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I have not failed. I've just found
10,000 ways that won’t work.
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Abstract

Subdivision schemes are able to produce functions, which are smooth up to pixel accu-
racy, in a few steps through an iterative process. They take as input a coarse control
polygon and iteratively generate new points using some algebraic or geometric rules.
Therefore, they are a powerful tool for creating and displaying functions, in particular
in computer graphics, computer-aided design, and signal analysis.

A lot of research on univariate subdivision schemes is concerned with the conver-
gence and the smoothness of the limit curve, especially for schemes where the new points
are a linear combination of points from the previous iteration. Much less is known for
non-linear schemes: in many cases there are only ad hoc proofs or numerical evidence
about the regularity of these schemes. For schemes that use a geometric construction,
it could be interesting to study the continuity of geometric entities.

] propose sufficient conditions such that the subdivision process converges and the
limit curve is tangent continuous. These conditions can be satisfied by any interpolatory
scheme and they depend only on edge lengths and angles. The goal of my work is to
generalize these conditions and to find a sufficient constraint, which guarantees that a
generic interpolatory subdivision scheme gives limit curves with continuous curvature.
To require the continuity of the curvature it seems natural to come up with a condition
that depends on the difference of curvatures of neighbouring circles. The proof of the
proposed condition is not completed, but we give a numerical evidence of it.

A key feature of subdivision schemes is that they can be used in different fields of
approximation theory. Due to their well-known relation with multiresolution analysis
they can be exploited also in image analysis. In fact, subdivision schemes allow for an
efficient computation of the wavelet transform using the filterbank. One current issue in
signal processing is the analysis of anisotropic signals. Shearlet transforms allow to do
it using the concept of multiple subdivision schemes. One drawback, however, is the big
number of filters needed for analysing the signal given. The number of filters is related
to the determinant of the expanding matrix considered. Therefore, a part of my work
is devoted to find expanding matrices that give a smaller number of filters compared
to the shearlet case. We present a family of anisotropic matrices for any dimension d
with smaller determinant than shearlets. At the same time, these matrices allow for the
definition of a valid directional transform and associated multiple subdivision schemes.
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Introduction

The first subdivision scheme is given bybejl_laj [IL%LZH. Later on, two other famous
schemes are introduced by|Ch_aikiﬂ [[19_211]; Deslauriers and Dubud [|l9_8_§]. The basic
idea of subdivision is to start with a coarse control polygon and iteratively generate new
points that converge to a smooth limit curve. The new points are generated from the
previous ones using some algebraic or geometric rules.

The idea is not new, because it is the same principle that Archimedes used in The
Measurement of a Circle to approximate a circle by increasing the number of vertices of
a regular polygon (see Fig.[I). But, with the invention of computers, it becomes a faster
and cheaper way to plot a curve. These two characteristics allow for the exploitation
in graphic design: even complex smooth curves can be described in terms of a small
number of control points, and the curves themselves can be generated efficiently by
applying just few subdivision steps. Other advantages include the rotational invariance
and the locality of the subdivision rules. On the one hand, this means that the resulting
limit curve can be rotated and translated by applying the same transformations to the
initial control points. On the other hand, changing the position of one of the control
points influences only a small part of the limit curve.

Subdivision schemes are a powerful tool not only for graphic design, because the
connection with multiresolution analysis theory allows to exploit them also in signal
processing and in general in the approximation theory. Whenever we define a multires-
olution analysis to approximate a function at different levels, subdivision schemes are

Figure 1. "First” attempt of iterative process to approximate a circle by Archimedes.
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used to efficiently compute the approximation.

Motivation

The thesis is focused on both applications: one in designing curves and studying their
geometric regularity (Part I), and one in image processing using subdivision schemes to
generate a directional multiple multiresolution analysis to analyse anisotropic phenom-
ena (Part II).

Being an iterative process, the first inquiry about a subdivision scheme is if it con-
verges. For this reason a lot of research on subdivision schemes concerns the conver-
gence and the smoothness of the limit curve [[Dvn and ng;ﬂ, |l9.%5|; M, |29_Qj; Wallner
and Dyn, M]. Linear schemes are well investigated in this sense. A linear scheme
is a scheme where the new points are a linear combination of points from the previous
iteration. A famous example of linear scheme is the family of interpolatory 2N-point
schemes presented by|Ileslau]:i£:]:S_an.d_D_u.b_ud [|l9_8_§] ; where the new points are a linear
combination of 2N points from the previous step.

There are other schemes, called non-linear schemes, where the new points depend
in a non-linear way on the points from the previous step or they are computed with a
geometric construction. Examples of such schemes are the incenter scheme [Deng and
Wang, |29_1d; |H§ménd§Z;M§_d§rQS_e_t_alJ, |29_1_3|], the angle-based 4-point scheme or the
circle-based 4-point scheme UMm_angLHthanﬂ, |29_1j]. The name of these schemes is
evocative of the fact that the construction depends on some geometric quantities. These
types of schemes are not generally exploited, because of the difficulties to study their
convergence, but they are an interesting tool to guarantee some geometric properties
of the limit curve. Usually, for non-linear schemes with a geometric construction, ad
hoc proofs are provided or there is only numerical evidence of the regularity of the limit
curve.

The first paper that tries to cover this lack of studies is that of Qm_and_]:lg]:manﬂ

] where they give sufficient conditions on the convergence and tangent continuity
of an interpolatory geometric scheme. The peculiarity of their approach is to study the
regularity of a curve considering entities like tangents and curvatures that are indepen-
dent on the curve parametrization. In this way they require the geometric continuity of
the limit curve instead of the analytic continuity of the derivatives.

The conditions that|D4m_an.dl:lmmanﬂ [|2Qlj] present depend on the edge length and
the external angle of the triangles defined by three consecutive point of the subdivision
process. In particular, the summability of the sequence of maximum edge lengths gives
the convergence of the scheme, while the summability of the maximum modulo of angles
ensures that the limit curve is tangent continuous.

The conditions proposed byﬁm_and_}:lg]:mand [IZD_lj] give at maximum the G' con-

tinuity of the limit curve. In the literature there are some geometric schemes [Deng and
Wang, |2Qld; , @ M; [I:Iemandfzz_Medgms_eI_alJ |2Q1;§] that claim to

generate limit curve with continuous curvature. In order to give a proof of this regularity
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in the first part of my work I focus on finding a geometric condition for the curvature
continuity of the limit curve. The curvature of a curve at a point p can be defined as
the reciprocal of the radius of the osculating circle. An osculating circle is the limit of
the circles passing through three point q, p, r when q and r converge to p. With this in
mind, we consider the curvatures of the circles passing through three consecutive points
and we take their difference. The core of my work is to prove that the summability of
this sequence is sufficient for generating a limit curve with continuous curvature. Unfor-
tunately, the proof is not completed but we give a numerical evidence of the proposed
condition and of the missing points in the proof.

Different is the use of subdivision schemes in image analysis. Due to their relation
with a multiresolution analysis, interpolatory subdivision schemes allow for the construc-
tion of a filterbank that can be used to analyse and synthesize a signal (see e.g ,
1992b; Madych, 1993; Mallat, 1989; Meyer, 1995; Strang and Nguyen, 1996]).

One crucial issue in signal processing is the analysis of anisotropic signals with the
aim to catch directionality of the signal. When dealing with anisotropic phenomena,
wavelets do not provide optimally sparse representations. For this reason directional
transforms were introduced [[Candés and Dgnghd, Q)_O_AJ; Labate et a1.|, |;0Q5|; Do and
Vetterli, ]. Among them, the shearlets transform is interesting because it is con-
nected to a multiresolution analysis similar to those of wavelets: the multiple multireso-
lution analysis [Kutyniok and Saugﬂ, Q)_Qd; Kutyniok et al.|, QOQ]. Related to a multiple
multiresolution analysis, there were introduced the multiple subdivision schemes ,
]. A multiple subdivision scheme is a scheme where in each iteration the expanding
matrix M; and the subdivision scheme S; are chosen from a finite dictionary {M;, S;};ez, -

The expanding matrices M; are the key ingredient in a multiresolution analysis be-
cause there are responsible for the refinement. For the multiple subdvision scheme we re-
quire that all the combinations of M; are expanding, namely the set of matrices {M;};ez,
are jointly expanding. In order to define a directional transform, it is crucial that the
expanding matrices satisfy the slope resolution property. All the directions in the space
can be reached applying an appropriate combination of the matrices M; to a reference
line.

In the shearlets case the expanding matrices considered are the product of a diagonal
matrix, the so-called parabolic matrix, with a pseudo rotation matrix called shear matrix
and they satisfy all the previous properties @, ]. The drawback is that the
diagonal matrix considered has large determinant that leads to a high number of filters
and a quite substantial complexity in implementations.

In the second part of my work I want to overcome this problem by studying the
existence of different matrices that allow us to define a directional transform in any di-
mension d with smaller determinant. We propose a family of shear-like matrices, product
of an anisotropic diagonal matrix and a shear matrix, whose determinant, for increas-
ing d, is considerable lower than the shearlet case. We prove that in any dimension the
elements of this family are expanding, jointly expanding and they provide the slope res-
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olution property. In this sense we are able to define an appropriate directional transform
suitable for image analysis. For dimension d > 2, we also study the possibility of relax-
ing the structure of the matrix considering the general case of an anisotropic expanding
matrix with small determinant.

Structure

The thesis is divided in two parts, one about subdivision schemes for curve design and
the second one about schemes for image analysis. Before these two parts, in Chapter[I]
I introduce the main concepts about subdivision schemes that I will use along the thesis.
In particular, in Section [I.I] I recall some general background notions about succes-
sions and series. I give the definition of subdivision schemes and the main classifica-
tion between linear, non-linear, interpolatory, approximating, stationary, non-stationary
schemes in Section[I.2] The main results presented in the literature about the conver-
gence and regularity of the limit curve are recalled in Section[I.3]l Finally, in Section[1.4]
I give some examples of linear schemes.

In Part I of the thesis I focus on curve design and the study of sufficient conditions
to require a certain order of geometric regularity. In Chapter 2] I recall the main differ-
ences between analytic continuity and geometric continuity (Sec.[2.I) and I give some
examples of geometric schemes (Sec.[2.2)). In Chapter[3] I present the work of Dyn and
Hormann [I;OQ] showing, in Section [3.1] the sufficient conditions that generate a G!
continuous limit curve by an interpolatory scheme. In Section [3.2]1 display some exam-
ples of geometric schemes that satisfy these conditions. Chapter [4is mainly devoted to
explain the results of the collaboration with Kai Hormann during the period that I spent
at Universita della Svizzera italiana. In Section[4.1]1 present the condition that we elab-
orate in order to ensure that a geometric interpolatory subdivision scheme generates a
limit curve with continuous curvature. In order to test the validity of this condition, we
made some numerical examples that I report in Section[4.2] Finally in Section [4.3]there
are my attempts to prove that the condition suggested is sufficient to generate curvature
continuous limit curve. The proof is not complete but I give a numerical evidence of the
missing points.

