP(SFd o)-generating if there exists a parametrization {T®) k € No} as in (2.6)), such that

for all initial data £(0) = {w(ti(o)), ieZ}, e EFf, o) we have

kEToo Sy e+k)Sqear-1) - - 'Sa(Z)f(O) € EP(SF(#@), V¢ € Np.

Definition 3.5 A convergent non-stationary subdivision scheme {Syw), k € No} is said to be
EP(SFL,G)—reproducing if there exists a parametrization {T(k),k € No} as in (2.6]), such that

for all initial data £©) = {n(t{"), i € 2°}, 7 € EPy, ¢, we have

lim S, +r)Syern—1) -+, (Z)f(o) =, v/l € Np.

k—+o0 a

Note that generation and reproduction properties are independent of the starting level /.
Next, we recall from [2I] sufficient conditions on the k-th level symbol of a convergent non-
stationary subdivision scheme that guarantee generation and reproduction of EP(SFcl o) For

O as in (3.7) and = asin [2.9), in the next propositions we denote by Vi o the subset of C?
defined by

4

L B
Vieo = {(v,...,vs) €C* 1 vy =¢je nFiT, j=1,.. 5 (3.10)
0=(0,....0,) €0, e=(c1,...,e5) EE }.
Moreover, we denote with D7 the directional derivative along v = (71,...,7s) € Nj, as in

@2.10).
Proposition 3.6 [21, Proposition 4.2] Let I'y and © be the sets in (3.6)), (3.7)), respectively,
and Vy.e be the subset of C® in (3.10). If a convergent non-stationary subdivision scheme
{S, 0,k € No} has a k-th level symbol a*)(2) such that

D7aF (1) =0, Vv €Vie, v€T4 keN,

then it is EP(SFd 9)—gene7‘ating.
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Proposition 3.7 [21, Theorem 4.4] Let T'y and © be the sets in (3.6)), (3.7), respectively. If
a convergent, non-stationary, subdivision scheme {Syw), k € No} is EP(SFd o) -generating and

its k-th level symbol al¥)(2) satisfies

Ye—1

s 2 .
5 s —h) if €N,
D7) = m [T V7 () aou(re) = l%(m ) i
j=t=t 1 if v =0

0.
forallv € {v € C° : y; = eje_mk]“, 0 € O,e € E}, v € Ty and k € Ny, then it is
EP(SFd 9)—repr0ducing with respect to the parametrization {T(k), k € No} in (2.6).

Another important property of non-stationary subdivision schemes is the so-called step-wise
exponential polynomial reproduction.

Proposition 3.8 A non-stationary subdivision scheme {Syw), k € Ny} is step-wise EPFt, 0)
reproducing if and only if there exists a shift parameter T € R® such that

/ /

3 vy —
Z (k) J pmite _  mT—1 —m7T+T+e mT -1 —e\”
mjte \ yk mk+1

jezs

[4

is satisfied for allv € {(vq,...,vs) 1 vj zeje_mkj“, 0cO,ecZ}, keNy, 0<~ <+, ~¢€
Tgpec B[l

Remark 3.9 The property of affine invariance of a non-stationary subdivision scheme {S,x), k €
No} is ezactly the same of the stationary case, thus if {Syw,k € No} reproduces 115, then it

is affine invariant (see Proposition .

Finally, we consider the particular case of an interpolatory subdivision scheme. If {S, ),k €
Np} is interpolatory, then it satisfies the interpolation property in (2.11)).

Corollary 3.10 /21, Corollary 5.1] Let {S ),k € No} be a non-stationary interpolatory
subdivision scheme that is EP(SFd’@)—genemting. Then {Sy),k € No} is also EP(SFw@)—
reproducing with respect to the parametrization in (2.6) with T = 0.

3.1.1 The tension parameter ¢

In the non-stationary setting, the rules of the subdivision schemes depend on a free parameter
t € [0,%7) UiRY, which defines the exponential space EPf, ) in (3.8). Generally, the

refinement rules are expressed in terms of the parameter sequence {v(k), k € Ng} which
contains the parameters t as

1, Lt
o) — 5 (elm’:“ Te lmkt+1) , keN, (3.11)

!The expression 0 < 7/ < 4, ie (0,...,0) < (7;7...,7;) < (7,.-.,7s) means that 0 < ’yj/- < ~; for all
j=1,...,s (see [21])
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where m is the arity of the subdivision scheme. In particular, in the binary case (m = 2), we
have that, after choosing an arbitrary v(9) € Rt defined as

. cos (5) € (0,1) if t=s, se(0,m),
v = cos (2> ={1 if t=0, (3.12)
cosh (5) € (1,400) if t=14s, seRT,

we can equivalently compute the value of v*) in (3.11) via the recursive formula (see [8,
Proposition 2])

(k)
o) — [V “, Vk e No. (3.13)

In the ternary case (m = 3), choosing an arbitrary v(® e R specifically of the form

. cos () € (0,1) if s=t, te (0, gw),
v = cos <> =<1 if t=0, (3.14)
cosh (§) € (1,+00) if t=1is, s € RT.

we can equivalently compute the value of v(*) in (3.11)) using the recurrence relation

1 1
2 3 2 3
o*) = %Re ((v(k_l) + (U(k_1)> — 1) + (v(k_l) + (v(k—l)) — 1) ) - (3.15)

In both the cases, it follows that the parameter sequence {v(k), k € No} is such that

klim o™ =1 and 11— o®| <em™2, (3.16)
— 00

for k — oo with some constant ¢ > 0 (see [8, Remark 3]).

The parameter ¢ € [0,%7) UiR™ has a tension role, as shown in [8] and as we will see in
Section [4.2] and in Chapter

3.2 Convergence and smoothness analysis of non-stationary
subdivision schemes
As in the stationary case, we have to distinguish the smoothness properties on regular meshes

from those at extraordinary vertices and faces. We start by recalling the main results regard-
ing regular meshes.

3.2.1 Smoothness analysis of curves and surfaces on regular meshes

The analysis of convergence and smoothness of univariate non-stationary subdivision schemes
and bivariate non-stationary subdivision schemes defined on regular meshes was first studied
in [56] and it is based on the concept of asymptotic equivalence.

Definition 3.11 Let Sy and {S,), k € No} be subdivision schemes defined on reqular meshes
by the subdivision masks a € ((Z*) and a'¥) € £(Z°), k € Ny, respectively. If

“+00
S la® —a|| < +oo, (3.17)
k=0

then Sa and {S, k), k € No} are said to be asymptotically equivalent schemes.
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Theorem 3.12 [56, Theorems 7] Let Sa and {S,u),k € No} be asymptotically equivalent
subdivision schemes defined on regular meshes by the subdivision masks a € £(Z*) and a¥) ¢
UZ®), k € Ny, respectively. If Sa is convergent, then {S,x),k € No} is also convergent.

Remark 3.13 From Theorem[3.19 it follows that [56, Lemma 15]
lim ®4(u,v) = ®(u,v), uniformly on R, (3.18)

k—+o0
where ®(u,v) is the basic limit function vector of Sa and ®y(u,v), k € Ny the family of basic
limit function vectors of {Syw,k € No}.

Theorem 3.14 [56, Theorems 8] Let Sa and {S ),k € No} be asymptotically equivalent
subdivision schemes defined on regular meshes by the subdivision masks a € £(Z°) and alk) ¢
0(Z%), k € Ny, respectively. If Sa is of class C" and

+oo
S 2k alt) — al| < +o0, (3.19)
k=1

then {Sym), k € No} is also of class C".

Thus the smoothness analysis of a non-stationary subdivision scheme is checked by com-
parison with a stationary one whose convergence and regularity properties are known. The
conditions required by Theorem could be relaxed as proposed in [20), 24].

Definition 3.15 [20), Definition 3] Let =’ be defined as in [2.9), v € N§ and D7 as in (2.10)).
A non-stationary subdivision scheme {Sy),k € No} is said to satisfy the approximate sum
rules of order r+ 1, r € Ny, if the sequences {ug, k € No} and {0k, k € No} with

W = ’a(k)(l) — m‘ and 0 := max max m ’D7a(k)(€)‘
0<|v|<r ecE

satisfy

o (o]
Z up < +oo  and Z mh" 6, < +oo.
k=0 k=0

Definition 3.16 [2], Definition 7] A stationary subdivision scheme Sa and a non-stationary
one {Sym), k € No} are termed asymptotically similar if the sequence of subdivision masks

al®) k€ Ny, and a have the same support J (i.e. alf) = a; =0 for alli ¢ J) and satisfy

i

lim al =a;, VieJ.
k——+o0
These two notions allow us to check convergence and smoothness of a non-stationary scheme
by comparing it with a stationary scheme whose convergence, regularity and polynomial
generation properties are known. More precisely, in [20, Corollary 4] the following result is
given.

Proposition 3.17 Assume that the non-stationary subdivision scheme {S ),k € No} satis-
fies approximate sum rules of order r+1, r € Ng, and is asymptotically similar to a convergent
stationary subdivision scheme Sy whose refinable basic limit function is C". Then the limits
of the non-stationary scheme {S ),k € No} are C".
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The notions of asymptotical similarity and reproduction of exponential polynomials are use-
ful for the study of the approximation order of a non-stationary subdivision scheme [30,
Theorem 20].

Proposition 3.18 Assume that the non-stationary subdivision scheme {Syu),k € No} re-
produces a d-dimentional space of exponential polynomials and is asymptotically similar to a
convergent stationary subdivision scheme Sa. Then, the non-stationary subdivision scheme
{8, k € No} has approzimation order d.

3.2.2 Convergence at extraordinary vertices and faces

As in the stationary case, near an extraordinary vertex or face the convergence analysis
is performed using the subdivision matrix. In the non-stationary setting, the subdivision
scheme {8, k € Ny} is not associated to one subdivision matrix, but to a sequence of matrices
{Sk, k € Ny}, since the subdivision rules depend on the subdivision level k. However, the
construction and structure of the matrices is the same shown in the stationary case. Precisely,
we order the points as explained in Order 2 and thus we construct the k-th level subdivision
matrix Sy as shown in Section 23] It results that Sj near an extraordinary elements of
valence n has the form in if {8k, k € Ny} is dual, and it is as in if {8,k € No}
is primal. In general, we have that, for all k € Ny, Sy is a block-circulant matrix of the form

Sy = cire(Mo g, M1 gy - .-, My_1 ) € RNV,

Near an isolated vertex or face, the regular subdivision surface produced by a non-stationary
subdivision scheme {8,k € Ny} is denoted by T which is defined on the local domain D,, =
QO x Z,, and described as T : D,, — R3 (see Section . In this case, we define the ring Ty as
the restriction of the regular subdivision surface ¥ to the set D, 1, i.e.

fk(Dn71) = f(Dn,kz)y k € Ny,

which implies
f(Dn) = U Fk(DnJ) U {fc}a
keNg
where T, = T(0) is the central point.
Let ®(u,v) € RY be the vector with the associated basic limit functions and let f(*) € RNV*3
be the vector of vertices of each ring T, then

kaDmk:QkXZn—)Rz%

(u,v) — Fy(u, v) = (EENT By (u, v). (3.20)

Remark 3.19 For allk > 1, ®;(u,v) 'z = ap with ap € R. Note that ®;(u,v) xo =1 for
all k > 1, if and only if the non-stationary subdivision scheme has the property of step-wise
reproduction of constants (see Definition @

The definition of convergence of a non-stationary subdivision scheme {8y, k € Ny} near an
extraordinary element is the same shown in the stationary case (see Definitions [2.22)), where

equation (2.26|) changes as in ((3.4)).
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Remark 3.20 The property of affine invariance of a non-stationary subdivision scheme near
extraordinary elements is exactly the same as in the stationary case, i.e. if the elements of
each row of Sk sum up to 1 for all k € Ny, then the non-stationary subdivision scheme
{8k, k € Ny} is affinely invariant in the neighborhood of extraordinary elements (see Remark
2.20]).

Let (O be the vector with the initial control points defining the local portion of the mesh
in the vicinity of an extraordinary element. The goal is to study the behavior of the se-
quence {f (k+1) | e Np} defined in and hence the convergence of the sequence of regular
rings {Tr41,k € No} where ¥/, = &, fF+D) = & SEEDFO) . The key idea is to write
the product matrix S**1) in terms of the level-dependent matrices Sy, k € Ny and of the
stationary matrix S. In particular, we consider two different matrix relations useful for our
purposes.

Proposition 3.21 Let S© = I and for all k € Ny let S*t1) be defined as in (13.5). Then,
for all k € Ny

S+l — S’f+1+25’€ (85— 8)8V). (3.21)
7=0

Proof: Using the definition of S*+1) in (3.5) and assuming Z?;g Sk=3(8; — 5)SU) to be 0

when k = 0, we can write

k k-1
gh+L 4 Zsk_j<sj —§)8U) = gkt 4 3 Sk=I(8; — §)8U) + (S), — §)S™)

=0 j=0
k-1 k-1
= SFH 4 (Sp - 8)SW + 3 5kig,8) — N gh=iggU)
j=0 j=0
k—1
— gkl 4 g(k+1) | Z Sk=igli+l) _ Z Sk—it1g) _ gg(k)
] =0 7=0
k
— GhtL 4 gk+D) 4 Zsk J+1gli) _ ZSk—jHS(]’)
=0
— Sk+1 + S(kJrl) SkJrl =
— S(k+1).
|
Proposition 3.22 For all k,m € Ny
m [j—1 '
Skam-1---.- Sk = Smtl Z H Skim—nh (Sker,j - S)smI (3.22)

where H?I;ll Sktm—n s assumed to be I when j = 1.
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Proof: We can write

m Jj—1
S+ Z (H Sk+mh) (Skm—j = 8)S™

_ m—1

= 5"t 4 Z L1 Sktm-n | (Skrm—j =)™ + [T Sktm-n(Sk = S)
=0 \n= h= 1
m—1 [j—1

= 8"+ 3 | I Sktmen | Skvm—sS Z H Skamn | S™TH
j=0 \h=1 Jj=0 \h=1

e )

m— j m 7j—1 A m
= SmH 4 + ) ( Skem-— h) S = (H Sk+mh> St 4 (H Sktm— h)
=0 7=0 \h=1 h=1
m m 7j—1 m
=" Z (H Skm— h) STt - Z (H Sk+m—h) gmitl H Sk+m—h>
j=1 =0 \h=1 h=1
_ gm+l _ gmHl | (H Sk+m—h>
h=1
= Sk,’—i—m—l o Sk

Exploiting the Jordan decomposition in Section [2.3.1, we show the boundedness of ||S¥|| for
all k € Ny, when convergence of the associated stationary subdivision scheme is assumed.
Note that, here and in the sequel, we use C to refer to any generic finite positive constant.

Proposition 3.23 If a stationary subdivision scheme 8 is convergent in correspondence to
irreqular regions of the mesh, then there exists a finite positive constant C such that its matrix

S satisfies ||\S*|| < C for all k € Ny.
Proof: We use the Jordan decomposition of S* to write

IS*| = [IX TP X1 < (IX(IFIIX ) < el
with C such that || X||[|X || < C. We consider

|75 = max_ (ZW|) _maX{ZM max_ (ZW";)}

Since 8 is convergent the largest eigenvalue of S is Ay = 1 with multiplicity 1 (see Theo-
rem [2.25). Thus 5 |AEY| = |Ak| = 1. Tt follows that,

]JkH—max{l max_ (ZM“])}

Since the terms )\,’f’e, forr =1,...,7, decay to zero as k — +00 (see Remark , and hence
they are limited for all £ € Ny, the summand ZE;O | A4 is limited too for all k& € Ng. Thus
|S*|| < C for all k € Ng. W



Non-stationary subdivision schemes 39

The result in the next proposition aims at identifying the crucial assumption to be required on
the sequence || S —S||, k¥ € Ny to prove in Theorem the convergence of the non-stationary
subdivision scheme in the vicinity of an extraordinary element.

Proposition 3.24 Let {8,k € No} be a non-stationary subdivision scheme whose action in
correspondence to irreqular regions of the mesh is described by the matriz sequence {Sk, k €
No}. Moreover, let 8 be a stationary subdivision scheme that is identified by the subdivision
matriz S in correspondence to irreqular regions. If

[Sk41 — S|

< |Ails 3.23
k—too ||Sk— S l (3.23)

where \1 denotes the subdominant eigenvalue of S verifying 1 = Ao > |\1| > |N|, i =2,...,T,
then

() Ty oo |k — S]] = 0;
(b) there exists a finite positive constant C' such that ||Sg+m—1- - Sk|| < C for all k,m € Ny.

Proof: (a) let us consider the series 320 (]S, — S||. It converges since hypothesis (3.23)
verifies the ratio criterion. As a consequence limy_, [|Sr — S| = 0.
(b) from Proposition we get that, for all k,m € Ny,

m j—1
1Skm— - Sell < NS™ I+ D2 (H 1Sk+m—nll | 1Sk+m—g — SIIS™ .
7=0 \h=1

Proposition implies that there exists 0 < C' < +oo0 such that [|S™"|| < C for all
m € Ny and [|[S™ /|| < C for all m > j > 0. Moreover, from case (a) we also know that
| Sktm—j — S| < C for all k € Ng, m > j > 0. Therefore, for all k € Ny,

1Skl < [[Sk = Sl + |5l < C,
and the claimed result follows straightforwardly. W

We are now able to provide sufficient conditions to show the convergence of a non-stationary
subdivision scheme in correspondence to irregular regions of the mesh.

Theorem 3.25 Let {S;,k € Ny} be a non-stationary subdivision scheme whose action in
correspondence to irreqular regions of the mesh is described by the matriz sequence {Sk, k €
No}. Moreover, let 8 be a stationary subdivision scheme that is identified by the subdivision
matriz S in correspondence to irreqular regions. If

(i) 8 is convergent in correspondence to both regular and irregular regions of the mesh,

(ii) {8k, k € No} is asymptotically equivalent to 8 in correspondence to regular regions of
the mesh,

(iii) {Sk,k > 1} and S satisfy
[Sk+1 — S|
< |A
iy o

with A1 the subdominant eigenvalue of S verifying 1 = Ao > | M| > |\, i =2,...,T,
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then, for all bounded initial data £O) the non-stationary subdivision scheme {8,k € No} is
convergent also in correspondence to irreqular regions of the mesh. In particular,

lim Tr41 =qo + ,30,
k—+o0

o qf = ZTEO with &} = el X1 such that 7S = \&,

k
e By € R? such that lim vy, = :1:0,6(7; for yi = ZSk_j(Sj — S)S(j)f(o), and xy such
k——+o0 =0
that SQZQ == )\02130.

Proof: Let s € Ny. From the definition of y; we can write

k+s
[Vkts—yel < ZH SET=T Gk (85— 8)SDEO| |+ 3~ || SFH (8- 8) SO (3.24)
Jj=0 j=k+1

Therefore, recalling the boundedness of the initial data as well as the results in Proposi-

tion and |3.24{(b), we can write

k k+s
|Ykts —yell < C (Z I5*+= — SIS = ST+ Y- 1S, — SII) : (3.25)
=0 j=k+1

Now, to bound the first summand in (3.25) we exploit the Jordan decomposition of S¥+$~J
and S*7 as

1§57 — S5 = || X (M — X < g - g (3.26)

for a finite constant C' > 0 such that || X||[|X '] < C. Moreover, recalling that \g = 1 is
unique in view of the hypothesis of convergence of 8, we have

Ly Lr
k+s—j k—j k+s—j,t k—j,4 k+s—j,4 k—j,0
HJ +s 7 _J JH _r%a?ir{z:‘)\r-i-s Js _)\T Js ’} — EHaX{Z’/\T-&-s Js _/\r Js ‘}

=0 r=1,...,r =0

Ly
< max_ {Z \)\f“_]’g\ + ])\ff_]’z }
(=0

r=1,...,r

(3.27)
Now, for all r =1,...,7, let L, := arg max—,. {|>\k+s P 4| Ak 9é|} thus

kts—jl  yk—j,t k+s—j,Ly k—j,Ly
,max {ZM % |}srn;g>gr{<er+1><w [+ )

and denoting with # = argmax,—,__» {(&n + 1) (|AFF+s=3Lr| 1 |)\'ﬁ_j’L’°\}, we find

—J, Ly k—3,Ls
|+ X,

_max {ZM’““ - Alf”\} < (4 + 1)(
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Recalling the definition of \** in (2.28)) we have

—j L. [E+s—] k—j
k+s—j,¢ k=00 U (p. kts—j—Li k—j—L; )
max {}:M — Ak |}_<er+1><m r( L >+|A |<Lf ))

Since || < |A\1] < 1 and (kJ“LS;j) < (k+5) as well as (kL 7)< (k+5) for all k,j, s > 1, we arrive
at

; k
_max {ZWH 7 A’:—Jvﬂ} <2ALp + VAT |< L”) (3.28)
Combining (3.27)) and ( with (| -, we have that

k . . k—L k’—|—8 k
Sk — SFI|[|IS; — S| < CINYT f!( I )ZIAHIHS S,
i T j 0

Using the ratio criterion and exploiting hypothesis (iii) it is easy to see that Z?:o X718 =S|
is convergent as k — 4o00. In fact

M S =S _ o IS = S|
LS INLIIS; =S| dotee [Mal (1S5 = S]]

< 1

k —j —j k—Lz| (k k
Thus, 337 [|S*F*79 = S¥||[S; = S| < CINT () < CINFI(Y)-
For the second summand in (3.25) we start by applying the following reasoning. Exploiting
assumption (iii) we can write that, for all € > 0, there exists k. such that

|Sk41 = S|l < M| [|Sk = S|, forall k> k. (3.29)
Now, we consider
k+s s—1
Yo IS5 =Sl= > I1Sktms1 =S|l
Jj=k+1 m=0

and exploiting (3.29)) we have
1Sk+mr1 = Sl < Il Skm = SI < IM[ISk4m—1 = Sl < ... < ATH[1S = S,

for all k > k.. Thus

k+s s—1 s—1
S USi = SI =Y 1Sktmer = SI < D IAPTHSe = S]]
j=k+1 m=0 m=0

where 351 [\"T| < C for any s > 1 due to the assumption 0 < |\{] < 1.
As a consequence, combining the two above results, we arrive at claiming that, for k suffi-

ciently large,
k+s
[Yits —yell < C < |>\]f|< I. ) + 1Sk — 5||> :
T
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In light of the fact that by assumption (iii) 0 < [A1| < 1, we have that both |M§| and |A¥|(%")
converges to 0 as k — +oo. Exploiting also Proposition (a), we can finally conclude
that, for all € > 0, there exists k. such that

|lVEk+s — Yil <e for all k > k., s > 1.

There follows that {yx,k > 1} is convergent as k — +o00. Exploiting the basis of generalized
eigenvectors, its limit y can be written as

T Ay
y= m0/30T + Z Z mf/BZjb

r=1/¢=0

for certain coefficients B, 8, , € R3,r=1,...,7, {=0,...,¢. Tofind the explicit expression
of y, we consider

1Sy =yl < ISy = Syell + 1Sy = yetll + lyre1 =yl (3.30)
In particular,

k ' ' k+1 ' '
1Sy, — yer1ll = SZ Sk—J(Sj — §)sW0) _ Z 5k+1—y(5j — 8)SsW§©)
j=0 §=0

= I(Sts1 ~ )59
and thus, replacing the last equality in (3.30]), we obtain

1Sy =yl < ISIly = yull + ISk = SISEUIED ] + lypsr =yl

Therefore, using again Propositions and together with the convergence of {yx, k €
Np}, we obtain that the right hand side of the last inequality tends to 0 as k — +oo. This
implies that, as k — 400, Sy =y, i.e. the columns of y lies in the eigenspace corresponding
to the right eigenvector of S associated to the eigenvalue A\g = 1 and therefore y must be
of the form y = B¢ with 2o = [1,...,1]7. Exploiting Proposition and the fact that
) = G fF) = | = SEHDFO) we can finally write

k
f(k+1) — S(kJrl)f(O) — (SkJrl + Zskfj(sj _ S)s(])) f(O) — Sk+1f(0) + V.
j=0

From the last observation we have that yj converges to y = moﬁoT as k — +oo, thus

lim £ = lim SFHEO) 4 og08T (3.31)

k—+o0 k——+o0
As a consequence, to prove the convergence of the sequence {f (k+1) ke Np} we only need to
show the behavior of the term S*+1£(®) as k — +o00. Using the Jordan decomposition of S#+1
(see Section we can write S¥T1£(0) = X Jk+1 X —1£(0) Hence, introducing the notation
q := X £ and recalling the fact that A9 = 1 is unique and A < 1,Vr=1,...,7, we have

1 -~ 0 0
. Ek+1¢(0) ; E+1 : E+1 ¢ 0o -0 T
lim S*f% = lim XJ qu(hm J )q:X . ) .| 4= xoqy,
k—+o00 k—+o0 k—+o00 : .. S
0 -+ --- 0

(3.32)



Non-stationary subdivision schemes 43

with qf = &l f (). Replacing (3.32) in (3.31)), we thus get

lim £*HY) = zo(qo + Bg)T .

k—4o00

As a consequence, taking into consideration assumption (ii) and Remark we can write

7 : T e(kt1 T T
kgr-‘?oo Tht1 = kggloo & £ = @Tzg(q0 + By)",

and, in view of Remark we conclude that

lim Tgi11 = qo + By
k——+o00



Chapter 4

Families of stationary and
non-stationary univariate
subdivision schemes

Most of the univariate (s = 1) subdivision schemes proposed in literature are binary and
stationary since these characteristics make it easier to study the mathematical properties
of the limit curve, although they seriously limit the applications of the scheme. In fact, it
is already well-known that passing from stationary to non-stationary schemes we can gain
tension control and conics reproduction (see e.g. [9]), while passing from binary to ternary
subdivision we can improve the smoothness order of the basic limit function without dramat-
ically increasing its support width (see [9} [72]).

In this chapter, we do not present new subdivision schemes, but we show some generalizations
of existent schemes in order to provide a complete framework and to extend their use to more
applications.

4.1 A combined ternary 4-point scheme

In this section we study a 3-parameter combined ternary 4-point subdivision scheme which
provides a unifying framework for several independent proposals of stationary ternary schemes
appeared in the literature. For such a scheme we completely characterize the regions of C?
and C® convergence, that is the sets of parameters that fulfill the necessary and sufficient
conditions for C? and C? convergence, respectively.

As recalled in Section in general subdivision schemes are classified as interpolatory or
approximating, depending if the obtained limit shape passes or not through all the points of
the given initial set. However, there also exists a class of parameter-dependent subdivision
schemes, called combined subdivision schemes, that according to the specific values assumed
by the parameters, can be regarded either as a member of the approximating group or of
the interpolatory one. A combined subdivision scheme of arity m is indeed characterized by
a parameter-dependent symbol a(z), z € C\{0}, that satisfies the odd-symmetry property
a(z) = a(z~ 1) for all choices of the free parameters, while it verifies the interpolation prop-
erty in only for some special choices of the free parameters. When passing from an
approximating scheme to an interpolating one, the maximum and minimum power of z in

44
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the symbol a(z) remain unchanged; only the coefficients of a(z) assume different values. This
means that, differently from the so-called primal pseudo-spline schemes (which also blend
approximating schemes with interpolatory ones [25]), the combined subdivision schemes pass
from the approximating to the interpolatory form without modifying the length of the sub-
division mask associated with a(z). Although combined subdivision schemes of any arity
can be constructed, here we focus our attention on combined subdivision schemes of arity
3 and, in particular, on combined ternary 4-point schemes. This choice is motivated by the
fact that the literature on ternary 4-point subdivision schemes is extremely fragmentary and
thus there is a special need of a unifying framework. In particular, we want to show that the
numerous independent proposals appeared in the last fifteen years [71] [72] [66] 109} 67, [116],
can indeed be regarded as special instances of a unique combined ternary 4-point scheme.

4.1.1 Construction of the ternary combined subdivision scheme

We start by considering the refinement rules of the ternary quadratic B-spline scheme

Fk+1) 1 7f k) (k)

31 -9 7 i+1°
(k k:

i) = gf( + 3559, (4.1)
(k+1) (k

fivy) =30+ 219,

and we define the displacement factor

Afi(k) = _(fi(f)l - in(k) + fi(—&]f)l)'

Moving the points £+ provided by the ternary quadratic B-spline scheme in (4.1) to new
positions according to the displacements aA fi(k), —BA fi(k) —vA fl(f)l and —yA fi(k) —BA fi(f)l,
respectively, we obtain the refinement rules

i) =R raag”,
FEED = fED g A p®) A ®) (4.2)

k (k k k
fity) =) —ar® - Bas.
In this way, the refined data sequence £(:+1) is explicitly defined by

k k k k
S =G -+ G2+ (- ),

fd) =B+ G 2080 + <1+6—2wﬁﬂ+wﬁﬁ, (43)
(k k k
f3z—:_21 = ’)’fi(—)1 + (% + 08— 2’)’)fi( ) ( + - 2B)f1+1 + 5f1+27
and thus, when a = %, the rule associated to the new point féf U reduces to f3k+1) fi(k),

i.e. the interpolatory rule. As a consequence, the ternary subdivision scheme defined in (4.3|)
is a combined ternary 4-point scheme.

Remark 4.1 When v = 0, the combined 4-point scheme defined in (4.3) reduces to a com-
bined 3-point scheme and, when 8 =~ =0, to a combined 2-point scheme.



Families of stationary and non-stationary univariate subdivision schemes 46

In terms of Laurent polynomials, denoting by

. 142+ 2%)3
a(z):—( 0.3 )

the subdivision symbol of the ternary quadratic B-spline scheme, and by

1 7 1 1

ao(2) = 527" + 5+ 2% ai(z) = 2272+ 32, fo(2) = 271 + 2%

9 9 9

its sub-symbols, we can write the subdivision sub-symbols a(aﬂw)’j(z),j =0, 1,2, associated

to the three sub-rules of the scheme in (4.2)), as

aap)0(2) = 80(2) +9(1 = do(2))ar,
Aa8y)1(2) = 81(2) +9(1 - do(2)) (=2~ — Bz),
aapy2(2) = 82(2) +9(1 —dg(2))(—B271 —722).

Therefore, the symbol of the subdivision scheme in (4.2)) is

aa7/37,y(z) = a(avﬂﬂ/)uO(z) + a‘(avﬁvv)vl('z) + a(OZ:Bv'Y)Q(Z)
=a(2)+9(1 —a9(2)) (=22 = Bz + o — Bz — 42?)

1+ 2422\
() e

with

ba,gr(2) = 97273 = 9(2y — B)27% — (9a + 188 — 9y — 1)z ! + (18a + 188 + 1)
— (9 + 183 — 9y — 1)z — 9(2y — )22 + 923,

As can be easily expected, the choice of the three parameters «, 3,7 strongly influences
the shape of the limit curves, as illustrated in Figure In particular, a controls the
interpolation property: for a = % the limit curve interpolates the vertices of the starting
polyline; if « is larger than % the limit curve lies outside the starting polyline; conversely, if
« is smaller than %, the limit curve is inside the starting polyline and the closer « is to %
the more the limit curve is attracted towards the vertices of £(*) (Fig. (a)). On the other
hand, § and v are tension parameters: varying their values the limit curve stays closer or
farther to the starting polyline edges. Thus, as well as allowing the user to obtain a family
of curves interpolating the vertices of the given polyline (Fig. 4.1(b)-(c)), by choosing in a
suitable way the three parameters, the combined scheme allows the user to design also curves
that progressively move from the inside to the outside of the control polyline (Fig. [4.1(d)).
The combined scheme with symbol in also generalizes many ternary schemes appeared
in the literature. Precisely, fixing the free parameters «, 3,y as specified below, the combined
scheme reduces to these known ternary schemes:

e The approximating linear, quadratic cubic and quartic B-spline scheme if (a, 8,7) is
respectively (%,0,0), (0,0,0), (— 7, 27,0) and (— 7, 851, 811)'

e The 2-point, 3-point and 4—point scheme in [66], 67] if (o, 8,7) is respectively (é -

%9, 0, 0), (— 27, 2‘97,0) and (—5- 1 570, 217 + 810, %) with 6 a free parameter;
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(a) From inner to outer line: o = —-=,0, —=.
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Figure 4.1: Limit curves obtained by the combined subdivision scheme in (4.3|) varying the
free parameters «, 3, 7.

The interpolating 3-point scheme in [71] if (a,
parameter;

The combined 3-point scheme in [I16] if (o, 5,7)

parameter;

The interpolating 4-point scheme in [72] if («, 3,7) = (%, _Tls — %l/, —%8 + %1/)

a free parameter;

The combined 4-point scheme in [I09] if («

B,7)

B,7)

:(%

(%,M — %,0) with p a free

— w,—l—ls,O) with w a free
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3n), —Tlg(l —A)(1— n)) with A, 7 free parameters.

In the following section we analyze how the choice of the free parameters «, 3, influences
the C" convergence of the combined subdivision scheme in (4.4)).

4.1.2 (" convergence of the combined subdivision scheme

As recalled in Proposition [2.16] a necessary condition for C" convergence is given by the
fulfillment of the sum rules of order r + 1, which means that the univariate ternary schemes
having symbol a, g ~(2), can be written as

Deaa’gﬁ(e%”) = Deaa,gﬁ(eg’r) =0, forall{=0,...,r, (4.5)

(see Definition (2.8])).

Proposition 4.2 The combined ternary subdivision scheme with symbol aq g~ (2) in (4.4)
satisfies

e sum rules of order 2 for all (a, B,7) € R3;
e sum rules of order 3 for all (o, 3,7) € Go := {(a, B,7) €R® : a=—-B—~};
o sum rules of order 4 for all (v, 5,7) € G3 := {(a,ﬁ,v) ER3 : B=2y+ %, a=—f-— 'y};
e sum rules of order 5 for (a, 3,7) = (—22—77 %7 8%)
Proof: It is easy to see that the symbol a, 5 ,(2) in ) satisfies
Dlag 3~ (e3™) = Dlag 5,(e3™) =0, for £=0,1,
for all o, 8,7 € R. Moreover, requiring o« = —f — -y, the symbol in becomes

3
1 2
a_g—ryp(2) = <+§;Z> (277—#2762—8172—54,6’22+27Bz3+108’yzz—81723+27fyz4+3z2),

and it satisfies
Dga,rgf,yﬁﬁ(e%r) = Dza,/gf,ng,,y(e%ﬂ) =0, for{=0,1,2.

In addiction, requiring also § = 2 + 2—17, we obtain the symbol

4
142+ 22
a—ﬁ—ww%n/('z) = <3z> (81 + (3 — 1627)z + 817z%),

which verifies

2 4
Déafﬁf%QWrz%ﬁ(esﬂ) - Dgafﬁf'mwr%w(esﬂ) =0, for£=0,1,2,3.

Finally, imposing o = 27,,8 Sy 8—11, the symbol becomes

8T
5

142+ 22

_gl =T
(2) ( P ) ;

S
Zlor
&l
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from which we have

(e5™) = Dla_ (€57) =0, forf=0,1,2,3,4.

5 L
781781 2

Dta

[ro
S
‘H

5
2 81

3
3
oo

1

The conditions provided by Proposition [£.2] are just necessary conditions for C" continuity,
r=1,2,3,4. To find sufficient and necessary conditions, we exploit the joint spectral radius
technique explained in Section [2.2.1] In particular, we look for the conditions that have to
be satisfied by the parameters of the combined subdivision scheme with symbol in (4.4)) to
produce limit curves of class C? and C3.