In Part II of the thesis I study which matrices allow to define a directional transform
suitable for image analysis. Before giving the detail of my work, I present the problem
introducing wavelets and shearlet theory respectively in Chapters [5] and It is nec-
essary to recall the general definition of the wavelet transform (Sec. [5.I) in order to
explain the relation with multiresolutive analysis and subdivision schemes (Sec. [5.2)).
Furthermore, in Section [5.3]we introduce the theory of filterbanks that allows to exploit
subdivision schemes for the analysis of a signal. The same description is given for the
shearlet transform (Sec. exploiting in this case the more general concept of multi-
ple multiresolution analysis and multiple subdivision scheme (Sec. [6.2). In Chapter[7]1
present the joint work with Mira Bozzini, Milvia Rossini and Tomas Sauer, in particular
Section [7.1] shows which are the fundamental properties that the expanding matrices




5 Introduction

have to satisfy in order to generate a directional transform. Then, in Section[7.2]1 intro-
duce a new family of integer matrices with minimum determinant in the set of matrices
that are product of an anisotropic diagonal matrix and a shear matrix. Moreover, the
proposed set of matrices satisfies all the previous properties. In Section [7.3]I study the
possibility for any dimension d > 2 to relax the structure of the expanding matrices
in order to minimize even more the value of the determinant. The effectiveness of the
presented matrices is shown by several numerical examples on images in Section [7.4]
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Chapter 1

Subdivision schemes

Subdivision schemes are the common background of my research presented in this the-
sis. It is worthwhile to make a little excursion on the basic notions and results about
subdivision schemes in literature.

Definition 1.1. A subdivision scheme S takes an ordered set of control points P = {p;};ez C
RY? and iteratively generates new points

pPl:=p  pitt.=8pi, j>o0,

by applying some simple rules
J+1 _ J J J+L_ J J j+1 _ J J
pvi - fO(pi_k, v ,Pi+k), pvi+1 - fl(pi_k, v ,pi+k), IR pvi+v_1 - fv—l(pi_k, (RN ,pi+k)-
(1.1)

The points are denoted by two indices: the lower index i indicates the position of
the point inside the control polygon, the upper index j indicates the level of subdivision.
Figure[L.T]shows a simple example of univariate subdivision scheme where the points of
the previous level are kept by the scheme and a new point is inserted between each pair
of old points.

The number of rules for computing the new points is called the arity v of a subdivi-
sion scheme. The arity also coincides with the factor by which the number of points is
multiplied in each step. For instance, a binary scheme duplicates the number of control

j+1
Pai p;

je2 pItL pit2 oi
DL Paia Pty Pipli2

j+1
P

j+1
1P2isy
j+2

—> i

P, D, Pi,

Figure 1.1. Two iterations of a univariate binary subdivision scheme.




8 1 Subdivision schemes

points and a ternary scheme triplicates the points. If the functions f,, n =0,...,v—1
depend on at most 2k + 1 points, then 2k + 1 is called the support of the subdivision
scheme.

1.1 Background material

A subdivision scheme associates a sequence of points to a given finite set of points. In
this sense we should recall some basic notions on sequences.

The space of bi-infinite sequences from Z¢ to R is denoted by £(Z¢). Instead with
14 p(Zd) we denote the sequences with finite p-norm

1/p
lelle, zy = (Z |c(a)|P) <0

aezd

where 1 < p < 00. For p = 0o we consider the sequences with norm

llclle o (zey = sup le(a)l.
aczd

Finally, £0o(Z%) is composed of all sequences from Z? to R with finite support. We denote
by £9(Z) the vector sequences from Z to R?. So a subdivision scheme is an operator
S: 48 (z) — td,(2).

Since we consider infinite and finite sequences all along the thesis, it is useful to recall
some general results on Cauchy sequences, convergent and summable scalar sequences.
For further details see [IBlLdiLe_t_LlJ, 1964].

Definition 1.2. An infinite scalar sequence a = {a, } ey € £(N) converges to A if for every
€ > 0, there exists an integer ng such that |a, —A| < € for any n > ny and we write

lim a, =A.
n—,oo

Definition 1.3. A sequence a = {a,} € {(N) is called a Cauchy sequence if for any € > 0,
there exists ngy such that |a, —a,,| < € for any n,m = n,,.

For Cauchy sequences there is a well-known result.
Theorem 1.1. In ]Rd, d €N, every Cauchy sequence converges.
An example of an infinite sequence is the geometric sequence.

Definition 1.4. A sequence a = {a,} € £(N) is called a geometric sequence if there exists
some u € R such that for all n € N he have a,,,/a, = u. The general term of the sequence
can be rewritten as a,, = cu”™ with some constant c.

Different values of u give different behaviour of the geometric sequence.
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Proposition 1.2. Let u # O, in the limit the geometric sequence a,, = u" behave as

+o0o u>1
. 1 u=1
ALATEY 0 jul<1
I ou<—1

From the definition of sequences we define the concept of series.

Definition 1.5. Given a sequence a = {a,} € {(N) we associate another sequence

n
n= 2,0
k=1

called the partial sum. If the sequence {s,} is convergent and converges to s < oo, then the

series
(@]

Zan=s<c>o

n=1
converges. In this case the sequence {a,} is called summable. Otherwise, if the sequence
{s,} diverge, the corresponding series diverges.

Definition[I.3]of a Cauchy sequence gives a sufficient and necessary condition for the
convergence of the series.

Proposition 1.3. A sequence {a;} is summable if and only if for every € > 0 there exists

some ng such that
m
Z a| <e€
k=n

for any m > n > n,,

Proposition 1.4. If the series Y. a, converges, then the general term of the series converges
to gzero, lim,_, oo a,, = 0.

Note that convergence to O of the general term a,, is a necessary but not a sufficient
condition to have the convergence of the series.
Applying Proposition [T.4] to a geometric sequence it is possible to prove

Proposition 1.5. The series

converges if and only if |u] < 1.

To compare the behaviour of two different sequences we recall the big O notation
and the concept of asymptotic sequences.
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Definition 1.6. Given two sequences {a,} ey and {b,} ey we say that a, = O(b,,) if there
exists a constant ¢ > 0 such that there exists some ng, such that for all n > ny,

lan| < clbyl.

Two sequences {a,},ey and {b,},en are called asymptotic a, ~ b, if for all € > 0,
there exists some ng such that for all n > n,

g

bn

For more details we refer to [IE_rdébd, M; @Hﬂ, M].

Simple operations like summation and multiplication are well-defined on big O no-

. a4y
<e = lim —=1
n—oo

tation:
() 0(a,)O(b,) =O0(a,b,).
(i) O(a,)+ O(a,) = O(a,).

(iii) If the sequence a,, = O(1) is bounded then O(a,,) + O(a%) = 0(ay,).

Proof: Let b, = O(a,) and d, = O(a?). By Definition [ there exist ¢, c; > 0
such that
|bn|SC1 |an|) |dn| SC2 |an|2-

Moreover a, = O(1) implies that there exists some c3 > 0 such that |a,| < c3.
Putting all together we obtain

2
|b, +d,| < |by| +[d,| < cqlay|+colay|” = (cy +calayl)la,l < (e +coc3)layl.
O

In Chapters[Bland 4 we give some sufficient conditions for the regularity of the limit
curve generated by the scheme in terms of summability of a sequence. In the proof of the
curvature continuity (Proposition [4.9) we require a stricter condition then summability.

Definition 1.7. A sequence {a,},ey is said to behave like a convergent geometric sequence
if there exists some 0 < u < 1 such that

a,=0") = la,| <cu”,

where c is a positive constant.

1.2 Classification of subdivision schemes

Once we have defined a subdivision scheme, we can classify the subdivision schemes
with respect to certain characteristics. Here we present the main types of schemes that
we consider throughout the thesis.
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p; P PPl p?
pi=p; pS=p; pe=p; PP, Py ps
pi %
P% Psls —Pi=P; pézpfo—>
p? P
0 2 0 2
po=p} po=p} P=pP; P,=Pg 0 0
s P o p: pip: P; P P
P Py P, Py py_ Pt Py Pl P pd P} Ps
pi P / \pfs
p; Pl
- -
] 1 p: Pl
p
P, 5 pg\ /pfo
P Dl o Py P p p2 p pp P P P

Figure 1.2. Subdivision process for an interpolatory scheme (top) and an approximating scheme
(bottom).

1.2.1 Interpolatory vs approximating schemes

The first characterization that we consider is between interpolatory and approximating
schemes.
If the first rule in (I.I) is the Dirac delta function f = &, then the subdivision scheme
keeps the points from the previous step,
J+1 _ J_
P, = 5i,k pk =D;
and is called interpolatory. This denomination comes from the fact that the limit curve
passes through the starting points (see Fig. [[.2). Otherwise, if the first rule f; in (I.I)
is generic, then the scheme is called approximating. In this case the limit curve approxi-
mates the initial control polygon (see Fig. [1.2)).

An example of an interpolatory subdivision scheme is the well-known 4-point scheme
by Deslauriers and Dub [Il&&d] with rules

L
Py =pl, (1.2)

J+L J J J J
Paiv1 = T gPia T 1Pi T 1gPin1 T 6P
It is a binary scheme where the even points p;rl are the points kept from the previous

step while the odd points péﬁl are new points computed as a linear combination of 4
points from the previous step. The name of the scheme comes from the value of the
support. The action of (I.2)) is displayed in Figure [I.3
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j+1
DPyin

J
i+2

P, A
Pis
Figure 1.3. Construction of the new point Figure 1.4. Construction of the new points
for the 4-point scheme. for the B-spline scheme.

An example of an approximating scheme is the quadratic B-spline scheme with rules

1 _ j J

Py = Zpi_l + Zpi, (1.3)
w1 _ 3 j 1

Py = Zpi + Zpi+1'

In this case both the even and odd points are a linear combination of two points from
the previous level. So the support of the scheme is 2. From Figure [I.4] we can observe
that the points at level j are discarded at level j 4+ 1 and new points are computed. The
name of the scheme is due to the fact that if we consider as starting points the Delta
sequence 6 = (...,0,1,0,...) the limit curve generated is the quadratic B-spline basic
function centred at the origin.

For all the rest of the thesis we consider only interpolatory schemes. The reasons for
this choice are many and are explained better in the following chapters.

1.2.2 Linear vs non-linear schemes

In the two previous examples, the 4-point scheme and the quadratic B-spline
scheme (I.3)), the new points are a linear combination of points from the previous level.
If the rules of the subdivision scheme (I.I) are such that the new points at level j + 1
are linear combinations of the points at level j,
pl = (P =D aiy pl, (1.4)
=k
then we call S a linear subdivision scheme. Equation (1.4) collects in one expression all
the v rules in (I.I). If we want to separate the different rules, then we need to write i
modulo v
piji—l = (Spj)vi = Z av(i—Z)pé, piji——il = (Spj)vi+1 = Z av(i—€)+1pé5 o (1.5)
(=—k (=—k



13 1 Subdivision schemes

The vector a = {a;},cz € £yo(Z) includes all the coefficients of the rules and is called
the mask of the scheme. For the 4-point scheme (1.2]) the mask is

1 1
a = {...,o,——,o,2,1,1,0,——,0,...}, (1.6)
16" 16" 16 16
while the mask of the quadratic B-spline is
1331
a[B] = {_, e _5_}' (17)
4°4°4 4

The submasks of the scheme are the vectors that collects the coefficients of the rules
in (IL5). They can be extracted from the mask considering the elements modulo the
arity v. In the case of binary schemes we have two submasks: the even submask ajg;
and the odd submask ar3. They are called in this way because the even submask extracts
the even elements of the mask, while the odd submask takes all the odd elements. For
example, the mask of the 4-point scheme can be split into

1
a[o]z{...,O,l,O,...}, (1[1]:%{—1,9,9,—1}.

An interpolatory scheme can be easily recognized, because the even submask is the delta
sequence O ;.

Expression (I.4) gives the rules for a linear univariate scheme. For arbitrary dimen-
sion d the subdivision rules of a linear scheme become

plt=(SP) = > awe pl, (1.8)
Lezd

where i € Z¢ and M is an expanding matrix, namely a matrix with all eigenvalues greater
than 1 in absolute value. We always consider masks a with a finite number of coefficients,
a € £yo(Z%). In this general case the arity of the scheme is given by the determinant of
the matrix M, v = |det M|. For example, in two dimensions (d = 2) with M = (29) the

rules appear as .

pl]'j];l = Z di—2n,k—2m Pfl,m: i,k €Z.
n,mez

Differently, a non-linear scheme is a subdivision process where the rules fi, k =
0,...,v—1 have a non-linear dependency on the points from the previous level. This
definition includes a wide range of subdivision schemes and we distinguish between
different types of non-linear rules. One type are manifold-valued schemes, where the
non linearity of the schemes is determined by adapting a linear scheme to the geometry of
a manifold (see [Wallner and Dyﬂ, M; IWallneLUl)_Oﬂ; Xie and Yﬂ, |20£l2|; IMQQsmijllgﬂ,
D. Other non-linear schemes are generated by substitution of a linear average
with a non-linear one as the geometric mean, see [lS_(;h.a.eﬁﬂ_ej:_a].J, |20_Q§]. The 4-point
scheme rules are defined by evaluating an interpolating polynomial. A non-linear version
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Figqre 1.5. In the bisector scheme the point pgjl lies on the orthogonal bisector of the edge
J.J
PiPi1-

interpolates functions different from polynomials, see [IQSMLa].dL |29_0_4J; |Xie_an.d_YJJ, |29_Qd],

or it interpolates a piece smooth function as in the ENO (Essentially Non Oscillatory) and
WENO (Weighted ENO) schemes, see [IHar_t_e_n_e_t_a]_J, l128_2|; |Liu_e_t_aL|, [12%]].

My work addresses instead the class of so-called geometric schemes where the new
points are computed with a geometric construction. By construction this type of schemes
commute with similarity transformations: rotating and shifting the limit curve has the
same effect as rotating and translating the initial points. An example of a family of

geometric schemes is the bisector scheme. It is a binary interpolatory scheme where the
—_

new points pgjl lie on the bisector of the edge le. pl? “

J J j+1 J JyL
1 Pithin 65141 | (Pip1 —P1)
sl =t tan( 2 2 , (1.9)
. . e . . j+1
(see. Fig[L3). The scheme is specified by giving an expression for the angle 65, ;-

Clearly the new point péﬁl depends non linearly on the points pg and p{ 4+ from the
previous level.

The first example of a geometric scheme is presented by|Sabin and Dodgson [|29£LAJ .

Other examples can be found in [IQashman_ej:_alJ,thj; Chalmoviansky and Jﬁtﬂeﬁ, |20_QZ;
Deng and Wang, 2010; Deng and Md, 12012, 2014; Hernandez-Mederos et al., 2013; Dyn
and Hormann, ; @, M; Im, ], some of them are presented in

Section[2.2]in order to be used as numerical examples.

1.2.3 Stationary vs non-stationary schemes

Another distinction can be made between stationary and non stationary schemes. All the
schemes considered until now are stationary. A non-stationary scheme is a subdivision
operator where the rules depend on the level j of iteration,

1 (D j j+1 ) I j
Py = Lo Piio o5 Piaids o5 Pojyy = F,50(Pijeo 5 Pigd-
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The rules f, U ), k=0,...,v—1, are level dependent or in general they can change between
different levels. In case of linear schemes
pg+1 = afi)vﬁ pé’
leZ
the mask itself depends on the level of iteration.

In the first part of the thesis we focus on stationary subdivision schemes while in
the second part we introduce a generalization of non-stationary schemes called multiple
schemes (see Definition [6.6)). In this case we will see that in each iteration we change
not only the subdivision rule but also the expanding matrix and the arity of the scheme.
For an extensive explanation we refer to Section [6.2]

1.3 Regularity of subdivision schemes

The main effort in subdivision schemes is to study the convergence and the regularity
of the schemes. Let focus on stationary schemes, by repeating infinitely many times the
subdivision operator S, it is natural to ask if the sequence of points generated, {pf, ie
I}iso € ¢4(Z) with 1 € Z a closed interval, converges or not.

Definition 1.8. A univariate stationary subdivision scheme S is called convergent, if for
any closed interval I C Z and any set P = {p?,i € I} of control points there exists a
continuous limit function f*° : R — RY such that

lim supl % (i/+/)—(s'P)] =0,

J7= 0 el
and f° # 0 for some initial data P°. The scheme S is said to be C™ continuous, if f° €
C"(R).

If we consider the piecewise linear functions f7, which interpolate the points of the
scheme at certain values of the parametrization,

fj(%)=pff,

then Definition [[L12] means that the sequence of functions f/ is uniformly convergent,
lim f/=f°°,
]j—00
as shown in Figure
Applying infinitely many times a subdivision scheme S to the delta sequence 6 =
{00, i € Z}, we obtain a function ¢ that is called the basic limit function,

¢ = lim §'6 =8°°6. (1.10)

j—00



16 1 Subdivision schemes

Figure 1.6. Uniform convergence of piecewise linear functions f7 to the limit curve f*°.

This function is like a basis for any limit function generated by the scheme. In fact, for
any initial points P® = {p?} and f *° =lim;_, o, S'P?, then

£ = P (x —i). (1.11)
i€Z

Furthermore, if we consider a linear subdivision scheme with mask a, then the basic

limit function ¢ is a refinable function, [Micchelli and Prauxzsgﬂ, |128_d]
qS(x):Zaqu(vx—k). (1.12)

kEZ

This follows from the definition of the linear scheme,

$(x) = (S°8)(x) = SL°(S,8)(x) = > arp(vx k).

keZ

The spaces

V= span{¢ (v - —k), k € Z} = {f(x) = ch¢(vjx—k), ke Z} s
keZ

spanned by ¢, are nested, that is V; C Vj,, due to the refinability of ¢ (LI2). The
generation property (I.II) and the refinable property of the basic limit function
allow to define a multiresolution analysis. We can associate a multiresolution analysis
to any linear stationary scheme, this allows to exploit the subdivision schemes in image
analysis. The definition of a multiresolution analysis and further explanations are given
in Section

In general it is hard to prove the convergence of a scheme using Definition
because we should know a priori the expression of the limit function f °°. In literature
there are several sufficient and necessary conditions to require a certain regularity.

For a generic linear scheme (I.8) the mask a is such that

Sa-n
kezd

where v = [det M|.
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Proposition 1.6 [Han and .lid, M]. A necessary condition for the uniform convergence
of the linear stationary scheme S, (1.8) with arity v = |det M| is that

dlaiw=1, Viezd (1.13)
keZ

For a univariate binary scheme it is equivalent to require that
E :a2i = E :a2i+1 =1,
IEZ IEZ

as proved in [|Ibm_e_t_a]..|, 1991]. Equation (I.13) is often called sum rule of order one.
Once we consider a univariate linear scheme with arity v (I-4), it is possible to
rewrite the rules in matrix form P/*! =S, P/,

j+1 j
(Prik [ a[o],—k e Aol k 0 ) (p i—k\
j'-i_l . . . . 'j
pjﬁl — | -1k N -1k 0 l;i s (1.14)
Pit1 0 ok aork || pig
\pi;_k \ 0 ary—11,—k a[v—l],kj \p{+k)

introducing the subdivision matrix S,. The eigenvalues and eigenvectors of the subdivi-
sion matrix S, give other necessary conditions for the regularity of the limit curve.

Proposition 1.7 [|D4m_e_t_a]..|, |l9_%l|]. Let S, be the subdivision matrix associated with the
stationary subdivision scheme S,, whose eigenvalues are sorted in decreasing modulus. If
the subdivision scheme S, is convergent, then

1=).0>|A.1|

Proposition 1.8 m, ]. Let S, be a subdivision matrix with eigenvalues ordered
by decreasing modulus. If the associated subdivision scheme S, produces C* continuous
limit functions, then

The analysis with the local subdivision matrix can be useful in the multivariate setting
for the analysis of the regularity in a neighbourhood of an extraordinary point. I do not
give further details, if you are interested see [|Re_tf_1:s_an.d_]&eiﬁ, |29_Qd].

Studying the subdivision matrix of linear stationary schemes gives only necessary
conditions. To obtain sufficient conditions for the regularity of the scheme we introduce
the concept of Laurent polynomials as done in [Imd, M, @_02].
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Definition 1.9. Given a finite sequence a € £,y(Z%), we call
()= Y qzf, ze(C\{o}),
kezd

where zk = (z]f L ,zgd ), the Laurent polynomial of a.

If a is the mask of a linear subdivision scheme, then the polynomial a*(z) is denom-
inated the symbol of the scheme.

In terms of the Laurent polynomials, the sum rule of order one (I.13) corresponds
to

a*(1) =, a*(£)=0 with §€E={exp(27mj),j=1,...,v—1}, (1.15)

as shown in [|Han_an_d_.hé |l9_9_§; EQmLand_HQrmanﬂ, |2Q]_l|] for a univariate linear

scheme with any arity v. In general the sum rules of order n + 1 are

da(&)| _

dzk

a*(1) =, maxmax 0. (1.16)

k<n &e€E

Corollary 1.9. A necessary condition for a univariate linear stationary scheme S, (1.8)
with arity v to be convergent is that the symbol of the scheme satisfies

aM)=v», a(&)=0,
foranyk=1,...,d—1land &, = exp(ZT"ik).
In the binary case the necessary conditions become
a*(1)=2, a*(—1) =0, 1.17)
namely that the symbol a* can be rewritten as
a*(z)=(1+2)b"(2), (1.18)

for a certain polynomial b*(z), such that b*(1) = 1.
We denote with V : £(Z) — £(Z) the difference operator

Ve={Vc¢=c;—ci_,, 1€Z}. (1.19)
Proposition 1.10. The polynomial b*(z) is the symbol of the difference scheme

V(S.p) =8, Vp.
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Proof: We can observe that the refinement equation
- .
P{ = Z ai—zkpi
kez
turns out to be
(P (@) = a* @) (%),
in the Laurent formalism. Then, the Laurent polynomial associated with the difference
of points Vp] =p! —p! | is
(Vp)'(z) = (1 —2)(p')(2).

Using (1.18) we conclude that b*(z) is the symbol related to the difference scheme

(VP (@) = A =2)(p™) (2) = (1 —2)a*(@)(p))' () = b*(2)(1 —2*)(p/)"(z%)
= b*(2)(Vp')(z*).
O

Using the symbol of the difference scheme b*(z), @ [@] gives a sufficient con-
dition for the convergence and regularity of a binary linear scheme S,,.