Proposition 4.3 The combined subdivision scheme with symbol in (&.4) produces C? limit
curves if and only if (a, 8,7) € C2 where

Cy = {(a,ﬂ,’y)eR3, f%<'y<$, max(?y,&y—%) <B<min<4’y+%,2’y+$>, a:—ﬂ—’y,}
(4.6)

Proof: In view of Proposition the combined subdivision scheme is C? convergent if
and only if it satisfies sum rules of order 3 and the joint spectral radius p of the subdivision
matrices associated with the 3-rd order difference scheme is in [1,3). From Proposition 4.2/ we
already know that the subdivision scheme satisfies sum rules of order 3 for all («, 3,7) € Ga.
Thus, to identify the complete region of C? convergence, the region G, has to be made
narrower in such a way that p € [1,3). For the computation of p, we consider the 3-rd order

difference scheme having mask bl®l = {b[j],b[f],b([f],b[ﬁ},b[f}} where

by =108y — 548 +3, DY =275 81y, byl =27y,
]

The associated matrices Bg[3 , €=0,1,2, are of the form

b2 BB 0 o o b 0 o o b B 0

gl | O b0 o B _ |0 b bl o B _ |0 b bl o
p bl oo ! o b b o T2 0o o b o

o b BB o o o bl o 0 0 b b

As a consequence,
IBE | = 1B = 1B5"|| = max{[b§'|, [bi"| + bS]}
p(BL") = p(BLT) = max{ (b, D1}, p(BEY) = max{|bi? + 57, [bf — b))
For all 3,7 € R, max{|b[13] + b[zg]\, \b[lg} - b[23}|} = |b[13]| + \b[;’}]. Thus,
max{ || BY | 1B, | B5 |} = max{[bg’ |, (0] + 5|} = max{p(Bg"), p(BY), p(B5)},

from which follows that p = max{|b([)3]\, |b[13]\ + \b[zg} |}. At this point it is not difficult to see
that 1 < p < 3 if and only if

1 36 1 1
<—<'y§0/\2’y<5< 7+) \% <0<’y§18/\2’y<5< 9

18 9

1 1 36y-1 187—%1)
V — — A .
Q8<7<9 9 9

m7+1)

<fB<
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Therefore, the combined subdivision scheme is C? convergent if and only if (c, 3,7) belongs
to the subregion of Go that we denoted by Co in (4.6). W

Figure shows all possible choices of the free parameters for which the combined scheme

in ([{.3)) is C2.

0.15 ~

-0.05 - or
0 /
-0.1 > 01f

0.2
0.4 05 a -015 -01 -005 O 005 01 015 02 025 03
Q

Figure 4.2: The region Cy (cyan) that guarantees C? continuity for the scheme in (4.3)
compared to the region in (4.7) (magenta) that was found in [I09]: 3D view (left) and top
view (right).

Remark 4.4 The result of Propositionprovides a great improvement of [109, Theorem 1].
In fact, the parameters constraints given in [109] to guarantee C? convergence of the combined
scheme, i.e. (0 <A <1)A (% <n< %), coincide with the subset of Co (see Figure defined
by

2 1 1 71
R® : —— 57" T 3V T o = b=
{(a,ﬁ,v)e 5 <7 <0 maX<37+27, ¥ 9)<ﬁ<37+27,a B 7}
(4.7)

An additional improvement of our combined ternary scheme over the one proposed in [109]
is given by the fact that, if selecting «, 8, in a suitable way, we can also obtain limit curves
of class C3, as proved in the following.

Proposition 4.5 The combined subdivision scheme with symbol in (&.4]) produces C® limit
curves if and only if (a, 8,7) € Cs where

Cg::{(a,ﬂ,’}/)GR?) : 0<7<217,6:27+1,0é=—ﬁ—7}- (4.8)

27

Proof: In view of Proposition the combined subdivision scheme is C® convergent if
and only if it satisfies sum rules of order 4 and the joint spectral radius p of the subdivision
matrices associated with the 4-th order difference scheme is in [1,3). From Propositionwe
already know that the subdivision scheme satisfies sum rules of order 4 for all («, 3,7) € Gs.
Thus, to identify the complete region of C3 convergence, the region Gz has to be made
narrower in such a way that p € [1,3). For the computation of p, we consider the 4-th order
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difference scheme having mask bl* = {81+, 3(1 — 54v),81y}. The associated matrices Bew,

e =0,1,2, are of the form

4 (8ly 0 4 _ (0 81y 4 (0 3(1—54y)
By _<0 817)’ B _<0 3(1 —54v) )’ By = 0 81y :

There follows that
1B = p(BEYy = 81141, |BY) = | B = max{81]4], 3|1 — 54+]},
p(BY) =311~ 54y], p(BY) = 81].
As a consequence,
4 4 4 4 4 4
max{p(B{"), p(BI"), p(BY)} = max{81|4|, 3|1 — 54~} = max{|| BL||, | B, 1 B3,

and thus p = max{81|y|,3|1 — 54~|}. It is therefore very easy to see that 1 < p < 3 if and
only if 0 < v < 2—17 Hence, the combined subdivision scheme is C? convergent if and only if
(a, 8,7) belongs to the subregion of G that we denoted by C3 in (4.8). W

-3
Go where the interpolation condition o = % 1s satisfied, we obtain that the complete set of
parameters that allow the user to define an interpolatory limit curve of class C?, is

Remark 4.6 Denoting by Ro = {(a,,@,’y) ER3 : f=—-1% a= %} the subregion of

2 1 1 1
Ty :=RoNCy = R : —— - B=—N—Z a=—1. 4.9
9 2 NCy {(a,ﬁ,’y)e 5 <7< "5 f=—y 5 @ 9} (4.9)

Ty provides ezxactly the same range found in [72]. Following a similar reasoning, we can see
that the combined ternary 4-point scheme with rules in ([&.3) can not provide C? interpolating

limit curves. In fact, the parameter setting (c, 5,7) = (%, —8%, —;—1), obtained by considering
the subregion Rz of G3 where the interpolation condition o = % is satisfied, does mot lie

in C3, and so R3NCs = 0. Indeed, for (a,B,7) € Cs, the symbol in (4.4) assumes the

non-interpolatory form

2 4
+2+1
8,5 (2) = (’" . ) (817271 +3(1 - 549) + 8172) ,

with vy € (0, %) There follows that, for all values of v € (0, i), the combined ternary 4-point
scheme contains as a special subcase the class of C3 GP ripplets with dilation 3 [66, [67).

Figure [{.3}Heft shows the shapes of the regions Ca, C3 and G3. Figure f.3}right shows the
result highlighted in Remark

4.1.3 Positive and negative aspects of combined ternary 4-point scheme

The combined ternary 4-point scheme with symbol in (4.4]) is able to produce approximating
or interpolatory limit curves with high regularity, but it is not able to reach approximation
order 4. In fact, let us consider the C? interpolatory counterpart of the combined ternary
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0.15

0.4 05 « -0.2 -0.1 0 01 0.2 03 0.4 05
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Figure 4.3: Top: the regions Cy (cyan) and Cs (blue) together with the region Gs (red): 3D
view (left) and top view (right). Bottom: the regions Cs (cyan), Re (green) and Z, (black):
3D view (left) and top view (right).

4-point scheme, i.e. we choose («,3,7) € T in . The scheme satisfies sum rules of
order 3 (see Proposition , which means that it generates the polynomial space II} (see
Proposition [2.7). It follows from the interpolation condition and Corollary that the
scheme also reproduces I1} and thus, from Proposition it has only approximation order
3. We can generalize this reasoning in the following proposition.

Proposition 4.7 A ternary subdivision scheme defined by refinement rules involving at most
4 points can not produce limit curves with the properties of interpolation, C? regqularity and
approzimation order 4.

Proof: Let us consider a generic subdivision mask of a ternary 4-point scheme, that is
a = [ag, a1, a2, a3, a4, as, ag, a7, ag, ag, 10, a11, a12).
We first impose the conditions of interpolation and symmetry
a=[0,a;,a92,0,a4,a5,1,as5,a4,0,a9,a1,0].

Then, we require the necessary condition for convergence, i.e. the coefficients of the mask
sum up to 3, which gives a5 = % — a1 —ag — a4 and thus

a= |0,a1,a2,0,a4, - —a] —ag —a4,1l, - —a; —ag —ay,ay4,0,a2,a1,0| .

2 2
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A subdivision scheme with this mask generates and reproduces constants. To require the
generation and reproduction of a space of dimension 3, we need to impose two additional
conditions which determine, for example, the values of ay and as. It remains only one free
parameter aj that could be used to enlarge by one the space of generated and reproduced func-
tions, thus incrementing the approximation order, or to gain C? continuity. Thus, a ternary
4-point subdivision scheme can not achieve the properties of interpolation, C? regularity and
approximation order 4. H

The existing proposals of ternary interpolatory 4-point schemes either satisfy the properties of
C? regularity (see [72]) or guarantee approximation order 4 (see [9]). To gain the properties
of interpolation, C? regularity and approximation order 4 we need to consider a ternary
subdivision scheme whose rules involve at least 5 points. We study this kind of schemes in
the following section.

4.2 A piecewise uniform interpolatory ternary 5-point scheme

Another important property often required in many applications is the preservation in the
limit curves of the convexity of the initial control points. Linear subdivision schemes that are
only C'! cannot preserve convexity in general, thus the class of C? subdivision schemes is con-
sidered of remarkable importance in the design of application oriented algorithms since it con-
tains the subclass of convexity preserving subdivision schemes. The topic of convexity preser-
vation in subdivision has been subject of extensive studies as proven by the publication of sev-
eral papers dealing with such a problem (see, e.g., |2} 3, 4 111, 55 69} 86} 87, 88, 129} 130]). In
particular, Kuijt and van Damme were the first to investigate the convexity-preserving prop-
erties of linear interpolatory schemes. Together with Dyn and Levin, in [55] they derived a set
of conditions dependent on the initial data, that the parameter of the interpolating 4-point
binary scheme presented in [58] has to satisfy to preserve convexity. Then, many years later,
after the introduction of the C? interpolating 4-point ternary subdivision scheme [72], Cai
derived the conditions that the free parameter of such scheme and the vertices of the initial
polyline have to satisfy to preserve convexity [11]. However, the ternary 4-point scheme in
[72] has only approximation order 3. As proven in Proposition to gain approximation
order 4 we need to consider ternary subdivision schemes defined by at least five points. In
this section, we study the ternary 5-point subdivision scheme recently proposed in [I136] and
we propose a non-stationary generalization that allows for the reproduction of conic sections.

4.2.1 The interpolatory ternary 5-point subdivision scheme

Given the polyline f(© = { fi(o) € R% i € Z}, the interpolatory 5-point ternary subdivision
scheme recursively applies the refinement rules

k+1 k k k k k
W = = I+ w258+ Gw+ B + (—aw - H)1E +wil,
(k+1) f(k)

3i = 5

k k k k k k
f:gi:-rf) = w i(—)2 + (—4w — %)fi(—)l + (6w + %)fi( )+ (—dw + %)fi(—s-)l + (w — %)fi(—&-)%

(4.10)
where w € (537, 1&5) to achieve the construction of C? limit curves (see [136, Section 3.C]).
From the refinement rules in (4.10) we can easily write the mask of the subdivision scheme



Families of stationary and non-stationary univariate subdivision schemes 54

as
4 D 10 20
T50= |w,0,w——, 4w — —, 0, 4w+ —, 6w+ —, 1,
’ 81 81’ 5 27’ 4 27’ (4.11)
6w+?7,—4w+?7,0, 4w—8f1,w ST,O,W},

and hence the associated subdivision symbol is

2 1) 4 11
Ts(2) = (ZJ;;;) 2Tw2® — 108wz" + (189w - 3) A (3 - 216w) 23

) (4.12)
+ (189w — 3) 22 — 108wz + 27w>.

Proposition 4.8 The ternary interpolatory 5-point subdivision scheme with symbol in (4.12))
reproduces polynomials up to degree 3 with respect to the parametrization {T(k),k € No} in
(2.6) with 7 =0 for any choice of w € R that guarantees the convergence.

Proof: It is easy to see that for any w € R,

4mi

DTy o (e) = D'Tx (e F) =0, VI=0,....3,

thus recalling Proposition [2.7] the ternary interpolatory 5-point subdivision scheme with sym-
bol in ([4.12)) generates IT13. Moreover, since the scheme is interpolatory, from Corollary
we also have the reproduction of IIi. W

From Proposition [2.10] it also follows that the ternary interpolatory 5-point subdivision
scheme with symbol in has approximation order 4.

Following the procedure shown in [136, Section 3.C], the expression of the subdivision symbol
T5.,(%) can be also rewritten in terms of Lagrange fundamental polynomials for interpola-

tion. Precisely, we denote by LJ m, m+d]( x), m € Z,d € N, the j-th Lagrange fundamental

polynomial of the space II} := span{1,z,... , 2%}, defined by the nodes m,m + 1,...,m +d,
that is
m-+d

Ej[merd]( x) :‘H j:j, j=m,...,m+d. (4.13)
i#]
In particular, we consider
71[ 21](90) = % nd 587[71’2}(95) - (Hl)(x;l)(x 2) "
0[ () = — R, L0 g (a) = —Eee=), |
1[ 21)() = w, ﬁg’[_lz](x) — zle=D+l)
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i.e. the Lagrange fundamental polynomials of the space I} defined by the nodes —2, —1,0, 1
and —1,0,1, 2, respectively, and

2 2 (CC) . 90(:1:71)(90222)(13+1)7
1 2, (x) o x(x—l)(xG—Z)(z’-‘rQ)’

A 1)(x—211(m+2)(x+1)7 (4.15)

2]

(z) :

(z) = — 2= Da+a+)
() :

Y

[—2,2]
[—2,2]
22]90

z(z—1)(z+2)(z+1)
24

9

denoting the Lagrange fundamental polynomials of the space II} corresponding to the nodes
—2,-1,0,1,2. We rewrite the subdivision symbol T3 ,,(2) as

T5,w(z) = T570(Z) +w N(Z), w € R, (416)
with
(22+2+1)4 ( 4 11 4 _1)
Ts o(2) = a4 —_=Z N(z) = (2 -1t (41
5.0(2) 57 3% + 3 3% and (2) (z + )(z )4 (4.17)

The Laurent polynomial T5 (%) in (4.17) can thus be rewritten in the form

Ts0(z) = 27" (21: L9 5 <—;> z3j) +1+42 (Z Ly 12]( ) J’) . (418)

j=—2 j=—1

Moreover, in light of the fact that all functions in IT3 satisfy D*. = 0, we can also write

2
N(Z) = (Zfl—i-Z) E h‘j 23] Wlth h] :D4£g[_2 2} g (—1)]<+2>’ ]: —27__.72_
. 7 b j
j=—2

(4.19)
Summarizing, the interpolatory ternary 5-point scheme is able to produce limit curves of
class C? and to reproduce I3, thus gaining approximation order 4. The property of convexity
preservation is analyzed in the following.

Convexity preservation of the interpolatory ternary 5-point subdivision scheme

First of all, we recall that a subdivision scheme is said to satisfy the property of strict convexity
preservation if, starting from a strictly convex control polyline, the limit curves produced by
the scheme preserve the strict convexity of the initial data. For an interpolating subdivision
scheme, the property of strict convexity preservation is achieved by simply requiring that,
at each refinement level, the second-order divided differences of the scheme are all strictly

positive. Namely, for a given k-th level sequence of real values {p(-k) € R,j € Z} placed at

regularly spaced parameter values x§-k) = 3,“

(k) _ (k) (k) (k) 2%k
1 b; Dp; p; —P;= 3
d = ( e ) =S o2 -2 ), (@20)
1

J € Z, we denote by

J k k k k k k Jj—1
N R P R e e O A
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the k-th level second-order divided differences of the scheme, and we require that
k .
d¥ >0, VjezZ vkeNy:=NU{o} (4.21)

To guarantee the fulfillment of , suitable constraints on the initial control points £(®
have to be assumed. In fact, without any constraints on the initial control points, the property
of strict convexity preservation does not hold. To provide a counterexample of this fact, we
can consider the strictly convex 2D control polyline defined by the vertices

A% =(1,09826), £ =(11,0491), f” =(201,028),
O = (3,0.1486), £ = (4.8,0.3927),

(3 K3

see Figure[d.4] If for the two sequences {1, 1.1, 2.01, 3, 4.8} and {0.9826, 0.491, 0.28, 0.1486,

0.3927} (obtained by considering the components of the 2D points separately) we compute
the second-order divided differences d§0)7 j=1i—1,i,i+1, using the formulas in (4.20)), we find
that in both cases dl@l, d1(;0)7 dg)r)l are strictly positive. However, after applying the refinement
rules in ([{.10) with w = 5 (such that w € (537, 163)) We get

AV = (1.3427,0.3921), £V = (1.669,0.334), £ = (2.01,0.28),

7

FS = (2.3024,0.2152), £, = (2.5903,0.1595).

Thus, when using the refined sequence {1.3427, 1.669, 2.01, 2.3024, 2.5903}, given by the

first components of the obtained 2D points, dg;) and dg)ﬂ are not positive anymore, and also

dgi) < 0 when using the refined sequence {0.3921, 0.334, 0.28, 0.2152, 0.1595} given by the
second components.

Figure 4.4: The given strictly convex control polyline £() (dotted line) and the not strictly
convex control polyline £(!) obtained after one application of the subdivision rules in (4.10))
with w = 55 (solid line).

The problem of identifying under which constraints on the configuration of the initial data,
a set of refinement rules with a free parameter w can achieve the property of strict convexity
preservation, has been already faced by several authors (see, e.g., [11,129]). The general idea
pursued in these papers consists in investigating the existence of a constant A > 1 (which
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depends on the selected value of the free parameter w) such that, if assuming d” > 0 for all

1 € Z, it is verified that
(0) (0)
max di(Jg)l , d(io) <A\
v d d

% i+1

Moreover, the selected value of A has to guarantee also that, for all k£ € N,

a® gk
dl(k) >0, Vi€eZ  and max{ SN <A\

(k)7 (k)
di” dity
a9 ¢
Instead of using the condition max ’(Jg)l , (ZO) < A, in [100, Theorem 5.1] Mustafa et
g d; d;
7 i+1
al. proposed to use a different constraint, which unfortunately turns out to be not cor-
d9 ©
rect. In fact, after introducing the notation pgo) = ’(—Jg)l and qgo) = j{o) = ﬁ with
(3 1+1 (3
dgo) and dg?r)l defined according to (4.20)), they require the initial data to satisfy the con-
dition r(© .= min{pgo),qi(o)} > A, which is totally nonsense. To understand why it is in-
(2

correct, let us denote by i the index for which this minimum is realized and suppose that
r© = p©® 5 \> 1. Thus qgo) = 10) < 1. Tt follows that q(o) < pﬁo), which is in contradiction

i O i i
. . 0) (0 0
with () = miln{pg )qu( )} = pg ),
To derive a correct condition that can guarantee the convexity preservation property of the

interpolating 5-point ternary scheme in (4.10]), we start writing the refinement rules for the
second-order divided difference scheme as

di = a1d®, + agd™) + azd™ + agd®),
dé’j*” = a3dl@1 + a6d§k) + agdz(i)l, (4.22)
dé’fﬁ . GQdEE)l + asd,(k) + a4dl(-i)1 + aldl(_k;)Q,
where .
ay = 1 Jw, as = 2—18w7 az = 1178w — 9 (4.23)
ag = 3 — 36w, as = 3+ 4dw, ag = 5 — 36w.

Exploiting (4.22)), we can reformulate the conditions yielding the preservation of strict con-

vexity as dgjfll ), dg’:H), dg;’:_rll ) >0 provided that dgk) > 0 for all ¢ € Z. Thus, we proceed by

proving the following result.

(k) (k)
Proposition 4.9 Let p(k) = G e 4 ﬁ and r®) = m?x{pgk),q§k)}. If the

R
initial polyline is strictly convez, i.e. dg-o) > 0 for all j, then for all w € (3%, 16%) and
r@ < X = —ggngg, the ternary interpolatory 5-point scheme with refinement rules in

(4.10) preserves the convexity of the given data.

To simplify the proof of Proposition [4.9]as much as possible, we first introduce two auxiliary
lemmas in which we provide some inequalities that will be used to show the fulfillment of
condition (4.21]). The proofs of these lemmas are skipped since quite straightforward.
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Lemma 4.10 For all w € <324, 162) the coefficients in 3) satisfy the inequalities
ar >0, a3<0, a3<0, a4 >0, a5>0, ag>0.

Lemma 4.11 Let a;, i = 1,...,6 denote the coefficients defined in and A the value in

Proposition 4.9 Assuming w € (324, 162) it follows immediately that )\ € (1, g) Moreover,

for allw € (324, 162) the inequalities
(1) as + 2azA > 0; (z:p) 2 — (a1 —as) — agA > 0;

(ii)%+“74+a5+a2/\>0; (.T} (Q—aﬁ)/\—a3/\2<0'

(i17) U35 4 ag + agA? > 0; (azz) B — (ag —ap) —asA > 0;

(1v) az — a2 A < 0; (:mz) as — aj; — as\ < 0;

(v 2“")\ YU +ag—ag —ag —azA <0;  (xidi) ag + a1 A — agA > 0;

(vi) ag — azA > 0; (xiv) ag — a1 A < 0;

(vii) a4 + (a1 — as)\ — aa\? < 0; (zv) a3 — agA >0

(viii) 225% — (ag + ag) A < 0;

are also fulfilled.

Proof of Proposition We start by observing that, from the definition of pgk), qz(k) and rgk),

% as well as pgo),ngo) < A and —pgo), _ngo) < —%.

we immediately have r(®) < X and r(©) >
Then, we continue by showing via mathematical induction that, for all k € N, dgk) > 0 for
all i € Z and r*) < X. Therefore, assuming dl(-k) > 0 for all i € Z and r*) < X, the proof

(k+1) (k+1)  (k+1)

consists in showing that d3¢+j >0 for j = 0,1,2 and r*+1) < X\, namely P3itj > Q3itj < A

for j =0,1,2.
Exploiting the inequalities —pgk), (k) > —)\, in view of Lemma and Lemma (1),
from (4.22]) we obtain

dg’ZH) = dl(.k) (ag — ag(—q(k) pgk))> > dgk)(ag + 2a3\) > 0.

Analogously, from ([1.22)) and Lemma [4.11] (ii) we also get

dé’fill) = d( ) (—az(—qﬁ)l) + a5 + a4p§ ) + alpgk)ngr)l) > dz(-k) ()\2 + 7 + a5 + ag)\>

and, additionally, using condition (#i7) the first equation in (4.22) yields

_I_
A2 = d (wa® + o+ as® + a5l > P (2 40 +ai?) >0
Now we prove that ##*+1) < X. Since
dé’iﬂ) )\dg:ill) = dz(k) a3qz@1 + ag + a3p§k) - a2>\qz@1 —asA — a4/\p§ ) +a )\p(k)( pgﬂ))
< dEk) ag — as\ — ((Ig — CLQ)\)(—qgﬁ)l) - (a3 —ap — 04)\)(_291( ))>
< dl(k) 2‘“%‘”4—&6—@4—&2—@5)\ )
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then, in view of Lemma and Lemma (iv),(v),(xii) we have d(kH) )\dgfill) <0, ie.

qg:“) < A. In a similar way, considering Lemma and Lemma (vi),(xiti), we get

k) (k) (%) (%), (k)

k k
a2q;_1 + a5 + aq4p; (k) (k)

+a1p; Py — asAg;y — ag\ — azAp; )
as — agh + (a2 — as\)g\"; + (a1 + a1\ — az\)p!")
as + (a2 + as — ag) A + (a1 — 2a3)A\?)

¥
= d.’“)g(A — 1) ((8 — 243w)\ — 405w — 6) = 0

diiy) = Mg = d

<
<

due to the definition of A. Thus d:(;f:ll) - /\dgfl) <0, ie. pgfl) <A
Moreover, using Lemma and Lemma (vit),(viii),(ziv), we obtain

A1 -3 = P, + s+l + P, — ) — - s
— ap"pl))
< dgk)( as — a4\ — (ag — a1)\)(—q§5)1) — (a4 + a1 A — as\
— ) (-p")
< dP (2 e ap) —ag)),

]
hence dglill) /\dgffié) <0, i quill) <A

Analogously, considering Lemma and Lemma [4.11] (viii),(iz),(zv), we have

diity =Gy = d (g + au+ asp” — aop” (<ph) — arg) — ash — anrp)”
+ al?(-p))
< Z( ) (a4 —asA+ (a1 — ag)\)qz( )1 + (R —a1+as— a4)\)p§k))
< dgk (ag +as — a2 — a4)\2) ,

so dSTy) — aalitl) < 0 ie. pitl) <

Finally, using Lemma as well as Lemma [£.11] (vi) and (z), we can write

k) (k) (k) (k) (k) (k) (k) (k)

diity) = Myl = dz( a1¢;=1 + aa + asp; +aap; piyy — ash = agAp; — asAp; Pm)
< dgk) as + (a1 — ag)\ + (a5 — ag)\)pg ) 4+ (ag — ag)\)pz(k)pgi)l)
< dgk) as + (a1 — az)\ — (a5 — ag\ + ag\ — a3>\2)(—p§k)))
< dEk) ( +az + a4 — ag + (a1 — 2a3))\)
= dE’%%(A — 1) ((8 — 243w)\ — 405w — 6) = 0

due to the definition of A. Hence, the latter yields di(’n +2) Adé’:_t;) <0, ie. qg:j; )<\

To conclude the proof we consider Lemma [4.10] together with Lemma (iv),(v) and (i),
from which we obtain

diiys) —Myily) = d (a5 +aep +asppl) — aidg®h —aid —ashp”) — axdp{Vpl1))
< d" (a3 — a1 — asA + (a6 — asN)p{? — (az — ap\)p{” (— Pffi)ﬁ)
< dl(k) az —ay — ag\ + (¢ —az +ag — a5)\)p§k))
(
< (2

a®) (2a3 — a1 + (ag — as — a2) A — asA?),
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so that d:(,fi;) - )\dg;i;) <0, ie. pgfizl) <A N

Figureshows C? limit curves obtained for different values of w € (ﬁ, 1%2), when applying

the ternary interpolatory 5-point scheme to initial convex control polylines satisfying the
condition in Proposition [£.9

Figure 4.5: C? limit curves obtained by applying the ternary interpolatory 5-point scheme
in (410) with w = g2- (left), w = 35 (center), w = 5 (right), to initial convex data that
satisfy the condition in Proposition

4.2.2 A non-stationary extension of the interpolatory 5-point ternary sub-
division scheme

As already recalled, the use of non-stationary refinement rules let us gain a tension control
parameter and the capability of reproducing not only polynomials but also exponential poly-
nomials, that is conic sections. To this purpose, in this section we propose a non-stationary
generalization of the interpolating 5-point ternary subdivision scheme in .

To construct the symbol of the non-stationary interpolatory ternary 5-point scheme we follow
the same procedure shown for its stationary counterpart (see equations (4.18))-(4.19))). First,
when replacing IT} by the space of exponential polynomials W} , in (3.9) represented by

3
Wi o =span{l,x,... 2972 e e}, te {0, 277) UiR™,

we denote by L;’,[m,erd] (z), j =m,...,m+ d, the exponential polynomial of the form

d—2
L tmra (@) =Y B at + Bl g g € + B ge™, (4.24)
=0

whose unknown coefficients 5;,1‘7 i = 0,...,d are uniquely determined to satisfy the d + 1
conditions
t .
[’j,[m,m—&—d] (Z) = 5j7i

with ¢;,; denoting the Kronecker delta. It is worth emphasizing that, for all m € Z and d € N,

the exponential polynomial L';.’[m’m +d] (x) converges to the degree-d polynomial ﬁ?,[m,m +d (x)
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when ¢t — 0.
In particular, we consider
t(2+x t(2—a t(,2t
Chapoasle) = g
rt (2) = oz (e +et +1)+¢ et(2+e) (el +2) — et(2—x) (et +2)
—1,[-2,1] ) (et —1)2 (et —1)3 (et +1) ’ (4.25)
rt (2) = r(e®+et+1)+e2+1 N et1=2) (e 4 2) — et3+2) (et 4 9)
0,[-2,1] (ef —1)2 (el —1)3 (et + 1) ’
6t(3-i-ac) _ et(l—z) _ (1 + :B) el (ezt _ 1)
‘Cl[ 21)(®) = (el —1)3 (et + 1) ’
and
et(+z) _ ot(3—x) + (1 _ :U) et(e2t _ 1)
05—1,[—1,2] (z) = — (et —1)3(et + 1) '
Lt (2) = Cz(P 1) e -1 N et1+2) (et 4 2) — tB=2) (¢t 4 2)
0,[—-1,2]\% (el —1)2 (et —1)3(et + 1) ’ (4.26)
ot ( ) _ x(62t+et+ 1) — et N et(2—x)(et +2) t(2+x) (e t+2)
LAt (ef — 1) (et —1)3 ( +1) ’

et(2+r) _ et(2—z) _ :cet(e% _ 1)
52[ 12]( )= (et —1)3(et 4+ 1) ’
i.e. the fundamental polynomials related to the exponential space W} defined by the nodes
—2,—1,0,1 and —1,0, 1, 2, respectively, and
(1l —x)et (em — 1)(62t — et(?’_l’))

5327[—2,2] () = 2(el — 1)2 (el — Di(et +1)

. r(r(e +1)2 — (e +1))  eX(e™™ —1)(e!®(ef +3) — 3e! — 1)
B (= |

22 (e2t 4 ot Q2T o=t _ ot _ ot

Eo[ 2 2]( T) = a (lg — 1—;2 1), 3 ~|(—€t — 1) ), (4.27)
ot B r(r(e +1)2+ (e +1))  eMe ™ —1)(e®(e™! +3) —3et 1)

1-22)(%) 1= 2(et —1)2 (et — 1)4(et + 1) ’

B r(l+x)et (e — 1)(€3t — et(Q_”"))

Lo (@) == 2(et —1)2 (el —1)4(et +1)

that is the fundamental polynomials associated to the exponential space W21 defined by the
nodes —2,—1,0,1, 2.
Thus, we set

1

k _ —k 1N\ . k .

TES,O)(Z) =z 1 (Z ‘C?’[—tzl] (—3> z 3‘7> +1+z (Z ,C;)[ t12] ( > 3]) s (428)
j=—2

and since all functions in Wi satisfy the differential equation D* - —t2D?. = 0, we define

N®(2) := (27 +2) Z WM with B = D - (37R )2 D2 M L = -2, 2.

j=—2
(4.29)
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At this point, following again the same approach used in the stationary case, we construct
the k-th level symbol T( )(k)( ) as

k k
Ty = T30 (2) +wINB ), w® eRr (4.30)
Introducing the notation
Lt Lt 3
k) = 5 <613’€t+1 +e lskt-rl) , te [0, 27r> UiR™,
as in (3.11)) we can conveniently rewrite (4.28) as

k 224z 2
Té,o) (2) = _3(2v<k)(+1J)r3(J2rj<)k)71)z5 ((2U(k) +2)22 + (—4(v™)? — 0™ —3)2
+(20%) 4 2)) (24 + 20023 4 (4(v®)2 — 1)22 + 20F) 2 + 1)

(4.31)

and the term w® N®)(2) as

—k 2
wFI N (z) = k) <3tkt> 2224+ 1) <z6 — 200 (4(0)2 - 3)23 + 1) (23 —1)%

3=kt _3=
e 2 —e 2
2
Incorporating <3kt3kt3kt> in the free parameter w*®), we finally obtain
e 2 —e 2
whIN®) () = wh)277(22 4 1) (20— 200 (4(0M)2 = 3)23 1) (5* - 1)?, (4.32)

so that T(k) » (2) is nothing but the sum of the Laurent polynomials in (4.31)) and (4.32).

Now, expandlng T( )(k)( ) with respect to z, we find the unknown entries

Cgk) = w®),
Bk 2(v® + 1)
C3 3200 — 1)(20k) +1)3’
. 4o + 1
= —2u® (4 - 30® 4 1) - 3@® 1)o@ 1 18 (4.33)
k 1 !
) = 200 (4®) —3® 4 1) + @ )20 1 18 T 3
2p(k) 2
k
V= 20® (8P — 6o 4 1) + (200 — 1)(21)( 1P
of the k-th level mask
ng:’li}(k) = [Cgk)a 07 C{(Sk)a Cz(lk)a 07 Cék)a C’(Yk)a 17 C’(7k)7 Cék)a 07 C(k) Cé )7 0 C(k)]’ (434)

and hence the refinement rules of the interpolating 5-point ternary non-stationary subdivision

cheme () _ 0,0 | 0 (k) ((8) | (K) p(6) () p(R)
Jr

3i-1 = pi—2 t ¢ f 7 L e fi e fie

AR p§k> (4.35)

k+1 k) o(k k) p(k k) o(k k) (k) +(k
fs(z‘+1) = 0(1 fi(—)2+cé(1)fi(—)1+c(7)fi() ( fz+1 )fi(+)2
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Remark 4.12 Observe that, when k — +oo, then from (3.16) v®) = 1 and the Laurent
polynomials Téfg)(z) in [@.31) and N®)(2) in [@.32) converge to their stationary counterparts
in (4.17). As a consequence, under the conditions v®) =1 and w® = w, the k-th level

symbol T;Z(k)(z) reduces to the stationary symbol Ts.,(z), and the associated subdivision

rules in (4.35) are brought back to the stationary ones in (4.10]).

4.2.3 Properties of the non-stationary interpolatory 5-point ternary scheme

When investigating the support width of the basic limit function of the subdivision scheme
with symbols {Télz))(k) (2), k € Ny}, the setting of the parameter ¢ defining {v*) € Rt k € Ng}

is not crucial. In fact, we must simply select {v*) € Rt k € Ng} and {w*) € R\ {0}, % € Ny}
such that convergence is guaranteed. Hence, the next result is obtained.

Proposition 4.13 Let ¢ be the basic limit function of the subdivision scheme with k-th level

symbol Ts(lil))(k)(z) in ([£:30). Then ¢ has support [—%, 2] for any choice of {v®) € Rt k € Ny}

and {w® € R\ {0}, k € No} that guarantees convergence.

Proof: Let £f(O .= {di0,1 € Z}, and for all k& € Ny define by #¥) the piecewise linear
function interpolating the data f (k) generated by the subdivision scheme, at the parameter
values 37%Z. We first prove that ¢*) has support [—£®), )] with €*) = 1 + % (1 — 3*’“).
We proceed by induction on k. For k = 0, the support of ¢(? is trivially [—1,1], which
verifies the given statement. Now, we show that the fulfillment of the given statement for
an arbitrary level k implies its validity for the next level too. Indeed, assume that at the
k-th iteration the support of ¢(¥) is [—£(®) ¢®)] with ¢®) =1 + 2 (1 — S_k). Then the last
control point of £*) with non-zero y-coordinate is placed at zg = £*) — 37%. To find the
parameter value of the last control point of f*+1) with non-zero y-coordinate, we need to
apply to z¢ and its four following points (which have zero y-coordinate and are placed at
21 =60 gz =€) 437k o —¢®) 1237k g, =k 4 337%), the third formula in .
This yields

5
cgk):po + cik)xl + cgk)ajg + cék)xg + Cgk)$4 =1+ 5(1 — 3_k_1) — 37k1

and thus the support of ¢(*+1) is exactly [—£*FD), ¢*+D] with ¢*+1) =143 (1 - 3*’“*1), =)
concluding the induction proof. Finally, under the hypothesis of convergence, the basic limit
function ¢ := limy_,oo ) exists and its support is given by limy_,o[—£®), £*)] = {—%, %}
|

The same results could be obtained using the method proposed in [44].

Differently, a correct setting of the parameter ¢, and hence of the sequences {v(k) eERT ke
No} and {w® € R\ {0},k € Ny} is required to achieve high smoothness order and re-
production of conic sections, i.e. reproduction of the space of exponential polynomials in
WI.



Families of stationary and non-stationary univariate subdivision schemes 64

Smoothness analysis

Since we are not interested in limit curves that are only C° continuous, we do not explicitly
specify which choices of the parameter sequence {w(k) € R, k € Ny} can ensure the conver-
gence of the subdivision scheme defined in , but we directly point out which parameter
setting can yield its C%-convergence. First of all we observe that, when w® = 0, then

the k-th level symbol 7.") , (2) in (30) reduces to the k-th level symbol T34 (=) in ([E31).
The latter coincides Wlth the subdivision symbol of the non-stationary ternary interpolatory

4-point scheme in [9], which is of class C! for any sequence {v*) € Rt k € Ny} (see [9,
Proposition 10]). Hence the parameter setting {w® = 0, k € Ny} does not yield C? con-
tinuity. The following proposition provides the conditions to be satisfied by the parameter
sequence {w(k) € R\{0}, k& € Ny} such that the non-stationary ternary interpolatory 5-point
scheme defined in indeed produces C? limit curves.

Proposition 4.14 Let v(0 € Rt and v*) be defined as in (3.15) for any k € N. Moreover,

assume that w®) converges to w € (ﬁ, ﬁ) with the rate O(37%%) as k — co. Then the

(k)

ternary interpolatory 5-point scheme with symbols {T5 ()
of class C?.