Proposition 1.11 [@, ]. The univariate linear stationary scheme S, converges if
and only if the corresponding scheme for the differences b*(z) = alJ(rZZ) is contractive for any
initial data.

Definition 1.10. A scheme S is contractive if there exist some u < 1 and L € N such that

i+
p! H < yumax
t i€Z

max
i€Z

p) H : (1.20)

In case of a univariate linear scheme S, this is equivalent to require that

18} oo = ISattill oo = max {Z ‘aff)sz :i=0,1,...,2 —1} <1 (12D

kezZ

where aM) is the mask of the scheme with symbol
aE"L)(z) =a*(z)a*(z?)...a*(=").

Proposition 1.12 [@, ]. If the scheme S, is contractive, then the limit curves of the
univariate linear scheme S, with symbol

*(z) = (1—;2)'1(1 +2)b*(2)

are C" continuous.
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The previous results on Laurent polynomials are presented in the simple case of uni-
variate binary schemes. They can be generalized to any arity v by observing that (I.15)
factorizes the symbol a*(z) into

a(z)=Q+z+...+2"Hb*(2),
where b*(z) is again the symbol of the difference scheme (VS, = S, V).

Proposition 1.13. The univariate linear scheme S, with arity v converges if and only if the

corresponding scheme for the differences b*(z) = #(Z-F)ZH is contractive for any initial
data.

Instead, if we want to generalize in the multivariate setting, then we should take into
account the geometry of the mesh of points. The factorization of the symbol is different
if we consider quadrilateral or triangular meshes. Both cases are treated in [@, ].

In the multivariate setting the difference operator V : £(Z%) — £(Z%) can be applied
along different directions e € Z¢,

Vee={ci—ci, 1€ Zd}. (1.22)

In a quadrilateral setting the direction chosen are the vectors along different axes e, € Z4
such that (e;); = &; . For example, in the bivariate case we consider e; = (1,0)" and
e, =(0,1)T.

Proposition 1.14 [@, ]. Let S, be a bivariate linear scheme with symbol
a*(21,22) = (1 +21)(1 +23)b(21,25)

and the difference schemes related to the two directions e; and e are defined as

bi(en,2) = 22 = (142001, 22)
bien20) = 22 = (1 2 2.

The scheme S, converges if and only if the schemes Sy, and Sy, are contractive.

Proposition 1.15 [@, ]. Let a bivariate linear scheme S, with symbol

1+zl)”+1(1 + 2,
2 2

a’(z1,%) = ( )”” b*(21,2,)

be given. If the n + 2 symbols

1 +z1)n+1—i (1 +2,
2 2

b;(21,2,) = ( )i b*(21,2,)

are contractive for i =0,...,n+ 1, then S, generates C™ limit functions.
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In case of a triangular mesh: we have to consider also the difference along e; =
(1,1)7. In this case the convergence results are slightly different.

Proposition 1.16 [@, ]. Let S, be a bivariate linear scheme on a triangular mesh
with symbol of the form

a*(21,22) = (1 +21)(1 +25)(1 +2122)b" (21, 22),
and the symbols of the difference schemes along the direction e;, i =1,2,3 are

a*(z,%,)
(1 + Zl) ?

a*(z1,%,)
(1 + Zz) ?

a*(z1,%;)

bi(z1,29) = .
1(21 ZZ) (1 +lez)

b;(zbzz) = b;(zbzz) =

The scheme S, is convergent if and only if the schemes Sy, i = 1,2,3, are contractive.

All these results can be generalized to dimension d for any arity v = |det M| using
the concept of the canonical factor introduced in [@, ]. The definition of the
canonical factor and more details are given in Section [6.2]

In the univariate setting the sum rule (I.I3) gives the factor (1 + z) of the symbol
a*(z). In the multivariate case we need to be more careful, because the symbol belongs
to the quotient ideal (z2 —1) : (z — 1), so we can have different factorizations. In this
case, it can be useful to come back to the general equation

VS, =S,V (1.23)
of Proposition [I.10]and to use the formalism of the spectral radius.

Definition 1.11. Let us consider a matrix M € R™". The spectral radius of the matrix is
defined as
1
p(M) :=max{[A],....,[A,]} = lim [[M"]|7.

Analogously, if we take a set of matrices {M;} ez, = {Mo, ..., Mpm_1}, with Z, :={0,...,m—
1}, then

1
=

Jol ({Mj}jezm) = lim max

r—o00 eeZtrn

.
l_[Mei
i=1

represents the joint spectral radius of the set.

Considering the mask a of a binary scheme with finite support in {0,...,k}? we

introduce the matrices
_ d d
Ae—{a(2a—/3+e), a,pe{0,...,k—1} }, e €{0,1}

and the space V = {v € £({0,...,k}9) : Zae{o,...,k}d v(a) = 0}. Using the general relation
(1.23), [Charin 1 [I;OQSA] prove that

PAcly) = p(Splv)
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where

1
r
s

p(Acly) = lim ||Vs;é

1 1
r r

S = lim ||S;, = lim max ||S;Vc
P(Sply) A ” b|v r—>0°||Vc||=1|| b
The “contractivity” of the difference scheme gives the regularity and Holder continuity

of the subdivision scheme, similar to the Laurent formalism.

Proposition 1.17 [Charina et al., 2005b]. Let S, be a linear scheme such that there exists
a difference scheme S, that satisfies (1.23). The scheme S, is convergent if and only if

p(Sply) <1.

Iterating the difference relation (I.23) and this proposition we have a subdivision
scheme with higher order of regularity. In the univariate setting the spectral radius also
gives the Holder regularity of the limit curve.

Proposition 1.18 [|D_au.b_es:hj.es_and_Lagarjai |l9_9j; |D;a:], |l9_9j]. Let a € £(Z), then S,

converges to a continuous function if and only if the mask satisfies the sum rules (I.13) and
p(Aclv) = p < 1. Moreover, the Holder exponent of the limit function is —log, p.

The results obtained using the spectral radius are the same as those obtained with
the Laurent formalism, but it is interesting to observe that even if we are considering
two different factorizations b; and b, of a we have the same value for the restricted
spectral radius p(Sp, |v) = p(Sp,|v) (see [IQLmLe_t_LlJ, |A)_Q5ﬂ]). This can be useful in
the multivariate setting.

The results presented so far can be applied only to stationary linear schemes. In the
non-stationary setting the definition of convergence is slightly different.

Definition 1.12. A non-stationary subdivision scheme {SU), j > 0} is called convergent,
if for any closed interval I C Z and any set P° = {p?,i € I} of control points there exists a
continuous limit function f°° : R — RY such that

lim sup |f (/) —(SU™V ... sOPp%),| =0,

J70 el
and f°° # 0 for some initial data P°. The scheme is said to be C™ continuous, if f*° €
C"(R).

At each iteration we apply a different scheme. In order to study the regularity of
non-stationary schemes, we can exploit the concept of asymptotic equivalence with a
stationary scheme.

Proposition 1.19 [|Ibm_an.d_L§:1iﬂ, |l9_%5|]. Consider a stationary subdivision scheme S,
with arity v and a non-stationary scheme {S,), j € N} with the same arity and support
width. If S, is C" continuous and

oo

D> ]8u0 = S oo < 00, (1.24)

k=0
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then the non-stationary scheme {S,(, j € N} is C™ continuous.

Two schemes that satisfy (1.24) are called asymptotically equivalent of order n+1. A
weaker condition than asymptotic equivalence is the concept of asymptotically similarity.

Definition 1.13 [IQQn_ti_e_t_a].J,lZQlﬂ]. Two subdivision schemes {S,), j = 0} and {Spi», j =
0} are asymptotically similar if

lim ||a® —bY|| = 0.

j—o00
In order to exploit the asymptotically similarity of a non-stationary scheme {S,, j >
0} with arity v we have to consider a relaxed version of the sum rule (1.16). A non-
stationary scheme satisfies the approximate sum rules of order n + 1 if the sequences
k%
k d a(j)(g)

.= qF — .= —J
a]—a(].)(l) v and f;=max max v Tk

R (1.25)
k<n £eE\{1}

with E = {exp(%mﬂ), L=1,...,v— 1}, satisfy

oo oo
Zaj<00, Z'V]n[jj<00,
j=1

j=1
see [IQh.aﬂn.a_e_t_alJ, |29_12|].
Proposition 1.20 [IQh.a]:in.a_e_t_a].J, |29_1j; |anli_e_t_alJ, IZQLSI]. If a non-stationary subdivi-

sion scheme {S,j), j = 0} satisfies the approximate sum rule of order n + 1, and is asymp-
totically similar to a stationary subdivision scheme S, that is C" continuous, then also the
non-stationary scheme is C" continuous.

Instead, to study the regularity of a non-linear scheme we can use the proximity
condition introduced byMalln_QLan_d_mﬂ [2005]; Wallner [12006]. First of all they intro-

duce a convergence condition that is equivalent to requiring that the difference scheme
is contractive as in Definition [.TO

Definition 1.14 [ISA[alln_e_Lan.d_D;Ld, |29_QS|]. A scheme S satisfies a convergence condition

VS| oo <5 IVPlloo, V€ E€NandVp eR?. (1.26)

Definition 1.15 [Ilé[allngr_and_]lyﬂ, IZQD_Q]. Given a linear subdivision scheme S, and a

generic scheme S, the two schemes satisfy the proximity condition if for any set of points
for which

sup[lpi+1 —pill = IVPlleo <€,

1€Z

there exists a positive constant C such that

ISep — SPlloo < CIIVPIIZ, . (1.27)
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Proposition 1.21 [Wallner and D;d, M]. Let a linear scheme S, and a generic scheme
S satisfy the proximity condition (I.27) for any set of points such that ||Vp|| < €. Moreover;
suppose that S, satisfies a convergence condition with uy < 1, then there exists & > 0
and iy < 1 such that S satisfies a convergence condition with i, for any set of points
such that ||Vp|| < 6. Choosing & small enough we can have ug — i arbitrary small.

The conditions for higher order regularity of a scheme S are given in M,M].

In Section [3.T] we will see that a similar condition to and (1.26) is proposed
by|D4Ln_an.d_Hmmanﬂ [|2Qlj] as a sufficient condition in order to a have a convergent
geometric scheme.

Moreover, Ewald et all [|2Q15|] use something similar to the proximity condition
([T27) to prove the Hoélder continuity for Geometric Local Uniform Equilinear schemes,
also called GLUE schemes. A GLUE scheme is a scheme that commute with similarities
which rules depend on a finite number of points and they apply everywhere. Moreover,
if we consider as control polygon a segment, then it is mapped to a segment with half
spacing. Ewald et all [|2Q151] introduce the relative distortion that measures the devi-
ation of a set of points from the linear behaviour. The decay of this relative distortion
gives the existence and regularity of a geometric scheme like in Proposition [T.21]

1.4 Examples of subdivision schemes

In this section we recall some examples of stationary interpolatory linear schemes. We
restrict ourself on this type of schemes because throughout the work we focus only on
interpolatory schemes and examples of non-linear scheme are presented in Section [2.2]
All the scheme presented in this section and Section [2.2] are used for numerical tests.

1.4.1 2N-point schemes

The family of 2N-point schemes by [Deslauriers and Dub [ILQ&Q], is the most famous
family of interpolatory schemes. The name states the fact that the new points are linear
combinations of 2N points from the previous level of iteration. An example of such
schemes is the 4-point scheme with rules already presented in Section [I.2] Here
we want to explain the general construction.

The general rules of the binary 2N-point scheme for N € N are given by

N—-1
ji+1 ji+1 j
péi.{_ﬂ = Z %—H,ZN—I (tg]H_[)) p{_ni £ = {O, 1},
n=—N
where .Z;_,, ;y_; is the Lagrange fundamental polynomial of degree 2N — 1 associated

with the knots ) = =2 and n = —N ,...,N —1. A Lagrange polynomial associate to

i-n 2]
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the knots {ti}ﬁ’;l is defined as

- (t— (t—t)

N
Zion—1(t) = l_[ NS
k;él
and has the fundamental property

Zion—1(tx) = 06 k-

(1.28)

(1.29)

Applying (T.29) in the previous rules for the 2N-points scheme we can deduce that it is

an interpolatory scheme

1 .
Py —pf, (1.30)
j+1 2i+1 j
p21+1 Z Z n,2N— 1( 2j+1 pi
n=—N
Let us compute the masks for the different schemes for some values of N.
e N=1
Consider the two linear Lagrange polynomials (n =—1,0)
L (i) I R A
HLI\ ot )T mL_ i 120 2
2] 2]
241\ S—%r  —1/2770 1
2041 ) Ll /2] 2
2] 2]

and the rules for the 2-point scheme become

pyt=pl, (1.31)
o1 _ 1

J
Pait1 = 5Pi 5P
These rules insert at each level the mean of the two neighbouring points from the

previous level, as shown in Figure[I.7] The mean of two points p’
—>

edge p p’ i4+1> 50 in the limit the scheme reproduces the initial control polygon and
we expect that the scheme is C° continuous. From (I.3I) the mask of the scheme
and the symbol are

i pl+1 lies on the

@ ={213} @r@=sa+sr,

27 72
so the mask and the symbol of the difference scheme are
11 1
b[21={— —} b2y (2) = =(1 +2).
S3f Y@ =30+2)

As the difference scheme is contractive (”b[z]” w =1/ 2), the 2-point scheme is
convergent (C° continuous) according to Proposition [[LI11
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e N=2
Consider the 4-point scheme. Computing the Lagrange polynomials we found the
coefficients state in (I.2))

¥ (2i+1) 2n+1 1
i-13\ 511 )= PYSEE T T
2J+1 1laom-1" 16
2i+1 2n+1 9
"%,3( 2]'+]_ )= nl___lz 2n = E)
n#0
1
2i+1 2n+1 9
Z+1’3( 2j+1 )_ [ 2(n+1) 16’
n=—2
n#—1
. 0
2i+1 2n+1 1
"%”’3( 2j+1 )_nl_lz 2(n+2) 16

The mask and symbol of the scheme are
1 9 9 1 1+z\*

[4]: __0_1_0__} [4]y* :( ) —3_1 52
= {100 L0 h @rE) =52 ) 14—
and Figure [[.3] shows the new point generated by this scheme. The associated

difference scheme has the contractive mask

bt = % {-1,1,8,8,1,—1}, with |p!¥]|_ = g <1

By Proposition [I.T]] the 4-point scheme is convergent. In order to study if the

scheme is C! continuous we factorize the symbol (al*l)*

(1+2)*(1+2)%(—1+42—2%) 1+ 2)? (c[4
2 823 2

and we consider the mask of the second-order differences

(@) ) = Y (z)

1
4l = g{—1,2, 6,2,—1} (1.32)

Since the norm of the mask is ||c[4] || oo = 1, we need to iterate the scheme to check
if it is contractive. Iterating the scheme related to c[*! one time, we obtain

(4]

) <1

C

_ 1. 5 _a _
C(Z)_64{1’ 2,-8,2,7,16,32,16,7,2,—8,—2,1}, ‘

Hence the scheme is C! continuous by Proposition [[.I21 The scheme has Holder
regularity C27¢, but it is not C?, because the mask of the third-order differences,

1
d[4]:z{—1,3,3—1}, Hd{j}” =1 VLeN,
o

is not contractive.
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e N=3

The Lagrange polynomials
. 2
2i+1 2k+1
L — | = —_—,
i n,S( 2j+1 ) kl:_—[3 2(k—n)
k#n

forn=-3,...,2, give the coefficients into the rules of the 6-point scheme

Piiﬂ _ plj (1.33)
1 3 25 ; 150 ; 150 25 3
Pait1 = 5eePia ™ 5ecPin T 5o cPi t 5o cPiv1 T GogPiva T 5o Pivs

Figure [[.8 show the position of the new point pgjl

the scheme are

The mask and the symbol of

1
al®l = 5 (3,0,-25,0,150,256,150,0,-25,0,3},

1+z)63—182+3822—1823+324

To prove that the 6-point scheme is convergent we have to study the difference
scheme

(1+42)°(3—18z+ 3822 —182% +3z%)

1
plol = ﬁ{:;,—s,—zz, 22,128,128,22,—22,—3,3}.

(@) (z)=(1+2) =(1+2)(b) (),

By Proposition[I.11]the 6-point scheme is convergent, because the difference scheme
is contractive, b[6]|| oo < 1. To study if the scheme generates limit curves with
higher order regularity we use Proposition[I.12land we study the scheme for higher
order differences. The scheme of the second-order differences is given by

2 4 2 3 4 2
(a[6])*(z) _ (1+2) (1+2)"(3—18z+38z°—18z° +3z™) _ (1+2) (c[6])*(z),
2 275 2
1
cl®l = —13,-6,-16,38,90,38,—16,—6,3} (1.34)
128
and is contractive, c([g)] < 1. By Proposition [[L12] the 6-point scheme is C!
oo

continuous and also C? continuous because the scheme of third-order differences
(1+2) (1+2)*(3—18z+382>—182° +32%)  (1+2)°
4 2635 4
1
dl¥l = —{3,-9,-7,45,45,-7,-9,3
64{ J

(@) (z) = @y (2),
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j ' j
pi—l i+3

Figure 1.7. Construction of the new point Figure 1.8. Construction of new point for
for the 2-point scheme. the 6-point scheme.

d[6 < 1. Instead the scheme is not C° continuous because the

is contractive, B

scheme
(1+2)* (1+2)*(3—182+382°—182°+3z*) (1+2)*
8 2525 8
1
flel= 3513712,5,40,5,-12,3},

@y (z) = (=),

have ||f[6]||oo >1

Note that the regularity of the 2N-point schemes does not grow linearly with N, to
find the exact regularity see [Daubechies and La gariaé, M].

The examples of 2N-point schemes presented until now are binary scheme, but in
generalbeslauﬁﬁrs_and_ﬂuhu.d [|l9_8_d] define schemes for any arity v. The general rules
are

1 vi+{ ;
i:+f ZZ n,2N— 1( )p{_n, 62{05"%1)_1},

1
n=—N W+
where we now consider as knots t(] ) j" with n =—N,...,N —1. By the fundamental
property of the Lagrange polynomlal the scheme is interpolatory. In the simple
case of 2-point scheme we can easily deduce the rules. In fact, the Lagrange polynomials
give

vi+l i+1

o vi +4 _ o L
L2\ it i_itl v
v v
. vit+l i
¥ vi+l\ oy !
L2yt )T LTy

vi vi
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for{ =0,...,v—1. The mask and the symbol of the 2-point scheme with arity v are

5—(»=1)

(14+z+...4+2" 132 (1.35)

1
a=-{1,2,...,v—1,v,v—1,...,2,1}, a*(z) =
v
Using Proposition [[.T3]we can prove that the 2-point scheme converges for any arity
v. Let us consider the difference scheme such that

14+z+...4+2"!
vz'V—l

@) =0Q4z+...+2"Y) =1 +z+...+2"Hb*(z),
b=2{1,1,....1}.
y

The norm is

1
b1l oo ZmiaX{Z|bve+i|} =5<L

lez
hence the difference scheme is contractive and the 2-point scheme converge.

1.4.2 4-point scheme with tension parameter

J
b,

Figure 1.9. Construction of the new point for the 4-point scheme with tension parameter w =
1/32. The points generated by the 2-point scheme and the 4-point scheme are shown, for
comparison, in dash line.

Another interesting example of an interpolatory linear scheme is the 4-point scheme

with tension parameter w [[Dyn et a1.|, 1987]. It is defined as

L
Py =P, (1.36)

1 _ j 1 i (1 j j
Py = WP T (5 + W)pi + (E + W)pi+1 ~WPio»

and has mask . .
a= {—W,O,— +w,1,— +W,0,—w}.
2 2
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In the special case w = 0 it reproduces the rules of the 2-point scheme, while for w =
1/16 we obtain the 4-point scheme. This scheme is a combination of the 2-point and the
4-point scheme. In fact,

1 1 1 1
a=(1—16w) {—, 1, —} + 16w {——,0, 2, 1, 2,0,——}
2 2 16 16 16 16

=(1—-16w)a? + 16wal*.

If we take w = 1/32, then the resulting scheme is the mean of the 2-point and the 4-
point scheme. The position of the new point pgjl in this case is shown in Figure
The points, connected with dash lines, are the points generated by the 2-point scheme
and the 4-point scheme. We observe that pé';ll is not exactly the mean of the points
generated by the 2-point and the 4-point scheme but it is between these two points.
Varying w, also changes the regularity of the scheme, because the 2-point scheme is
only convergent, while the 4-point scheme is C! continuous. In [IQM_LIJ, M] the
behaviour of the scheme for different w is studied and they prove thatif w € (—%, %) then
the scheme is C° continuous, while the scheme is also C! continuous if w € (O, %)
In the next chapters, we present some interpolatory geometric schemes, we give some

results to study their regularity and we use them as numerical examples.
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Outline

Linear schemes are well understood and studied (see e.g. [|£Qn.ti_an.d_Hmm.anﬂ, |2Qll|;
Mmﬂ_aﬂ, [12%]] [12&Z|; M [29.@[1292 hian_an.dllﬂ h&&d]), but sometimes the result-

ing limit curves have some artefacts like loops and cups. For this reason, it is interesting
to consider geometric subdivision schemes.

A geometric subdivision scheme is a non-linear scheme that, in each iteration, uses
a geometric construction to generate the new points. In this way, the geometry of the
initial control polygon is taken into account in the resulting limit curve. This produces
less artefacts in the limit curve than a linear scheme.

The problem with geometric schemes is the lack of tools to study their regularity. We
cannot use the well-known results of the linear case for this type of schemes, and it is
complicate to find new methods.

Some studies are done for special cases of non-linear schemes, as those proposed by
Floater and Micchelli [[1998]; [Schaefer et al| [2008]. These schemes take a binary linear
scheme and they replace the binary linear average, as the arithmetic mean, with a non-
linear average, as the harmonic mean or the geometric mean. This type of non-linear
schemes is strictly related to their relative linear schemes and they inherit from them the
smoothness.