(2), k € No} produces limit curves

Proof: Recalling property (3.16)) and in view of the assumption on w® | the k-th level symbol
Té’jz(k) (z) is such that

kETOOTéu)AM( z) = Tsu(2),

with T5 ,,(%) the symbol in Thus, according to Definition the non-stationary
subdivision scheme with symbols {T( ) L (2), k € No} is asymptotically similar to the sta-
tionary scheme defined by the symbol T 5.w(2). Since the basic limit function of the stationary

scheme is stable and C? for all w € (324, 162) (see Section [4.2.1)), if we could show that the

non-stationary scheme satisfies the so-called approximate sum rules of order 3 (see Defini-

tion [3.15), i.e.

(o]
) Z urp < oo with ‘T(k
= " (4.36)
. 14
(b) Z 3%, < oo with & = Juax max 3" ks D T o (O]
k=0 P ee{eT T}

the claim would follow from Proposition [3.17 Since T( )<k)( 1) = 3, condition (a) is trivially

verified. Moreover, since
4ri

T(IZ(M (e) = p'r® (e)=0 for ec {ezg,rl es }

and

|+ (0P = 1) F®), )]

with
4(4(v )2 4 60*) + 5)
(20 — 1) (20(k) 4 1)2

— 36w™ (20 4 1)2,
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in order to prove condition (b) we simply have to show that

max 11+ €] Z ‘(v(k) -1) f(v(k),w(k))‘ < 0.
k=0

2 4
cc{eT 5}

The convergence of this series easily follows from (3.16)) and the assumption on w®) | so
proving the fulfillment of approximate sum rules of order 3 and thus of the claimed result.
|

Figure shows different C? limit curves that have been obtained modifying the initial
parameter v(?) in the admissible range R and choosing the parameter sequence {w(k) €
RT\{0}, k¥ € No} in the respect of the assumptions of Proposition As we can see, v(©)
plays the role of a tension parameter since, as far as its value increases, the limit curve stays
closer and closer to the initial control polyline.

Figure 4.6: C? limit curves obtained by applying the non-stationary ternary interpolatory
5-point scheme with k-th level symbol in (4.30) when setting w®*) = and

choosing v(®) = 0.8 (left), v(¥) = 1 (center), v(®) = 3 (right).

1
32(8(v(k))3—2vu(k) 4-2)

Reproduction of conic sections

We conclude this section by investigating the reproduction properties of the C? non-stationary
ternary interpolatory 5-point scheme.

Proposition 4.15 For all {w®® e R\{0}, k € No} satisfying the assumption in Proposi-
tion the C? non-stationary ternary interpolatory 5-point scheme with k-th level symbol
in ([@.30) reproduces Wi with respect to the parametrization {T®) k € No} in ([2.6) with
T=0.

Proof: Since Téiz(k)(z) is such that
k k 2mi 4mi
T5(,13(k)(6) = Dngiu)M)(e) =0 for ec {e 3 ,e3 }’

in view of Proposition it is easily shown that the space I} is generated for any choice of
w® as in Proposition Moreover, since

T(k)(,c (e e+

NS 2mi dmi
5.w(®) siHT) =0, for 66{63,63},
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then from Proposition the space {e'® e7'*} is generated for any choice of w®) as in
Proposition Thus the whole space Wi is generated. There follows that, being the
scheme interpolatory, the space Wi is also reproduced with respect to the parametrization

{T®) k€ No} in (2.6) with 7 = 0 (see Corollary [2.12). W

Remark 4.16 Note that, if the initial data are of the form (j, f(4)), j € Z with f € W},
then in order to reproduce the function f in the limit, we need to choose t respectively as:

o t =5 withs € (O, %W), if f € span{l,x, el 7157},
o t =0, if f € span{l,z,2? 23};
o t =is with s € RT, if f € span{l,x,e5%, e 5%},
Thus, accordingly, the initial parameter v0) has to be defined as in .

Corollary 4.17 In consequence of Proposition and in view of Proposition we
immediately have that the non-stationary ternary 5-point interpolatory subdivision scheme
has approximation order 4.

4.2.4 Combining convexity preservation with conic reproduction

As already recalled in Section [£.1.3] in literature we cannot find examples of ternary interpo-
latory 4-point schemes satisfying at the same time the properties of C? regularity, convexity
preservation and reproduction of a 4-dimensional space of exponential polynomials. Thus,
our new proposal provides a great improvement over the 4-point schemes in the literature
since, by means of refinement rules involving only one additional point, it is able to design
limit curves that fulfill all the above three properties. Precisely, in the previous section we
have seen that, when the parameter sequence {w®) ¢ R*\{0}, k € Ny} is defined as in
Proposition then the limit curve is C? for any arbitrary initial polyline. Furthermore,
the subdivision scheme can

e reproduce conics whenever the value of ¢ identifying the parameter sequence {v(k) €
RT, k € Ng} is properly set and the vertices of the initial polyline f ©) are points on a
conic section corresponding to equally-spaced parameter values (see Proposition [4.15));

e preserve the convexity of the given data whenever the constant parameter sequences
{v®) = 1,k € No} and {w® = w € (3714,1%2 , k € Ny} are used and the initial
polyline satisfies the assumptions in Proposition

The goal of this section is the construction of a piecewise-uniform subdivision algorithm that
allows the user to generate a C? continuous limit curve including arcs of conic sections as well
as locally convex pieces that preserve the convexity of the corresponding portion of initial
control polyline.

In the following, we first focus on how to construct a limit curve that contains an alternation
of curve pieces generated by the rules in with different choices of the parameters
{v®) € Rt k € No} and {w® € Rt\{0}, k € Np}. Then, we show that the limit curve
obtained via this piecewise-uniform scheme is C? everywhere, that is also in the region in
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which the convexity preserving rules and the conic reproducing rules overlap. Finally, we
show some examples of C? limit curves obtained by the piecewise-uniform scheme, that both
contain curve pieces reproducing conic sections and curve pieces that preserve the convexity
of the initial data.

Figure 4.7: Configuration of parameter pairs around the contact point f at the k-th refinement
step.

For the sake of conciseness, in the following we denote by 7®*) the C? ternary interpo-
latory 5-point scheme with symbols {T. S(Izz(k)(z), k € Ny} satisfying the assumptions of

Proposition Moreover, we denote the parameter sequences {v¥) € R*, k € Ny} and
{w® € RT\{0}, k € Np} needed for its construction by V*) and W*)| respectively. Given
an initial control polyline, we study the problem of including in the limit curve an alternation
of curve pieces obtained using schemes 7) defined by different choices of the parameters
V) and W) For this purpose, we associate to each edge of the initial control polyline a
different scheme 7*) and we suppose that edge to be refined using such scheme for all the
subdivision steps. As a consequence, the resulting subdivision method belongs to the class of
piecewise-uniform schemes since, essentially, it consists in using two different refinements to
the left and to the right hand side of a contact point. Since all the schemes that are applied
locally have a finite support, each contact point is influenced only by the schemes applied
in its neighborhood. So we can generalize the previously proposed (uniform) subdivision
scheme to the situation described in Figure [£.7] More precisely, we assume that on the left
hand side of the contact point f the subdivision scheme denoted by ﬁ(k), identified by the
parameter sequences Vl(k) = {vl(k), k € Ny} and I/Vl(k) = {wl(k), k € No}, is applied, while
on its right hand side the subdivision scheme ’Tr(k), identified by the parameter sequences
Vi = (o ke N} and W% = {w™, k € No}, is used.

Denoted by 'T?(k) the combined scheme, we are interested in determining the smoothness of
the limit curves it produces. To this end we can limit ourselves to analyze the behaviour of

the two schemes 7;(k) and ﬂ(k) in the region around the contact point f. Since both schemes
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are separately C2, away from the contact point f the limit curves are clearly C?. Therefore,
we need to study the regularity of 7'?(k) only in the region where they overlap. To formalize

the application of the combined scheme 7'?(k) in the neighborhood of the contact point f, it

is convenient to write the bi-infinite subdivision matrix

0 0 1 0 0 0 0

Cglfl) Cfl) 0(7]?1) Ct(al,cl) Cg ;0 0

L 0 Cg’fl) Cﬁkl) Cgl,cl) C4kz) Cgl,gz) 0
S%’ = o 0 0 1 0 0 0 (4.37)

0 ) A A

0 0 o) o) & )

0 0 0 0 1 0 0

where for i = 1,3,4,6,7, the coefficients ™ and cgf) are the ones in (4.33)) with parameters

il
Ul(k),wl(k) and vﬁk),wgk), respectively. Let S := limy_, S%k) denote the stationary counter-

part of the matrix Sik), and observe that limy_, ﬁ(k) = limy o0 ﬁ(k) = limg_ 00 7}(16) =:T°°,
with 7°° denoting the stationary scheme related to the subdivision matrix S, which, as

previously recalled, is C? for w € (514, 1—(1;2) (see Section |4.2.1)). To prove Proposition [4.19]

regarding C? continuity of the limit curves in the overlapping regions of ﬁ(k) and ﬁ(k , we
exploit the following result which is a straightforward generalization of [56, Theorem 8] to
the m-ary case.

Proposition 4.18 Let {S, ),k € No} be a non-stationary subdivision scheme of arity m €
N, m > 2, and S, a stationary subdivision scheme of the same arity and support width. If Sa
is of class O and if 352 o m™*||S ) — Sal| < 00 for £ =0,1,...,r, then the non-stationary
scheme {S,), k € No} is also of class C".

Hence, C?-smoothness of the piecewise-uniform scheme can be proved as follows.
Proposition 4.19 The combined subdivision scheme ’7'?(k) generates C? continuous limit

(k)

curves in the region where ﬁ(k) and T overlap.

Proof: To prove the claim it is sufficient to show that 7'?(k) and 7°° are asymptotically

equivalent of order 2, namely, in view of Proposition 4.18, they satisfy Y 7o, 3ék||7’?(k) —

T°°|| < oo for £ =0,1,2, which means that the associated subdivision matrices also satisfy

Y reo 3%“5’%) — 5] < oo for £ =0,1,2. Since S%’) is built from the rows of Sl(k), S*) and

the subdivision schemes 7;(@, ﬁ(k) are independently known to be C?, it is easy to show that

— B goo o k) ool N oo
ng’fus;)—s y|gmax{23fk||s§>—s 1,3 3% 5% — g |}<oo
k=0 k=0 k=0

for all / =0, 1,2, from which the claim is obtained. W
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We conclude this section pointing out that the proposed piecewise-uniform subdivision algo-
rithm allows the user to generate a C? continuous limit curve including arcs of conic sections
as well as locally convex pieces that preserve the convexity of the corresponding portion of
initial control polyline.

Precisely, let n > 6 and assume that the initial polyline is such that the vertices from fJ(O) to

f](i)n are points on a conic arc corresponding to equally-spaced parameter values. If

(acos(£t), bsin(lt)), te (0,37
=1 Gy we), (047 0=j,....j+n
(iii) (acosh(ft),bsinh(ft)), te R*

(i) cos(}), te(0,3n)
and vy = (ii) 1, b=j,....54+n—1,
(iii) cosh(f), teR*

then when setting the parameters wék), {=3j,...,57 +n — 1 according to the condition in
Proposition [4.14] the portion of limit curve confined between the vertices fﬁ)g and f]@n,g
exactly coincides with the conic arc from which they have been sampled, and the adjacent

pieces join C? continuously.

In a similar way, if the portion of initial control polyline between f;o) and fﬁ)n is locally convex
and satisfies conditions in Proposition then provided that, for all £ = j,..., 5 +n —1,
Uéo) =1land wék) fulfills the assumptions of Proposition the obtained limit curve is strictly

convex between fﬁ)?) and fﬁ)n_?), and joins C? continuously to the neighboring pieces.

Figure 4.8: Examples of application of the C? piecewise-uniform subdivision scheme.

Figure shows some application examples of the proposed piecewise-uniform subdivision
algorithm in order to generate C? continuous limit curves including arcs of conic sections
as well as pieces that preserve the convexity of the corresponding portion of initial control
polyline. In case (a), the parameter véo), £ =0,...,31 to be associated to the ¢-th edge of
the control polyline is defined as

0 0 0 0 0 0 0 0
R RO B L1 N o TS I &

) =

T

= [cos (35) +---,cos (35) »1,...,1,cos (93) ,-..,cos (97),1,...,1],
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and the shape parameter vectors for the successive refinement levels are simply obtained via
the recursive formula (3.15). In contrast, the smoothness parameter wék) to be associated

with the /-th edge of the control polyline is given by wék) = o (k>)31+3 [RESTY
Ve Ve

In a similar way, in case (b) the initial shape parameter vector is chosen as

(0) 0) (0 o o _[ 4 <7T> (”) 1}
R R O D Th vy [,..., yeos (57 )s--oscos{ o7 |1,

vék) is again defined from the corresponding vgo) via recurrence ({3.15) and
(k) _ 1
YT PP P15

Concerning Figure (a), the initial control polyline is locally convex from féo) to f1(g) as

well as from f2(2) to f3g) = féo); thus, from fl((l)) to fl(g) and from fz((;) to fQ(g) the limit curve
preserves the convexity of the given data. Differently, the initial control points from féo) to
féo) and from fl(g) to f2(2) are uniform samples of the circle of radius 1 and 2, respectively;

hence the limit curve reproduces the corresponding circle arc between féo) and féo) as well

as between f © and f2((1))
Asto F igure (b), from féo) to fl(g) the initial control polyline is locally convex, thus from
f?EO) to f7(0) the limit curve is convex too. Conversely, from f1(8) to fl(g) = éo) the initial

control points are equally-spaced samples of the circle of radius 1.5; thus from fl(g) to fl(g)
the limit curve coincides with an arc of such circle.

4.3 Families of non-stationary subdivision schemes reproduc-
ing conic sections

In the previous section, we have seen the usefulness of non-stationary subdivision schemes to
design limit curves able to reproduce not only polynomials but also exponential polynomi-
als. This property, together with interpolation and arbitrarily high smoothness, is considered
wished tool both in geometric modeling and image segmentation. As to the latter, we recall
that one of the most used tools for efficient image segmentation are active contours (snakes),
i.e. 2D curves evolving through the image, capable of perfectly outlining elliptic objects and
offering user-friendly models, versatile enough to provide a close smooth approximation of
any closed polyline in the plane [37] (see also Section [G)).

In the stationary context, many fundamental families of subdivision schemes have been pro-
posed and studied during the years (e.g. [42, [74], 90]), which are able to produce limit curves
with high smoothness and to generate or reproduce polynomials. However, non-stationary
extensions of these schemes have never been proposed, thus limiting their application.
Among these families of stationary subdivision schemes, there is the Lane-Riesenfeld algo-
rithm [90] which defines the symbols associated to the family of B-spline schemes of order
¢, with £ € N. In literature, the use of these symbols as ‘building blocks’ to define both
interpolatory schemes [27] and subdivision schemes with enhanced reproduction capabilities
[74] has been recently shown. In fact, Conti and Romani observed that ¢-point (with ¢ even)
Dubuc-Deslauriers schemes [42] are characterized by a symbol containing the factor (;j_ll)é,
while Hormann and Sabin noticed that the same factor (with ¢ € N) is also contained in the
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symbol of the family of subdivision schemes with cubic precision. Moreover, in [39] it has
been also recently illustrated that the first member of the Lane-Riesenfeld’s family and that
of the Hormann-Sabin’s family can be combined together to give rise to a recursive formula
defining the interpolatory 2n-point Dubuc-Deslauriers schemes for all n > 3.

These observations prompted us to propose a non-stationary generalization of these funda-
mental classes. First, we show a level-dependent extension of the Lane-Riesenfeld algorithm,
aimed at providing the symbols of normalized exponential B-splines. These symbols, to-
gether with a non-stationary version of Hormann-Sabin’s kernels, are successively used as
‘building blocks’ to define a family of alternating primal/dual subdivision schemes repro-
ducing conics. The first member of the resulting family, combined with the first one of the
novel Lane-Riesenfeld’s family, is shown to originate a three-term recurrence formula defin-
ing the symbols of the non-stationary interpolatory 2n-point schemes reproducing the space
Wan_3 = span{l,x, ..., 2>" 73 e!® e~} where t € [0,7) UIRT and n € N, n > 3.

In the following, we start with a review of known results in the stationary setting, then we
propose non-stationary generalizations and we analyze the support width, generation and
reproduction capabilities and smoothness properties of the new non-stationary families.

4.3.1 The stationary setting: review of known results
Lane-Riesenfeld algorithm

Refine-and-Smooth algorithms are characterized by a refine step which introduces new points
on the initial control polyline, and a following smoothing step, which modifies the obtained
points using simple local averaging rules. More smoothing steps provide limit curves of
wider support as well as of higher smoothness [13]. One of the simplest Refine-and-Smooth
algorithms is the well-known Lane-Riesenfeld algorithm, which generates polynomial uniform
B-splines of degree (n+ 1) for all n € Ny [00]. We remind that this algorithm is defined using
a smoothing operator described by a symbol of the form

z+1
S(Z) - 2 9
and a refine operator
1 2
R(z)=1+8(z*)z"! = (Gl —22 ) ,

which is well-known to reproduce I} [L3].
The Lane-Riesenfeld algorithm is obtained by applying the smoothing operator S n times,
after one application of the refine operator R. This mechanism provides the symbol

An(z) = 27131 (5(2)) " R(z) = (z+ D

which is indeed the symbol of the degree-(n + 1) polynomial B-spline. We notice that the
schemes defined by the symbol in (4.38) generate II},,; = span{l,z,2?,...,2" "'}, but re-
produce only II3.

Hormann-Sabin’s family

In order to increase the degree of polynomial reproduction of B-spline schemes from one to
three, the family of stationary subdivision schemes with cubic precision, hereinafter denoted
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by {F(2)}n>2, was proposed by Hormann and Sabin [74]. Its symbol can be written as

Fo(z) = An(2) Kn(2), n € N\{1},

1)nt2 2 6 D) (4.39)
where An(z) — M and Kn(Z) _ _n—i— + n + . n —+ 5
2”+1z(5—|+1 8z 4 8

Thus this family is defined by using a convolution of the symbol of the Lane-Riesenfeld’s fam-
ily with some degree-2 polynomials, that they called kernels, tailored to increase the degree
of polynomial reproduction of B-spline schemes from one to three.

We remind that the scheme with symbol Fj(z) is the dual three-point scheme which repro-
duces quadratics but not cubics, and hence it is not considered a member of the family. On
the other hand, F5(2), F3(z) and Fy(z) are respectively the symbols of the Dubuc-Deslauriers
interpolatory four-point scheme, the dual four-point scheme and a relaxation of the interpo-
latory four-point scheme (see [74]).

The family of interpolatory 2n-point Dubuc-Deslauriers schemes

The interpolatory 2n-point (n € N, n > 1) Dubuc-Deslauriers scheme [42] is identified by the
symbol (see e.g. [27, [62])

Ion(2) = Azn—2(2) nil (1) 27 <n o e) % (4.40)

et / z

where
(z+1)%"

Agp2(z) = 92n—1,m

which satisfies the interpolatory condition Io,(2) + I, (—z) = 2 and reproduces I13, ;.
In [39] it was recently proven that for all n € N, n > 2 the subdivision schemes with symbols
{I2n,(2) }n>2 satisfy the two-term recurrence relation

Inn(2) = I2n—2(2) + (2_4(171):)1 <2n a 3) <z - i>2n_2 <z + 1) , (4.41)

n—1

starting from

> 2
Ir(z) = Ao(z) = (;1)

which is also the first member of the Lane-Riesenfeld’s family {Agp—2(2)}n>1-
From (4.41]) the following three-term recurrence relation

Iy (2) = Iop—2(2) — Bn (z — 1>2 (Ign_g(z) — Ign_4(z)) where 3, =

z

2n—3

S (4.42)

defining the symbols of all interpolatory 2n-point Dubuc-Deslauriers schemes with n > 3,
can be also easily worked out [39]. The last recurrence is clearly based on the knowledge of
the first member of the Lane-Riesenfeld’s family, I2(z), and the first one in Hormann-Sabin’s
family, i.e.,

(=22 +42-1)

I(2) = Fals) = (= + ) 2
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4.3.2 A non-stationary Lane-Riesenfeld algorithm

In the stationary setting we looked for a Refine-and-Smooth algorithm capable of defining
the symbols of degree-(n + 1) polynomial B-splines for all n € Ny, and we observed that all
the resulting schemes are featured by reproduction of II}. Here, instead of H%, we consider
the 2-dimensional space

span{e'™, e 1}, with ¢ € [0,7) UiR™. (4.43)

Following the stationary case, we define the k-th level symbols of the smoothing and refine
operators as follows.

Definition 4.20 Let v*®) be as in (3.11). For all k € Ny we define

z+1
SH)(z) = RGE (4.44)
and
(k) v L2y,
RYW(z)=1+ "0 S (z%)z

to be the k-th level symbols of the smoothing and refine operators, respectively.

Lemma 4.21 The refine operator in Definition explicity described by the k-th level

symbol

24 20h) 4 271
20(k) ’

R®)(2) = (4.45)

reproduces the 2-dimensional space in (4.43)).
Proof: Since R () fulfils the conditions
R®(—esFT) =0, RW(—e #)=0, R®(exFT)=2 R® (¢ FT)=2

then, in view of Proposition it reproduces reproduces the 2-dimensional space in (4.43))
with respect to the parametrization {T®) k € No} in ([2.6) with 7 =0. ®

The non-stationary Lane-Riesenfeld algorithm, obtained by one application of the refine
operator and n successive applications of smoothing operator, is thus performed by the k-th
level symbol

AP () = =181 (509())" RO (z) = (z+1)" (200 +271) No.  (4.46)

a 20(k) (2(v(k) + 1))% M
where v(®) is the level-dependent parameter in (3.11).

Proposition 4.22 For all n € Ny the subdivision scheme related to the symbols {Aslk)(z), ke
No} generates W} | = span{l,x,... 2" 1 e e~} and reproduces the 2-dimensional sub-

space span{e'® e '} with t € [0,7) UiR™.
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Proof: We start by observing that, Vn € Ny, Agﬁ)(—eiﬁ) = 0 and, whenever n > 1,

DZA%k)(—l) =0 forall £ =0,...,n — 1. Thus, recalling conditions in Proposition the
t t
generation of the space W!_; is proven. Moreover, we notice that S(k)(ei2k+1) = TP

while from Lemma we have R(k)(eiﬂ@%) = 2. Thus the condition A%k)(eiﬂ%) =

t

2(e“3FFT)T with

)

L { 0 ifn even, (4.47)

—% of n odd,

are satisfied, too. Hence reproduction of {e'®, e7¥*} is guaranteed for all values of n € Ng. W

Remark 4.23 Note that, when v(®) =1, A,(lk)(z) reduces to the symbol of the degree-(n + 1)
polynomial B-spline in (4.38), namely, the non-stationary Lane-Riesenfeld algorithm in (4.46)
gets back to its stationary counterpart.

We conclude by observing that the proposed non-stationary extension of the Lane-Riesenfeld
algorithm offers an alternative definition of the symbols of normalized exponential B-splines
recently introduced in [76, [77].

4.3.3 A family of alternating primal/dual subdivision schemes reproducing
conics

We consider the space of exponential polynomials
Wi = span{l,z,e'* e "}, t €10,7) UiRT. (4.48)

Using the symbols of the non-stationary extension of the Lane-Riesenfeld’s family we can de-
fine a family of non-stationary subdivision schemes reproducing Wi, as shown in the following
proposition.

Proposition 4.24 Let v%) be defined as in (3.11). The family of non-stationary subdivision
schemes with k-level symbol

FP(2) = AP (2) K{P (=), (4.49)
with Afzk)(z) in (4.46) and
(U<k>+1)%
KW () =u® 24 (1 = 20Wp®) 4 B 1 w®) — - oW N2 )

200k —1) ()2 -1’

reproduces the space Wi in (4.48)) for all n € N\{1}, with respect to the parametrization

{T®W,k € No} in ([2:6) with T in [{47).

Proof: Recalling Proposition [3.6] it can be easily verified that conditions for generation of
Wi are fulfilled for all n € N\{1}. Moreover, for all n € N\{1}

n

E®(1)=2, DFM) =27, FP(eFT)=2(eFm), FW (e #) = (e ),

with 7 in (4.47)), thus proving the claim using Proposition [ ]
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Lemma 4.25 Foralln € N\{1} and for allv'®) € R*, the parameter WP in Proposition
verifies

k—4o00 " 8 4 '

Proof: The claimed result follows from (3.16|) and de ’'Hépital’s theorem. W

Corollary 4.26 For alln € N\{1} and for all v(©) € R*, the symbol in [@.49) is such that

lim FF(z) = Fu(z), (4.50)

k——+o0

with Fy,(z) in (4.39). Thus, the non-stationary subdivision scheme with k-level symbol o) (2)
is asymptotically similar to the stationary scheme with symbol F,(z).

Proof: The claimed result follows from (3.16) and Lemma [ ]

Proposition 4.27 Let ¢, be the basic limit function of the non-stationary subdivision scheme

with k-level symbol F,sk) (z), n € N\{1} in (4.49)). Then the support of ¢, is T, = {—”TH, "TH}

Proof: By definition, the basic limit function ¢,, is obtained as the limit function of the non-
stationary subdivision scheme with k-level symbol Fék)(z), when applied to the initial data
fi(o) = 0,0, © € Z. Thus, introducing the notation k) = {2% |i € Z}, we have that, at the

initial level & = 0, the restriction of the basic limit function ¢, to Z(®) vanishes everywhere
except at i = 0. Then, by equation (4.49) we get that, at refinement step k = 1, the restriction

of the basic limit function ¢,, to ZM) vanishes outside the interval \7751) = [—”TH, "TM] C In

and, at each successive step k > 1, the width of the interval j,gk), where the restriction of

¢n to Z) does not vanish, is obtained by extending the left and right hand side of j,gkil)
by a factor of ”7+4 4. Hence, at the N-th subdivision step, the restriction of the basic limit

2k *
function ¢, to ZW) vanishes outside the interval
g _[_n+d _iV: n+4 1 n+4 iV: n+4 1
L 4 =2 204 g 2k

[ ) 5 05

and from the inequality (1 — 2%\,) < 1, it follows J,EN) C J, for all N € N. Since the

support J, of the basic limit function ¢, is given by limy_ oo jTEN), the thesis follows
straightforwardly. W

In Figurewe plot the basic limit function ¢,, obtained when varying the value of n € N\{1}
and of the initial tension parameter v(®) € RT. Note that the z-axis has been reduced to
[—4,4] even if the supports of ¢g and ¢15 are larger.

The following proposition analyzes the smoothness properties of the new family of non-
stationary subdivision schemes.
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Figure 4.9: Basic limit function of the subdivision scheme having symbol Fék)(z) with n =
2,3,4,8,18 and v(® = 0.1(a), 1(b), 15(c). In each picture the function with the highest
peak at 0 corresponds to n = 2, and as n increases, the height of the peak decreases.

Proposition 4.28 The family of non-stationary subdivision schemes with k-level symbols
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{F}lk)(z)}nzg in (4.49) has the same integer smoothness as the family described by the sta-
tionary symbols {Fy, () }n>2 in (4.39).

Proof: From (4.50) we have that, for all n € N\ {1}, the non-stationary scheme related to
the k-level symbol Fék)(z) is asymptotically similar to the stationary scheme with symbol
F,(z). Moreover, Fék)(z) satisfies approximate sum rules of order n. In fact, according to

Definition Fék)(l) = 2 and, since from (4.46) we also have DﬁAglk)(—l) = 0 for all
£=0,...,n—1, we thus obtain

elmxlpﬁ (1ﬂ:q Vk €Ny, neN\ {1}

Hence, recalling that for all values of n € N'\ {1} the integer smoothness of the subdivision
scheme with symbol F},(z) is not greater than C"~! [74, Theorem 1], in view of Corollary
the proof is concluded. W

For the sake of completeness, we close this section by showing the refinement rules of the
subdivision scheme with k-level symbol Fl(k)(z) (that we have excluded from the family since

it does not reproduce W;j) and the first three members of {Fy(lk) (2)}n>2 corresponding to
n = 2,3,4, in order to connect them to existing results from the literature.

e n = 1: the non-stationary dual 3-point scheme. The subdivision scheme with k-level
symbol Fl(k)(z) reproduces only W} = {1, ¢!, e}, In fact

FYED =0, Femm) =0, mY(-em ) <0,

FP) =2, FPO(erm) =2e77)3, FM (e #T) = 2(c %) 3,
but
4
D'F® (1) = . —— — 140, forall t#£0.
_t __t kT 2k +T
(62k+1 +e 2k+1> (62 +e T2 )
The subdivision rules of this scheme are
k+1 k
al) = SU(k+1)v(k)1((U(k>)2—1) <((U(k) 120 1) - QU(k)”(kH)) 14

+ (4v(k)(2(v(k))2 — 1)+ — 2y (k) 4 1))fi(k)
b (o® 41— 20, 04) ﬁg),

f(k:+1 B 1
2i+1 - 8U(k+1)y(k)((v(k>)27l)

+ (oW (2®)2 — 1)o*+) - 20® (® 4 1)) ;Y

Mm+1_2wm¢mn)ﬂﬂ

" ((v(k) 4 1)(20(1@ 1) - 2,U(k)v(k+1)> fi(ﬂ)_
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e n = 2: the interpolatory 4-point scheme reproducing conics. The subdivision scheme

with k-level symbol FQ(k) (z) coincides with the scheme proposed in [§], having refinement
rules

2(k+1) _ f(k)
; k
{ fézrll - W ( f + (20 + 1)2fi( '+ (20® + 1) fz(+)1 fi(+)2) '

e n = 3: the dual 4-point scheme reproducing conics. Fék)(z) is the k-level symbol
associated to the subdivision scheme with refinement rules

i) = 32v(k)((v(k))%—l)(v<k+1>)3 ( (2( (K))2 4 30(k) 1 — vk (p(k+1))3 )
+  ((12(w® )2 = 7o®) (p*) 4 1)+ — 4 (k)2 — 5(k) — ) f
+ (2002 4 0® — 14 2(4(0®)? — 5@ (D)) £F)
+ @ 4 W) D),

(k+1) k
f21—:_1 = 32U(k)((v(k))%—l)(v(k+1))3 ((U(k) + 1)(1 - U(k)v(k+1))f’(—)1
Ez(vw))Z + o) — 1 4 2(4(v®)2 — 5)u®) (v(k+1))3> F®)

)

(12(0®)2 = 7)o@ (8 4 1)o*+D — 402 - 50®) 1) £}

_.I_
+
+ (2@%))2 +30®) £ 1 — 6o (U(k+1))3> fi(f)z)a
which has been recently proposed in [21].

e n = 4: a relaxation of the interpolatory 4-point scheme reproducing conics. The sub-
division rules of the non-stationary scheme with k-level symbol F ik)(z) are

k k k
2(1' o= m (—(2 + v(’“))fi(_)2 + (4(v(k))2(2 + 'u(k))) fi(_)1
+ 2(120W) + 240 ®)2 +170® + 2) £

(4@®)22+0®)) 5] = 2+ D) m)

_|_

o = W(‘ffk)ﬁ(?v(’“)ﬂ)gff) +(20® +1)2fk, - fff’z).

Thus, it can be interpreted as a relaxation of the interpolatory 4-point scheme in [§],
since they share the same odd-point rule.

Remark 4.29 [t is interesting to observe that all members of the family {Fék)(z)}nzz corre-
sponding to odd values of n, being dual, are characterized by k-level refinement rules involving

the parameters v*) and v+ = %

Aq(qk)(z) with n odd.

. This is a direct consequence of the definition of
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4.3.4 A family of non-stationary interpolatory 2n-point schemes

In this section we introduce a non-stationary variant of equation (4.41) and we show that
it provides an explicit formula for the definition of a family of non-stationary interpolatory
2n-point schemes featured by conic precision.

Proposition 4.30 Let I5,_2(z) denote the Laurent polynomial of the (2n — 2)-point Dubuc-
Deslauriers scheme in ([{.40). Let also v'®) be as in (3.11) and define the space

W21n73 = Spa’n{17 x, .’172, seey x2n737 et:l:7 eitx}7 te [0771') @] I}R+

For allm € N, n > 2, the non-stationary subdivision scheme with k-level symbol

() “1 7, =2 1
() = Buca(a) + (<1 gy (z - ) (z + Z) (4.51)

z

where

n—2
W, =3 2 (” - ? + g) (w® + 1), (4.52)
=0

is interpolatory and reproduces W3, _.

Proof: To simplify notation, we define the Laurent polynomial

(k) 1 ¥, 1\ 2 1
G(2) = U™ Sgmmym (o 1 1)y (Z_z> <Z+z>’ (4:53)

such that Iéfl)(z) can be simply written as Iéfl)(z) = Iop—2(2)+ szk)(z). Since G;k)(z) verifies
G%k)(z) + ng)(—z) = 0 and Iy,_2(z) fulfills the interpolatory condition in Iop—o(2) +
Irn—2(—2) = 2, it clearly follows that IZ(Z)(,Z) + 12(1]2)(—2) = 2 and hence the non-stationary
2n-point scheme is also interpolatory.

Moreover, from the polynomial reproduction properties of the (2n — 2)-point interpolatory

Dubuc-Deslauriers scheme we know that
DIy, _5(-1)=0, £=0,...,2n—3.

Taking into account that the symbol Ia,_2(z) also satisfies

Ianz(*GQ’“f” ) = Izan(*e_#)
(—1)n1 (eTF — )22 "2—:22_% n— 240\ (T 4 1)
22n—3 (eﬁ)nfl —0 e (eﬁ)f )
while the Laurent polynomial Gglk)(z) in (4.53) is such that
D'G®(-1)=0, ¢=0,...,2n—3,
and
n (3T 2n—2 n—2 =T 20
G (—eaiT) = G (e~ TT) = (1" (2T — 1) S (" 240) (X T+ 17
n n 92n—3 (eF)n-1 = J4 (e7FFT )¢
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we can conclude that

-1y =0, ¢=0,...2n-3,
10Ty =

2n (_62 ) - 07

() = o

Therefore, in view of Proposition the scheme with k-level symbol in (4.51)) generates
Way—3 for all n € N, n > 2, and thus, being interpolatory, it also reproduces W%n_?). |

Remark 4.31 Since 7,(1]?2 mn 2)) verifies limg_, o 'yT(L )2 = (277 13) the family of non-stationary

interpolatory 2n-point schemes wzth k-level symbol (4.51) is asymptotically similar to the fam-
ily of 2n-point interpolatory Dubuc-Deslauriers schemes with symbol in (4.41]).

Proposition 4.32 For all n € N the non-stationary subdivision scheme with k-level sym-
bol Iéfl)(z) has the same integer smoothness as the stationary 2n-point interpolatory Dubuc-
Deslauriers scheme with symbol Iay,(z).

Proof: From [42], for all n € N the stationary 2n-point Dubuc-Deslauriers scheme is C”

continuous with » < n — 1, and from Remark the non-stationary scheme with k-level

symbol IQ(’Ik’:L) (z) is asymptotically similar to I5,(z). Moreover, I. éﬁ) (z) satisfies the approximate

(k)

sum rules of order n. In fact, I3,/ (1) = 2 for all n € N and £ € Ny and since, in view of
Proposition Iéﬁ)(z) generates 113, 5, we have that

,_max 1‘D5 5 (~1)| =0 forallneN, ke N,
77n

Thus, from Corollary [3.17] the claim is proven. B

As seen in the stationary case, we conclude the section by showing that the first member of
the non-stationary Lane-Riesenfeld’s family, A((]k) (z), and that of the corresponding Hormann-
Sabin’s family, Fz(k) (z), can be used as building blocks to obtain the family of non-stationary

interpolatory 2n-point schemes with k-level symbols {12(7]2)(2’)}”22 by means of two- and three-
term recurrence relations.

Lemma 4.33 For alln € N, n > 3, the factors 7(’?2 in (4.52)) and

n

A Z 9t (" -3 M) (w® 4+ 1), (4.54)

satisfy the relation

_ ) (k) n—2 _
k) 1—w (k) &) [V +1 2n—5
’Yn 3 2 ’Yn— + v ( 2 n — 2 :
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Proof: After rewriting 'y(k)

n—

—3+/ 2n —25
’Yn 3_ 22 e<n /¢ i >(U( )+1)£2—(n—2)< " )(U(k)+1)n_2’

=0 n—2

3 in the following equivalent form,

by using the well-known relation ("_gM) = ("_gM) + ("ZEI”Z) on binomial coefficients, we get

—244 v®) 412 -2+
Wl = Zﬁ ( yw“+n“- s e

(=0

2n — 5
n—2

(k)
- = S (e (2 D 1)

n— 2
o 2—(n—2) <2n — 5) (’U(k) + 1)n—2

_ 2*(”*2) () 4 1)n2

n—2
1—o® v +1 (2n — 4 2n — 5
_ o= (n=2) (k) | 1yn-2 _ .
g n2 (W +1) 2 \n-2 n—2
Finally, using the fact that 5 (2" 24) = (2:__25), the claimed result is obtained. M

Proposition 4.34 Let v*) be as in (3.11) and Iék)(z) = A(()k)(z) = % For all

n € N, n > 2, the non-stationary subdivision scheme with k-level symbol Iéfl)(z) in (4.51)
satisfies the two-term recurrence relation

() =1 () .