Another possible approach uses the concept of asymptotic equivalence [Dyn and
Levin, 1995] or the proximity condition Malm_enandmﬂ, 2005] to a linear scheme. For
example, i [IZQ_OAI] show that the circle-preserving 4-point scheme is
asymptotically equivalent to the linear 4-point scheme of Mmmnd_ﬂuhudﬁi
and it inherits its C! continuity. The proximity condition is used instead by

] to prove the regularity of manifold-valued schemes. These two conditions do not
cover all the possible non-linear schemes. For example the schemes presented in [Dyn
and Hormann, IZQ]j] do not satisfy the proximity condition. Moreover, the asymptotic
equivalence and the proximity condition, with a linear scheme, allow to study the ana-
lytic continuity of the limit curve. This type of continuity needs that the limit curve is
parametrized. For other non-linear schemes ad-hoc proofs are proposed, like in [@,
2006; [Zhao et all, 2009; Deng and Wang, 12010; Hernéndez-Mederos et all, 2013], or
only numerical evidence of the regularity of the limit curve is given [[D_eng_an.dMﬂ

|2Q1Al |Qa.shman_e1_al,| |2Ql§i|] h)gm_an.d_ﬂmnanﬂ [Izmd] are the first to give geomemc

conditions such that a non-linear interpolatory scheme converges and produces tangent
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continuous limit curve. The key features of these conditions are the possibility to apply
them to any type of interpolatory scheme and they are purely geometric, so they do not
rely on any parametrization of the limit curve. [|2Qlj] study the ge-
ometric continuity of the limit curve. The G" continuity with respect to C" continuity is
independent on the parametrization of the curve and depends on geometric entities like
edges, angles, tangents, circles.

In Section 2.Tlwe analyse the main differences between C™" continuity and G" conti-
nuity giving some examples of curves that have one type of continuity and not the other.

The conditions given by h)gm_an.d_H.thanﬂ [|2Qlﬂ] are presented in Chapter Bl These

conditions depend only on geometric quantities like edge lengths and angles generated
by the subdivision control polygon. In particular, [Dyn and Hormann [IZJ)Q] show that
the summability of maximum edge length is sufficient to have a convergent subdivision
scheme, while the summability of the maximum of angles in absolute value gives a tan-
gent continuous limit curve. These conditions prove the G' continuity of a geometric

scheme.
In the literature there are some subdivision schemes [[Deng and Wang, [2010: Deng

and Ma,|2Q1j,|2QléJ; Hf:mén.dez;MideLQs_emlJ,thj] that claim to generate limit curves

with continuous curvature. Therefore, my work is devoted on extending the conditions
ofDyn and Hormann [IM], finding sufficient conditions for an interpolatory scheme to
generate G2 continuous limit curves. Instead of edges and angles, in this case we consider
the circles passing through three consecutive points generated by the subdivision process.
We look at the maximum difference of curvatures between neighbouring circles and we
claim that the summability of this sequence is responsible to generate limit curves that
are G2 continuous. Unfortunately the proof is not complete yet; in Chapter@we give the
idea of the proof and the results that we already proved with some numerical evidence
for the missing points. Moreover, we present also some numerical examples to support
the correctness of the proposed condition.
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Chapter 2

Geometric subdivision schemes

All previous attempts to prove the regularity of a geometric subdivision scheme use the
concept of asymptotic equivalence, proximity condition, or they are proofs suited for
very specific subdivision schemes. As we saw in Section [I.3] the asymptotic equivalence
and the proximity condition, even if they are general methods, provide only the analytic
continuity of the limit curve. In this chapter we define what G™" continuity means and we
make a comparison between analytic C" continuity and geometric G" continuity, giving
some examples of curves with different type of regularity. The aim is to explain why it
is necessary to change the approach if we consider geometric schemes.

In the second part of the chapter we recall some examples of geometric subdivision
schemes presented in the literature that we use to test our sufficient condition. Finally,
we introduce a new scheme that is designed to satisfy our G condition.

2.1 C" continuity vs G" continuity

It is worthwhile to analyse the differences between a curve that is C" continuous and a
curve that is G continuous. For this reason, we recall some basic notions of differential

geometry (see e.g. HDQ_CaImd, |_'I.9_Zd]).

Definition 2.1. A parametrized curve is a continuous map € : I C R — R?, where I is an
interval of R.

Definition 2.2. A parametriged curve is C™ continuous, if it is n times differentiable and
forany xg €1

lim ¢“(x) = lim ¢0(x) =6 (x), €=0,...,n.
0

x—»xa XX,

€ denotes the (-th derivative of the curve €.

35



36 2 Geometric subdivision schemes

Suppose that a curve is twice differentiable at any point and 6”(x) # 0, then the
tangent vector and the curvature of the curve % are defined as

W)
=)=z
det(%(x), " (x)
k=k(x)= ) (2.1)
09 ROk

The determinant of two vectors is equal to the cross product of two bidimensional vec-
tors. If €’(x) # O for any x €I, the parametrization of the curve is said regular.

The concept of C" continuity is strictly related to the parametrization of the curve,
while geometric continuity is invariant with respect to the parametrization. First of all
we need to introduce the concepts of tangents and curvature for an arbitrary curve in-
dependently of the parametrization.

We use the definitions given by |D4m_an_d_Hmmanﬂ [|2Q1j] because they introduce
sufficient conditions to require the G' continuity depending only on edges, angles and
tangents.

Definition 2.3. Any two distinct points p, ¢ € R? determine a directed line pq from p to
q with direction (¢ —p)/ |llq —plI.

Definition 2.4. The signed angle <(s, t) between two directed lines s and t is the angle
between the two directions measured from s to t, where counterclockwise angles are positive
and clockwise angles are negative. For parallel directed lines s and t, we have <(s,t) =0 if
— - > -
s=torx(s,t)=mif s =—1t.

Definition 2.5. Let % be a continuous curve and p, q two points on the curve. A direct line
t is the directed tangent at p if the directed line pq converges to t as q approaches p along
% from the right and qp converges to t as q approaches p from the left.

Definition 2.6. A curve % is said G' continuous if it has a directed tangent at each point
p € € and if the directed tangent at q € € converges to the one at p as q approaches p
along €.

This means that there are no jumps in the direction of the tangents along the curve.
In general, analytic continuity C' does not implies geometric continuity G*.

Example 2.1. Consider the curve
F(x)=(x%x%), xe[-1,1].

The first derivative at zero is zero but if we consider a sequence of points that converges to
zero from the left they define the tangent t = (0,—1). Instead if we consider a sequence
of points that converges to zero from right, the directed tangent is (0, 1). The tangents
lie on the same line but with opposite directions as can be seen in Figure 2.1
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€'

t
-1 0l ¢ 1

Figure 2.1. Example of a C! continu-
ous curve that is not G! continuous: Figure 2.2. Circle passing through
€(x) = (x3,x2) for x € [-1,1]. g, pandr.

In the same way for the G? continuity we consider a definition of the curvature that
is independent of the parametrization of the curve.

Definition 2.7. Let q, p, r be three points in R%. A discrete interpolating circle C is the

circle passing through three points q, p, r. The absolute value of the discrete curvature k is

the inverse of the radius

=—) (2.2)
llp —ml|

where m is the center of the circle, see Figure[2.2] The curvature is positive if q, p and r are

in clockwise order otherwise is negative.

The concept of discrete curvature allows us to give a definition of curvature based

on the notion of the osculating circle (see e.g. [Marmd, |l9_Zd; |Ea]:iﬂ, |20_Qj]).

Definition 2.8. Let % be a curve and q, p, r three points on the curve itself. If the discrete
interpolating circle passing through q, p, r converges to a circle when q approaches p along
the curve from the left and r approaches p along the curve from the right, then this limit
circle is called osculating circle. The tangent of the circle at p is the directed tangent of the
curve at p. The curvature of the curve at p is the reciprocal of the radius of the osculating
circle.

If the three points g, p and r are collinear at limit, then the osculating circle degen-
erates to the straight line passing through these points. In this case the direct tangent is
give by pr and the curvature is zero.

Considering the discrete circle passing through g, p, r non collinear points (see
Fig.[2.2), direct computations give the radius as

lq—mij = 2=l
sin(f71/2)’
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where we consider the absolute value of the angle, because the radius of a circle is always
positive. Any angle inscribed in a circle is half the central angle that subtends the same
arc, so

lyl=2n—-2|p|=2n—-2(n—16]) =216],

and,

|Ir Air—qll’
I =

la= sin([5])”

Then, the discrete curvature (with sign) at the point p is

_ 2sin(8)
Ir—qll’

(2.3)

The sign of the discrete curvature is given by the sign of the angle §. In Figure 2.2]
6 is positive, which is the reason why in Definition 2.7l we say the discrete curvature is
positive for a clockwise triple of points. Moreover, if the three points g, p, r are collinear,
then the angle & = 0 and also the curvature is zero.

It is possible to show that the curvature of the osculating circle is equivalent to the
usual definition of curvature for a parametric curve (2.I). Let us consider a twice dif-
ferentiable parametric curve % at a point %' (x) = p. We define the points g and r on %
as

Ax%

q=%¢(x)—%"(x)Ax; + C5”()()— +0(Ax3),
x2

r=%(x)+%"(x)Ax,+ %”(x) Z 4 O(Axg)

such that they converge to p with two different velocities Ax;, Axy, — 0. The unsigned
curvature of ¢ at p is the limit of the discrete curvature

2sin(|6])

Ahm k) = Jlim S

for i = 1,2. The norm of the cross product between two bidimensional vectors a and b
is

lla x bl| = |det(a, b)| = [|all ||b]| sin((a, b)).
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Using the definitions of g, r we have

2sin(l5]) . 2@ x 7|
hm k(p)= lim ————= = lim
(p Axi=0 |[r—ql|  ax—o|p—qllllr—=pllllr—qll
zH(%’(x)Axl—%”(x)ﬁ) (%’(X)Ax2+(€”( )A"Z)‘
= llm _Ax2
Axi=0 H%’(x)Axl Gr(x) ’%’(x)Ax2+C€”(x) ‘Cg’(x)(Ax1+Ax2)+<5”(x) 5 H
> H(% (3) x ()AL 4 (7 () x 6 () 22
= lim 2
Ax_)OAxlezH‘ﬁ’(x) @ (x)An H(gf(x)+(5~(x)“2 H(f’(x)(Ax1+Ax2)+‘€”(x)$
e (Axy+ Axy) ||67(x) x €7 (x)
Axi=0 H(gf(x) @(x)An H%’(x)+(€”(x)Ax2 H‘ﬁ’(x)(Axl+Ax2)+‘€”(x)Ax2 axf
|€7(x) x € (x)|
= lim
20 g — ) 22| 6700 + oAz e + e ez

_[EC) x €| _ [det(#"(x), €7 (x))]
[kades]y I CON

for i = 1,2, which is equal to (2.I). We eliminate the higher terms because they decay
to zero and they are irrelevant from a computational point of view. Moreover, we exploit
the properties of the cross product.

The advantage of using the discrete curvature (2.3) instead of (2.1) is that the curve
does not have to be twice differentiable and we do not need an explicit parametrization.
Moreover, using (2.3) in a geometric subdivision scheme, we exploit only the angles and
edges defined by the points. We are now able to define a G? continuous curve.

Definition 2.9. A curve is said to be G? continuous if there exists an osculating circle at
each point p € € and the curvature of the osculating circle at ¢ € 6 converges to the
curvature at p as q approaches p along €.