Dt (o Y T e D) (2 e -9y 4 L ot
1) . - 2+ ; 22— (4(")* —-2) + 2 ) By (v®) 4 1)n-1
(4.55)

where vék_)Q is defined as in (4.52)).

Proof: From equations (4.40)) and (4.51)) we obtain

k k —1)"2(2n -5 1\ 1 5
e e = Gl (77) (1) () v et

with G, (k) ) in - ). Introducing the explicit expression of Gy, (k )( )—G’flk_)1 (z) and simplifying
the result we have that

(k) () _ (=t 1\ 1 1 (2n -5
Iy (2) = Iy 9(2) = 3 \F T el B v D
(k)

(k) 2
1 8
+ 771—2 - y— = + ’777,—3 — .
v&) (U(k) 4 1)n 1 P o) (U(k) 4 1)n 2
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Finally, using Lemma [£.33] we can write

8y M, 41 —o®y 4y 1 (2n—5
VB (® 12~ @ (0 1 -2 2T g5\ g )

and hence the claim is obtained. W

The following corollary is a straightforward consequence of the result in Proposition

Corollary 4.35 Let
2 (k)
(k) (R oz + 20z +1
Iy (2) = Ay (2) = 20 (F) » )

and
K)ok, (122 + 200z 4 1) (=22 + 2(v®) + 1)z — 1)
L7(z) = B7(e) = 8v(k) (v(k) 4 1)23 '

For allm € N, n > 3, the symbol Iéi)(z) of Propositz’on satisfies the three-term recurrence
relation

() () -1 Wy k)
Iy (2) = I3 5(2) — 8(v®) +1)22 ,Y(k) (IQn—Q(z) - Izn—4(2)) )
3

with 3y in @52) and 4, in @59).

Remark 4.36 The subdivision scheme with symbol Iék)(z), obtained from the family {12(:2) (2)}n>1
when setting n = 3, coincides with the interpolatory 6-point scheme proposed in [119, Section

4.1].



Chapter 5

Smoothness analysis near
extraordinary elements

Univariate stationary subdivision schemes could be easily generalized to the bivariate setting,
defining subdivision surfaces on regular meshes. However, stationary bivariate subdivision
schemes defined only on regular meshes can not be used in many applications. In fact in
order to design surfaces of general topology, it is necessary to introduce irregular vertices and
faces in the initial control mesh, together with special valence-dependent refinement rules.
Moreover, to design particular shapes such as spheres, ellipsoids, cylinders and tori, it is
necessary to pass from stationary to non-stationary rules.

In this chapter, we focus on stationary subdivision schemes applied on arbitrary manifold
topology meshes. Since in this case the limit surface and its properties are known away from
a finite number of points corresponding to the extraordinary elements, the analysis of the
subdivision scheme is concentrated at these points. Moreover, we pay particular attention to
the special refinement rules that have to be applied near an extraordinary element in order
to obtain C' limit surfaces with bounded curvature and optimal shrinkage.

In the first following section, we show how to choose the weights of the extraordinary stencils
in case of an interpolatory subdivision scheme based on quadrilateral meshes. We also propose
a choice for these weights which improves the schemes in [84, 03, [39]. The second section
is devoted to the description of a new general computational strategy based on the block
diagonalization of subdivision matrices via unitary transforms associated with the block-
Fourier matrix that could be used to choose the weights of the extraordinary stencils for any
kind of stationary subdivision schemes. We apply this method to define new extraordinary
weights for binary and ternary Loop’s scheme [96], [97] defined on triangular meshes.

5.1 A quad-based interpolatory subdivision scheme

This section deals with interpolatory subdivision schemes generalizing the tensor-product ver-
sion of the Dubuc-Deslauriers 4-point scheme to quadrilateral meshes of arbitrary manifold
topology. Among these schemes, we can find proposals featured by edge-point rules that,
near an extraordinary vertex of valence n, either involve 2n + 2 vertices from the coarser
mesh or only a subset of n 4 2 of them. The existing schemes falling into the first group (see
[84, 921 94]), besides more computationally expensive, are C* smooth with unbounded cur-
vature at extraordinary points. Among these schemes there is also the well-known Kobbelt’s

83
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scheme already recalled in Section 2.4.5] As a matter of fact, dealing with refinement rules
of larger size not only increases the computational costs for generating the limit surface, but
remarkably complicates the tuning of the weights appearing in the affine combination such
that bounded curvature at extraordinary points is hardly satisfied. In light of this, we believe
strategic to restrict our attention to the subclass of interpolatory subdivision schemes for
closed quadrilateral meshes that compute

(i) new edge-points near extraordinary vertices of valence n by means of an affine combi-
nation of n + 2 vertices from the coarser mesh;

(ii) new face-points near extraordinary vertices of valence n by means of an affine combi-
nation of 2n + 8 vertices from the coarser mesh.

Due to requirement (i), the rule for positioning a new vertex on an edge relies only on edge
adjacent vertices and not on face adjacent vertices (see Figure . This assumption not only
allows the algorithm to reduce the computational costs for generating the limit surface, but
reveals that the subdivision scheme can also be thought of as a subdivision scheme for curve
networks [123]. To the best of our knowledge, the only existing interpolatory subdivision
schemes with the property that the position of new edge points is determined exclusively
by edge adjacent vertices, are the ones proposed by Schaefer-Warren [123], Li-Ma-Bao [93]
and Deng-Ma [39]. All such schemes have been shown independently by their authors to be
suitable for generating limit surfaces that are globally C! continuous, but while the two most
recent ones (namely [39] [03]) have also both principal curvatures bounded at extraordinary
points, this is not the case for their precursor in [I123]. The aim consists in identifying which
constraints are required to be fulfill by the weights appearing in the above stencils in order to
get closed limit surfaces that are C' continuous at extraordinary points, have both principal
curvatures bounded and at least one of them nonzero.

5.1.1 Edge-point and face-point rules

We consider an interpolatory subdivision scheme on quadrilateral meshes generalizing the
tensor-product of the 4-point Dubuc—Deslauriers scheme [42), [49]. This means that, when the
mesh is regular, that is each vertex has valence n = 4, the rule for computing the edge-point
Ej is nothing but the 4-point scheme applied to the vertices P_y, P, Py, P5 (see Figure [5.1]),
ie.

1 9 9 1

—— P |4+ 2P 4+—2-Py——P
16 1Tttt T 1ty

while the rule for computing the face-point Fy is exactly the tensor-product of the edge-point
rule, namely

By = (5.1)

1 81
Fy = —(P3+Pg+P+P)+-—(Po+Pi+P+Ps)
286 256 (5.2)

- %(P_l +P o+ P 4+ P 5+ Py+ Ps+ P + Fy).
On the other hand, for meshes of arbitrary manifold topology, special edge-point and face-
point rules are defined in the vicinity of extraordinary vertices of valence n # 4. Here, we
study subdivision schemes that apply an (n + 2)-point and a (2n + 8)-point stencil respec-
tively for computing edge- and face-points in the neighborhood of an extraordinary vertex
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|
o

o

=

Figure 5.2: Edge-point and face-point rules in the neighborhood of extraordinary vertices of
valence n > 5 (top) and n = 3 (bottom).

of valence n # 4 (see Figure |5.2)). More precisely, the edge-point rule used in presence of an
extraordinary vertex Py of valence n = 3 is

1 9
By =—eP1+ et onsPi+assPs + assBs, (5.3)
with a13, 33,053 € R, while the general edge-point rule to be used when Py has valence
n > 5 reads as
1 9 -
E,=——P 1+ P+ Za2j—1,np2j—1 (5.4)
16 16 st
with agj_1,, € R for all j = 1,...,n. Thus for all n # 4 the edge-point rule is defined
by an affine combination involving P_i, Py and all vertices connected to Py by an edge.

Analogously, for the face-point rule we consider an affine combination of the four vertices
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identifying the face of insertion (i.e., Py, Py, P», P3) plus the first ring of vertices around it.
In formulas, the face-point rule for the case n = 3 is given by

1 81 9
Fy = —(Pg4+Pg+P)d—Py—— (P +Po+Py+P
3 256( st et 7)+256 0 256( 1+ Poat Pyt Pos)

+ B13P1+ B33P + B53P5 + 72,3 + 43P + v6,3F%,

(5.5)

with 13,633,053 € R and 723,74,3,76,3 € R, while for the general case n > 5 it reads as
1 81 9

n = gpg(P-st Pog+ Poon) + oncPo — oo (P + Py + Py + Pos)
- n (5.6)
+ Zﬁzj—1,np2j—1 + Z’YZj,nP2j
j=1 j=1
with 825 _1n,72j, € Rforall j =1,...,n. In order to guarantee the symmetry of the scheme

and a good visual quality of the limit surface we require the above coefficients to be such that

lar | > logj—1nl, 7=2,...,n,

1B1nl = 1B3n] > |Bsnl = [B2n—1,n] > [B2j—1nl, 7=4,...,n—1,
"72,71‘ > ’74,71’ = |72n,n‘ > ’72j,n 5 J = 37 s, — 1.

Taking into account that the regular rules in - are well-known to generate C'
limit surfaces (see [42, [49]), the goal of this work is to identify the conditions that the
free parameters involved in the extraordinary rules have to satisfy in order to guarantee C*!
smoothness also at extraordinary points. To this end, we start by considering the necessary
conditions for convergence, inferred by the requirement that the weights of the edge- and
face-point stencils sum up to 1 [112].

Condition 1.a For alln # 4 the necessary conditions for convergence can be shortly written
“ 1 13
Al == d By +Cy =—

0=5 0% =15

by introducing the auziliary notation

n n n
0= g1, Bf = Baj—1n, Ci = Y2jn- (5.7)
= =

j=1

5.1.2 The local subdivision matrix

By ordering the points as explained in Order 2 (see Section, the subdivision rules in (15.1))-
(5.2) and (5.4)-(5.6)) allow one to construct a local subdivision matrix S € R(G”“)X(anl of
the form in (2.21])) where we consider p = 6 points in each sector. In particular, @ =0, b =0,

T
c= ( 9 8l 00,0, 0) and the blocks are

167 256"
vy 00— 00 0 azp, 00 0 00
9 9 1 9 9 1
Bin Y2m —356 356 9236 956 B3n Yan —306 3¢ O 0
- 1 0 0 0o 0 0 - o 0 0 0 00
My = 9 9 1 ’ M, = ’
% % 0 0 0 - o 0 0 0 00
o 1 0 0o 0 0 0o 0 0 0 00
o < 0 - 0 0 2 -L 0 0 00
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Q2i+1.n 0 0 0 0 O Q2n—1,n 0 0 0 0

B2itimn  Y2it2n 0 0 0 0O Boan—1n Yonm 0 0 O

~ 0 0 0 0 0 O ~ 0 0 0 0 0
;= i=2....n-2 N, = )

! 0 0 0 0 0 O " 0 —i6 0 0 0

0 0 0 0 0O 0 0 0 0 0

0 0 0 0 0 O 0 0 0 0 0

S thus provides a compact representation of a single refinement step restricted to the vertices
within the 2-ring of an extraordinary vertex Py of valence n > 5. Using the trasformation in

(2.22)), we denote
Mj = (

we construct the n x n block-circulant matrix

~ R =0,...,n—1
MJ)E Y .7 07 7n Y

Sle3i=

My |My| -+ | Mpo| My
M,_1| My| M; e M,
s=| o | | (5.8)
: . - - M,
My |- | My | Mp—1| My

and applying a discrete Fourier transform explained in Method 2 (see Section to the
blocks Mj, j =0,...,n — 1, we obtain the blocks

27i

n—1
SV:ZMjw]”, v=0,....n—1 with w=en,
§=0

defining the block-diagonal matrix

So| O |--- 0 0
0S| 0] - 0
Sv — : . . c R?nx?n
Of---] 0 |Sp—2| O
0f---]0 0 |Sh-1
for which n — 1 eigenvalues are zero and all the others are exactly the eigenvalues of S. For
each rotational frequency component v = 0,...,n — 1 the general block S, € R™*7 is of the
form
wi, 0 0 0 0 0 0
wp, Al 0 — i 0 0 0
949w”  —94w” 1 —9+wn—bv
R wy, By & T 256 56 36 056
So=10 1 0 0 0 0 0 : (5.9)
e o 0 -
0 0 1 0 0 0 0
0 Swr = 0 ~-L 0 0

oo o og‘wo
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where

n n n
AT =g a WU B =By wTV CF = g 0T, (5.10)
j=1 j=1 =1

and
1 n—1 ] 9 . 81
= — W = 5V ) T - V ) - W = (5V )
n jz%w S Z T T Z 256 256"
(5.11)

with d,,0 denoting the Kronecker delta function.

Remark 5.1 Definition (5.10|) implies that A7, B]},C]} € C for v # 0. Indeed, we will show
in Section that choosing A}, CT* € R for all v = 0,...,n — 1 we can obtain a local
subdivision matrix S with the desired spectrum.

Now, let A¥, j = 0,...,6 denote the eigenvalues of the matrix S, in (5.9). Furthermore, as

recalled in Definition whenever 4 is an eigenvalue of S, we call v the Fourier index of
p and we write F(u) = v.
The complete spectrum of the local subdivision matrix S could be written as

n—1
Al = U{A57 11/7 /\57 g? )‘Zﬂ V }

Let I, denote the nxn identity matrix. To work out the explicit expressions of the eigenvalues
of each block S, we have to compute the roots of the characteristic polynomial det (S, — A I7).
Using Laplace Expansion Theorem we can write

det($, — A7) = (wf, — A) - det(N, — AI), (5.12)
where M, is the 6 x 6 sub-matrix of S, given by
A 0 — = 0 0 0
949w’  —9+w® 1 94wV
By oy - §5§; 2?(;” 256 +;)56
A 1 0 0 0 0 0
My=1| o guwv 0 0 , (5.13)
16 16 T 16
0 1 0 0 0 0
e 0 -5 0 0

As a straightforward consequence of the factorization in (5.12)) we have that the eigenvalue
of the real matrix Sy that firstly emerges is Aj = wfjy = 1. Thus F(1) = 0. In contrast, for

v=1,...,n—1, we find \jf = wg, = 0, so obtaining all n — 1 zero eigenvalues of S. To
compute the remaining eigenvalues of the matrix S, (ie. A¥, j=1,...,6 in our notation),
we have to compute the eigenvalues of its submatrix ]\Zf,,, i.e. the roots of the characteristic
polynomial det(M, — Alg). For this purpose we consider the permutation matrix
10 00 0O
001 0O0O
Pyy = 010000
’ 000 1 0 0}
000 010
000 0O01
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and observe that, applying P2 3 to the left and to the right of M, we get the block-triangular
matrix

— . K, |O
M, =Py3M,Py3 = ( K; K. ) : (5.14)

where O is the 2 x 2 null matrix, K; € R?*2 K, € R**? and K3 € R**4. Hence, the roots
of the characteristic polynomial of M, can be more easily found by computing the roots of
the characteristic polynomial of M, since the latter can be conveniently factorized as

det(M, — M) = det(K; — M) - det(K3 — Aly).
The six eigenvalues of M, are indeed the two roots of
det(K1 — Ma) = A2 — APA + 15,
and the four roots of

det(K3 — Aly) = M — CIA + g, A% 4+ hy A + 515,

2V — 22w” 2
gy 1= _3(3w w”+3) = —i(?) cos (W) — 11)
n

where

211wu 210

and
—1 + 18w” + 256Cw? — 162w?” + 18w — w®
216,,,2v

1 2y 2mv
128C™ — 80 + 18 — 2cos? () .
215( + cos< " > CcoSs " )

Computing the roots of the quadratic polynomial we find

h, =

L 2AT 4+ J4(An)? -1 L 2A7 — \JA(An)? -1
)\1 = 5 )\2 — 5 (515)
4 4
while computing those of the quartic one we get
cl 1 T, cy 1 T,
N o= X - —452 — 2 =N = X8, —-24/-452-2 d
5 1 Sy +2\/ Sz R,,—i—SV, 4 1 Sy 2\/ S2—2R, +Su,
cy 1 T, cr 1 T,
o= L +8, —482 —2R, — X, XN, = -2 +8,— /482 -2R, — -~
b 2 +2\/ v S, ° 2 " 2\/ v S,
(5.16)
where
SQV — 3(CICL)2 _(03)3 + 401?911 + 8hu
R, = ——F—, L, = ;
8 8
Ay = 3CTh, 3 Avi = 268 +9CTgohy + 2 C)? + 27h2 )
v0 — gu+ +2147 vl — 9, + v v +2T6( ) + l/_ﬁglj7
3| Ay1 /AL, —4AT, L[ 2,
QV = J y Sy - = . (QV )
2 2 3 QV
Note that since the blocks S’,,, v=1,...,n—1 come in complex conjugate pairs, i.e. Sy =
(S,)*,v=1,...,n—1, then A is eigenvalue of S, if and only if A7 is eigenvalue of S, i.e.

FA))={yv,n-v}v=1,...,.n—1
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5.1.3 Constraints

The eigenvalues and eigenvectors of the subdivision matrix S could be exploited to find some
constraints that the stencil weights has to satisfy in order to obtain limit surfaces with the
desired properties.

Constraints inferred from eigenvalues analysis

As previously observed in Section [5.1.2] 1 is an eigenvalue of the local subdivision matrix
S and F(1) = 0. Moreover, in view of Condition xo = 1 is the associated eigenvector.
Thus, provided that all remaining eigenvalues of S are smaller than 1, the subdivision scheme
will be convergent. In the following we identify the constraints to be imposed on the weights
of the extraordinary rules such that this can happen. Moreover, we also require the neces-
sary conditions for C! continuity, boundedness curvature and optimal shrinkage explained in
Section [2.3]and summarized in Table Since the considered scheme is binary, the optimal
shrinkage is obtained setting A = %

As previously emphasized, since S (5‘1)*, to identify the conditions regarding the sub-
dominant eigenvalue we can simply focus on the case v = 1. Thus, we select v = 1 and

observe that, if setting AT = %, from the eigenvalues expressions in (5.15)) we can easily get
N 24T + \J4(AT)2 -1 1
1 — 4 - 27
as desired, and also
o247 — \Ja(Ap2 -1
)\2 == — —

4 8
1

n _ 5 : : n—1_ 1 n—1 __
_1 = g will provide A\Y"" = 5 and A\y7" = 3.

n

Hence, analogously, the setting of A

Condition 2.a The constraint

5
T= Z_lzé, for alln > 5,

guarantees the existence of the sub-dominant eigenvalue A = % with Fourier index F(\) =
{1,n—1}.

Next, we consider v = 0,2,...,n —2 and observe that, if setting A} = %, then from equation
(5.15)) we obtain

, 247+ A(ADZ -1 1
. -

Y =
as well as
v _ 2A7 — \J4(An)? — 1 1
2 4 4’

Condition 3.a The constraint

An:i’ forallv =0,2,....n—2 and n>25,

v

guarantees the existence of the subsub-dominant eigenvalue 1 = i with multiplicity m(n) =
2n — 4 and Fourier index F(n) 2 {0,2,n — 2}.
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Finally, we have to find an additional condition that can guarantee that all other eigenvalues

5, A7, A5, A are such that [AY] < % for all j = 3,4,5,6 and v = 0,1,...,n — 1. Since
the explicit expressions of these eigenvalues exclusively depend on C7', as shown in equation
(5.16)), to achieve our objective we assume C?' to be a function within the family of real
functions

Vo -1,1] - R
2 2 2 5.17
cos (?ZJ) — 6—2—0(1+cos (T)), ( )

whose members are identified by a specific choice of o.

0.4
o —=29/1024
0.39 0 <29/1024
— — —0>29/1024

0.38f
037+
0.36
z % 035
0.34F
0.331 SO0 S~

0.321 > ~ RN

cos(2mv/N)

Figure 5.3: The family of functions f}, with o; = 1?;{04i, 1 =0,1,...,8. The solid thicker

(red) curve identifies [ 5 .
1510

Figure shows the behavior of the family members f}}, for different values of o. Plotting

also the behaviour of the eigenvalues A5, \j, A£, \g, v = 0,1,...,n — 1, obtained with C]} =
Loy O € (5%, 255] (see Figure , we can observe that |\5|, [A\f], |\g| are always smaller than
i, while |A| is not greater than i only if Cy = [}, with o > 22%. Moreover, we notice that
v _ 1 _n g n _ m _ 25 29
5 = ;7 whenever v = 7 since C’% =fi,=u for all o > 335.

Condition 4.a Let v € {0,1,...,n — 1}. Setting

szzi—a@—l—cos(z:/)) with 0—222%, (5.18)
we obtain
Ml<q WI<q W<y W<y dr#s
and
Ml<p W< M=g Wi<g #r=1
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0.065 - 0.04r
——— N witho = 29/1024 —— N with o = 29/1024
0.06 M with o < 29/1024 A with o < 29/1024
— — — Ajwitho >29/1024 0035l | — — —Aiwitho >29/1024
0.055
0.05 003l
%< 0.045 >
0.04 0025¢
0.035
0.02
0.03
0.025 ' ' ' : 0.015 ' ' ' )
-1 -05 0 0.5 1 -1 -05 0 05 1
cos(2mv/N) cos(2mv/N)
(a) A5, v=0,1,...,n—1 (b) Nf, v=0,1,...,n—1
032 0.0781
— =t PP
——— M witho = 29/1024 0.076 L7 N
03 - - - 7,7 ~ ~
N with o < 29/1024 Sl NN
— — = M witho >29/1024 0.074} Y, e T T T T~ N
0.28
0.072}
7<°0.26 <8 0071
e
SIS o ---_-__ 0.068
0.24 SIS~ T T T e
T T 0.066 —— X with o = 29/1024
0.22 T-o Te-— Ao with o < 29/1024
S~ 0.064 — — — M witho >29/1024
0.2 ' ' ! 5 0.062 ' ' ' )
= -0.5 0 0.5 1 =] -05 0 0.5 1
cos(2mv/N) cos(2mv/N)
14 — v —
(¢) A5, v=0,1,...,n—1 (d) X, v=0,1,...,n—1
: . : : v o\ \V \V _ mn _ fn
Figure 5.4: Behavior of eigenvalues A5, \j, A\f, A\¢, v = 0,1,...,n — 1 when C}} = f]', and
"W

13447 .
oi =5, i=0,1,...,8.

Remark 5.2 C’onditions and imply that the subsub-dominant eigenvalue n = % has
multiplicity

m(n) = 2n—4, ifn odd,
= 2n — 3, if n even.

Remark 5.3 To guarantee that the local subdivision matriz S has the desired spectrum, we
have no conditions on B]. Looking at equations - this can be easily understood. In
fact, B} appears only in the block Ko which has no influence on the characteristic polynomial
and thus on the computation of the eigenvalues of M,.

All the constraints inferred from the eigenvalues analysis are summarized in Table [5.1]
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i 1 i 13
1. ZaZj—L" =3 for n # 4, 2(521—1’” +Yo5n) = 16 for n #4
j=1 j=1

2. Zazj_lvnw(j_l)" = forn#4, v=1n-1
j=1

forn>5, v=0,2,...,n—2

|| col ot

n
3. Y agjnwl TV =
7=1

" ; 25 2

4. Z’ygj,nw(J_l)”:M—a<1+cos<W)) Withaz% for n#4, v=0,1,....n—1
; n
=1

Table 5.1: Summary of the conditions required on the coefficients ag;_1,n, B82j-1,n, Y240,
j=1,...,n for all valences n # 4.

Constraints inferred from eigenvectors analysis

If an interpolatory subdivision scheme with extraordinary stencils in Figure fulfills Con-
ditions then it is convergent and satisfies the necessary conditions to achieve
also C! continuity and bounded curvature at extraordinary points of valence n > 5. The
achievement of C! continuity is subject only to the additional fulfillment of the condition
regarding the regularity of the characteristic map ¥. In fact, since we already proved that
the Fourier indices of the subdominant eigenvalue A are 1,n — 1, once the regularity has been
proven the injectivity follows immediately (see Remark . As recalled in Section
the characteristic map is a special parametrization that allows one to express the limit
surface around an extraordinary vertex as a differentiable function of two variables. Such
parametrization depends not only on the mesh connectivity, but also on the weights defin-
ing the extraordinary rules, and can be obtained as the planar limit surface generated by
the so-called characteristic mesh, i.e. the control mesh provided by the eigenvectors i, a2
corresponding to the sub-dominant eigenvalue \ := \; = Ao [7, 112, 117, [138]. This planar
limit surface is made by a ring of regular surface patches of the tensor-product interpolatory
Dubuc-Deslauriers 4-point scheme, and the characteristic mesh contains the control points
for the definition of such patches. By the property of rotational symmetry around the ex-
traordinary vertex, the characteristic mesh can be conveniently decomposed into n segments.
By normalizing the eigenvectors a1, xs such that the characteristic mesh is centered at (0,0)
and the furthest corner in the first segment is at (1,0) of the global (z,y)-coordinate sys-
tem (see Figure , we can obtain the so-called normalized characteristic mesh. Exploiting
the results presented by Deng-Ma in [39, Appendix A], we here show a standard procedure
which allows one to verify if a bivariate interpolatory subdivision scheme defined by the ex-
traordinary stencils in Figure and satisfying Conditions has a regular
characteristic map, and is thus of class C'. Before showing the pseudo-code of the procedure,
we underline the fact that the eigenvectors @1 and xs, used to define the characteristic mesh,
must be computed from a local subdivision matrix S € RA42n+1x(42n+1) " Thjs is due to the
fact that, in the univariate case, for the Dubuc-Deslauriers interpolatory 4-point scheme, a
limit curve segment between two consecutive vertices is defined by a set of 6 vertices. For
the class of schemes here considered, a limit surface patch bounded by 4 vertices defining a
quadrilateral face is thus identified by a set of 6 x 6 vertices, being a tensor-product surface
patch of the Dubuc-Deslauriers interpolatory 4-point scheme (see Figure .
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Figure 5.5: First segment of the normalized characteristic mesh: entries of the 7 x 6 matrix
V (marked by *) and entries of the first row of V rotated counterclockwise by 2X (marked
by +).

Algorithm 1 Pseudo code for verifying the reqularity of the characteristic map.

1.

Compute the subdivision matriz S € RUZn+1)x(42n4+1) - yhere each block M, € R12x42
for£=0,1,...,n—1.

Following the reasoning in Section compute the 43 x 43 block Sy and consider its
42 x 42 sub-matriz M.

Compute the subdominant eigenvector of M1, that is the eigenvector v € C*? related to

the eigenvalue A = %

. Re-order the entries v,k = 1,...42 of v defining a matriz V.€ C™*6 of the form

v V3 VUr V13 V21 V31
Vg Uy Vg V4 V22 V32
Vg Vs Vg V5 V23 V33
(Vij)i<icr = |vi2 v1i1 vio vie V24 V34

== V20 V19 V18 V17 V25 U35
V30 V29 Vg V27 U26 V36
Vg2 V41 V4o V39 U3g V37

Denoting by © := R(V) and 'y := Z(V) the real and imaginary part of V, respectively,
define the x and y coordinates of the points marked by * in Figure . notice that they
all depend on B} and CT.

Rotating rows and columns of V clockwise and counterclockwise by 2{, construct all the
6 x 6 sets of control points defining the 12 surface patches bounded by the vertices of
the quadrilateral faces highlighted in Figure [5.5,
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10.

For the surface patch bounded by the four vertices
(R(Vi3); Z(Vij))s (R(Vijs1): Z(Vij41)): (R(Vig1,5), Z(Vit15)), (R(Visr,j+1), Z(Viga,5+1)),

let (R(Vimn) = Tmms Z(Vimn) = Ymn), m=i—2,...,i+3, n=7—2,...,j+3 identify
its 6 x 6 set of control points. Then compute

= maxnzj—l,...,j+2{’2xm,n — Tmmn—1 — wm,n-l—l’}v m=1i—2,...,1+3,
A'rmn = max{xm-l-l,j — Tm,j, Tm+1,5+1 — xm,j'f'l}v m=1i-— 27 s 7i + 27
579761 = min{meJ — Tm,js Tm+1,j+1 — wm,j—&-l}; m=1—2,...,1+ 2,
(5.19)

and verify the fulfillment of

Condition 5.a

(i) (Cfn+1 + cm)

o

<4 Ym=i—2,...,i+2,

T (. T
(ZZ) 1 S 46m+1 (Cm+2+cm+1) <K \V/m:’l/—2,,7/+1,

K= 40+ (gt o)
(iti) — < m:1+(cgl+2+im+1)gl( Vm=1—2,...,i+1,
K 45m - (chrl + Cm)

with K = 3+ 2v/2.

Remark 5.4 Conditions [5.d.(i)[5.d, (i1)]5.d| (iii), together with Conditions
have been proven by Deng-Ma [39] to guarantee the positivity of the x and

y components of the first derivative of a surface patch along the u direction, and thus,
in view of [112, Theorem 5.25] provide sufficient conditions for the regularity of the
characteristic map.

Compute the values in (5.19)) for the y-coordinates and check if Condition 1s satisfied.

Repeat steps 7, 8 for all the 12 surface patches contained in the first sector of the
normalized characteristic map.

If for all such patches Condition is verified for both x- and y-coordinates, then the
characteristic map is reqular. Conversely, if a patch does not satisfy these equations,
subdivide it into four subpatches and check Condition[5.d for both x- and y-coordinates of
each subpatch. If Condition[5.d| is not satisfied within a predefined number of refinement
steps (say 10), then no proof of regqularity of the characteristic map is available.

Extraordinary vertices of valence n = 3

The analysis conducted for the case n > 5 can be exploited also for the special case n = 3,
just introducing the following changes when formulating Conditions and

Condition 1.b The constraints A3 = 3, B3 +C§ = 13 imply that Ao = 1 with F(1) = 0 and
g = 1.
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Condition 2.b The constraints A} = A3 = 2 imply that X == A\ = Xy = § with F(\) =
{1,2}.
Condition 3.b The constraint A3 = 3 yields n = X3 = 1 with F(n) = {0}.

Remark 5.5 We thus point out that, when n = 3, the limit surface is not L*-hyperbolic
because both 2 and n—2 do not belong to the Fourier indices of the subsub-dominant eigenvalue
1 r 7

L [117).

Condition 4.b The constmmt C3 =2 —5(1 4 cos(22)) with o > &5 for all v € {0,1,2}
guarantees that |\;| < 7 L for all i > 4.

Finally, to check the regularity of the characteristic map, and thus the C' continuity of the
scheme in the neighborhood of an extraordinary point of valence n = 3, we can again use
Algorithm

5.1.4 Numerical examples: special weights settings

In this section, we consider interpolatory subdivision schemes from the literature which fall
into the general class studied in this section. Such schemes are featured by

(i) the regular rules in ([5.1)-(5.2)), obtained from the tensor-product of the Dubuc-Deslauriers
interpolatory 4-point scheme [42, [49];

(ii) the extraordinary rules in (5.4)-(5.6) and (5.3))-(5.5) for the cases n > 5 and n = 3,
respectively.

Moreover, they satisfy the constraints appearing in Conditions and [5.a] for
any n # 4, and thus guarantee convergence, C'! continuity and boundedness of principal
curvatures at extraordinary vertices. We thus exclude from our discussion the proposal in
[123] since, although fulfilling requirements (i)-(ii), it fails to satisfy boundedness of curvature.

Li-Ma-Bao’s subdivision scheme

The weights aoj_1n, £2j—1,n:72jn, J = 1,...,n for the extraordinary rules proposed by Li-
Ma-Bao [93] are shown in Tables [5.2] and - 3| for the cases n > 5 and n = 3, respectively.
For such weights setting we prove that the constraints in Conditions [I.a] [2.a] [3.a] [4.a] are all
satisfied for any n # 4.

Proposition 5.6 Li-Ma-Bao’s subdivision scheme satisfies the constraints in Condition [1.d]
for alln > 5.

Proof: From Table 5.2 we have that
1 -1
A=Y eaioan = g+ g 2oeos ().

Since > 7, cos (W) = —1 for all n > 5, then A} = % In order to compute Bj, we
observe that

32% jnl <1 + cos (27T(‘7n_1)) + sin (27r(‘]n_1)> + cos (277(]7;2)> — sin (27T(‘7n_2)>) = 332,
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ain 14 L
a2 _1p, j=2,...,n 41n cos (M)
Prn = Pan 22+ 75-(2 + cos (22) + sin (27))
Bsn = B2n—1,n — 5o + 25— (1 + cos (4Z) + sin (47)
+eos (%) —sin (2))
Baj-1n g3 (1 + cos (=) 4 sin (22U=1))
j=4,...,n—1 +cos(%”)—sm(%'—2>))
Yan = V2nn — e — 5L (3 + 4 cos (21))
Y2jn, J=3,...,n—1 *ﬁ(3+4003(w»

Table 5.2: Weights proposed by Li-Ma-Bao for the edge- and face-point rule around extraor-
dinary vertices of valence n > 5.

_ — —_1

01,3 = 15 Q33 = A53 = —51

_ — 75 4 VB —_3 _ 3
Pra=P33=o5 1+ %1 | Ps3=—"Ts — %
_ 59 — —_1u

72,3 = 199 V4,3 = 76,3 = T334

Table 5.3: Weights proposed by Li-Ma-Bao for the edge- and face-point rule around extraor-
dinary vertices of valence n = 3.

for all n > 5, and the latter yields By = 52 +2- 256 +2- ( 256) = %
can compute C}' by noticing that

1 & 27r(j—1)>)_ 3
64nj1(3+4cos< " =51’

+é%+2 ( 128)

. In a similar way we

Vn > 5,

which yields Cf' = . Hence By + Cjy = 1—. u

For the following propositions we recall that w = e = cos (2“) + isin (2“)

Proposition 5.7 Li-Ma-Bao’s subdivision scheme satisfies the constraints in Condition [2.d]
for alln >5.

Proof: Since .
2”(»7—1)) St s
n 8 -

1 n
MZ;COS(

thus A} = % + % for all n > 5. Analogously we can also prove that A} | = for all

n>5 N
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Proposition 5.8 Li-Ma-Bao’s subdivision scheme satisfies the constraints in Condition [3.d]
for allm > 5.

Proof: In Proposition we have already proven that Af = % Thus, we have to prove the
claim for v =2,...,n — 2 only. Since foralln >5andv =2,...,n—2

1 & 2n(j —1 ;
L § o (20 b
j=1
thenA’Vl:%foralln25andu:2,...,n—2. |
Proposition 5.9 Li-Ma-Bao’s subdivision scheme satisfies the constraints in Condition [{.d]

for allm > 5.

Proof: Using the coefficients in Table we can compute CJ} for all v =0,...,n — 1.
o If v =0, then Cf = i as it was already shown in Proposition

e If v =1, we observe that for alln > 5

6in j_1<3+4cos< - )>w =35

so that 5 3
n_ - _ Y n—1 > 5
CT 16 128(w+w ) Vn > 5
Analogously, we can also show that C)'_; = 56 138 (w+w" ) , for all n > 5.
e I[fr=2 .. — 2, we notice that for all n > 5

1 & 2n(g — 1 .
= (3 +4cos <7r(~7)>) wl=hv =,
64n = n

11 3 _
Cl = 3—2—@(&’—!—&1(” 1)”> Vn>b5andv=2,...,n—2.

thus yielding

Finally, re-writing the above results in the compact form

% if v=0;
=) B3 (14cos (X)) if v=1n-1
2—2 64(1+cos(2”)) if v=2,...,n—2;
we get
f" if v=0;
’128
n_J) fr if v=1,n-1;
f:,lg if v=2,...,n—2.
764

1
32(1+cos(27”))
constraints in Condition [{.al are satisfied. W

Since @ > 210, 64 > 210 and 6%—1— > 64 > 210, then for all 0 < v < n —1 the



Smoothness analysis near extraordinary elements 99

Remark 5.10 From Table we obtain that, when n = 3, Li—Ma Bao’s scheme satisfies
the constraints in Conditions and. sz’nce A3 = % and B3 = Cg = 4, so providing

16’
B+ C§ = %. Additionally, since A3 = A3 = 12 — 112 cos (2;) = %, the constraints in
Condition are also fulfilled. Furthermore, since C3 = % = 37 o and C3 = C3 = % =

1, 7

3 with 128 > 210 and -~ 61 > 210, thus the constraints in Condmon are satisfied too for
all O <v<2.

Finally, using Algorithm [I we checked that Li-Ma-Bao’s scheme also satisfies Condition
for all 3 < n < 50 after 7 refinement steps, thus showing convergence, C' smoothness and
boundedness of principal curvatures at extraordinary points with these valences.

Deng-Ma’s subdivision scheme

For the subdivision scheme recently proposed by Deng-Ma [39], the weights defining the edge-
point and the face-point stencil are shown in Tables and forn > 5and n = 3. As
already shown for Li-Ma-Bao’s subdivision scheme, we now prove that also the coefficients
defining the extraordinary rules of Deng-Ma’s scheme satisfy the constraints in Conditions

.2} B.a] and [£.a]

I
Q2j1p, J=2,...,n %cos(M)
Pin = Bsn 515 T 187 (1 + cos (3F))
Psn = Bon-1n — 513 + 1o (€08 (57) + cos (37))
B2j—1ms j=4...,n—1 129811(008(%% 1)) + cos (%2)))
V2,n %
Y4n = Vonn —%ﬁ
Y6,n = Y2n—2,n 5
Y2in, J=4,...,m—2 0

Table 5.4: Weights proposed by Deng-Ma for the edge- and face-point rule around extraor-
dinary vertices of valence n > 5.

Remark 5.11 Comparing Tables and [5.4, we notice that the coefficients agj 1, j =
1,...,n are the same for both schemes. Thus, Propositions[5.7 and[5.8 immediately yield that
Deng-Ma’s subdivision scheme satisfies the constraints in Condition [2.d and Condition [3.d|

Proposition 5.12 Deng-Ma’s subdivision scheme satisfies the constraints in Condition [I.d]
for allm > 5.
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7 1
d13 = 13 Q33 = Q53 = —31

159 15

P13 = B33 =315 P53 = —355
_ 81 a1
72,3 = 256 V4,3 = V6,3 = T 512

Table 5.5: Weights proposed by Deng-Ma for the edge- and face-point rule around extraor-
dinary vertices of valence n = 3.

Proof: From Remark we have that A} = 3. Now, in order to compute B} we observe

that, for all n > 5,
" 2 -1 2m(g — 2
Z( <7r‘7 )>+cos (W(] )>> =0,
=1 n n

J

so that Bj =2 - % + 2 : (—%) = %. Additionally, from Table we have that Cf = i SO
|

obtaining Bf + Cj = 16

Proposition 5.13 Deng-Ma’s subdivision scheme satisfies the constraints in Condition [{.d]
for alln > 5.

Proof: From Table 5.4 we find that, for alln >5and v =0,...,n— 1,

81 9 2mv 1 Ay
Cn = — — — JE— - . — n
v = 956 128 COS( n )+ 256 COS( n > I omcos(252)

with
10 — cos (27”’) N 29
128 210°
Then the constraints in Condition f.al are fulfilled. W

Remark 5 14 From Table we immediately find that A3 = l , B = C3 = 1, so that

16’
B3+C3 = 2. Hence Deng- Ma s subdivision scheme satzsﬁes the constmmts in Condition
andE Add@twnally, since A = A3 = ﬁ — % coS (2:?) = 2, the constraints in Condition
are also fulfilled. Furthermore, by the fact that C§ = Z = 0 W C} =03 = % = 13 21 and

1% > 22190 as well as 256 > 210, thus the constraints in Condztzon are satisfied too.

Finally, we conclude by observing that, using Algorithm [I, Deng-Ma’s scheme also satisfies
Condition for all 3 < n < 50 with 8 refinement steps, and thus guarantees convergence,
C' continuity and boundedness of principal curvatures at extraordinary points with these
valences.
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1 1
10 2T
. 1 2m(j—1)
Q2i—1ny, J=2,...,m 15, COS (T)
— 81
Bl,n - /83,n 256
B _ B n—38
5n — FP2n—1n 512(n—2)
. 9
B2j—1ms j=4...,n—1 T3R(n—2)
81
V2,n 556
— 9
Yan = V2nn —356
72]‘,717 j:3>"'7n_1 0

Table 5.6: New weights proposal for the edge- and face-point rule around extraordinary
vertices of valence n > 5.

A new scheme with simplified face-point stencils

The goal of this part is to show how easily new interpolatory C! subdivision schemes with
bounded curvature at extraordinary points can be designed by suitably choosing the weights
2511 B2j—1,n, ¥2j,ns J = 1,...,n such that all the constraints previously found are fulfilled.
Keeping the regular rules in (5.1))-(5.2)) and the choice of agj_1p, j =1,...,n for all n # 4
as in Li-Ma-Bao’s and Deng-Ma’s proposal, we focus our attention on the selection of the
weights appearing in the face-point rule only. Our idea is to simplify the expressions of the
coefficients used in the above proposals and to reduce the number of vertices involved. To
this purpose we choose the weights for the face-point stencil as follows

o if n =3, we set

79 19 85
P13 = B33 576’ Bs,3 556’ 123 = 5050 V43 =63 39 (5.20)
e if n > 5 we choose
81 n — 38
Bin = B3n = 2567 Bsn = Bon—1n = 5120 —2)’
9
iin=——7———,7=4,...,n—1 5.21
ﬂ?j 1,n 128(7?—2)’ J ) , I ( )
81 9 .
72,71:%7 74,n:72n,n:_27567 ’72]',71:07 J :37"'7n_1'
All the new weights are summarized in Tables [5.6 and
Regarding the new choice of the coefficients B2;_1,, 7 = 1,...,n we observe that they
have a simpler expression than those proposed by Li-Ma-Bao and Deng-Ma. Moreover, the
coefficients v2;,, 7 = 1,...,n are independent of the valence n and only 3 of them are non-

zero. Thus the choice in ((5.20) - (5.21]) is computationally cheaper since we simplify the
expressions of (821, and 72;,, and reduce the number of vertices involved in the face-point
rule definition.
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7 1
13 = 13 a33 = Q53 = —51
_ _ 9 _ 19
P13 = P33 = 355 P53 = —326
_ 85 1
72,3 = 956 V4,3 = 76,3 = 32

Table 5.7: New weights proposal for the edge- and face-point rule around extraordinary
vertices of valence n = 3.

Figure 5.6: Limit surfaces obtained by the new subdivision scheme with weights in Tables
and after 6 steps of refinement.

In the following we show that the new weights fulfill all the necessary conditions required for
C' continuity and bounded curvature at extraordinary vertices of valence n = 3 and n > 5.

Proposition 5.15 The interpolatory subdivision scheme with coefficients in Tables[5.6 and

[5:7 satisfies Conditions (2.8, [3.8, [{-Y for valence n = 3 and Conditions[1.d, [2.d, [3.d, [{-d

for valence n > 5.

Proof: Since we keep the same ag;_1, j = 1,...,n proposed by Li-Ma-Bao and Deng-Ma,
from Remarks [5.10] and [5.14] we immediately have that for n = 3 Conditions [2.0] and [3.5]
are verified and, in the same way, from Propositions and we have that for n > 5
Conditions and are fulfilled. Additionally, we can easily see that B§ + C3 = %, thus
satisfying Condition [I.b For n > 5 we notice that

n—1

> (~1500—3)) =135

Jj=2

It easily follows that By = % and, since Cf = 2. we have Bj +Cf = 12 and Condition

is verified. Furthermore, by the fact that, for n = 3, C3 = 2%96 = g’ﬂ and C5 = C3 = % =
’512



Smoothness analysis near extraordinary elements 103

(a) Li-Ma-Bao’s limit surface (b) Closeup view
of (a)

(c) Deng-Ma’s limit surface (d) Closeup view
of (c)

(e) new scheme limit surface (f) Closeup view
of (e)

Figure 5.7: C! limit surfaces (obtained after 6 steps of refinement) displayed with reflection
lines with closeup views at extraordinary vertices of valence 3 and 6.

ff’ 7 where % > 22T90 as well as % > ;T%, Condition is satisfied too. In a similar way,

1128
we find
81 9 2y
ch=_—— _ el Y )
v 7056 128" ( ) / R =

n

and since 13—8—1—m > 22% forall0 <v <n—1,thenforall0 <v<n-1 Condition

is fulfilled. W
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e |

(e) new scheme limit surface (f) Closeup view of

(e)

Figure 5.8: C! limit surfaces (obtained after 6 steps of refinement) displayed with reflection
lines with closeup views at extraordinary vertices of valence 6.

Finally, using Algorithm [I| we have verified that the new interpolatory subdivision scheme
satisfies Condition for all 3 < n < 50 after 9 refinement steps, and thus guarantees
convergence, C'' continuity and boundedness of principal curvatures at extraordinary points
with these valences.

In Figure [5.6] we show four examples of initial control meshes refined by using the new
interpolatory subdivision scheme. In Figures and we compare the limit surfaces
obtained by the new extraordinary rules with the ones obtained via Li-Ma-Bao’s and Deng-
Ma’s proposals. Analyzing the behavior of the reflection lines it turns out that the new
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scheme produces limit surfaces of the same quality as Deng-Ma’s and Li-Ma-Bao’s schemes,
but at a reduced computational cost.

5.2

A general computational approach to determine bounds
of extraordinary rule weights

As already shown in Section the structure of the subdivision matrix depends on the way
with which we label the old and the new vertices around the central vertex or face. We recall
that usually we can choose between two kinds of ordering, which determine two different
techniques for the spectral analysis of the subdivision matrix. In particular,

Order 1.

Order 2.

Primal scheme: ordering the vertices outwards from the central vertex, that is on
successive rings with increasing radial distance, yields a matrix S that, discarded the
first row and column, is a p X p block-matrix where each block, of size n X n, is circulant;
Dual scheme: ordering the vertices outwards from one of the vertices of the central face,
that is on successive rings with increasing radial distance, yields a matrix S that is a
p X p block-matrix where each block, of size n x n, is circulant;

Primal scheme: ordering the vertices starting from the central vertex and outwards
within each sector, before moving on to the next, and labeling compatibly within the
sectors, gives a matrix S that, discarded the first row and column, is a n x n block-
circulant matrix with blocks of size p x p;

Dual scheme: ordering the vertices starting from one of the vertices of the central face
and outwards within each sector, before moving on to the next, and labeling compatibly
within the sectors, gives a matrix S that is a n x n block-circulant matrix with blocks
of size p x p.

Given these ordering, two different methods have been proposed for the eigen-analysis

Method 1.

Method 2.

Originally presented by Doo and Sabin [48] and successively exploited by Ball and
Storry [7] and by Zorin [137], it applies a similarity transform to S given by the matrix

1 0 for primal schemes, and I, ® F;, for dual schemes, with I,, denoting the
0|1, ®F,
Tig -1
identity matrix of size p and F;, the Fourier matrix F,, = % [6_2 nﬂyz . Then, once
n JA=0

a matrix with diagonal blocks is obtained, a permutation is applied to finally reduce
the local subdivision matrix into a block-diagonal matrix containing one block of size
(p+1) x (p+1) and n — 1 blocks each of size p x p for primal schemes, or n blocks each
of size p x p for dual schemes.

Introduced by Peters and Reif [I12], if the scheme is primal, it artificially extends each
block of size p x p by one row and one column such that the local subdivision matrix
assumes a standard block-circulant structure, and then diagonalizes it by applying the
block-Fourier matrix F,, ® I 1, while if the scheme is dual the extension is not necessary
and a diagonalization is obtained by applying the block-Fourier matrix F;,, ® I,,.
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We observe that, from a computational viewpoint, Method 2 offers the advantage of requiring
the spectral analysis of matrices whose size does not change with the valence n. However, if
the considered scheme is primal, this method generates n — 1 eigenvalues “in surplus” that
are not necessary to investigate the properties of the subdivision scheme, as we have seen in
Section [5.1] For dual schemes the problem of generating useless zero eigenvalues does not
exist since it is due to the formula in with transform the hybrid block-circulant matrix
S into a block-circulant matrix S, which is a characteristic of primal subdivision schemes (see
equations in — ) Therefore, in this section we construct the primal subdivision
matrix S ordering the points as explained in Order 2, but, following the strategy used in
[126], we study the eigenproperties of S by applying a block-diagonalization via the unitary

matrix
~ 1 0
P = #7
" [0 Fn®Ip]’

which avoid the generation of useless zero eigenvalues. In this way, the block-diagonal matrix

Sy 0 0
0o S :
FESEr=| &+ g, . , (5.22)
0
0 0 Sp1 |

with one block Sy of size (p+1)x(p+1)and n— 1 blocks S,,v=1,...,n—1, of size p X p,
is directly obtained, so that the eigenproperties of S can be read from the spectrum of the n
blocks.

5.2.1 Block-circulant and hybrid block-circulant algebras

In this section we sketch the main properties of the famous block-circulant algebra, intro-
ducing then the so-called hybrid block-circulant algebra, useful for the spectral study of
subdivision matrices of primal subdivision schemes. Block-circulants form an algebra and
represent a subspace of block-Toeplitz used for their approximation in numerical methods
such as multigrid methods, preconditioned Krylov methods and combination of them: for
the algebraic properties of such algebra see [33]; for the numerical techniques related to these
structures see [80]. In particular such matrices are encountered in signal/image processing
(see the problem of signal reconstruction with missing data [36]), in Markov chain problems
(see [10] and references therein), in the approximation of vector partial differential equations
(PDEs) as the elasticity problem (see [47]), or of scalar PDEs by standard Finite Element
methods [64]. To confirm their pervasive nature, these structures arise in the context of our
approximation problems as described below.

A matrix A of size pn is called block-circulant if its entries a; € CP*P, j =0,...,n — 1, obey
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the rule A = [a(s,r)modn]:i;:lo, that is

ao ay e ap—2 Gp—1
anp—1 ao ai B an—2
A= ap—2 Aan—1
aj
ay te Gp—2 Aan-—1 ao

Thus, the following spectral decomposition holds
A= (F; ®Ip)Dn(Fn © L),
where ® is the Kronecker product of matrices, F); is the conjugate transpose of F,, and

D, = dlag(\/ﬁF;a)v

is a block-diagonal matrix with a = [ag, a1, ... ,an_l]T denoting the first block-row of the
matrix A.
Remark 5.16 Usually, the block-circulant matriz is defined with a = |ag,a1,...,an—1] as

the first block-column instead of the first block-row. Here we use this formulation to meet the
notations used in the context of subdivision schemes.

If we embed the block-circulant matrix A in a structure with this form

‘VT ... 'V'T

u
~ A%
A= . 3

A\%

with u € C and v,w € CP*! 5o that A € CPnT)xEn+1) e can construct a new algebra of
matrices, the so called hybrid block-circulant algebra, such that

A: :DnFru
where
u ‘ vavl 0 0
~ 1 0 ~ nw
Fn—[o Fn®Ip] and D, = 0 D,
0

5.2.2 Spectral properties of the subdivision matrix and limit surface char-
acteristics

Primal subdivision schemes are characterized by a local subdivision matrix § € R®?+1)x(@n+1)
of the form shown in (2.21), which belongs to the hybrid block-circulant matrix algebra
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described in Section [5.2.1] As a consequence, it satisfies

T a | /nbT 0 0 0 ]
el S 0 0 0
L 0 0o S 0 . 0
E,SF* = o o, (5.23)
0 0 0 .o
: : . . . 0
L0 0 - 0 0 S,

where the blocks Sﬂ,, v=20,...,n—1, are obtained by the blocks Mj, j=0,...,n—1,1in
(2.21]) applying a discrete Fourier transform

n—1
S,,:ij”Mj, r=0,1,...,n—1,
j=0

where w = el . Denoting with Sy the (p+1) x (p+1) block

S’ . a \/ﬁbT
0 — \/HC 510 )

we can rewrite the matrix in (5.23)) as in ((5.22)).

It is well-known that, to guarantee that the subdivision surface will lie within the convex hull
of the control mesh, all the entries of S have to be in [0,1], i.e. all the weights appearing
in the subdivision rules have to be in such interval. Moreover, Table 2.I] summarizes all the
necessary conditions required on the eigenvalues of S in order to obtain a limit surface that
is convergent and tangent plane continuous, with bounded curvature and optimal shrinkage
at the extraordinary vertices.

Remark 5.17 The conditions summarized in Table are not sufficient to guarantee the
generation of C' continuous limit surfaces. In fact, they do not take into account the behavior
of the characteristic map W. Additionally requiring that this map is reqular and injective,
we can indeed guarantee that the limit surface produced by the subdivision scheme will be
Ct with bounded curvature, convex hull property and optimal shrinkage [112]. However, as
also previously done in [65, [96], here we focus our attention on the spectral properties of
the subdivision matriz that are essential to obtain C limit surfaces with bounded curvature,
convex hull property and optimal shrinkage effect.

5.2.3 Computing bounds for extraordinary rule weights

Exploiting all the notions recalled in the previous sections, we now define a computational
strategy to find the weights of extraordinary stencils in order to obtain limit surfaces with
the desired characteristics. We proceed as follows

e we consider the refinement rules of a primal subdivision scheme which depend on some
free parameters;

e from these rules, we construct the subdivision matrix S as in (2.21));
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e using the discrete Fourier transform, we build a similar block-diagonal matrix as in
(15.23));

e we compute the eigenvalues of each block and we impose on them the necessary condi-
tions for convergence, tangent plane continuity and boundedness of curvature summa-

rized in Table
e we set A = % to guarantee also the optimal shrinkage;

e we find the ranges in which the free parameters defining the subdivision rules could
vary;

e if we want to ensure also the convex hull property, we require that the range of variability
of each parameter is contained in [0, 1].

In the following, we apply this general strategy to two examples of primal subdivision schemes
for triangular meshes, both improving the well-known Loop’s subdivision scheme [95].

In 1987 C. Loop proposed a binary subdivision scheme for triangular meshes, capable of
producing a limit surface that is C? continuous everywhere except at the extraordinary points
where it is only C'. Although Loop’s limit surface satisfies the convex hull property, neither
boundedness of curvature nor optimal shrinkage are achieved [95]. The vertex-point and
edge-point stencils of this scheme are shown in Figure and the corresponding subdivision
rules read as

(11— 1 21\ 2
r- B () e = (i)
=1 " (5.24)

3 1
EF = é(PO +P1) + é(PQ —i—Pn),

where Py denotes the central (extraordinary) vertex, P; the vertex on its right hand side and
P;, ¢ = 2,...,n all the remaining ones ordered counterclockwise. We notice that, while the
vertex-point rule depends on the valence n of the extraordinary vertex, the edge-point rule
is not influenced by n.

During the years different improvements of original Loop’s subdivision scheme have been
proposed to gain boundedness of curvature at extraordinary vertices. The goal has been
reached by considering either a larger edge-point stencil [65] [96] or a suitable transformation
of the subdivision rules into the ternary setting [97]. The resulting innovative schemes in
[96, 97] propose vertex-point and edge-point stencils where the weights assume a specific
appropriate value in order to produce a limit surface of class C' and with bounded curvature
at extraordinary vertices. However, the property of optimal shrinkage is never reached except
for the regular case n = 6. The goal of this section is to consider the stencils of modified
binary Loop’s scheme as well as of ternary Loop’s scheme, and to apply our theoretical results
in order to determine in which ranges the stencil weights could vary to achieve not only
the boundedness of curvature and the convex hull property, but also the optimal shrinkage
property at extraordinary vertices of valence n > 5,n # 6.
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Binary Loop’s scheme: 1-ring rules

In [96], new rules of binary Loop’s scheme near an extraordinary vertex of valence n # 6
have been proposed, which are described by the stencils in Figure The coefficients
0,a, 85, 7 =0,...,n—1 chosen by the author satisfy the necessary conditions for convex hull,
tangent plane continuity and boundedness of curvature at extraordinary vertices, but not the
optimal shrinkage, i.e. the version of Loop’s scheme in [96] satisfies requirements (i)-(iv) of
Table but not condition (v).

(a) New Loop’s scheme

Bn—2 Bn—1

(b) New Loop’s vertex-point stencil (c) New Loop’s edge-point stencil

Figure 5.9: Stencils for the vertex-point rule and the edge-point rule of new Loop’s subdivision
scheme at vertices of valence n.

Comparing the extraordinary stencils of the bounded curvature version of Loop’s scheme
in Figure [5.9] with the original ones in Figure [2.5] we notice that the vertex-point rule has
the same structure, while the edge-point rule of the new version of Loop’s scheme involves a
higher number of points than the original one and depends on the valence of the extraordinary
vertex. Moreover, we notice that binary Loop’s scheme is a 1-ring scheme, since both the
vertex-rule and the edge-rule require just the contribution of the points that are on the first
ring around the extraordinary vertex.

In the following, we show the main steps to find new weights for the extraordinary stencils in
Figure in order to satisfy not only the properties of convex hull, tangent plane continuity
and boundedness of curvature, but also optimal shrinkage. Since we have a binary scheme,
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the arity is m = 2, so condition (v) is satisfied by setting A = %
First of all, we notice that for the symmetry of the scheme we have

Bj =bn—j, J=1...,n—1, (5.25)
and
) (3]
3 l—a—[F)—2 Zl Bj |, ifnodd, -
Pla) = 5y " = z_: Bi=1—a.  (5.26)
1—a—ﬁo—225j, if n even, =0
j=1

Then, we construct the subdivision matrix S of the form in (2.21)) with blocks M; € RP*P,
i =0,...,n— 1. Since Loop’s scheme has 1-ring rules, from (2.18|) we simply have p = 1.
Thus S is a hybrid circulant matrix of the form

| =6 1=6 1-6 1-6 1
go ﬂnl a ﬁnn—2 ,8:71
s_ | Bo1 Bo B o Pa-2
a| B2 Bp1 ’ 1
: : . 8
La] Bt 0 B2 Bu-1 Bo
Then, we apply the discrete Fourier transform obtaining
S :nz_:lﬁjwj” v=1,...,n—1 and 50:< 0 1;\/7? ) (5.27)
o= L het ve et Vi S8,

Since p = 1 we have S, = Ao and, in particular,
n—1 )
b= B, v=1,...,n-1, (5.28)
§=0

while for Sp, thanks to (5.26)), we find MN=1N=6-a.

Remark 5.18 Since for j =1,...,n—1 we have w?’ + w9 = i(n=v) 4 (=) (—v) 4pq,
forn even, wz¥ = wzWN"Y) from (5.25) and (5.28) it holds

g =Xy
so conditions (ii)-(iii) of Table reduce to Ay = X and A3 = X2, respectively.
Summarizing, taking into account Remark the condition (i) in Table [2.1]is satisfied with

1
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the condition (ii) leads to

n—1 ] 1
> Bjw! = 3 (5.30)
=0

and from condition (iii) has to hold
n—1 ) 1
> Bjw = T (5.31)
j=0

Finally, to gain also condition (iv), we have to check for which ranges of the free parameters
we have |Af] < %, for v = 3,...,n— 3, and if the convex hull property is satisfied, i.e. all the

free parameters are in [0, 1].

Remark 5.19 From it is clear that o and § are strictly related. If we find an expres-
sion for a, then § = i—l—a and, in order to ensure the convex hull property also for o, we have

to restrict the set of values for o to [0, %] On the other hand, if we obtain §, then o = § — i

with § € H, 1} for the convex hull property for a.

In the following, we show the details of the computation for the cases n = 5 and n = 7 since,
as already recalled in Section [2.3.3] these are considered the crucial extraordinary valences
when dealing with triangular meshes.

Proposition 5.20 Binary Loop’s scheme with extraordinary stencils in Figure satisfies
the conditions (i)-(iv) in Table[2.1 and the convex hull property at an extraordinary vertex of
valence n =5 if

~ [0.1118,0.1809], (5.32)

V5 V5 +5
bre [20’ 40

and

\/58+5—551, 50:51-1-715_\/5, 52—51—\2/057 5—\/58+7

40 - 561)
with B3 = B2 and PB4 = P1.

Proof: In case of an extraordinary vertex of valence n = 5, recalling the condition (5.25),
the stencil weights are «, 5y, 81, 82 and § with

1
By = 5(1—a—50—2ﬂ1), (5.33)
thanks to ([5.26]). For n =5, the expressions in ({5.27]) become

A B 5 17—6
S, = Bo+ Bi(w” +w) + Bo(w? +w®) and  Sp= ( V5 ) ,
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since Z?:o Bj = 1 — . Hence, from and ( , we have

% = By + Br(w + wh) + Bo(w? + w?)

= %(uﬂ —I—w3) _ %(WQ +w3) +BO(1 B %(w2 +w3)) +,81(w—{—w4 B (w2 +w3))
_\/544_1—’_\/544_1 \f+550+\f61,

where the last equality holds for w + w* = @ and w? + w3 = —*/52+1. Similarly, it holds

L L

thanks to equation (5.31]). From these relations, we find

V5 +5 15—\/5
=3 — 501, Bo=p1+—— 0

and, as a consequence of (5.33), B2 = B1 — ¥=. Moreover, 9) gives § = @ — 5p1, and

since there are no other eigenvalues, condltlon (1v) in Table is verified too. Now we have
to ensure the convex hull property for all the parameters, that is, by considering Remark

3 V-1 V545
o € |:074:| ~ 616[ 40 ) 40
\/5—15 V5 +25
40 40

V5 V5 +20
207 20

~ [0.0309, 0.1809],

Boel0,l] &  Bie [ ] [—0.3191, 0.6809),

Brel0,1] &  Bie [ 1%[0.1118,1.1118},

and the intersection of these intervals (taking into account, if necessary, that also 1 should
be in [0, 1]) gives (5.32). W

Proposition 5.21 Binary Loop’s scheme with extraordinary stencils in Figure satisfies
the conditions (i)-(iv) in Table and the convex hull property at an extraordinary vertezx of
valence n = 7 if, setting c; = 2 cos %, 7 =2,4,6,

ﬂ c d4co+cqa—2cocq 364+33co+10cqy —31cg+6cocqs—20cocqg—Tcacg+3cacqce
1 28co+8c4—36cg+8cacy—8cqcq? 196¢2+20c4 —216c6+20co¢c4 —20c4cq
~ [0.1089, 0.2804],
(5.34)
1+4(C4—02),31 3co—cq4—2cq
52 S [maX{ 4(cqa—cp) ’07 4(cace+caca—6—ca—ce—ca+caces) +51 !

. co—ca 2—|—202—306+4(2—4cg+304+206—C406)ﬁ1
min {4(CQCG+CQC4—6—C4—CG—CQ+C4CG) + 61’ 4(2+3c2+2c4—4ce—cacq) ’
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and
1
o= ——= [2 + 2¢co — 3cg + 4(2 —4dcog + 3cq + 2¢5 — C4CG)ﬁ1+ (5.35)
4(02 — 66)
+4(—2 — 3cg — 2¢4 + 4deg + cacq)Ba]
bp=—""— [262 —cg + 4(—2 —cy4 + C4C6)B1 + 4(2 + co — CQC4)B2] , (5.36)
4(ca — cg)
1
=—— _[-1+4(cy — 4(cqy — 5.37
B3 (o2 — o) [—1+4(c2 — ca)Br + 4(ca — c6) o], (5.37)
1
0=———[24+3co —4cg +4(2 — 4cg + 3cq + 2¢c6 — c4c6)P1+ (5.38)
4(co — c6)

+4(—2 —3co — 2¢4 + 4cg + 6204)52] ,
with B4 = B3, Bs = P2 and B = P1-

Proof: Following the same reasoning of the previous proof, in case of an extraordinary vertex
of valence n = 7, the stencil weights are «, fg, 51, 52, B3 and § with

Bs = %(1 —a—Po—201—2B). (5.39)
If n =7, the formulas in become
S, = Bo + Bi(w” + W) + Ba (W + W) + B3 (W + wh),
and
SO - (J(;a 11\:[760) ’

From ([5.30) and (/5.31)), exploiting ([5.39)), we have

1 1 1
—506a + (1 — 206) Bo + (c2 — c6) 1+ (ca — c6) P2 + 56 =

== N =

1 1 1
—5e20 + <1 - 202) Bo+ (ca —c2)B1 + (c6 — c2) P2 + 50 =

These equations give o and Sy as in —, and we obtain 83 and § in —@ as
a consequence of (5.39) and (5.29), respectively. Moreover, from condition (iv) in Table [2.1]
we require |A\3], [A§| < i. Since Remark @l ensures that A3 = A, the previous inequality is
verified from with v = 3 if

_1 < 4(6266 4+ cocy — 6 —cq4 — cg + c4cq — 02)(ﬁ1 — 52) 4+ 2co —cg—cy4 < 1
4= 4(c2 — ce) — 4
that is
11 [Bca — ¢4 — 2¢q, co — 4]
e [—, } & € ’ : 5.40
0 4’ 4 Pa 4(cace + caca — 6 — ¢4 — c6 — €2 + cacp) +h ( )
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Now we check the convex hull property, by remembering Remark

[2 — c2,2 + 2¢o — 3cg) +4(2 — 4ea + 3¢ + 2¢6 — cace) fa
4(2 + 3ca + 2¢4 — deg — cacy) ’
[2¢o — ¢c6, —2c2 + 3cg] + 4(—2 — c4 + cace) f1
4(cacq — 2 — ¢2)
(1,1 + 4eg — 4deg] + 4(cq — c2) 1
4(cq — cp) '
We observe that all the eligible values for s in and , for g1 € [0, 1], are contained
in regions of the plane delimited by two parallel lines (see Figure . The intersection of

such regions, taking into account that also Sz should be in [0,1] and using the notation
explained in the caption of Figure gives rise to

Br € [(B3)L N (AR, (A)L N ()R],
Bo € [max{(ﬂfi)ln 0, ()‘g)L}7 min{()‘g)Rv (a)R}]a

which are written in full in (5.34) and (5.35). W

vl o e s

Poel0l] & fre

9

Pzel0,1] & fre

25 ‘ ‘ ‘ ‘ 0.4

Figure 5.10: (a): (---) lines demarcating the eligible regions from left, (—) lines demarcating
the eligible regions from right for 83, given in and , with 51 € [0,1]: in gray is
depicted the intersection of such eligible regions. (b) Zoom of the eligibility region in (a) with
indications about the involved lines: (6);, and (0)gr are, respectively, the left and the right
demarcating lines of the regions of values for 3y related to 0 € {«, 83, A3}

Figure illustrates the result of the new Loop’s subdivision scheme when applied to
triangle meshes containing only extraordinary vertices of valence n = 5 and n = 7 (initial
data are courtesy of the authors of [I]). The free 8 parameters have been set accordingly to
the identified bounds.

Ternary Loop’s scheme: 2-ring rules

To gain the boundedness of curvature in the limit surface, another possible modification of
original Loop’s scheme is its ternary version, proposed in [97], whose stencils are shown in
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(a) Initial Mesh (b) Initial Mesh

(c) Refined Mesh (4 steps) (d) Refined Mesh (4 steps)

Figure 5.11: Refined meshes obtained from a 567-mesh using new binary Loop’s scheme with
parameters 51 = 0.112 for n = 5, 51 = 0.14, 53 = 0.02 for n = 7 (left column) and 8; = 0.13
for n =5, 81 = 0.16, 2 = 0.022 for n = 7 (right column).

Figure [5.12] We notice that, if in the binary case the scheme is defined by 2 stencils, one for
the vertex-point and one for the edge-point, the ternary variant needs 3 different stencils to
define the vertex-point, the edge-point and the face-point, respectively. In the regular case,
n = 6, the stencil weights are

2 20 10 2 1 5
a=-, Po==, Bi=0=<-, Po=p1= -, 53257 0= —

3’ 81 81 81 9’

while near extraordinary vertices the coefficients proposed in [97] are chosen to satisfy con-
ditions (i)-(iv) in Table and the convex hull property, but not requirement (v) regarding
the optimal shrinkage effect.

We notice that the ternary Loop’s scheme is a 2-ring scheme, since the vertex-point rule and
the edge-point rule require just the contribution of the points on the first ring around the
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extraordinary vertex, but the face-point rule involves also the points of the second ring.

In the following, we apply the discussed computational strategy to find new weights for the
extraordinary stencils in Figure [5.12] in order to satisfy both the convex hull property and
all requirements (i)-(v) in Table since we have a ternary scheme, i.e. the arity is m = 3,
condition (v) is satisfied by setting A = 1.

(b) Ternary Loop’s vertex-point stencil

1 8 1
B9 81 27 27 27
8 8
27 27
1
Brn—2 Bn—1 27
(¢) Ternary Loop’s edge-point stencil (d) Ternary Loop’s face-point stencil

Figure 5.12: Stencils for the vertex-point rule, the edge-point rule and the face-point rule of
ternary Loop’s subdivision scheme at vertices of valence n.

First of all, for the symmetry of the scheme, we require (5.25) and (5.26). Then, we start
by constructing the subdivision matrix S of the form in (2.21) with blocks M; € RP*P
i =0,...,n— 1. Since ternary Loop’s scheme has 2-ring rules, from ([2.18) we have p = 3.

. _ T T
Thus S is a block-circulant matrix as in (2.21)) witha = 4§, b = [17_5, 0, O} , €= [oz, %, %} ,
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and
i Bo 0 0 i B 0 0 i B2 0 0
My = § 8*11 8%1 J My = % 0 0f, Mpy= (0 0 0Of,
1 3 1
> 0 5 > 00 3 00
N Bi 0 0 Bu—1 0 0
Mi=[0 0 0],i=3,....n=2, M,1=| & 0 &
0 00 = 0 0

After applying the discrete Fourier transform we get

A Y Bjw' 0 0
Sy, = %—kg(w”—kw("_l)”) 8—11 821(1 +wr= [ v =1, ,n—1,
%(1 +wu> + 2717(&}21/ _i_w(nfl)u) 0 %7
and
5 20 0
5 = Vna YNB 000
20 56 1 4
”881 81 81 8l
Vi 3 0 o7
We consider S'l,, v=1,...,n—1, and we compute the characteristic polynomial p,(\) which

turns out to be of the form
1 =
p(N\) = m@n —1)(81A—1) (; Bjw?” — )\) :
Thus, each block Sl,, v=1,...,n—1, has eigenvalue
n—1
A = Z Biwl’, N = _— N=_—. (5.42)
j=0

In a similar way, we consider Sy with characteristic polynomial

po(N) (A= 1)(81A — 1)(27A — 1)(a — 6 + \),

= 2187

and eigenvalues \) = 1, \{ = 6 —a, A\ = 2—17, AN = %. To find the admissible values of

a,B;,7=0,...,n—1, and J, imposing condition (i) in Table we find

(5.43)

1
S—a=-
“T 9

'Note that for n > 7 the eigenvalue 27.:01 B;w?” could be smaller than 1/27 for some v, i.e. formally
Ap < A7, but, when the conditions in Table are satisfied, the ordering of the remaining eigenvalues is not
crucial. Since the general case n > 7 is not treated in detail, we decide to maintain such a notation.
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Remark is still valid for the eigenvalues \§ in ([5.42)), so conditions (ii)-(iii) in Table

give rise to

n—1 ) 1 n—1 ) 1
Y B =2, Y B =g (5.44)
J=0 3 Jj=0 )
Since A, AJ and \{,\5,v = 1,...,n — 1, are equal to 2% or é, to verify condition (iv) in
Table we only need to check that
n—1 ) 1
Zﬁjuﬂ"gg, forallv=3,...,n— 3.
j=0

Finally, since we require the convex hull property, all the coefficients found have to be in
[0, 1].

Remark 5.22 [t is valid a consideration very similar to that in Remark . From
it is clear that o and § are strictly related. If we find an expression for a, then § = %4—0[ and,
in order to ensure the convex hull property also for &, we have to restrict the set of values for

a to [0, 8]. On the other hand, if we obtain §, then a = § — % with § € {é, 1} for the conver
hull property for a.

In the following, we show the details of the computations for the special cases n = 5, 7.

Proposition 5.23 The ternary Loop’s scheme with extraordinary stencils in Figure
satisfies the conditions (i)-(iv) in Table and the convex hull property at an extraordinary
vertex of valence n =5 if

2V5 T4+5
B, e l%, 5| ~[0.0994,0.2052, (5.45)
and
745 10— 5 2v/5 8++5
o= 5 — 504, 502514_7’ 52:51—745, 6= 5 —583.

with B3 = B2 and B4 = B1.