Example 2.2. Consider the curve

[ (sin(%x®),cos(%x®)—1) x€[-1,0)
%(x)—{ (sm(% 3),1—cos(3x®)) xe€[0,1] °

displayed in Figure 2.3l The curve is composed by two sectors of unit circles: it is G* but
not G2 continuous at zero because the two circles have opposite curvatures. With the
previous parametrization the curve € is C? continuous, in fact the second derivative is

" (x) = (377:tc05(%x3)_%n2t4sin(%xS)’_:;ntSin(%xs)_%n2t4cos(%x3))
(SRtCOS(%xS)_%n2t4sin(%x3)’3ntsin(%x3)+%nztdrcos(%xg)) ,

and we have lim,._,o- ¢ (x) = lim,_,¢+ " (x) = (0,0).
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Figure 2.3. Example of a C? continuous curve Figure 2.4. Discrete circle with
thatis not G2 continuous because it is composed tangent t and angles a and o .
by two circles with opposite curvatures.

This example shows that the continuity of the second derivative does not imply the con-
tinuity of the curvature.

In Definition [2.7] we define the discrete interpolating circle as the circle passing
through three points. In general, a circle can be described in several equivalent ways:

1. the circle with center m and radius ||[p —m||,

2. the circle passing through three points g, p and r,

3. the circle with tangent line t at p and curvature k.

4. the circle with tangent line t at p and passing through p and r.

These are the different descriptions that we use throughout the thesis. For each different
description of the circle we can compute the curvature in different ways.

Lemma 2.1. Let t be the tangent at p of the circle passing through q, p, r, then
O-+ = {(ﬁ’ t) = q:(az’ @)) and o_ = <(_t’p_q)) = <(ﬁ))’r_q))
Proof: For the definition of the angles o, o_, a, B we refer to Figure[2.4] and

1
o =«(q7,qp) = 5 «(mF, mp) = o,
because an angle inscribed in the circle is half of the central angle that subtends the same
arc and some relations between complementary angles (see Fig.[2.4). In the same way
we have
o_=p=<{@r,q).

Then, the curvature of a circle with tangent t at p and passing through r or q is

2si 2si
kpor, ) = 250000 g p, 6y = 2500
p—rl lp—al
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0
pk+1

P, | B=P;

Figure 2.5. The sequences of points {q,}, and {r,}, that Figure 2.6. Limit curve generated
converge to p respectively from the left and right. by control points p? 7).

Il

This remark allows us to prove that the osculating circle of a curve % at p is the limit

of two sequences of circles with tangent ¢ and passing through p, g, and p, r,,, as q,, and
r, converge to p (see Fig.[2.3).

Proposition 2.2. Let € be a G! continuous curve. Consider two sequences of points {q,}nex
and {r,},en on &, which both converge to the same point p € %, respectively from the left
and from the right. We denote by k(q,,, p, t) the curvature of the circle that has the tangent t
of the curve at p as directed tangent and passes through p and q,,, and likewise the curvature
of the circle with tangent t, passing through p and r,, by k(p,r,,t). If the two sequences
of curvatures converge to the same limit

Jlim k(qn, p,t) =k = lim k(p,ry, 1),
then

(i) they converge to the same limit of the sequence of discrete curvatures
Jim_ k(qn,p, 1) =k

(ii) k is the curvature of the curve € at p.

Proof: Let us consider two sequences of points {q,,} and {r,} on a curve % that approach
p respectively from the left and the right and t the tangent of the curve at p (see Fig.[2.5).

The curvature of the circle that has tangent t of the curve at p as directed tangent
and passes through p and q,, is

2sino_
k(qn,p,t) = 7—. 2.4
P — .l
Analogously the curvature of the circle passing through r,, is
2sino
k(p, Ty, t) = ——— (2.5)

I —pll
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By hypothesis, both the the sequences converge to k.
The discrete curvature of the circle passing through q,,, p and r,, is

2sind
k(qn,p, 1) = ——=.
" " ”rn - qn”
From Figure 2.5l and Lemma [2.T] we observe that

Sp=an+Pp=0ny+0,_=<x(Drp, ty) + Lty t) +X(t, t,) + X(ty, qup) =04 +0_,
(2.6)

”rn _qn” = ”p - qn” cosa, + ”rn _p” COs ﬁn'
Thus, the discrete curvature becomes

2sin6, 2sin(o,+0_)

Ira —aall — Ilp —qyllcos a,, + I, — pll cos B,
_ 2sin(o,)cos(o_) + 2sin(o_)cos(o )

”rn_p” COSﬁn + ”p —qnllcos an

k(QmP, rn) =

Since g, and r,, converge to p, we can assume that from a certain n on, both |a,| and
|B,,| are smaller than 7t/2 and the cosine of these angles is positive. Using (2.4), (2.5)
and Lemma [2.3] the discrete curvature k(q,, p, r,) is bounded,

T,
cos(0_) cos(o,)
o KPS

k(gn, P, 7)) = min {k(p, )

k(G P, ) < max {k(p, _—

Using the relations between the angles in (2.6), the behaviour of the two terms, when
n— o9, is

cos(o_) . cos(f3, —x(t,, 1))

cos(Br) e P T O o)

cos(,) cos(x(t,, t)) +sin(fB,) sin(X(t,, t))
cos(f3,)

= lim_k(p, ry, £) (cos((ty, 1)) + tan(B, ) sin(<(t,, 1))

=k.

lim k(p, 1y, )

= nlingo k(P, Tns t)

From the definition of the discrete interpolating circle we have that the sequence of
curvatures k(q,, p, r,) converges to the curvature of the curve at p, and the sequence of
tangents t, of the discrete circles converges to the directed tangent t of the curve at p,
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lim,,_, o0 %(t,, t) = 0. Moreover, by hypothesis k(p, r,, t) converge to k. Analogously,

cos(o,) . cos(a, +<X(t,,t))
hm k(qn5 5 t)m - n1_1>I20 k(Qn,p, t) COS(an)
. cos(a,,) cos(X(t,,t)) —sin(a,) sin(X(t,, t))
= lim k(qn:p) t)
n— o0 cos(a,,)
= lim k(qn, p, t) (cos(K(ty, t)) — tan(ay,) sin(K(ty, t)))

=k.
Using the squeeze theorem we then conclude
Jlim k(gn, p, ) = k.

O
This general result is used later in the proof of our condition for G? continuous curves
generated by an interpolatory scheme (see Section [4.3.2)).

Lemma 2.3. For any a,b € R and c,d > 0 we have

Proof: If
be atb _ b(g+l) _p
2<2 = as-g = +d = Tord =1
c d h>u a+b>a(1+%)>a
c+d = “ctd = ¢
Otherwise
1+4
a b b< ath o adlte) g
- > — = bc = c+d cc+d c .
c d a> % atb o bG+D b
c+d c+d d

Il

Before we introduce some examples of geometric subdivision schemes, we have to

remark that a subdivision scheme can hardly generate a G' or G2 limit curve for all input
data. For example, if we consider as control points

(i,0) i<—k,
pY =4 (0,0) lil<k, (2.7)
(0,i) i>k,

then any subdivision scheme with support 2k + 1 generates a limit curve composed by
two perpendicular straight half lines as in Figure In order to avoid this strange con-
figuration, for the rest of the thesis we suppose that we cannot consider control polygons
with identical points.
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J
i+1

J
i-1

Figure 2.7. Definition of edge length e{ and Figure 2.8. Definition of discrete curvature
angle 5f k.

2.2 Examples of geometric subdivision schemes

Here we recall some non-linear subdivision schemes presented in the literature that use a
geometric construction. These schemes are of our interest, because they allow us to test
the conditions, given in the following chapters, to study the convergence and regularity
of the limit curve.

We introduce some notations that we use in the definitions of geometric schemes. At
level j of the subdivision process we denote with

i
Piy1 7D

J_
i<

R S

the edge length of pf pf .- Considering three consecutive points pf_l, p{ and p{ 4+ gener-

ated by the subdivision scheme, they define a triangle with angles

_ s _ _

J._ A A J._ jJ jooJ J._ jJj A
@ := (P4 Piy1o Piali)s By i= (PP 5 P Piga)s O = X(P;Piiqs PioaPy)s

(see Fig.[2.7). By a geometric constraint, for every triangle we have
j J_ i
a; +f; =6;.

J

i—1°

whose curvature is denoted by kl]. (see Fig.[2.8). Using (2.3), the curvature kg is com-

The three consecutive points p pf and pf 4 define also a circle passing through them,

: j j
puted using the external angle 6; and the edge length e,

2sin 5{

j
¢

K =
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2.2.1 Incenter scheme

One example is the incenter scheme proposed by IDeng and Wanﬁ 2(11d]. It takes as

input a set of control points P° and tangents T° = {t?} for each point. It is interpolatory,
o) pjzfl = pf , and each new point pjzﬁl is the incenter of the triangle formed by the edge
e

Ji : J J
p;p;,, and the two tangent lines t; and —t;_;,

. (e,j)
sin| & j
1 _ g Ti (. j
Poip1 =P; T W R(‘;) (plis—p])
sin 5

where y! := «(t],p!p!, ) and 6] := x(p]p!, |, t]. ), (see Fig.2:9). With R(0) we indi-
cate the rotation matrix
_ [cos(8) —sin(0)
R(6)= (sin(@) cos(0) /)’

. ji+1 . ji+1
For any new point p{ A they choose provisional tangents u{+ such that

i

L ji+1 _ Piy1 7 P;
Uy =t 241 7 | ;
‘pi+1_pi

The previous tangents are kept at the interpolating points, while at the new points the
—_—

tangents are defined with the same direction as the edge pf pf +1- Then, the new angles

are _ ,

j j
S+l it Y _j+1 A1 9_1
20— 2i T g0 2041~ 2i+1 7 o

Dengﬁndﬂané [|2Ql_d] claim that in order to obtain a curvature continuous subdivision

scheme the tangents should be adjusted,

Lol L g

. . . . ey 7 ) !
+1 1) j+1 . +1 1 -1
t! ZR(GJ )uz with ¢/ = ———"=""—= 1L g
i i i i —-j+1 + -j+1 _j+1 + j+1

Vi i1 Ti i

where 0 < € < 1/2 and rl.] ™! is the radius of the circle passing through pf 1 and p{j:ll
with tangents u; 1 and /7!

i+1°
41 g
i+1 ‘pi+1 pP;
r’ = —
i . —-j+1
Zsm(y{ )

Once the tangents have been adjusted, also the angles y{“ and Gij 1 are adjusted with

the same value
J+1  _j+1

j+1 j+1 AJ+1 j+1
Yl = ')/l, + O'] 91] = 93 - O-]

[ i+1°
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(@) (b)

Figure 2.9. Construction of the new points for the incenter scheme (a) and the new tangents (b).

In the end, the scheme does not interpolate the initial tangents due to the correction with
G{H, for this reason it is not a Hermite scheme. In ﬂﬂemfmieﬂe_d_eﬂls_e_t_il], QOLEI]
a generalization of the incenter scheme is presented that does not correct the tangents
and is really a Hermite scheme.

Deng and Wang [|2Q1_d] prove that the limit curve generated by the incenter scheme
is G continuous and claim that it is also G2 continuous. In the next chapters, we use
this scheme to test out sufficient conditions in order to guarantee G! and G2 continuity
of the limit curve.