Proof: We follow verbatim the proof of Proposition [5.20] The stencil weights involved in the
subdivision rules in case of an extraordinary vertex of valence n = 5 are «, By, 81,82 and ¢
with

P2 = 1(1—oz—5o—251). (5.46)

2
Formulas (5.44]) with ((5.46]) imply
1+v5  5+45
i YT

1-V5
4

14+v5 1

Bo + V561 — 1 =3
1

9

Vo5, — Ve - 1=Y2

)

+ 2=
«
1



Smoothness analysis near extraordinary elements 120

from which we compute

7+V5 10— +/5

e — 5 = _—

a 9 B, Bo= P51+ TR
and, as a consequence of (5.46), By = p1 — %. Moreover, 1’ gives 6 = % — 501,
and since for all v = 0,...,4 the remaining eigenvalues are equal to 2% or 8—11, condition

(iv) in Table is verified too. now we have to ensure the convex hull property for all the
parameters, that is, by considering Remark

8 VE—1 7++/5
ae [o, 9] s Be [ | ~ [0.0275,0.2052),
35 + /5
Goel0,l] & @ pie [0,15)[ ~ [0,0.8275),
2v/5

B3 €[0,1] s pr e [45, 1] ~ [0.0994, 1],

and the intersection of these intervals (taking into account, if necessary, that also 5 should
be in [0, 1]) gives (5.45). W

Proposition 5.24 The ternary Loop’s scheme with extraordinary stencils in Figure
satisfies the conditions (i)-(iv) in Table and the convex hull property at an extraordinary
vertex of valence n = T if, setting c; = 2 cos %, 7 =2,4,6,

/B c 2(4+62+C4—26266) 2(24-‘1-3402+11C4—3706+60204—13CQC6—7C4CG+2020466)
1 9(762-}-264—966-1—26204—20406) ? 9(4902+5C4—54CG+5CQC4—5C466)
~ [0.0968,0.2238],
(5.47)
249(ca—c2) b1 2(2cag—ca—cp)
52 € [max{ 9(04—06) ’07 9(0206+CQC4—6—C4—66—C2+C466) + 61} )
. 2(62—64) 4+602—866+9(2—462—|—3C4+2CG—C4CG)ﬂ1
min {9(02C6+CQC4—6—C4—C6—CQ+C4C6) + ﬁl’ 9(24+3ca+2c4—4ce—caca) }i| )
(5.48)
and
1
o= —— [4 + 6¢cy — 8cg + 9(2 —4decog + 3c4 + 2¢6 — C4CG),31+ (5.49)
9(co — cg)
+9(—2 — 3¢z — 2¢4 + 4cg + c2c4) o)
bp= —— [362 — Cg + 9(—2 —C4 + 6466)61 + 9(2 —+ cy — 6204)62] , (5.50)
9(02 — CG)
1
=——|—24+9(co — 9(cy — 5.51
B3 9(cs —co) [—2+9(ca — c4)B1 + 9(cs — ¢6) 2] , (5.51)
1
0= —— [4 + Tco — 9cg + 9(2 —4co 4 3cq + 2¢4 — 0406)51—1— (5.52)
9(02 — 06)

+9(—2 — 3o — 2¢4 + 4cg + cacq) 2]
with By = B3, Bs = B2 and Bg = B1.
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Figure 5.13: (a): (---) lines demarcating the eligible regions from left, (—) lines demarcating
the eligible regions from right for £s, given in and , with 81 € [0,1]: in gray is
depicted the intersection of such eligible regions. (b) Zoom of the eligibility region in (a) with
indications about the involved lines: (6);, and (0)gr are, respectively, the left and the right
demarcating lines of the regions of values for 3y related to 0 € {«, 83, A3}

Proof: In case of an extraordinary vertex of valence n = 7, the stencil weights are «, 5o, 81, B2, 53
and §, with

53 = (1 — O — 50 — 251 — 262) . (553)

N | —

From (5.44)) and (5.53)), we have

1 1 1 1
—-ce + (1 - CG) Bo+ (c2—c6)B1+ (ca—c6)Ba+ zc6 = =,
2 2 2 3
1 1 1 1
—gcat (1 - 262) Bo + (ca — c2)B1 + (c6 — c2) P2 + 3¢ =g

These equations give a and Sy as in ([5.49)-(5.50), and we obtain 83 and § in (5.51))-(5.52))

as a consequence of (5.53)) and (5.43)), respectively. Moreover, to verify also condition (iv) in
Table we need to check if all the other eigenvalues are not greater than %. Since AJ, A9
and A/, Ay, v =1,...,6, are equal to 2—17 or 8%, we have just to check if |A3], [M\d| < %. Since
Remark ensures that \3 = A, the previous inequality is verified from with v =3
if

_1 < 9(8206 4+ cocy — 6 — ¢y — g+ c4c6 — CQ)(,Bl - ,82) + 3cy — cg — 2¢4 < 1
9~ 9(ca — cg) -9
that is
deg — 2¢q — 2¢6, 209 — 2¢4]
M\ € [—, } & € [ ’ : 5.54
0 9°9 IBQ 9(6206 + CoCyq — 6 — Cq4 — Cg — C2 + 6466) + ﬁl ( )
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now we check the convex hull property, by remembering Remark [5.22]

[4 — 2¢9,4 4 6co — 8cg] + 9(2 — 4eg + 3eq + 2¢6 — cac6) Pr
9(2 + 3co + 2¢4 — 4cg — 0264) ’
[302 — cg, —6co + 866] + 9(—2 —cq4 + 0466)/31
9(0264 —2— CQ)
[2, 24 9cy — 906] + 9(04 — Cg)ﬁl
9(64 — 66) .

We observe that all the eligible values for 82 in (5.55)) and (5.54)), for §; € [0, 1], are contained
in regions of the plane delimited by two parallel lines (see Figure . The intersection of
such regions, taking into account that also 2 should be in [0,1] and using the notation
explained in the caption of Figure [5.13] gives rise to

a € [O, S} & fre (5.55)

ﬁO € [07 1] And /32 €

9

ﬁ?) € [07 1] And 62 €

Br € [(B3)L N (AR, (W)L N ()R],
B2 € [max{(fs)L,0, (A})L}, min{(A})r, (®)r}],

which are written in full in (5.47)) and (5.48)). W




Chapter 6

Subdivision schemes for biomedical
imaging segmentation

As already pointed out at the beginning of Chapter [5], stationary subdivision schemes can
be partially used in many applications since they can not design particular surfaces such
as spheres, ellipsoids, cylinders, etc...Thus, we need to consider non-stationary subdivision
schemes, which are able to generate or reproduce spaces of exponential polynomials, and thus
to produce limit surfaces with these particular shapes.

The design of ellipsoids is especially important in biomedical imaging field, since very often
the analyzed biological objects have an ellipsoidal shape. In fact, an important challenge
in biomedical imaging is the segmentation of closed 3D structures. In the medical field
the segmentation of organs, such as lung and kidney, allows one for a better 3D visualiza-
tion and hence, improves preoperative preparations. In biology, microscopy images often
contain hundreds of cells to be analyzed. Automatic or semi-automatic cell segmentation
facilitates image analysis because manual delineation of each cell is time consuming. Active
surfaces or 3D deformable models (3D generalizations of active contours) provide a conve-
nient framework in image processing for the segmentation of volumetric biomedical images.
They consist in closed flexible surfaces that evolve through a 3D volumetric image, moving
from an initial position (typically specified by the user), toward the boundary of the object to
be segmented. Their evolution is guided by the minimization of an appropriate energy term
[75], 128], suitably defined to approximate the shape of interest. Currently, 3D deformable
models are described implicitly by level sets [12] or explicitly by meshes [51 [34] and param-
eterizations [124]. Therefore, the explicit definition of 3D deformable models can typically
rely either on a discrete (mesh-based) or a continuous (parametric) representation. Moreover,
as recently shown in [38], active surfaces to be used in 3D bioimage segmentation should be
affine invariant and capable of perfectly outlining ellipsoidal objects or versatile enough to
provide a close approximation of any blob-like shape.

In this chapter, we provide novel explicit definitions of 3D deformable models that can com-
bine the advantages of the discrete and the continuous representations. To achieve this
objective, we propose two different subdivision-based 3D deformable models both defined on
triangular meshes. The first proposal consists in an interpolatory subdivision scheme defined
on regular meshes and able to reproduce exact ellipsoids starting from a mesh composed by
28 control points. The second proposal is an approximating subdivision scheme defined on
arbitrary manifold topology meshes and able to produce a good approximation of an exact

123
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ellipsoid starting from a mesh of 6 control points only. We study the advantages and the
limits of both these proposals.

6.1 A non-stationary interpolatory subdivision scheme exactly
reproducing ellipsoids

In this section we show and analyze a non-stationary interpolatory subdivision scheme which
is affine invariant and exactly reproduces ellipsoids, thus it is useful for the definition of
3D deformable models. The construction of this non-stationary scheme is preceded by the
definition and analysis of its stationary counterpart, which results to be an improvement of
the Modified Butterfly scheme [73, 139] already recalled in Section [2.4.2]

6.1.1 Modified BLISS: a Modified Butterfly-Lengthened Interpolatory Sub-
division Scheme

We start by recalling the main properties of the Modified Butterfly interpolatory scheme
[73, 139], and then we show how we can obtain a stationary subdivision scheme on regular
triangular meshes, which can improve both smoothness and accuracy of the Modified But-
terfly scheme. For the sake of conciseness, hereinafter we refer to the Modified Butterfly
Interpolatory Subdivision Scheme as Modified BISS, whereas we call the Modified Butterfly-
Lengthened Interpolatory Subdivision Scheme, Modified BLISS.

The Modified Butterfly scheme: a short review

Since the Modified BISS is identified by the 10-point stencil in Figure (a), the associated
symbol has the following expression

ay(21,22) = a(z1, 22) + w z;zg‘ Bi11(21,22)(1 — 21)2(1 — z2)2(1 — 21z2)2, weR, (6.1)
with
a(z1,22) = zi”lz% (72122]3272,2(21, 29) —221B1 33(21, 22) — 229B3.1.3(21, 22) — 221202B3 3.1 (21, 22))
and A _ ,
Bij(21,22) =4 (1 —;z1>l (1 222>] (1 +22122) , 1,7,£ € Ny.

It is known that the limit surfaces of the Modified BISS are C! if the free parameter w varies
in the range [—0.03,0) (see, e.g., [73, page 34]). To give the widest range of w for which
the Modified BISS enjoys the property of cubic polynomial reproduction, in the following
proposition we point out for which values of w the Modified BISS is convergent.

Proposition 6.1 Ifw € (—3—12, %), then the Modified BISS is convergent.

Proof: In order to verify the convergence of the Modified BISS with symbol a,(z1, 22) in
(6.1), we study the contractivity of the first order difference scheme with matrix symbol
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bll(21, 20) computed as in ([2.16) with Z; = {(1,0,0),(0,1,0)}. The associated first order
difference mask bl!l is

00 00 00 w 0 -5 0 —w 0 00
00 00 0 0 00 0 o 0 0 00
00 00 —w—ﬁ 0 llfs—w 0 w—O—% 0 'LU—% 0 0 0
0 0 00 0 0 0w 0 w-1 0 —w-4 0 —w
00 —w—% 0 w+% 0 1‘% 0 %—w 0 w—ﬁ 0 0 0
00 0 0 0 —w- 0 —3w 0 Z-u 0 3w+ g 0 2w-—
w 0 w 0 % 0 % 0 —w 0 —w 0 0 0
00 0 —w— & 0wt 0 4w+3 0 & 0 3w+ 45 0 —w
—11;—1716 0 1U+T‘6 0 1‘% 0 T‘—w 0 w—ﬁ 0 0 0 00
0 w 0 3w+ 0 5 0 —dw+} 0 E-w 0 w— 5 00
—w— 5 0 H-w 0 wtg 0 w—15 0 0 0 00 00
0 —2w— & 0  —Bw+s 0 w+t+¥ 0 3w 0 w— 45 00 00
<m o) <7% 0 ) (az 0 ) <0 0) (0 0) 00 00
0 w 0 w-1 0 —w-4 0 —w 00 00 00
Using (2.17)) with L = 1, we find that
1 1 3 3 3
1 . lw— 351 + |w+ 15| + |w — 35| + Jw+ 75| + 2lw| + 3 0
[[Spmll = max 1 1 1
b 0 2lw — 351 + [4w — 5] + 2[3w + 15| + 4|w]

\w— |+\w+1b|+|w 16\+|w+%\+2\w|+% 0

2w — &+ 2w+ F 4+ 2w + 5|+ 2w+ 5

4w — 16\+2\w|+2 0 )}

2w + |+ 4w + 3| + 23w — | + 4|w]

<4|w+16+2w|+2 0 )

= max{‘wfs(+]w+fﬁ\+wfﬁl+‘w+f‘6+2|w+§, afw— |+ 20wl +3, 4w+ k| + 20w+
2w = g|+2fw+ F|+ 20+ G|+ 2wl+ &, 2|wt &+ [aw+ §] 23w - & + 4,

2‘w+%‘+2‘w7%‘+‘2uif%6’+2|w|+l%, 2)u17%6’+‘4w7%‘+2‘3w+%6‘+4\w\ },

and thus ||[Syn|| < 1ifw e ( 39 32) As a consequence, in view of the results recalled in

Section [2.2.2) the Modified BISS converges for all w € ( 39 312> |

Proposition 6.2 Forallw € ( 35 32) the Modified BISS reproduces the space 113 of bivari-

ate polynomials of total degree at most 3 with respect to the parametrization {T )k e No}

in (2.6) with = = 0.

Proof: From Proposition we have that the Modified BISS generates 113 for all w €

( 312, 32) In fact, for such Values of the free parameter the subdivision scheme is convergent

(see Proposition|6.1])) and the associated symbol satisfies D172 a,, (¢1, €2) = 0 for all (y1,72) €
I's and (e1,€e2) € Z. Thus, being the scheme interpolatory, reproduction of I13 with respect
to the parametrization in (2.6)) with 7 = 0 follows straightforwardly in light of Corollary
|

In view of Proposition we finally get that the Modified BISS has approximation order 4

for all w € (—é, é) (see Proposition [2.10)).

0 2w+116+2111—136|+2w—116+2w|+156>

)




Subdivision schemes for biomedical imaging segmentation 126

The Modified BLISS
We here present an extension of the Modified BISS, that we call Modified BLISS, which

defines a family of quintic polynomial reproducing schemes depending on a free parameter
w. The construction of such a stationary interpolatory scheme is crucial for the smoothness
analysis of the non-stationary subdivision scheme presented in the following section. The
edge-point stencil of the Modified BLISS is obtained by enlarging the 10-point stencil of the
Modified BISS to the 16-point stencil shown in Figure [6.1) where

Br=w, f3= %—’U& By = 4w_634’ Bs = %—GM-

(6.2)
Note that the coefficients [y, 51 and B2 have been defined such that (52,51, fo, 5o, 1, 52)
provides the odd-point stencil of the interpolatory 6-point scheme depending on a parameter
(see [54, page 162]), while the coefficients f33, 84, and 35 have been selected in such a way
that the Modified BLISS reproduces the space I12 of bivariate polynomials of total degree at

most 5 (see Proposition [6.5]).

9 1
Bo = 2w+ﬁ’ B = —3w—ﬁ,

B3 By Bs By B3
Figure 6.1: Edge-point stencil of Modified BLISS with coefficients in (6.2]).

Remark 6.3 We emphasize that, assuming Po = w, the remaining entries of the odd-point
stencil (B2, 1, Bo, Bo, b1, B2) for the univariate 6-point scheme in [5]|] can be worked out as

w w w (1 w 1
51=U1+<1—)P1, 50=<—01—02>+<1—)(—P1),
op) 02 o2 \2 o9/ \2

where p; = —1—16 s the first entry of the odd-point stencil of the Dubuc-Deslauriers 4-point
scheme, i.e. (pl,% — p1, % — p1,p1), while o9 = % and o1 = —% are the first two entries

of the odd-point stencil of the Dubuc-Deslauriers 6-point scheme given by (02,01,% — 01 —
02, % — 01— 02,01,02) (see [{2]).

The symbol of the Modified BLISS is thus of the form

2
Cw(Zl, Z2) = ﬁBl,Ll(zlv 22) (I"(Zl, Z2) + ’LUS(Zl, 22)), (6.3)
172
where
r(z1,22) = (1"1(2?23 +23) + 1r2(22) (2123 + 2123) + 13(22) (2723 + 27)

+14(22) (2925 + 23 29) + %(@)z%z%),
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with
r; =3,
ro(z2) = —(22 + D)y,
r3(22) = 32§ — 325 — 1023 + 423 — 1023 — 329 + 3,
r4(20) = — (20 + 1)(325 — 723 — 1122 — Tz5 + 3),
r5(20) = —2(525 — 923 — 3722 — 925 + 5),
re = 256,

and

s(21, 22) = s1(22) (2323 + 1) +50(22) (2] 25 + 21) +53(22) (20 23 + 27) +54(22) (222] + 27 ) +55(22) 21,

with
Sl(ZQ) = (Z% + z9 + 1)(22 - 1)2,
sa(22) = —(22 + 1)s1(22),
s3(z2) = 29(20 — 1)%,
sa(22) = —(22 + 1) (23 — 523 +1)(22 — 1)%,
s5(22) = (25 + 225 — 25 — 1025 — 23 + 2290+ 1) (22 — 1)2.

Proposition 6.4 If

c 23 V3236974 —2189 + /12142829
v 3968 63488 80896

) ~ (—0.0225,0.0160), (6.4)

then the Modified BLISS converges.

Proof: In order to verify the convergence of the Modified BLISS with symbol in (6.3]), we
study the contractivity of the first order difference scheme with matrix symbol d[! (21, 22)

defined as in (2.16) with 2, = {(1,0,0),(0,1,0)}. Computing ]|S§[1]|| as in (2.17)) and fix-
ing L = 1, we find that ||S(1i[1]|| < 1 when w € ( S T ) To enlarge this range we

1024 1024
: _ C 2 : 23 /3236974 2189412142829
consider L = 2, so obtaining that [[S5[| < 1if w € <3968 GSIRs ST ) ~

(—0.0225,0.0160). m

Proposition 6.5 For all w satisfying (6.4)) the Modified BLISS reproduces the space 113 of
bivariate polynomials of total degree at most 5 with respect to the parametrization {T(k), k e

No} in (2.6) with 7 = 0.

Proof: From Propositionwe have that the Modified BLISS generates I12 for all w fulfilling
. In fact, for such values of w the subdivision scheme is convergent (see Proposition
and the associated symbol c,, (21, 22) satisfies D(172)c,, (€1, €2) = 0 for all (y1,72) € I's and
(e1,€62) € . Thus, since the Modified BLISS is interpolatory, in view of Corollary
the reproduction of II2 with respect to the parametrization in with 7 = 0, follows
straightforwardly. W

Recalling the results in Proposition Proposition 6.5 implies the following.
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Corollary 6.6 For all w satisfying (6.4)) the Modified BLISS has approximation order 6.
Proposition 6.7 The limit functions produced by the Modified BLISS are of class C' for all

we [220- V6673 121
4608 7 384(375 + /140383)

Proof: To prove that the Modified BLISS with symbol (6.3) generates C'! limits, it suffices

to check that the second order difference scheme with matrix symbol d[?(z;, z0) defined in

(2.16]) is such that ||S£[2] | < & for some L € N. Fixing L = 2 and computing dP(z1, z) with
1 29—/6673 121

2, ={(1,1,0),(1,0,1), (0,1, 1)}, we find that [ S2, || < § if w € (2545 ’384(375+¢140383))-

Thus, for all values of w in this range, the limits of the Modified BLISS are C'. W

) ~ (—0.0114,4.2032 - 107%).

Now, to simplify the analysis of C? convergence, we look for a parameter

w € (292%0%673, 384(375f\1/140383)) for which the Modified BLISS symbol ¢, (21, 22) allows us

to factor out the Box-spline symbol Bs 3 3(21,22) = ﬁ (14 21)3(1 + 22)3(1 4 2120)3. Indeed,
when w = —ﬁ we have

c__s (21,22) = 5 B333(21, 22) m(z1, 22),
1024 2125
with
m(z1,22) = —% (Szfzé — 9zfz§’ + 32%2% — 9251”2% + 182?23 + 182{’2’% — 92%;:2 + 32%,23 + 182%2%

—802725 + 182229 + 327 — 92125 + 182123 + 182120 — 921 + 323 — 925 + 3),
and thus we can easily prove the following result.

Proposition 6.8 The limit functions produced by the Modified BLISS with w = fﬁ are
of class C?.

Proof: To check that the Modified BLISS with w = —10% produces limit functions of class
C? we have to verify that the third order difference scheme with matrix symbol dP®l(zy, z)
defined in is such that HSg[g]H < 1 for some L € N. Working out dP¥l(z1, 20) with
Z3 ={(1,1,1),(0,2,1),(2,0,1),(2,1,0)} and computing [|S% | as shown in ([2.17), we find
that the required inequality is verified with L = 4. Thus, C? smoothness of the subdivision

scheme with symbol c__s (21, 22) is proven. W
1024

6.1.2 The non-stationary Modified BLISS

Thanks to the given preliminary results, we are now in a position to construct and analyze
a non-stationary extension of the Modified BLISS. This non-stationary formulation defines a
family of subdivision schemes depending on a pair of k-th level parameters denoted by v®) and
w®) | respectively. To define the parameter sequence {v*), k € Ny} we choose ¢ € [0, 7) UiR™T
and we set v(9) as in . Then, starting from 0@, we compute the successive values of the
sequence {v¥), k € N} via the recursive formula shown in . The parameter sequence
{w® | k € Ny} is successively defined in terms of the sequence {v®), k € Ny} to increase
the number of exponential polynomials reproduced by the scheme (see Propositions and
6.17]).
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Construction of the parameter-dependent refinement rules

The non-stationary Modified BLISS is defined by the k-th level 16-point stencil shown in
Figure [6.2] where the k-th level coefficients are of the form

i o (k) 11)2
B = 2(2(v<’€>)2—1)w(’“)+%’
k
B = —(a®)? — 1)u® - o,
) = ),
k) (k)y2 (k) 200041 o
5 = —(2(0™)2 = D)wk) + 6402 (20 —1) (0 11)2
. (k)
i ) = 4(vk)2(2(v®))2 — 1w® — 16(211(’3)—1)211(’”“)2’
. o(F) 412
B = o)~ 1)(EEO) - e 4 g BOHE
k k k k k
5§) 54(1) B§> Bi) ﬁ:(s)

CAN A

Figure 6.2: Edge-point stencil of the non-stationary Modified BLISS with coefficients in ((6.5|).

Mimicking the idea used in the stationary case, to work out the expressions in (6.5) we

have assumed ng) = w® and we have computed the values of B(gk), ﬁgk), 5§k), 54k , 5ék)

as follows. Exploiting an analogous strategy to the one described in Remark assume

pgk) = —m to be the first entry of the k-th level odd-point stencil of the non-

stationary interpolatory 4-point scheme in [§], i.e. (pgk), % — pgk), % - pgk), pgk)). Let also
W 20®) 4 1 o @® 1) (4®)2 4200 —1)

%2 = Gpe® el = 64(0 )3 (0®) 4 1)2 ’

be the first two entries of the k-th level odd-point stencil of the non-stationary interpolatory

6-point scheme in [IT9} Section 4.3], namely (aék), agk), %—O‘ik) —O’ék), %—O’Yﬂ —aék), ng)’ O'ék)).

[hen, if we define
(k) (k)
A7) k w k
ﬁf )= (k) C’g : <1 (k)) Pg )7

P

and
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the vector (55“, 5%16), 5(()k)7 5(()k)a ) (k)) provides the k-th level odd-point stencil of a non-
stationary interpolatory 6-point scheme depending on a free parameter sequence {w *) ke

Np}. Following again the stationary case, we determine the coefficients 5§k), Bik) and ,Bék) by
requiring the reproduction of a certain space of exponential polynomials, precisely the one
specified in (see Proposition .

The k-th level symbol of the non-stationary Modified BLISS with edge-point stencil in Fig-
ure is

2
Cyh) (k) (21, 22) = 55 Bi1,1(21, 22) (r(k)(Zh 29) + wPs® (2, Zz))7

1~2
where
1(z1,20) = 5 (07 (1 + 28) + e () (28 + 2128) + 18 (22) (2023 + 40)
+r§ N(22)(85 + #82) + 1 (22)2143),
with

) = 2p®) 41,
rgk)(ZQ) = (ZQ—i-l)rgk),
=1V (2§ +1 - (8 + ) — (16(v?)3 + 8(vM)? — 1208 — 2) (24 + 23)
+(8(v®)3 + 4(v®)2 — 8u¥)) 23
() = (2 + 1) (= (24 + 1) + (8(0™)? + 4(®)2 — 6v®) +1)(23 + 22)
+(8(v*N)3 + 4(v*))2 4 20() — 3)23),

157 (22) = 2((=8(0M)° —4®)> + 66 1) (e + 1)+ (8(H)* + 402
~20) —1)(ef + 22) + (32(0P)° + 4801t — 24(wM)° — 28(uM)” + 601 + 3)23),

rF = 64(v®)2(20®) — 1) (®) +1)2,

B
>
=
—
N
M)
~—

and
s9) (21,22) = s (20) (2828 + 1) + 597 (22) (2125 + 21) + 857 (20) (2523 + 23)
+5{ (20) (2228 + 23) + 8 (2) 22,
with

s19(22) = (28 +1) — (5 + ) +2(1 — (vV)?)23,

W (z2) = —(z2+ D)s(22),

§$)(22) =201 — (®))(2§ + 1) + (20®)2 = 1) (2§ + 22) + 4(1 — 2(v®)?)(24 + 23)
+2(4(vN)t —1)23,

P(2) =(2+ >( <z2+1> 200)2(25 + 25) + 2(4(v®)! — (v0)2 - 1) (24 + 23)

+2(7(w)? - 42)7

W) =(5+1)+ <1—2 (9)2)(28 + 23) — 2(8(v™®)* — 6(v®)? + 1) (23 + 23)

+6(8(vM)* — 6(v*))? + 1)24.



Subdivision schemes for biomedical imaging segmentation 131

Convergence and approximation order

We are interested in studying the reproduction properties and the approximation order of
the non-stationary Modified BLISS. Since the subdivision scheme is parameter-dependent, in
order to identify the widest choice of parameters {w(k), k € Ny} yielding such properties, we
look for the conditions that this parameter sequence has to satisfy to guarantee convergence.

Proposition 6.9 Let t € [0,7) UiR" and {v®), k € No} be defined as in (3.12)-(3.13). For
all sequences {w™®), k € No} such that

23 V3236974 —2189 + 12142829
3968 63488 80896

lim w® =we
k——+o0

) ~ (—0.0225,0.0160), (6.6)

the non-stationary Modified BLISS with k-th level symbol Cv(k)w(k)(zl, z9) is convergent.

Proof: Since limg_, 1 vk = 1, if {w(k), k € No} behaves as in , then the non-stationary
Modified BLISS is asympotically similar to the Modified BLISS defined by the symbol in ,
and the latter is convergent (see Proposition . Next, we prove that the non-stationary
scheme satisfies approximate sum rules of order 1. In fact, ur = 0 and thus we trivially have
D heo e < +00. Moreover, c,w) ) (€1,€2) = 0 for all (e1,€2) € 2’ and thus it is also d; = 0
which implies Y 7 dr < +o0o. Hence, approximate sum rules of order 1 are satisfied and the
claim follows from Proposition [3.17] W

Once the convergence of the non-stationary Modified BLISS has been established, we can
focus on the analysis of its reproduction properties. For this purpose we introduce the space
of exponential polynomials W} in (3.9), explicitly given by

W2 = span{1, z,y, eT® e, eﬂ(xiy)}, t€[0,m) UiR™,

The following proposition shows that the exponential polynomial space W? can be repro-
duced by the non-stationary Modified BLISS for all choices of {w(k), k € Ny} that guarantee
convergence.

Proposition 6.10 For all choices of t € [0,7) UiR™ and for all sequences {w®), k € Ny}
satisfying the property in , the non-stationary Modified BLISS reproduces the space W?
with respect to the parametrization {T®) k€ No} in ([2.6) with T = 0.

Proof: Let ¢t € [0,7) UiR"and

The k-th level symbol ¢, k) ,®) (21, z2) is such that Coy(k) (k) (v1,v2) =0 for all (v1,12) € Vi 0.
Thus, according to Proposition the generation of span{1, e e*, eit(miy)} is proven for
all {w(k), k € Ny} that guarantee convergence. Further, if we compute D(l’o)Cv(k)ﬂU(k) (21, 22)
and D(O’l)cv(k>7w(k>(z1, z9) we find that

/

D% i o (e1,€2) = DOVe gy o (e1,€2) =0, forall (e1,e2) € E.
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This additionally proves the generation of {x,y}. Hence we can conclude that the non-
stationary Modified BLISS generates the whole space in W? for all sequences {w(k), k €
Np} satisfying the property in . The reproduction of this space with respect to the
parametrization in with 7 = 0 follows straightforwardly from the interpolation property
of the scheme, in light of Corollary 3.10 M

Remark 6.11 The non-stationary Modified BLISS can reproduce 112 as well as ellipsoids for
all choices of {w®) |k € No} that behave as in . This means that the scheme satisfies the
properties of affine invariance (see Remark and ellipsoid reproduction required for the
construction of subdivision-based active surfaces [38, [29]. We also point out the fact that, to
achieve the property of ellipsoid reproduction, it is not necessary to handle triangular meshes
with extraordinary vertices, i.e. arbitrary manifold topology meshes. In fact, an ellipsoidal
shape is a 0-genus surface that can be obtained starting from an initial reqular control mesh
where the vertices lying on the first and last line are assumed to be topologically identical (so
as to define the ellipsoid poles), see Figure .

\\\
il

AN
U

W

d

Figure 6.3: First line: initial meshes. Second line: results obtained applying 5 steps of the
non-stationary Modified BLISS.

We finally focus on the approximation order of the non-stationary Modified BLISS. For this
purpose, we assume that the initial data £(¥) is given as a set of discrete values of a smooth
function. Precisely, denoting by CZ (R?), o € N, the space of functions f whose derivatives
Df,veTl, ={v € N% :0 <71 + 92 < o}, are continuous and uniformly bounded, we
define (0 .= {f&o) = f(27%a) : a € Z?%} for some positive integer k£ and some function
f € CL(R?).

Recalling Definition we have that, when the non-stationary scheme S, is convergent,
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its limit function obtained from the initial data £(©) can be written as

Spa) =Y on(2"x — ) £,
acZ?
The aim of this section is to investigate how the non-stationary Modified BLISS actually
attains the original function f as close as possible. Specifically, we are concerned with finding
the largest o € N such that
I1Sf = fllpw(@) < 2

with a constant ¢ > 0 independent of k, where  is a compact set in R2. The number o
becomes the approximation order of the non-stationary subdivision scheme S ().

In what follows, we show under a suitable condition that the non-stationary Modified BLISS
provides the same approximation order six as its stationary counterpart. An interesting
feature is that it is required for the non-stationary Modified BLISS to reproduce ten linearly
independent exponential polynomials, which is equivalent to the polynomial space I13. To do

this, we denote by V; := span{¢1,...,®10} a subspace of the exponential polynomial space
Wi, which satisfies dim V; = dim H% = 10. Then, we define the function

Wler, ..., 10)(®) := det W(z)
where the matrix W (x) is given by
W(:I?) = (D’YQOJ(QZ) rg=1,...,10, v € Fg), T = (1‘1,1132).

The function Wepr,...,¢i0](x) is the Wronskian of {p1,...,¢10} on two dimensional case.
Throughout this section, we assume that the space V) is shift-invariant and Wep1, ..., ¢10](0)
is non-zero. Moreover, to simplify the presentation, we use the index set I's and with this
notation we simply write {¢1,...,010} = {pa : @ € T's}.

The proof of the approximation order result will be preceded by the following preparatory
lemma.

Lemma 6.12 Suppose that {w®, k € No} converges to a value w, that fulfills (6.4)), with
the rate O(272K) as k — 4o0. Let ¢ be the basic limit function of the stationary Modified
BLISS with parameter w. Then ||¢g — ¢|loo < 272 for some constant ¢ > 0.

Proof: From the definition of v(*) it is immediate to see that |1 —v®| = O(27%) as k — +o0
for all choices of t € [0, 7)UIR™. Since limy_, oo w® = w with the rate O(2-2F) and w satisfies
, then, by construction, the mask of the non-stationary Modified BLISS converges to the
mask of the corresponding stationary scheme with the rate O(272F) as k — +o00. As a
consequence, ||¢r — ¢|lo = O(272F) (see also the proof of [56, Lemma 15]). W

Theorem 6.13 Suppose that the non-stationary Modified BLISS reproduces the space W
and let Vi = span{g1,..., 010} be a subspace of W? so that We1, ..., p10](x) is non-zero.
Assume further that, as k — +oo, the parameter w*) converges to a value w which satisfies

(6.4) with the rate O(2=2k). If the given initial data is of the form f(©) := {fi(o) = f(27F) :
icZ?} withk € N and f € CS (R?), then for any compact set  in R%, we have

1S = flliwi@) < c27 %k

with a constant ¢ > 0 depending on f but not on k.
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Proof: Let  be an arbitrary fixed point in 2. Since the space V; is shift invariant, the
shifts po (- — ), a € '3, also belong to V;. Then, it will be useful for our proof to define the
function

= Y Caval-— =),

acl's

which depends on x, so that ¥ equals f at « (not on Q) in the sense that DYy (x) = D7 f(x),
v € I's. In other words, the coefficient vector ¢ := (cq : @ € I's) is obtained by solving the
linear system

> caDV9a(0) =DV f(z), Vv eTs. (6.7)
acl's
This condition can be written in matrix form as W(0) - ¢” = f(x)T with f(x) := (D7 f(x) :
~ € I's). The non-singularity of the matrix, i.e. , det W(0) # 0, guarantees the existence of

the unique solution of this linear system, implying that [|c|| < [[W(0)~ (||| |1 (). Further,
since S, reproduces functions in V; and 1 belongs to Vi, it is obvious that

=Y (2" —i)p(i27").
icz?

With this setting, we estimate the difference f(x) — Sy(x) for a given fixed point € Q. To
this end, we first note from (6.7)) that ¢ (x) = f (cc) Then it follows that

f(x) — Sp(z - > o(2Fm ) =" op(2x — i) (v(E27F) — f(i277)).

icz2 iez?

Now, we use a finite Taylor expansion of a bivariate function with remainder. For a positive
integer m, let T/* be the Taylor expansion up to degree m of a function g around x defined

by
;" = Y (-—x)'D7g(z)/v!,
~eln,

where 7 = z]" 3* and v! = 11172!, and let RJ" be its remainder, that is,

Rj(s)= >  (s—x)"D7g(&)/v",
0<y1+y2=m+1

for some £ between x and s. Now, we first consider the case m = 3 for the functions
¢ and f. Due to the condition DYi(x) = D7 f(x) for all v € T's, it is immediate that
Ti(iQ‘k) = Tf(iQ‘k) for all i € Z2. Therefore, introducing the notation

Typ:={v€N2: v +92=4or5},
we have
f(x) = oz —i) Y (27" —2) D¢ — f)(zx)/! (6.8)
icz2 "/Ef4,5

+ > e —i)(R)(127F) — R} (i27).

i€z?
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Letting ¢ be the basic limit function of the stationary Modified BLISS S, reproducing poly-
nomials in I1%, i.e., ¢ = S8 with § = {ip : 1,0 € Z?}, we find from Lemma that
o — Bloo < c272F. Moreover, using the polynomial reproducing property (up to degree five)

of the basic limit function ¢, we obtain

Z p(2Fx —i)(i27% —x)Y =0, VieTys. (6.9)
i€z?

Now, let Qg := {i € Z? : ¢p(2Fx — i) # 0}. Since ¢y, is compactly supported, #Q, < C with

a number C' > 0 independent of k£ and x. Thus, using the fact that ¢ has the same support
as ¢ and applying , we get

S (2w — )27 —2) = 3 (6r(2he — 1) — (25w — 1)) (127 — @),

IEZ2 i€Qe

Since the number of elements in €2, is finite and
2% — x| <27k VieQ,, (6.10)
taking into account that ||¢r — ¢||cc = O(272F), we easily obtain

| oe@Fa —i)(i27F — )7 <2 FOEetD vy el
ieQ,

Note that (6.10) and the fact that ¢ is uniformly bounded allow us to obtain the required
bound on the second term in (the one containing the Taylor remainder terms), so
concluding the proof. W

Under the hypotheses of Theorem [6.13]| we can thus claim that the non-stationary Modified
BLISS has approximation order six. The same result easily follows from Proposition [3.1§]
which, however, appeared later than the result in Theorem [6.13

6.1.3 (' regularity and special reproduction properties

In this section we show that, if the parameter sequence {w(k), k € Np} is suitably chosen,
then the limits of the non-stationary Modified BLISS are C'! and a superset of the exponential
polynomial space W? can be reproduced. We start by showing which conditions are required
on {w®, k € Ny} to achieve C' regularity.

Proposition 6.14 Lett € [0, 7)UiR" and {v®), k € No} be defined as in -(3.13). The
non-stationary Modified BLISS with k-th level symbol Coph) (k) (21, 22) produces O limits for

all sequences {w™®), k € No} such that

lim w(
k—+o00

B _ (29 — /6673 121

0.0114,4.2032 - 107%). (6.11
4608 7 384(375 + /140383 )> = )- )

Proof: Since limg_, 1 v*) =1, under the assumption in (6.11]), the non-stationary scheme
having k-th level symbol ¢, k) k) (21, 22) is asymptotically similar to the stationary scheme
with symbol ¢, (21, 22) which, in view of Proposition is of class C'. To prove the claim we
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thus need to show that the non-stationary Modified BLISS satisfies approximate sum rules
of order 2. Note that, since puj = 0, then > 52 us is trivially convergent. Hence, we need to
prove only that

00
Z ok 0 < +00 with 0 =
k=0

max 2 F(t+2) ‘D(’Yl»'YZ)C

max (k) (k) (€1, €2 ‘
0<y1+72<1 (61,62)65’ vt w ( ? )

Recalling Proposition [6.10] we already know that the non-stationary Modified BLISS repro-
duces, and thus generates, the space W} for all choices of t € [0, 7) UiR" and {w®), k € Ny}
fulfilling (6.11). This means that the k-th level symbol c,x) ) (21, 22) satisfies

’_‘/
Cyr 0 (€1, €2) = DIVe g 00 (€1, €2) = DOVeyg o0 (€1,62) =0 for all (e1,62) € E.
As a consequence, 6, = 0 and Y 32,26, < +oo, that is approximate sum rules of order 2

are satisfied. Therefore the claim follows from Proposition 3.17 W

Among all possible sequences {w(k), k € Ny} satisfying the property in (6.11)) we can choose
two specific expressions such that the non-stationary Modified BLISS reproduces two partic-
ular spaces of exponential polynomials that contain W? as a special subset.

Proposition 6.15 Let t € [0,7) UiRT and {v®), k € No} be defined as in (3.12)-(3.13). If
the k-th level free parameter w®) is defined as

k) 2(v®))? 4 50k 41

k) — _
ajw™ = 128(vM)2(20®%) — 1)(v®) + 1)3 (6.12)
or
but® (204D 4 1)3 (S(U(k+1))3 — Hpk+l) 4 1)
w = 7

 2048(v(k+1))6 (2(vkE+1)2 — 1) (p(k+D) 4+ 1)3(20(+D) — 1) (4(u(h+D)2 — 3)
(6.13)

with vt as in (3.13), then the non-stationary Modified BLISS is C' convergent and re-
produces the space of bivariate exponential polynomials

a) span{l,z,y,2% y,y?, 2% 2%y, xy?, o, T, e eH V) (6.14)
or
b) span{l,z,y, et W, ettrty) ei%x, ei%y, etal@—y) } (6.15)

with respect to the parametrization in (2.6) with T = 0.
Proof: We start by observing that the choices of w® in (6.12) and (6.13) guarantee C'

convergence since

a) —1g 29 — /6673 121
lim w® = e , ~ (—0.0114,4.2032 - 10~%).
k=t oo b) — 2L 4608 384(375 + /140333)

Moreover, since from Proposition we already know that reproduction of the space W?
is ensured, we can limit our attention to show reproduction of all exponential polynomials
in (6.14]) and (6.15)) which do not already belong to the space in W;. We recall once again
that, since the scheme is interpolatory, it is sufficient to prove only the generation of these
exponential polynomials. In view of Proposition the claim is obtained by observing that:
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e when using w® in , We get D(“’"’?)Cv(k),w(k)(q,62) =0 for all (vy1,v2) € N3 such
that 2 < 1 + 72 < 3 and for all (e1,€2) € =

e when using w® in (6.13), we get Cyth) o) (V1,2) = 0

t t t t
V(i,10) € Vo = {(€72F7, 1), ("7 1), (e 7572, —1), (1, e 2FF7),

(-1 torr 5557 (0T o T ot
—1,e72M2), (=1, —e” 2FF2), (22, —e  2FF2) (—e2F¥2 e 2FFP),
(—62’“%,—@_276%)7

(6 2k+2 —egak+2 ), (—e 2k+2 g 2k+2 )’ (—e 2FF2 | e 2kF2 )},

with ¢ € [0, 7) UiR™.

6.1.4 (? regularity and exceptional reproduction properties

In this section we show that the k-th level parameter

(k)
V== S (6.16)
128(v®)3(20(k) — 1)(v(®) 4 1)3

w!

provides a non-stationary Modified BLISS scheme characterized by C?-regularity and repro-
duction of an even larger superset of the exponential polynomial space W?. To show these

results, we denote by wfkk) the parameter w®) in 6.16]) and observe that the k-th level symbol
€, (k) ) (21, 22) fulfills the very special factorization

k
¢ty 0 (71 22) = 5= B 521, 22) mM) (21, 22)

where

(1+21) (1 + 22) (1 + z122) (22 + 200 2 + 1) (23 + 200 25 + 1) (2223 + 20 2125 + 1)
16(v(k) 4 1)3 ’

Bg]g,:&('zl? 22) =

and
m(k)(zl, 29) = (mgk)z% + mgk)ZQ + mgk))(zjlz% +1)
+ (mék) 25+ lfni(,)k)z2 + mék)z + mgk)) (2320 + 21)
X B X A
with ®
O ke N N C +1)
ST ) 30 > < o — 1)
(k 2
mék) _ (20" 4+ 1) k) 3(21) +1) ey

T 402200 — 1) T T Lm (20 — 1)

Proposition 6.16 Lett € [0, 7)UiRT and {v®), k € No} be defined as in (3.11)-([3.12). The
non-stationary Modified BLISS having k-th level symbol ¢, k) ,,. ) (21, 22), with wik denoting
the parameter w®) in (6.16), produces C? limit functions.
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Proof: Since limg_, 4o v*) =1 and limg 400 wy k) = 1024, the non-stationary Modified
BLISS having k-th level symbol C,U(k)’,w*(k)(zd, z9) is asymptotically similar to the stationary
scheme with symbol ¢__s (21, 22), which we already know to be C? (see Proposition .
Therefore, the proof Sirlrif;ly consists in showing that the non-stationary Modified BLISS
satisfies approximate sum rules of order 3. First we observe that, since puy = 0, > 5= pk 1S
trivially convergent. We thus need to prove only that

00
Z 4k O < +00 with 0, = ma max 2 F(n+72) ‘D(Vl’w) Cy(k) (k)(el, 62)‘ .
k=0 0<71+72<2 (e1,62)€2 o

As already shown in Proposition the k-th level symbol ¢, ) ,,, ) (21, 22) satisfies

Cot) a0 (€1, €2) = DIV i (e1,€2) = DOVeyg i (e1,62) =0 forall (er,e2) € E,

in view of the fact that the non-stationary Modified BLISS reproduces the space W; for all

sequences {w® k € Ny} satisfying the property in (see Proposition |6.10). Now, if we
consider directional derivatives D("172) such that v; + 72 = 2, we find that

(v = (@) + 30 + 1)

ma, D¢ , =

(61762)’25, v(k),w*w)(el 62)‘ COHCCES)

and
( mz?éﬁl D(Q,O)Cv(k)w*(k)(el,62)‘ :( ma;)éﬁl D(0’2)Cu(k>,w*(k>(€1’62)’
€1,€2)C= €1,62)EE

o (0 = D2((W®)? +30® +1)
(v®)3(w® +1)

As a consequence

Sp = max max 2 ki) | pine)

0<’Yl +72<2 (€1,e2)€
(%) — D2((4)2 + 30 £ 1)
()30 1 1)

Cop(h) a0, () (€1, 62)‘

—=47F9

and, since v*) € R for all k € Ny and limg—s 400 v®) =1, it is immediate to see that

. oo ('U(k) _ 1)2 ’ ® 01
‘ W (R4 s® 41y | P2 e e
24 ok = 2 Z (v®)3 (v 1 1) <

5 Z(v(k) -2 if v® €1, 400).

The convergence of the above series follows straightforwardly by recalling the ratio crite-

rion and the fact that limg_, % < 1 for all choices of v(® € (0,1) U (1, +00), and

limg 100 % < 1 for all choices of v(®) e (0,1), so obtaining

y o) 1\ 2 ,
e\ o 1 ) S
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and

i (U(k+1)_1)2 (U(k))S i oD _q 2 ‘ o) 3
TR e — 12 it o o1 ) WA e ) <

Hence, approximate sum rules of order 3 are satisfied and the claim is proven. W

The choice of the parameter w®) in (6.16)) not only provides the highest smoothness for
the non-stationary Modified BLISS, but also allows the reproduction of the largest space of
exponential polynomials.

Proposition 6.17 If the free parameter w®) g defined as in (6.16)), then the non-stationary
Modified BLISS reproduces the space of bivariate exponential polynomials

span{l, T, eitz’ eity, eit(xiy), xeita}7 yeim’ xeity7 yeity7 1,eit(:(:7y)7yeit(:ﬁfy)}7 te [07 W)U1R+,
(6.17)
with respect to the parametrization {T®) k€ No} in ([2.6) with 7 = 0.

Proof: From Proposition [6.16| we already know that the scheme defined by the parameter
w® in is convergent and of class C2. Moreover, from Proposition we also know
reproduction of the space W3. Therefore we can limit our attention to show reproduction of
all exponential polynomials in which do not already belong to the space W2. We recall
once again that, since the scheme is interpolatory, it suffices to prove only the generation of
these exponential polynomials. In view of Proposition [3.6] the claim is obtained by observing
that the symbol b,w) , (21, 22) with w®) in (6.16) verifies D(Vl"Y?)bU(k)M(k)(Vl, vy) = 0 for
all (y1,72) € {(1,0), (0,1)} and

+

Y(v1,10) € Vio = {(€5FT, —1), (—eT T | 1), (T —1), (1, —eT T, (=1, &),
t

e
5T SEFT == ST o SRTT FFT — SRFT
(_17_6 2k )7(€2+ , —€ 2ht )?(_62+ , € 2k )a(_€2+ , —€ 2k )7
(6* this-l , _621@11 )7 (_6*216:-1 , 62’“11 )’ —e 21@11 ) _eﬁ)}’

with ¢ € (0,7) UiRT. W

In Figure we have used the non-stationary Modified BLISS with w®) in (6.13) and w®)
in (6.16)) to show the reproduction of some special trigonometric surfaces like the generalized
cylinder and the helicoid.

6.1.5 Positive and negative aspects

As proven in Proposition the non-stationary BLISS scheme reproduces W} and thus it
is able to produce exact spheres and ellipsoids as limit of the subdivision process. To gain
this accuracy in the limit surface, we need to consider a high number of control points in
the initial mesh. In fact, as already pointed out in Remark to exactly reproduce an
sphere as in Figure [6.3] we have to start from a mesh containing 28 control points, where
some of them collapse in the sphere poles due to the regular topology of the initial mesh.
The involvement of a high number of points makes the subdivision process slow, while the
choice of a regular topology in the control mesh and the fact that many points collapse in the
poles make the use of the limit surfaces as deformable 3D models very complicate. In fact, the
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Figure 6.4: Results obtained applying 5 steps of the non-stationary Modified BLISS with
w® in (6.13) (left) and w™® in (6.16) (right) to the given initial meshes.

segmentation process consists in moving the points toward the boundary of the biomedical
object to be segmented. Thus, if in the poles there are hundreds of points identified in one,
the displacement of these ‘collapsed’ points becomes very difficult, since we have to move
hundreds of points to the same position.

A possible way to overcome these problems is to consider an initial mesh that allows for
extraordinary vertices, thus avoiding numerous collapsing points in the poles. Moreover,
starting the subdivision process on an arbitrary manifold topology mesh we could reduce
the number of initial control points and thus make the subdivision faster. On the contrary,
the use of arbitrary manifold topology meshes does not allow for the exact reproduction of
ellipsoids, thus in the limit we could only obtain an approximation of an ellipsoid.

Finally, depending on the application and on the goal we want to gain, we could choose
between the accuracy given by the non-stationary BLISS scheme applied on regular meshes
or the efficiency obtained using arbitrary manifold topology meshes. In the following section,
we study the latter case.

6.2 A non-stationary subdivision scheme producing optimal
approximations of ellipsoids

In this section, we present a new non-stationary primal subdivision scheme defined on arbi-
trary manifold topology triangular meshes, suitable for the construction of 3D deformable
models. Differently from the BLISS scheme presented in Section [6.1] which is defined only
on regular meshes, we here propose a non-stationary scheme that allows also for extraordi-
nary vertices, thus avoiding the collapse of hundreds of points in the poles, but losing the
capability of exactly generating/reproducing ellipsoids. We start by describing the new non-
stationary subdivision scheme both on regular meshes and on arbitrary manifold topology
meshes. Then, we analyze its main properties and we compare the limit surfaces produced
considering only regular meshes with those ones produced when allowing for extraordinary
vertices. We show that the latter limit surfaces could be used as deformable 3D models and
some examples on real biomedical images are shown.
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6.2.1 Construction of the non-stationary BLOB scheme

In correspondence to the regular regions of a triangular mesh, the action of the subdivision
scheme is described by the k-th level subdivision mask

0 0 0 ozék) agk) a:(;k) ozgk)
0 0 a:(),k) aék) az(lk) agk) agk)
0 agk) aik) aék) aék) aflk) aék)
a® = aék) agk) aék) agk) aék) agk) agk) ) (6.18)
agk) aflk) aék) aék) aik) aék) 0
a:())k) aék) aflk) agk) ozgk) 0 0
aék) agk) aék) aék) 0 0 0
whose non-zero entries are
a(k) _ 4(v(k))2 +20) 41 Oz(k) _ 20k 41
e 4(v® +1)2 2 8(vk) £ 1)
aék) _ 20 41 | Oéflk) _ (20 4 1)2’ (6.19)
16(v(k) +1)3 8(vlk) +1)3
NC 1 No (20 + 1) (4(v®)2 + 60F) + 3)
b 16(v(®) 4-1)3’ 6 16(v® +1)3 ’

with v*) as in ([3.11)). The associated k-th level symbol is therefore

a3 a4 a3
agk) aék)
~(k k
o) MO o)
(a) Vertex-point stencil (b) Edge-point stencil

Figure 6.5: Stencils for vertex-point and edge-point rules of the BLOB scheme to be used in
the regular regions of the mesh.

a) (21, ) = (1421) (1422) (1+2122) (224+20F) 21 4+1) (224+20F) 2541) (2222 +20(F) 21 20 +1)
’ 16(v(F) +1)32323 ’
(6.20)
and the resulting refinement rules yield the so-called vertex-point and edge-point stencils
illustrated in Figure 6.5 Indeed, such pictures show the local linear combinations of vertices
of the coarser mesh that must be used to create a new vertex of the finer mesh to be located
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in correspondence to either an old vertex or an old edge. Since the size and structure of
the vertex-point rule is the same as the one used in Loop’s subdivision scheme [95] shown in
Figure [2.5 while the size and structure of the edge-point rule are the same as the one used
in the modified Butterfly scheme [I39] shown in Figure , the new scheme is named the
BLOB (Butterfly-Loop Optimal Blending) subdivision scheme.

To make the non-stationary BLOB scheme suitable for the construction of 3D deformable
models, we need to allow the starting mesh to contain also extraordinary vertices. In par-
ticular, as will be better explained in the following, we are interested in applying the BLOB
scheme to an initial mesh given by an octahedron, that is a polyhedron made of 8 triangular
faces and 6 vertices all having valence 4. Thus the definition of the regular vertex-point
stencil should be extended to the case when the old vertex is of valence 4, and the definition
of the regular edge-point stencil to old edges where one or both endpoints are extraordinary
vertices of valence 4. These stencils are illustrated in Figure [6.6l The rule for the computa-
tion of the edge-point with both extreme vertices of valence 4 (see Figure (6.6 (c)) is used only
in the first step of the subdivision process. In fact, in the following steps the extraordinary
vertices are isolated, and thus the regular rule (Figure (b)) and the one for the case of
the extreme vertices with different valences (Figure (b)) are used. In addition, the rule
for the computation of the vertex-point of valence 4 (see Figure (a)) is used six times in
each step of subdivision, since the octahedron has six vertices of valence 4, and they are kept
during all the subdivision process.

As a consequence, the k-th level subdivision matrix S), describing the action of the BLOB
scheme in the vicinity of an extraordinary vertex of valence 4, has the form in with

o o o (B 0 o
Mék): agk) gk) agk) ’ Ml(k): agk) 0 0 |,
aék) a:(,)k) OQ(;k) aék) aék) agk) (o1
3k o o ®) 5 oW (6:21)
. 6 .
P = ok 0 0], (U PRORFSNOR N
a? 0 0 ® g o®
and
a=p1",  b=(5"007  e=@"a ")
with
gk _ 45(v*)2 4+ 180 1 1 k) 3(w®)2 4 780®) 447
1 = ’ 2 = ’
48(vk) +1)2 192(v(k) 4+ 1)2
) _ (208 4 3)(20) 4 1) g _ 1
5o S(vk) 4+ 1)2 7 T 8w +1)2
() _ 16(v ”> + 18 + () _ 2045
b5 = 32wk +1)3 7 & ~ 64(v®) £ 1)37
B — 32(v™M)3 +64( (k))2 +54v(k)—|—15
) —

64(v™® +1)°

Remark 6.18 The k-th level weights @gk) and ng) do not appear in the subdivision matrix,
since they are related to the edge-point stencil in case of an edge with both end-point vertices
of valence 4 and thus they are used only in the first step of the subdivision process.
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k
2"
(F) ()
B3 )
k
Cx
(a) Vertex-point rule for vertex of valence (b) Edge-point rule for an edge with both end-point
4. vertices of valence 4.
k
o

P M0

(c) Edge-point rule for an edge with one end-point ver-
tex of valences 4 and the other of valence 6.

Figure 6.6: Stencils for vertex-point and edge-point rules involving extraordinary vertices of
valence 4.

6.2.2 Generation and reproduction properties of the non-stationary BLOB
scheme

In this section we start by analyzing the generation and reproduction properties of the BLOB

scheme on regular meshes. This analysis is based on the results recalled in Section

Proposition 6.19 The non-stationary BLOB subdivision scheme generates exponential poly-
nomials from the space EP(the) n , that is

ttr ot +t +t +t +t
EP(n,@) = span{l, xz, y, e e et yetY xeTY yettT,
6:i:t(ar+y)’ e:l:t(ac—y)’ xe:l:t(:v—y)’ yezi:t(x—y)}7

and reproduces linear polynomials from the space 113 with respect to the parametrization

{T®) k€ No} in [2.6) with 7= 0.
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Proof: We consider the space of exponential polynomials EP(2Fl o)y in (3.8)) and the set

+¢ +t +t +t
Vk@ - -1 ) _17_1 ) _e2k+171 ) €2k+1a_1 9 _€2k+17_1 9 _17e2k+1 9
’ Tt +t Lt Lt Lt Lt +t
(1, ifk+1 )d([t 1, —eftkﬂ )’ (jftm’ ezkI: )7 (eziz , —e2k+T ), (_62k+1 , —e2kFT )’
( e2k+T , e2FFT ) (62k+1 , —e 2k )’ (_62k+1 , —@2FFT )}

The k-th level symbol a¥) (21, 25) in (6.20) is such that DO172)a®) (uy, 1y) = 0 for all (11, 1o) €
Vio and (v1,72) € I't = {(71,72) € N2 :0 < + 72 < 1}. Thus, in view of Proposition
the BLOB scheme generates EP(2F1 o) On the other hand

a®@,1)y=4 DI (1,1)=0  DOYak(1,1) =0,

thus, from Proposition the non-stationary BLOB scheme reproduces I13. B

Exact and approximating ellipsoids

Similarly to the analysis of the non-stationary BLISS scheme in Section the generation
of the space W2, subspace of EP(2F1,@)’ guarantees that the non-stationary BLOB scheme
produces an exact ellipsoid starting from a regular mesh whose vertices are 3D points sampled
from an ellipsoid in correspondence to equally spaced parameter values. Such initial control
mesh is shown in Figure (a) and it is the same used for the non-stationary BLISS scheme to
produce an exact sphere (see Figure[6.3)). We recall that this regular control mesh is described
by 28 vertices, where the vertices of the first and last line are assumed to be topologically
identical to define the poles. Although the distinct points of the starting mesh are indeed
14, the subdivision rules do not care about the topological identification, and thus they are
indeed applied to the regular control mesh consisting of 28 points.

(a) Initial regular mesh (b) Exact ellipsoid

Figure 6.7: Exact ellipsoid generation via non-stationary BLOB scheme starting from a
regular triangular mesh with poles.

As already pointed out in Section[6.1.5] the use of regular meshes to construct exact ellipsoids
requires more initial control points than those would be effectively needed if we could allow the
starting mesh to contain extraordinary vertices. For instance, if we could start the refinement
process with an octahedron (see Figure , 6 initial vertices could be sufficient to obtain
an ellipsoidal shape in the limit. This difference in the number of control points becomes
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even more significant if we compare the number of vertices defining the k-th level subdivided
meshes. Precisely, the k-th level mesh obtained from the initial 28-point regular mesh with
poles by applying the regular refinement rules in Figure contains 18 - 4% + 9. 2F 41
vertices. On the other hand, the number of vertices in the k-th level mesh obtained from the
octahedron by applying the extraordinary refinement rules in Figure is only 41 4-2. In
Table we compare these two numbers for subdivision levels £ = 0, ..., 8.

Level | # Vertices of the | g Vertices of the

k subdivided regular subdivided
mesh with poles octahedron

0 28 6

1 91 18

2 325 66

3 1225 258

4 4753 1026

5 18721 4098

6 74305 16386

7 296065 65538

8 1181953 262146

Table 6.1: Comparison between the number of vertices of the k-th level meshes obtained from
the initial 28-point regular mesh with poles and the octahedron.

Ay
0 <«

Figure 6.8: Octahedrons as initial triangular meshes (first row) and approximating sphere
and ellipsoid (second row) obtained by the non-stationary BLOB scheme with extraordinary
rules.
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Now, let us take the octahedron as initial starting mesh. In particular, Figure [6.8] shows
the approximated sphere and ellipsoid that we obtain from the corresponding octahedrons in
the first row, by applying the non-stationary BLOB scheme with extraordinary refinement
rules and setting ¢ = 5. We see that the non-stationary BLOB scheme produces a very
accurate approximation of the corresponding exact sphere and ellipsoid. Moreover, if we
apply the BLOB scheme to a ’distorted’ octahedron (i.e. a polyhedron defined by 6 vertices
not equally-spaced on a sphere or an ellipsoid), we obtain a limit surface with a blob-like

shape (see Figure .

Figure 6.9: Distorted octahedron as initial triangular meshes (first row) and corresponding
blob-like kimit surfaces (second row) obtained by the non-stationary BLOB scheme with
extraordinary rules.

If we refine the regular octahedron using another bivariate subdivision scheme for triangular
meshes of arbitrary manifold topology, such as the well-known Loop’s scheme [95], the limit
shape that we obtain in the limit is much more distant from the unit sphere that we would
like to recover (see Figure . We see that the non-stationary BLOB scheme produces a
better approximation. Precisely, let C be the center of gravity of the octahedron, i.e. the
center of the sphere, and #f(*) the number of points defining the subdivision mesh at the
k-th step. For all k£ > 1, we define

mp= min |C— fi(k)] and Mp= max |C— fz-(k)|.
i=1,...,#f(F) i=1,...,#f(F)

A subdivision scheme produces a good approximation of a sphere if
errory = My — my, Vk

is small. The error produced by the non-stationary BLOB scheme starting from the octahe-
dron and after k = 6 steps of refinement is 1.06 - 1072, while the error produced by Loop’s
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scheme is 8.44 - 1072. To obtain approximately the same error using Loop’s scheme, we need
to consider a starting mesh with more control points, precisely, a mesh defined by 258 points
(see Figure , obtaining an approximation error of 1.09 - 10~2. This fact means that to
obtain the same accuracy, the non-stationary BLOB scheme could use less control points
than Loop’s scheme and thus it results to be more efficient.

(a) Initial control mesh (b) BLOB’s scheme limit surface  (c) Loop’s scheme limit surface

Figure 6.10: (a) The octahedron as initial control mesh, (b) the approximation of the unit
sphere obtained by using the non-stationary BLOB scheme, (c) the approximation of the unit
sphere obtained by using Loop’s scheme.

N
X
Y AYAY,
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\\\%ZA%'L%> 7

(a) Initial control mesh (b) Loop’s scheme limit surface

Figure 6.11: (a) Initial mesh composed by 256 vertices, (b) the approximation of the unit
sphere obtained by using Loop’s scheme.

6.2.3 Affine invariance property of the non-stationary BLOB scheme

When the BLOB scheme is applied to regular regions of the mesh, the property of affine in-
variance follows straightforwardly from the capability of reproducing I1%, as stated in Propo-
sition [6.19] Near extraordinary vertices, affine invariance is also achieved since the entries in
each row of the k-th level matrix Sy defined in sum up to 1.



Subdivision schemes for biomedical imaging segmentation 148

6.2.4 Convergence and smoothness properties of the non-stationary BLOB
scheme

In this section, we analyze the convergence and smoothness properties of the BLOB scheme
when applied to triangular meshes containing both vertices of valence 6 and 4. In order to
apply the results recalled in Section we need to derive the stationary counterpart of the
non-stationary BLOB scheme, that is obtained by computing the limit of its local rules when
k — 4o00. Since limy_, o vk) =1 forall t € [0,7) UiR™, it follows that, in correspondence
to regular regions of the mesh, the stationary counterpart of the BLOB scheme is identified
by the mask

ERE T
0 0 o5 = @ = 8
a= lim a®W=| L 3 8 W 4 T (6.22)
o B A
8 128 128 128
and the associated symbol is
a(z1, 22) 1= kEI—ir-loo al®) (21, 29) = 128528 (21 4+1)% (22 + 1)% (2122 + 1)%. (6.23)

Differently, in the neighborhood of extraordinary vertices, the refinement rules of the station-
ary counterpart of the BLOB scheme are encoded in the subdivision matrix S := limg— 400 Sk

~ T T
of the form in (2.21)), where a = %, b = [%,0,0} , €= [%,3—?’2, 6%} , and

39 1 3 39
8 T8 I8 36 0 0
7o | T 3 3 Y 3
My = 16 32 32 | M, = 32 0 0|,
3 3 9 39 3 1
128 128 64 128 128 128
6.24
70 0 39 3 ( )
512 256 128
v = 3 3
My = 0O 0 01, My = 35 33
3 3 1
s 00 28 28

Convergence and smoothness in the regular regions of the mesh

We first consider the application of the non-stationary BLOB scheme to regular regions of
the mesh. In order to exploit Proposition we first need the following result.

Proposition 6.20 The stationary counterpart of the BLOB scheme produces C* limit sur-
faces when applied to regqular triangular meshes.

Proof: The claimed result follows by observing that the Laurent polynomial a(z1, z2) in (6.23))
is the symbol of the C* and H%—generating subdivision scheme proposed in [70, Example 5,
case 3]. W

In light of Proposition we can thus prove the next result.
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Proposition 6.21 The non-stationary BLOB scheme produces C* limit surfaces when ap-
plied to regular triangular meshes.

Proof: We start by observing that the BLOB scheme is asymptotically similar to the C*
convergent stationary scheme with symbol a(z1, z2) in (6.23]). Then, we continue by proving
that the BLOB scheme satisfies approximate sum rules of order 5. Indeed, since ui = 0,
> reo Mk is trivially convergent. We thus need to prove only that

o0

Z 24 5 < 400 with 0 = max max 27 F01+72) ’D(“’W) alk) (e, 62)‘ .
k=0 0<714+72<4 (9,60)€E’

Recalling Proposition we already know that the BLOB scheme generates the space
EPr, e) in (3.8). This means that its k-th level symbol al®) (21, z7) satisfies

!

a®) (e, €2) = DIa®) (¢ e5) = DODa®) (¢ €e5) = 0 for all (e1,€2) € E
Thus, for the computation of §; we can just consider

max max 2 F(it+12) ’D('YL’YQ) a(k)(el,eg)‘
2<m1+7254 (e,60)€E’

which yields

2—4k3|(v<k)_1)(v(k)_5)‘ if 'U(k) < 7
max max 2 F(1+72) D(A“’W)a(k)(el,ez)’ = 4k6(v(k)(qi(f));_1)2 . B ?
2N +12<4 (61 ep)€F 2wy if o® >
Focussing first on the case v(%) < % we find that
0o o 3|(v®) —1)(v*) - 5)
Z 24k5k = Z ‘ ( (k) 1)2 ‘
k=0 k=0 G
Thus, recalling the definition of v(*) in (3.11]), we can exploit the fact that (see (3.16))
11— 00| < 272k, (6.25)

which implies

o ~ 3 ’(U(k) — 1) (™ — 5)’ ~
dks (k) _
,;)2 5’“_;;; (W ®) +1)2 SC};}’” 1] <+

with ¢ a positive constant. With a similar reasoning we can also show that, when vk > %,

ol S G(U(k)
25y, =
kZ:,; >

1) -
)2 <c E (™) —1)? < 400,
k=0 k=0

(w® +1)

with ¢ a positive constant. Hence, the claimed result follows in light of Proposition [3.17, MW
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Convergence in the vicinity of extraordinary vertices

To prove that the non-stationary BLOB scheme produces limit surfaces that are at least
convergent at extraordinary vertices of valence 4, we first need the following result concerning
the stationary counterpart of the BLOB scheme.

Proposition 6.22 The stationary counterpart of the BLOB scheme is convergent at extraor-
dinary vertices of valence 4.

Proof: The local subdivision matrix S has eigenvalues that, sorted by modulus, verify the
inequalities 1 = \g > A\ = Ay = 0.3776 > |\;|, ¥i > 3 and =g = [1,...,1]7. Thus, from
Theorem 2.25] the claim follows. W

Now, in light of Proposition we can prove the next result.

Proposition 6.23 The non-stationary BLOB scheme is convergent at extraordinary vertices
of valence 4.

Proof: From Propositions and the stationary counterpart of the BLOB scheme is
C* continuous on regular meshes and convergent at extraordinary vertices. Hence assumption
(i) of Theorem is satisfied. Moreover, the masks of the non-stationary BLOB subdivision

scheme and its stationary counterpart in (6.18) and (6.22) satisfy

o [la%tY —a) 1
lim ———— = —.
k—+oo [lalk) — al| 4
Thus the two schemes are asymptotically equivalent and assumption (ii) is verified, too.
Finally, using the explicit form of the subdivision matrices in (6.21)) and (6.24)), we can show
that
—29(v*))2 4+ 140®) + 15
24(v(k) + 1)2 ’

15k — Sl =

obtaining

Sk =S
lim BTN D ) = 0.3776
koo |Sp—S 4 ’

so concluding the proof. W

6.2.5 The 3D deformable model obtained from the BLOB scheme and its
applications

The non-stationary BLOB subdivision scheme can be efficiently exploited for the construction
of deformable models with spherical topology. We explicitly model it by the triangular mesh
obtained with the proposed subdivision scheme after 4 iterations (see Figure[6.12(e)). Specific
subdivision points, not necessary from the 4-th iteration, are used as the parameters of the
model and they allow for a user-friendly interaction. The deformable model can be deformed
manually by locally moving the parameters or automatically through the minimization of an
energy functional [82] 83]. In general, the functional consists in an image energy, which is
based on the information contained in the data (gradient, homogeneity...). This energy term
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(a) Initial points: 6 points (b) Step 1: 18 points (c) Step 2: 66 points

(d) Step 3: 258 points (e) Step 4: 1026 points

Figure 6.12: Illustration of the subdivision scheme that approximates a sphere from an octa-
hedron (a). Blue spheres: initial points; (b)-(e): the four first steps.

£ is a function of the parameters X of the model and an optimization algorithm is used to find
the optimum Topt which is described by Oopt = argmin E(o). The use of few parameters
yields to a fast optimization. However, the ability of the model to approximate a shape with
accuracy increases when the number of parameters increases. In practice, a trade off has to
be made between accuracy and fast optimization. Hence, according to the complexity of the
shape of the object of interest, we choose as parameters the initial points (see Figure[6.12|a))
or the subdivision points at step 1, 2, 3 or 4 (see Figure (b)-(e)). In the following, we
illustrate the use of the new deformable model based on the non-stationary BLOB scheme
through different applicationsﬂ

Manual Segmentation of Caenorhabditis Elegans Embryos

Caenorhabditis elegans are widely used models in the study of metabolic diseases [135]. The
C. elegans embryos shown in Figure have blob-like shapes and so have few details. We
manually segment one of them using only the 6 initial points as parameters. Thanks to the
user interaction we adjust the location of the parameters to accurately segment the embryo.
The result of the segmentation is given in Figure [6.13]

!The figures showing the application of our new deformable model on real biomedical images have been
performed in collaboration with Prof. M. Unser and his Ph.D. students A. Badoual and D. Schmitter from
the Biomedical Imaging Group, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland.
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Figure 6.13: Segmentation of Caenorhabditis elegans embryos. Right: segmentation of a
C. elegans embryo by manually moving the parameters (blue spheres). Left: zoom on the
segmentation outcome. Photo courtesy of Rahul Sharma, Institute of Cell Biology, University
of Bern, Switzerland.

Automatic nuclei segmentation

Nuclei segmentation is important to characterize their symmetry, mean intensity, or curva-
ture. These characteristics are crucial to diagnose diseases such as neurological disorders
or cancer. We segmented the nucleus of a neuron of a rat in 3D microscopy images [31].
The shape of the nucleus has many details (concavities). Hence, we used as parameters the
66 subdivision points obtained at the 2nd subdivision step. The initialization is shown in
Figure [6.14 We detected the contours using an energy based on gradient information and
we minimized it using a Powell-like line-search method [I14]. The outcome is illustrated in

Figure [6.15]

Figure 6.14: Initialization of a nucleus of a neuron.

Automatic brain segmentation

Brain segmentation algorithms are challenging because the brain is a structure with many
concavities such as grooves or lobes. Segmentation algorithms are used in medicine to detect
temporal morphological changes in relation with neurological diseases [125]. We performed a
segmentation on a 3D MRI scan of a human brain using 66 subdivision points as parameters.
We initialized the deformable model with an approximate sphere (see Figure and we
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Figure 6.15: Segmentation of a nucleus of a neuron in 3D microscopy images

used the same energy as the one used in Section The segmentation result is illustrated

in Figure [6.17}

Figure 6.17: Segmentation of a brain in a 3D MRI volume

User-interactive modeling

The triangular mesh can be deformed manually by moving subdivision points. For instance,
this allows one to adjust the result of an automatic segmentation. We illustrate how a surface
can manually be modified, starting from an approximate sphere to design a shape of interest.
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The modeling of a bone structure is shown in Figure
deformation are shown in Figure

(right). Different steps of this

Y

X

R
)

4

5

Figure 6.18: Deformation of the sphere by user interaction. Blue spheres: parameters.



Chapter 7

Interpolation of quad-meshes via
approximating subdivision schemes

As presented in Section subdivision schemes could be classified as approximating or
interpolatory schemes. Interpolatory schemes are widely required in interactive design and
geometric modeling since the vertices of the original control mesh defining the surface are also
points of the limit surface, and thus one can control the surface in a more intuitive manner.
Unfortunately, interpolatory schemes do not produce limit surfaces of good quality because,
since no vertex is ever moved once it is computed, any distortion generated in the early re-
finement steps persists in the limit (see e.g. Figure . On the contrary, approximating
schemes produce limit surfaces with a better quality than the interpolatory ones. For this
reason, to interpolate a mesh with a higher quality surface, many interpolating methods re-
lying on approximating subdivision schemes were proposed. The easiest method to construct
a limit interpolating curve or surface using an approximating scheme is to compute a new set
of control points by solving a simple linear system, which involves the so-called limit stencil
of the subdivision scheme, in such a way that the approximating scheme applied to the new
control points produces a limit curve/surface that passes through the original control points.
This method is used in [68, [I0T] to construct interpolating limit surfaces based on Doo-Sabin’s
and Catmull-Clark’s subdivision and in [I20] to design interpolating limit curves based on
a non-stationary version of cubic B-splines. Other interpolating methods which exploit the
limit stencil are proposed in [40, [41], and they are based on Doo-Sabin’s and Catmull-Clark’s
subdivision, respectively.

We here present an efficient algorithm for constructing interpolating curves or surfaces start-
ing from any kind of approximating subdivision scheme, that is univariate or bivariate schemes
with stationary or non-stationary rules. As in the previously cited works, the interpolation
is gained exploiting the limit stencil of the approximating subdivision scheme. Notice that,
in the stationary case the computation of the limit stencil is well-known and it is obtained
exploiting linear algebra tools; on the other hand, in the non-stationary case there is no a
general method to find the limit stencil, but it could be computed with both linear algebra
and geometrical approaches. The basic idea of our interpolatory algorithm is to compute a
new control mesh for which the limit surface interpolates the vertices of the original mesh.
This new control mesh is derived from one subdivision step with a modified geometric rule
which involves the computation of the limit stencil. In the following, we refer to this proce-
dure as the preprocessing step, which could be described by a simple formula depending on a

155
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local free shape parameter. Moreover, if we use a non-stationary subdivision scheme we gain
an additional free tension parameter to adjust the shape of the subdivision surface.

7.1 The limit stencil

Since the algorithm we present in this chapter could be applied both to stationary and
non-stationary schemes, we here use the more general non-stationary notation, which easily
reduces to the stationary one if the scheme is level independent.

Let fO = { fl-(o),i € Z°} be a set of initial control points. A convergent symmetric uniform
subdivision scheme {8y, k € Ny}, associated to a local subdivision matrix {Sk,k € Ny}, is
described by the refinement rules

£ — g ) — 6. 6 fD = = gD glkH) — g5 (7.1)

which for all k¥ € Ny generate the refined data sequence f*+1) starting from the initial data
£(O. At the end of the subdivision process, i.e. for k — 400, the positions of the so-called
limit points £(>) are described by

+o00
flo0) — H S; £(0) — g(o0)£(0)
j=0

From a practical point of view, in order to find the exact limit position of the control points,
we could not apply the subdivision rules infinity times to the initial data, but we could study
the behavior of the matrix S(°°), whose coefficients define the rule to compute the limit points.

Remark 7.1 In case of a univariate subdivision scheme, we choose an arbitrary ordering of
the initial control points and we write the subdivision rules in a matrix form. The size of
the k-th level subdivision matriz Sy, € RN*N depends on how many points are involved in
the subdivision rules, i.e. how many old points give a contribution to compute m new points,
where m is the arity of the scheme. In case of a bivariate subdivision scheme, the k-th level
subdivision matriz Sy, € RVN*N could be constructed as explained in Section where the
dimension N depends on the valence n of the considered vertex or face and on the number of
rings involved in the refinement rules (see equation (2.19)).

To study the behavior of the local limit matrix

5 = 1im ]S,
k—+o00 -
7=0

we could distinguish two cases: S depending or not on the level k. We analyze these two
cases separately.

7.1.1 Independence on k: stationary subdivision schemes

If Si does not depend on the level k, i.e. the rules of the subdivision scheme are stationary,
then S, = S for all k¥ € Ny and thus

k
S(%) — lim S = lim Skt

k——+oo k——+oo
Jj=0
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We apply the Jordan decomposition (see Section [2.3.1)) to S, such that S+ = X JF+1Xx—1

where J5+1 = diag(J*T, . JEH) with each block J, of the form in (2.27), X is a full
matrix with the generalized right eigenvectors x; of S on the columns and X ! is a full matrix
with the generalized left eigenvectors &/ of S on the rows. Thus, we have

S — x ( lim J’““) X1

k——+oc0

Since we consider a convergent subdivision scheme, it follows that the largest eigenvalue of
S is unique and equal to 1, with all the other eigenvalues less then 1, i.e.

1:A0>‘)\i’, 1=1,...7.

Moreover, the eigenvector associated to Ao is g = [1,...,1]7 (see Theorem [2.25)). Recalling
Remark it follows that

1 0 ... 0 1 0 --- 0 &y
0o 0 --- 0 &l
0o - 0 J 0 0 &y

Finally, the row vector &J is called the limit stencil.

7.1.2 Dependence on k: non-stationary subdivision

On the other hand, if the local k-level matrix Si depends on the subdivision level, i.e. the
rules of the subdivision scheme are non-stationary or level-dependent, then the computation
of the limit position becomes more complicate. We could proceed as in the stationary case,
with a linear algebra approach, computing the Jordan decomposition of Sj, as S = Xy Jp X~ !
and studying the behavior of

k
S = lim [[ X; 75X
7=0

k—+o00 -~

Another possibility is to proceed using a geometrical point of view, studying the behavior of
the points during the subdivision process and following their displacements to find their limit
position, as shown in [120]. In both the cases, we could not propose a general approach: each
non-stationary subdivision scheme has its particular behavior.

7.2 Interpolation algorithm

In this section we present a general algorithm able to produce interpolating curves and sur-
faces as limits of subdivision processes based on an approximating scheme {8y, k € Ny} and
using the so called preprocessing step.

Let a(®) be the limit stencil computed as in Section associated to the approximating
scheme {8,k € Np}. Starting from the set of control points f ©), we apply on them a pre-
processing step to compute a new control polyline/mesh. This preprocessing step is a local
process and it is composed by two different parts:
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Part 1. For each point fi(o), we construct the 0-level local subdivision matrix Sy € RV*Y and
we compute

9= SG.wfY.  with j=0,... N-1, (7.2)
h=0,...,N—1

where Sy(j,h) is the element at line j and column A of the matrix Sy.

Part 2. We compute the vertices of the new control polyline/mesh g© such that for all 4

0 = O+ a(f? - £(fR)).  ai€R, j=0,... N-1, (7.3)
where £( ﬂ(’%)) is the limit point associated to ng‘(,(())) and defined by the limit stencil a(>),
such that

E(fi’(]) = Z agoo)fLm With Z aﬁloo) =1. (7.4)
h=0,...,N—1 h=0,...,N—1

It follows that from each point fi(o) of the starting control polyline/mesh, we define N new
(0)
ihj '
is obtained just applying the subdivision scheme 8, to the preprocessed polyline/mesh g(®.

points g Once the preprocessing step is completed, the interpolating limit curve/surface

Theorem 7.2 Applying the subdivision scheme 8y to the control points g%, we obtain a
limit curve/surface that interpolates the vertices of £O) for all a; € R.

(0)

Proof: For each new vertex g; ; we compute its limit position, that is, for all ¢,
0 o) (0 00 0 #(0 #(0
Log) = > wey= X & (1wl - LU)
h=0,...,N—1 h=0,...,N—1
= > a7 %+a X a RN —a X AL,
h=0,...,N—1 h=0,...,N—1 h=0,...,N—1

Recalling ((7.4)), we obtain
coi) =10 +ai Y A = ac() = 110 + il (7)) — el (7)) = 12,
h=0,...,.N—1

This means that in the limit the vertices of g(®) converges to f(©), thus the limit curve /surface
interpolates the vertices £0). m

The procedure described to design interpolating limit curves and surfaces using an approx-
imating subdivision scheme {8,k € Ny} could be summarized in the following algorithm.

Algorithm 2 INPUT: initial control polyline/mesh £fO) and an approzimating subdivision
scheme {8k, k € No},

1. compute the set of points £O) g5 in ,
2. compute g(o) as in ,
3. apply {8,k € Ng} to g0,

OUTPUT: limit curve/surface interpolating £0),
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7.2.1 The local free parameter o;

In Theorem we prove that Algorithm [2| produces interpolating limit curves/surfaces for
all values of a; € R. This free parameter is a local parameter related to the i-th point of
the control polyline/mesh. The choice of «; influences the position of the points g© and,
consequently, the behavior of the limit curve/surface. In particular, for some values of «;
the control polyline/mesh g(©) intersects itself and thus the limit curve /surface inherits this
intersection or presents some deformations. In the following we derive sufficient conditions on
a; to guarantee that the limit curve/surface does not present these distortions. We consider
the curve case, since it is more manageable, but we will see that the results in the univariate
case could be easily extended to the bivariate case. We start by noticing that if o; < 0, a

Figure 7.1: Preprocessed polylines and interpolating limit curves obtained with o; = —1, Vi
(top line) and «; = 2.5, Vi (bottom line), using stationary cubic B-spline with rules in ((7.5)).

part of the polyline g(® falls inside the control polyline f(©), thus to gain the interpolation
property the limit curve has to intersect itself. On the other hand, if o;; > 0 it may happen
that two consecutive points of g(©) are exchanged determining self-intersection or distortions
in the limit curve. These behaviors are presented in Figure where, in particular, we show
the preprocessed control polylines and the limit curves obtained using the stationary cubic
B-spline scheme with rules

(k1) _ 1 p(k) | 3,k | 1,k
2i =ghici+afi + sl (7.5)
(k) _ 1p(k) | 1,k '
fivi =i T3l
and Algorithm [2| with a; = —1,Vi (top line) and «; = 2.5,Vi (bottom line). We see that
these values of a; imply self-intersections and distortions in the limit curves.
To find admissible values for «;, let us consider Figure as example, where we suppose
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N = 3. From féo) we compute f(g?o), fé?l), f(gOQ) using (7.2 and we consider the related limit
point £( Né?o) ) . In the same way, starting from f2( we compute f2 f2 15 f2 with limit
point £( fQ(OO)) (see Figure (a)). The dot lines indicate the directions of the displacements

f'(q) — E(f(%)) 1=20,2, j=0,1,2, on which the points g( ) lie. Fixing a value of ag and as,

7/7] Z7
and using (|7 , we compute the position of the points g(() 8, 9(()1) g(o) related to f(g ) and the

points géog, gé 1),952) related to f2 0 1f ap and ag are ‘too large’ the points g(()2) and g( )

be exchanged, i.e. g(()Q) is between gél) and gég and not between g((]g and g( ) (see Figure

(b)). To avoid this, we have to choose ag and s in such a way that

could

- - 1 ~ ~ 1
ol f53 LU < 51587 = £ | cos(@o2), and  aol 1Y~ L) < 515" — 15" cos(62.0).

where ¢g 2 is the angle between the edge fOO f ) and the segment fOO 9002 and ¢ is the

angle between the edge fQ(O) fé and the segment f2 9o, 1) This condition guarantees that g((]o)

and gé?l) are not exchanged. But it may happen that they are aligned along the perpendicular

to the edge féo) fQ(O) (see Figure (c)). To exclude also this case it is sufficient to require

a0|f(§?2)—£(fé?0))’< £O — i) and a2|f2(?1)—£(f?) ‘(o) ol

thus obtaining two points that are neither exchanged, nor on the perpendicular to the corre-
sponding edge (see Figure (d)). This study should be done for each point and each edge.
We generalize the previous reasoning as in the following.

e Given a control polyline f(0) = {f(o) i € Z}, for each point f(0 let fgo) and f€2
the two points that are connected with fl 0 by an edge. We denote
Eii=in |l = ;{7 with  L={6,6) (7.6)
and .
Dii= _max |77~ LG (r7)
If o; satisfies
1E;
< < —— ) .
0< o < 9 Dia Vi (7 8)

then the limit curve is not self-intersecting.

From this reasoning and in light of equation ([7.3)), it is clear that the local parameter «;
suggests how much distant we move from the control mesh f(®). This will be underlined in
the numerical experiments in Section The conditions found in ([7.8)) are also applicable
in the surface setting with same minor changes, as follows.

e Given a control mesh £(O) = {f, © ,i € Z*}, for each point f(o) let ff(?), cey fé(g) be the

m points that share a face with fl- . We denote,

i (0) _ £(0) _
E; : I}élil”fl Io 2, L={l,....0n}
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N . ".,' (”) ",- «

O
0.0

(c) (d)
Figure 7.2: Illustrative example on how we should choose «;.
and
- #(0 #(0
D= _max |75 ~ LG
If o; satisfies
1E; .
0<a; < 55:, Vi (7.9)

then the limit surface is not self-intersecting.

In Figure[7.3], we propose an example on how we could choose the parameters «;. We consider
a closed polyline defined by the control points fi(o),z' =0,...,6 and we display the lengths of
the edges, that is the values Hfi(o) —féo) l|l2 (see Figure (left)). In Figure|7.3|(right) we show
the points f; ; (blue dots) computed with a step of stationary cubic B-splines with rule in ([7.5])
and the limit points obtained exploiting the limit stencil a(®) = {%, %, %] (red dots). The
dot lines represent the connections between each point f; ; and the correspondent limit point.
The quantities || fi(g) —L( fi(’%))Hg are indicated. Now, we exploit equations ((7.6)-(7.7))-(7.8) to
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fD(O)

\112 1127
\ /

o112 1,13,(.

018"~ ~018

O]
f 6 3 f: 5(0)

Figure 7.3: Left: initial control points fi(o) and length of each edge. Right: new points
ji(,g) obtained with one step of stationary cubic B-spline scheme in (7.5) (blue dots) and
correspondent limit points (red dots).

find a;;,7=0,...,6. We have

Ey =46 Dy =1.82 ag <1.26
E1 = Eg = D1 = D2 =1.3 a1 = Q9 < 0.77
E3 = E4 =2 D3 = D4 =15 a3z = Oy < 0.67
E5 = E6 =3 D5 = D6 =1.12 a5 = Qg < 1.34

Thus, choosing the values of «; satisfying these conditions, any self-intersection or distortion
is avoided (see, e.g. Figure [7.4).

Figure 7.4: Preprocessed polyline and interpolating limit curve obtained with a =
[1.2,0.7,0.7,0.6,0.6,1.2,1.2] and using the cubic B-spline with rules in (7.5). The points
and the coefficients «; are ordered from top to bottom.

7.3 Comparison with other methods

Many methods have been proposed to construct interpolating limit curves/surfaces starting
from an approximating scheme. In general, these methods differentiate for the definition of
the new control points. The methods shown in [40, 41] are similar to our construction of the
new control polyline/mesh. In these works, the authors construct the new control mesh using
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a modified rule based on Doo-Sabin’s and Catmull-Clark’s schemes and exploiting their limit
stencils. However, the geometric rules proposed are strictly connected with the subdivision
scheme used, and not easily generalizable to all subdivision rules. On the contrary, the
algorithm we present is extremely general and could be applied to any kind of subdivision
scheme: univariate or bivariate subdivision schemes, with stationary or non-stationary rules.
In the following, we focus on the comparison with the most immediate method, i.e. the
solution of a linear system, underlying differences and similarities.

7.3.1 Solution of a linear system

The easier way to construct a new control polyline in order to obtain interpolating curves/surfaces
using an approximating scheme is the solution of a linear system of the form

AR = £0) (7.10)

where A(*) is a square matrix with rows defined by the limit stencil a(®), £(9) is the vector
of the starting control points and h(®) is the new control polyline/mesh. In particular, the
algorithm is defined as follows.

Algorithm 3 INPUT: initial control polyline/mesh £ and an approzimating subdivision
scheme {8k, k € No},

1. solve the linear system in (7.10) to find h(®),
2. apply {8,k € Ng} to h(®),
OUTPUT: limit curve/surface interpolating £0),

As already recalled, Algorithm |3| is used in many works in literature (see e.g. [68] 10T,
120]). To find the exact solution of the linear system could be very expensive if the initial
polyline/mesh is made of a high number of control vertices. Moreover, it may happen that
the produced limit curve/surface presents some undulations or distortions, thus requiring
a shape fairing. For example, Halstead et al. [68] propose a method for generating fair
Catmull-Clark’s surfaces by first interpolating a set of given mesh vertices, and then fairing
the surface by minimizing a quadratic norm that combines thin plate and membrane energies.
The similarity between our proposal and Algorithm [3]is the use of the limit stencil. However,
we can underline many differences. First of all, we do not require the solution of a linear
system, but we work locally on a few number of vertices. Then, using Algorithm [3] the new
control polyline/mesh is defined by the same number of points of the starting vector f ©),
while the algorithm we propose constructs the preprocessed control polyline/mesh which is
define by N-times the number of the initial control points. Moreover, our definition of the
new control polyline/mesh g in allows us to gain a free local parameter «; that could
be used to model the shape of the final limit curve/surface (see Section , thus avoiding
the need of a shape fairing.

In the following, we present a simple example based on a non-stationary version of cubic
B-spline scheme to show differences and similarities of our interpolating algorithm and the

method in (7.10)).
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Interpolation via a non-stationary cubic B-spline scheme

In [120], the authors proposed a non-stationary version of the cubic B-spline with rules

(k) ,Bk 1= Be) fk) o B (k) 9
{ Jai {; +((k) )fz + 5 it ’Bk:—t’ t €10,7) UiRT,
f21+1 =3f; i1 1+ cos (W>
(7.11)

and limit stencil given by

g vt a= oot (5) (5 - eott)
{ 5 7Y, 5 , with v =cot 5 " cott). (7.12)

From the subdivision rules in ([7.11)), it is easy to see that three old points are involved in
the computation of two new points, thus N = 3. Let us consider a control polyline given
by 5 points (see Figures and . Using Algorithm [2] the preprocessed polyline g(® is
computed as
0 0 0 .
o = £+ (£ — (7)), =012
i.e.

a0 =10 +a <f2§%) - z(fé‘”))
g = 1"+ ulfy (‘” L(f (0 0)):
03 =10+ alfy - LD

Calling fé(lo) and fég) the two points near fi , we exploiting the subdivision rules in ((7.11))

obtaining
= (1) 0
9 =310+ 50
ﬁ(g) = ffo) +% 7,

and the limit stencil in

L) =2+ 520 + )
1 .
= [ 2]0+ (R ) 0+ 1)

Combining these formulas, we obtain
gy =[+a-9) G- +at-9(2-1) 0D+ fe(f))
91(,%) [1 +ai3 (60 - 1)} £+ o (ITTW - ’Y%O) fe(?) o0 (’Yﬁso ) fzz
08 =[1+ad(2-1)] 7 (v +5) 10+ e (B2 - %) 1.

On the contrary, using Algorithm 3} from [120] we have that the new control polyline h©® is

5 ’

4 .
(27l 1 27l
Z Z cos(2mt(j - )/5), with wy = 3 (cos (g) + cos

]:0 /=0 (1_W£)’Y+W€
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and v as in . It is clear that the new control polylines g(®© and h(® are different. If
Algorithm [3|is more intuitive (it is just the solution of a linear system), Algorithm [2|is more
flexible. In fact, the latter allows us to define many different control polylines g(®) depending
on the choice of «; (see Figure , while Algorithm [3| defines only one control polyline h(®)

and thus one limit curve as shown in Figure [7.6]

Figure 7.5: Preprocessed polylines and interpolating limit curves obtained via Algorithm
using the non-stationary extension of the cubic B-spline scheme with rules in ([7.11)) where t =
s

5 and a = [0.5,0.5,0.5,0.5] (left), a = [0.7,0.6,1,0.6,0.7] (center), a = [0.2,0.7,1.5,0.3,0.8]
(right). The points and the parameters «; are ordered from left to right.

00

Figure 7.6: Preprocessed polyline and interpolating limit curve obtained via Algorithm
using the non-stationary extension of the cubic B-spline scheme with rules in (7.11) where

t=1.
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7.4 Numerical applications

We conclude the presentation of the new interpolatory algorithm shown in Section with
some numerical examples. As already pointed out, this algorithm could be applied to station-
ary and non-stationary subdivision schemes. We start with a stationary example based on
Catmull-Clark’s subdivision scheme, to show the influence of the local parameter «;. Then,
we propose some examples based on non-stationary subdivision schemes, both for curves and
for surfaces.

7.4.1 Stationary Catmull-Clark’s subdivision scheme

The refinement rules characterizing stationary Catmull-Clark’s scheme are presented in Sec-
tion [2.4] and the relative stencils are shown in Figure The limit position of a vertex point
is given by rules [41, 68]

n?V +43 0 Ej4+ Y5 F;

(00) —
v n(n +5)

9

see Figure Thus, ordering the points as [V, E1, F1, Ea, Fy, ..., E,, F,] the limit stencil is

n 4 1 4 1 4 1
n+5 nn+5) " nn+5) " nn+5) " nn+5)"" "nn+5) nn+5)]

00) _

a(

We apply Algorithm [2]using Catmull-Clark’s subdivision scheme. In particular, in Figure[7.8
E
2 F

En

R FTL

En

Figure 7.7: Limit stencil of Catmull-Clark’s scheme.

we show the limit surface obtained by applying Algorithm [2] with a; = 0.7 for all ¢, compared
with the surface generated with «; = 0.7 for all ¢ except one point with a; = 2. We see that
the parameter «; suggests how much distant we move from the control mesh.

7.4.2 Non-stationary cubic B-spline scheme

In [120], a non-stationary version of the cubic B-spline scheme is proposed with subdivision
rules in , where the correspondent limit stencil in is computed using a geometrical
approach. In Figure we already showed some examples of limit curves obtained using
Algorithm [2| with the non-stationary rules of cubic B-spline. We see that the use of local
parameters «; allows us to locally control the limit curve. In particular, the possibility to
choose different parameters results to be very useful when the control polyline has short and
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(c) (d) (e)

Figure 7.8: (a) Initial control mesh, (b) interpolatory limit surface obtained applying Al-
gorithm [2[ with «; = 0.7 for all ¢ via stationary Catmull-Clark’s subdivision scheme, (c)-(e)
Different views of the interpolatory limit surface obtained applying Algorithm 2] with a; = 0.7
for all ¢ except one point with «; = 2 via stationary Catmull-Clark’s subdivision scheme.

long edges. In fact, in this way, since the parameter «; has to satisfy the constraint in (|7.8]),
we could choose a small «; if the point fi(o) is the extreme point of a short edge, conversely

we could choose a large «; if fi(o) is the extreme point of two long edges. The locality of the

parameter let us choose a different «; for each point of the starting control polyline/mesh
£,

7.4.3 Non-stationary Chaikin’s subdivision scheme
A non-stationary version of Chaikin’s scheme is identified by the refinement rules [61]

SR = w® S (1= w®) )
fz(kH) = (1= w('“))féfz + w(k)fél,fgﬂ.

k+li41

(7.13)
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with w®) = m and v®) = cos (216%)’ t € [0,m) UiRT as in (3.11]).
To design interpolating limit curves using the non-stationary Chaikin’s scheme, we first need
to find the limit stencil. Here, we show a geometrical approach to solve the problem.

Proposition 7.3 The limit stencil of the non-stationary extension of Chaikin’s scheme with

rules on is a(>®) = B, %}

Proof: We study the evolution of the point fi(o) and in particular we analyze the behavior
of the sequence of points { fQ(lei)}keNo generated by the rules in to find its limit for
k — +o0.

From we can rewrite the rule of the new even point fé,’fj_rlli) as

Sl = w® g+ = w®) ) = g - w™ D)
with D f féfg_l. Iterating we thus have
k
PO = f) —w® D) = Ul =Gl @D = = i S W@ DY),
£=0
where
4
D él)z - f 257, 1
VA @0 ) — (1w D G
/-1
=(1-20")DL" = = [T]( - 20 | DO
j=0
Thus we find
k -1
fz(fjfllz) = fi(o) — 'y(k)Dl(O) where A k) = Zw(z) H(l — 20W)). (7.14)
=0 j=0
o) 1 1 oW cos (57%r1) 1 t 1
No:l)v,hwe observe that 1 — 2w =1— ;=& = 75 1+C052( ) T2 cos (2 +1) ()
and hence
-1 ‘ 2 (t
t 1 1 t cos? (%)
1—2uw) cos ( ) =— || cos () 2
]]_:[0( w 22 ]1:[ 2j+1 -1 2 2¢ 31:[1 2J 41 ; 2
H cos (2]+2) jl—[lcos <2J>
t sin(t) | ol i) t t
Since H cos = ——, it follows that H(l —2wV’) = cot | 5 ) tan ( s77 | - The
2 2¢ sin (%) iZo 2 2

latter 1mphes that

1 t t £y tan (5h) 1 t t
= 2 ) o) = o) 2 () T2 ) e

¢
20+
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Finally, since limy_,o, 7*) = %, then from (7.14) we have

1 1
Bl = 19 = 5D = S + 1),

lim
k—o00
thus the limit stencil is a(®) = {%, %} |

Applying Algorithm [2| using the non-stationary Chaikin’s scheme with rules in , we
are able to design interpolating limit curves with different shapes, thanks to the two free
parameters «; and t (see Figure . In particular, we choose the same value «; for all
the control points fi(o) in such a way that condition is satisfied for all . We see that
when «; is small, we have less flexibility for the limit shape in order to obtain the property
of interpolation, while if «; is large the limit curve has more space to modify itself to gain
the interpolation property. On the contrary, as we could expect, the parameter ¢ plays as a
tension parameter passing from values of ¢ in [0, 7) to values in iR™ we obtain shapes that

are closer and closer to the initial control polyline.

(a) i =0.2,t=3n (b) a; =0.2,t=0 (c) a; = 0.2, t = 5i
(d) i =1,t=3x () ;=1,t=0 (f) s =1, t=5i
(8) i =2,t=3n (h) s =2,t=0 (i) s =2, t =51

Figure 7.9: Interpolatory limit curves obtained using interpolatory Algorithm |2| with non-
stationary Chaikin’s scheme. From top to bottom: increasing values of o; € RT satisfying
condition (7.8)); from left to right: different values of ¢ € [0, 7) UiR™.
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7.4.4 Non-stationary Doo-Sabin’s subdivision scheme

In [63], a non stationary version of Doo-Sabin’s scheme is proposed, described by the rules

n

AR AR IR D DR AN BTN (A L)
J=1,5A{—1,0,041}
where
QU — L nue(l+vy) L e N (° N S
" n(1+ vg)? 2n(1 +vg)2” " n(1+vg)?’

with v(®) = cos (2,6%) and t € [0,7) UiRT as in (3.11]). To apply the interpolation method,
we need to compute the limit stencil related to this scheme. In the following, we show two
different methods to compute the limit stencil.

, B =

Proposition 7.4 The limit stencil of the non-stationary version of Doo-Sabin’s scheme with
rules in (7.15) is a(®) = F Lo l], where n is the face valence.

n’n’ ‘n

Proof via a linear algebra approach. We consider the k-level subdivision matrix Sy defined
as

Sk = Ci?"C(a(k)’ ﬁ(k)a ’Y(k); s afy(k)a ﬁ(k)>
n n n n n
n—3 times

We compute the Jordan decomposition of S, = X Jp X, ! finding that X; and X N !
independent on the level k, thus S, = XJ, X '. In particular the first column of X is the
vector of ones, i.e. g = [1,...,1]T, while the first line of X! is given by &} = 1[1,...,1].

n
Thus, we have

1 0 0
§® =X 1l kJX*1 ith i Jj = - ’
N k—1>I—iI-10<>]]‘_‘[ J ’ wit —1>I—|I-100 ]:[ N .
Q 0
Finally the limit stencil is
al™ = — — .. =
n'n n
—_———
n times
Proof via a geometrical approach. Introducing the auxiliary notation
O Cu) W (DU L (* DU S
T (14 ek))2? (14 vk))2’ T (14 ok)27
we can equivalently rewrite ((7.15)) as
k ~ (k k k ~
R — a0 9 1 0 (1) 4 21 4 500, 710
(k) | ¢(k)
with Me(k) = M and
pIOp. En: fo =1 f:M(’“) (7.17)
Con=ll e i ’
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Then, combining ([7.16]) with (7.17)) we obtain

A+ Z fO) Z":( £ 1 5O (M) + M) + 7040 -
Zl :

and, in light of the fact that 5451’“) + 257(1k) + ’%(Lk) = 1, we arrive at showing that
AR+ = A0y e N, (7.19)
Exploiting ([7.19), (7.16) and (7.18) we start writing
Rék—H) _ fe(k+1) . A(~0) fe(k+1) Alk+1) )
= a1 + B (M O M) 430 A0 — (G 42800 + 519)A®  (7.20)
— a9 RY + 2300

(k) (k)
with Q( = % A®) and observe that, by definition (see also Figure|7.10)), Q(k) 9 <
4 ¢

Hng)Hg, Yk € NO. As a consequence, since dgc) >0 and Bﬁﬁ) > 0 for all k € Np, then

IR, < aP|IRP|12 + 28511112 < (@) + 280 ([R5,

and, iterating, HRékH)H < Hj O(an —1—26 ) HRg |2. Now, since a¥) —1—26 < 1 for all

J € No [T7= o(dn + 25 ) = 0 and thus limy_, HRek*l |l = 0. By definition of Rékﬂ)7 :
easily follows that

lim || = 40, =0,

k—00

thus £(°) = % ) f](o) and the limit stencil is a(>) = {%, . l} . n

I

Figure 7.10: Distance between a vertex fz(k) and its centroid A®) compared with the distance

between the midpoint of the segment M, E(k) , M, Z(—If-)l and the same centroid A%).

Once the limit stencil is computed, we are able to apply the interpolation Algorithm [2] Since
the approximating subdivision used is non-stationary, we have two free parameters, «; and
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t, that allow the user to adjust the shape of the limit surfaces. In Figure we show the
interpolating limit surfaces obtained starting from a cube and choosing different values of
the free parameters «; and t. Since all the edges of the cube are all equal, we fix the same
value «; for all the points fi(o), satisfying condition (7.9). As in the Chaikin’s example, we

1T
1

T

(a) a=05,t= 37 (b) a=0.5,t=0 (c) a=0.5t=3i

RN
essisay
ST
RN
R

R
R

(g) a=15t=37 (h) a=15,t=0 (i) a=15,t=3i

Figure 7.11: Interpolatory limit surfaces obtained via Algorithm |2[and using a non-stationary
version of Doo-Sabin’s scheme with rules in ([7.15]). From top to bottom: increasing values of
a € RT satisfying condition ([7.9); from left to right: different values of ¢ € [0, 7) UiR™.

notice that ¢t plays as a tension parameter, in fact passing from values of ¢ in [0, 7) to values
in iRT we obtain shapes that are closer and closer to the initial control mesh. Regarding
the parameter «;, we see that when «; is small, we have less flexibility for the limit shape in
order to obtain the property of interpolation, while if «; is large the limit surface has more
space to modify itself to gain the interpolation property. In fact, from , it is clear that
the parameter «; suggests how much distant we are from the control mesh £(©) that we want
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to interpolate.

Remark 7.5 We underline that, the use of non-stationary subdivision rules allow us to gain
the free parameter t that does not appear in the stationary case, and thus we can obtain many
different kind of shapes. In fact, with stationary Chaikin’s scheme [16] and stationary Doo-
Sabin’s scheme (see Sectz’on we could design only the curve and surfaces in the central
column of Figures and [7.11}, i.e. the ones related to t = 0, where only oy can be used to
model the limit shapes. With the non-stationary rules we gain an extra parameter an thus
more flexibility in the limit surfaces.

(a) Initial mesh (b) Kobbelt’s scheme ¢) Doo-Sabin’s scheme with ¢t =

(
%ﬂ' and a; = 0.5

(d) Initial mesh (e) Kobbelt’s scheme f) Doo-Sabin’s scheme with ¢t =i and a; =
0.3
Figure 7.12: Comparison between interpolatory limit surfaces. From left to right: initial

control mesh, Kobbelt’s scheme results, non-stationary Doo-Sabin’s scheme results with our
interpolating algorithm.

The possibility of modeling the limit shape using the two free parameters results in an im-
provement in the quality of the interpolating limit surfaces produces by non-stationary ap-
proximating subdivision schemes via Algorithm [2] in comparison with the surfaces produces
by interpolatory subdivision schemes. In Figure [7.12] we show comparisons between the
limit surfaces obtained using the interpolatory subdivision scheme proposed by Kobbelt (see
Section and the surface obtained using Algorithm [2[ with non-stationary Doo-Sabin’s
scheme. We notice that with a suitable choice of the free parameters, the surfaces obtained
via Doo-Sabin’s scheme have less undulations and imperfections than the limit surfaces obtain
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with Kobbelt’s scheme and the first ones are closer and more faithful to the initial control
meshes.



Conclusion

In the first part of this thesis (Chapters , we recalled the principal notions regarding
univariate and bivariate, stationary and non-stationary subdivision schemes, together with
the methods to analyze their main properties. These methods have been exploited in the
following chapters to construct and analyze new subdivision schemes or generalizations of
existent subdivision schemes. In particular, Chapter [4] concerned with univariate subdivision
schemes, while Chapters [f| and [6] studied bivariate subdivision schemes in the stationary and
non-stationary setting, respectively. Finally, the property of interpolation of curves and sur-
faces has been analyzed in Chapter [7]

The first goal of this thesis is to provide a complete review of all the techniques appeared in
literature in the last years to analyze convergence, generation and reproduction capabilities,
approximation order and smoothness properties of a stationary or non-stationary subdivision
scheme. Particular attention was given to the linear algebra tools useful for the smoothness
analysis of a subdivision surface described on arbitrary manifold topology meshes. In details,
in Section we recalled all the necessary conditions proposed in literature which are re-
quired on the eigenvalues of a stationary subdivision matrix in order to obtain limit surfaces
that are C'! continuous with bounded curvature and optimal shrinkage (see Table . Re-
garding the non-stationary setting, we showed the first proposal of sufficient conditions to
check the convergence of non-stationary subdivision schemes near an extraordinary vertex or
face (see Theorem [3.25).

After the review of all the techniques useful for the analysis of subdivision schemes, the sec-
ond goal of this thesis is to exploit them for the construction of new subdivision schemes
or generalizations of existent subdivision schemes, in order to iprove further properties of
known schemes in literature. In particular, in the univariate case, the combined 4-point
scheme resulted to be a generalization of many independent schemes proposed in literature;
the stationary 5-point scheme and its non-stationary extension provided a C? piecewise uni-
form subdivision scheme; the non-stationary version of (i) Lane-Riesenfeld algorithm, (ii)
Hormann-Sabin’s scheme and (iii) Dubuc-Deslauriers 2n-point scheme allowed a more exten-
sive use of these three fundamental families of stationary subdivision schemes, thanks to the
additional capability of generating and reproducing conic sections.

In the bivariate setting, the necessary conditions required on the eigenvalues of a stationary
subdivision matrix have been used to study a strategy to define the free weights of an ex-
traordinary stencil. In particular, a complete analysis of interpolatory schemes generalizing
the tensor-product version of the Dubuc-Deslauriers 4-point scheme to quadrilateral meshes
of arbitrary manifold topology has been developed and it has led to a particular choice for
the stencil weights that improved previous results presented in literature. Moreover, we also
proposed a general computational strategy, applicable to all stationary subdivision schemes

175
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defined on arbitrary manifold topology meshes, in order to determine the range of variability
of the extraordinary stencil weights which has been tested on variants of Loop’s scheme. In
addition, we showed that the use of non-stationary rules allows us to produce limit surfaces
with particular shapes, such as approximating or exact ellipsoids, that could be used for
the segmentation of biomedical images. Finally, a new general interpolatory algorithm has
been proposed to construct interpolating limit curves and surfaces using stationary or non-
stationary approximating subdivision schemes. This method signed a great improvement in
the design of interpolatory curves and surfaces since it avoids not desired ripples and distor-
tions and thus it produces limit shapes with a higher quality than the ones obtained with
interpolatory subdivision schemes.

From this discussion, it is clear that many open problems remain. First of all, we need to
complete the analysis of non-stationary subdivision scheme defined on arbitrary manifold
topology meshes. In fact, Theorem [3.25| concerns only convergence near an extraordinary
element. This result could be extended, finding sufficient conditions for tangent plane conti-
nuity and boundedness of curvature of a non-stationary subdivision scheme at the limit point
of an extraordinary vertex or face. A second step could be an extension of the notions of
generation and reproduction of spaces of (exponential) polynomials to the case of extraordi-
nary elements. As a consequence, exploiting these two missing results, it could be possible
to define a new subdivision scheme able to produce in the limit exact ellipsoids starting
from meshes with arbitrary manifold topology. This scheme would be used for biomedical
imaging segmentation and would improve both the non-stationary BLISS scheme and the
non-stationary BLOB scheme proposed in Chapter [6]
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