2.2.2 Angle-based 4-point scheme
The angle-based 4-point scheme is introduced in [ﬁm_an.d_Hmmanﬂ, |2Qlj] as an ex-

ample of a scheme that satisfies the G! condition presented there. It is an interpolatory
bisector scheme (1.9),

j j j JyL
j+1 _ PiTPin it ( j+1 )(pi+1_pi)
2i+1 — 2i+1 5 )

such that
J J
j+1 pitl 6; +06;,,

Qoiv1 = Poip1 = 3 :

The scheme depends on 4 points because the new point pé';ll is constructed by quadri-

secting and averaging the external angles 5{ and 5{ 4+ (see Fig.[2.10). Using the general
relations between angles,

1 ej Al ) 1 g+l j+1
&y =0 =y — By ys Oyir1 = Unipy T Bo 0 (2.8)
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J
i+2

p{'_l pz 1
Figure 2.10. Construction of the new point Figure 2.11. Construction of the new point
pzlJrl for the angle-based 4-point scheme. pzlJr1 for the circle-based 4-point scheme.

we obtain in the specific case of the angle-based 4-point scheme,

i e j j j j_si YY)
R Bl ) = Vs sl Bkl S PV S ek TS ROP

8 8 - 8 > 2i+1 4

Note that the coefficients in are the same as the mask of the second-order differ-
ences for the 4-point scheme (1.32)).

The angle-based 4-point scheme generates a circle whenever the initial points are
vertices of a regular polygon. In this case all the initial external angles are equal 6; 0=50
and in the following levels 6/ = 2775°, thanks to (Z.9). Then, the scheme produces
a sequence of regular polygons with common radius and centre, because the scheme
is interpolatory. In the limit the regular polygons converge to the circle with the same
radius and centre.

We postpone the discussion of G' continuity of this scheme to Section 3.2

2.2.3 Circle-based 4-point scheme
Also the circle-based 4-point scheme is presented in ﬂD;m_and_Hmmanﬂ, |2Qlﬂ] as an

example of scheme that satisfies the G! condition given. It is an interpolatory bisector
scheme Where they average two c1rc1es Namely, they consider the two circles that pass

through p 1 p! i pl 4+, and pl, pl 1 p! 145 respectively and their intersections ¢; and g,
—>

with the perpendicular bisector of the edge p p!

; see Figure 2111 The new point

i+1°
_

p21.+1 is not the mean of ¢; and q,, but averages the angles 6; = ¥X(p; plﬂ’pi'ql) and
0, = <(Pipi+1,piqr), so that

i1 _ i _ 6+ 6;
2041 = Pair1 =7 5 -
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By some geometric considerations, we observe that 6; = a{ /2 and 6, = f5; +1/ 2, giving
the relation
. . a '+ [3’
j+l1 _ pjtl i+1
Aoiy1 = Poip1 = s (2.10)

Introducing (2.10Q) into the general relations for 5] *1and &7 ([2.8), we obtain

2i+1
. —a; +36] a +[3
j+1 1+1 j+1 i+1
5 = 2 , 5, = —2 ) (2.11)

This type of scheme clearly reproduces circles if the starting points are sampled on a
common circle. If all the points lie on a circle, then the generating points q; and q, are
the same point which lies again on the same circle. Every point generated by the scheme
is on the circle and, at the limit, the scheme generates the circle itself.

For an arbitrary control polygon, the limit curve is circle-shaped as shown in Fig-
ure (top left). This example is suited to show how a geometric scheme takes into
account the geometry of the control polygon. Considering a control polygon with differ-
ent edge lengths, a linear scheme, like the 4-point scheme, can produce artifacts, as can
be observed in Figure (right). Instead the circle based 4-point scheme follows the
geometry of the control polygons (Fig. left).

2.2.4 Circle-based 6-point scheme

In order to further test our condition for G? continuity, let us consider an interpolatory
geometric scheme that is expected to produce limit curves with continuous curvatures.
For simplicity, we choose a bisector scheme,

j j J+1 JyL

j+1 _ PitPig O%is1 (pH-l p;)

hi4] = —— +tan .
2 2 2

To define the angle 62 .., We take inspiration from two different schemes: the angle-
based 4-point scheme and the circle preserving variant of the 4-point scheme presented
by |Sabin and DngsQﬂ [IZJXMI]

From the angle-based 4-point scheme, we keep the idea of using the mask of the
second-order differences for the 4- point scheme to compute the new external angle 57t

2i+1

with respect to the angles 5] 5{ ‘1 . To gain regularity with respect to the angle-

based 4-point scheme, we con51der the mask of the second-order differences of the 6-

point scheme (1.34). We choose the 6-point scheme, because it generates curves that
are C2 continuous (see Section [L.4).

Floater and Micchelli [[19_9_§] observe that the 4-point scheme is such that the second

divided dlfference at a point p2 +1 is the mean of the second divided difference at the

points pl. and pl. +1- Sabin and Dod ngﬂ [IJ)M “translate” this idea to the discrete inter-

. . . i+1 . .
polating circles: the new point pgﬂ is constructed such that the discrete curvature at




49 2 Geometric subdivision schemes

p1o Py

Figure 2.12. Limit curves generated by the circle 4-point scheme (top left) and the 4-point
scheme (top right). The bottom figures zoom to the limit curves close to the point pq.

Figure 2.13. Construction of the new point PZ:L for the circle-based 6-point circle. With dash

k]+1

line are shown the four circles that define %+l
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this point, denoted with kgjl, is the mean of the discrete curvatures of the old points,
kJ +K
j+1 i+1
kyiq T (2.12)

The same idea is used in [|Qas_hman_e_t_a]..|,|20_1j] in a generalization of the Lane-Reisenfeld
algorithm. The averaging coefficients used in are twice the odd submask {1/4,1/4}
of the mask of second-order differences for the 4-point scheme (1.32).

In our case, the idea is to apply twice the odd submask

1
—{-3,19,19,-3
64{ b 9’ 9’ }

of the second-order differences of the 6-point scheme (1.34) to the discrete curvature,

requiring that

19 19

JHL 2 g J 4+ o2
k21+1 32k1 1 Szkl k1+1 k1+2 (2'13)
Then, the external angle 577 o +1 is computed using the definition of discrete curvature,

P S |

o1 2sin(dy

241 || ; -
J_ i
i ~Pin

Jj+1

k o . .
In order to find 6%:11 we should have -4 p - pl = s1n(6g;11) in the interval

[—1,1]. Unfortunately, this is not true for an arbitrary initial control polygon. A pos-
sibility is to apply some iterations of another scheme and then the circle-based 6-point
scheme. In the numerical tests if the scheme is not defined for the control polygon con-
sidered, we apply one iteration of the 4-point scheme with tension parameter w = 1/32
that gives a new control polygon quite close to the initial one, then we can apply safely
the circle-based 6-point scheme.

With equation (2.13), we require that the discrete curvature at the new point pzl 1
is a linear combination of the discrete curvatures of the points from the previous level j.
Thus, we expect that the curvature of the limit curve changes continuously. Moreover, we
think that (2.13) helps to prove certain conditions on the curvature, even if the discrete
curvature kl]. "1 does not satisfy a nice recursion formula as (2.8).

Using a different scheme in the first steps of subdivision, does not change the regular-
ity of the limit curve. In the next chapter, we use this subdivision scheme to numerically
test the proposed G2 condition.

The circle-based 6-point scheme is a circle preserving scheme once all the initial
points lie on the same circle. In this case, the discrete curvatures at the starting level are
all equal k? = k and, since the coefficients in (2.I3) sum up to 1, we have k;jl = k] k
forall j > O. If we consider a line as a circle with 0 curvature, then the scheme retains
also lines.




Chapter 3

Geometric sufficient conditions for
convergence and tangent continuity

As pointed out in Section [[.3] when dealing with geometric subdivision schemes there
are few general tools that can be used to prove the convergence to a limit curve and its
regularity. For a geometric subdivision scheme it is worthwhile to study the continuity
of geometric quantities like tangents and curvatures. In this chapter we recall the suffi-
cient conditions presented by|D4m_an_d_Hgtmanﬂ [|2Qlj] to require that an interpolatory
subdivision scheme is convergent and generates curves with tangent continuity (G* con-
tinuity). The key feature of this work is that the conditions requested are independent
on the parametrization, they only depend on geometric quantities like edge lengths and
angles. The conditions given are generic and can be applied to any binary interpola-
tory scheme. The restriction on interpolatory schemes is necessary because the proof is
point-based, in the sense that they fix a generic point of the control polygon and study
the behaviour of angles, edges, secants around this point in the limit. Since the scheme
is interpolatory, any generated point belongs to the limit curve and the limit behaviour
of angles, edges, secants gives the behaviour of lengths and tangents of the limit curve
in a neighbourhood of the point. [@] tries to generalize the conditions given
by |Ibm_an.d_Hmmand [|2Qlj] to the case of non planar curves and non interpolatory
schemes. M [@] proves that the summability of the edge length is a necessary
condition for the convergence of schemes where the even rule is continuous on a set of
null points. An extension of the G! condition has not been found yet.

In Section[3.2]we show which geometric schemes from Section [2.2]satisfy the condi-

tions proposed by|D4m_an.d_Hmmand [|2Qlj].

3.1 G! sufficient conditions

The classic definition of convergence (Definition[I.T2]) for a subdivision scheme requires
a parametrization. The notion of convergence is related to the uniform convergence of

51
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piecewise linear functions f J:R — R?, j €N, that interpolate the points of the scheme
pf at certain values of the parametrization.
In order to study the convergence without an explicit parametrization, Dyn and Hor-

mann [IZD_lj look at the distance between the midpoint of the edge p p and the

i+1

corresponding inserted point pgjl (see Fig.[3.1D,

J j
g |[PitPis i

i 2 2i+1 (3.1

They consider the supremum of these distances at level j,

d’ = sup dij ,
i€Z
and the sequence of these suprema
d ={d’};5o.

The value of d’ gives the distance between the two control polygons at level j + 1 and
level j

77 = = 0= PO ="

Thus, the uniform convergence of the functions f/ implies that d’ is a null sequence,
namely a sequence that converges to zero.

Theorem 3.1 [I]lyn_and_HQ]:mand, |29_1j]. If S is convergent, then d is a null sequence.

A similar necessary condition can be given considering the sequence of edge lengths

(see Fig.[3.1D,

| OO A |
el_Hpi+l b;

3.2)

In the same way, we study the sequence of suprema

ej - Supei) e = {e] }jZO)
I€Z

and it is clear that the behaviour of e is equal to the behaviour of the sequence d.

Proposition 3.2 [|D4m_an.d_Hmmanﬂ, |2Qlj]. The sequence e is a null sequence if and only

if d is a null sequence.

Unfortunately, the convergence to zero is not sufficient to prove that the subdivision
scheme is convergent, we need a stricter condition.

Theorem 3.3 [lD;m_an.d_H_mn.anﬂ, |2Qlj]. If d is summable then S is convergent.
The summability of d is sometimes hard to verify, so|Ibm_an.d_Hmm.anﬂ [IZQlj] show

that it is equivalent to requiring the summability of e, the sequence of edge lengths.
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—e Pl P;
Figure 3.1. Definition of the distance dij Figure 3.2. In the bisector scheme the point
and edge length el pgjl lies on the orthogonal bisector of the
edge p/p/,,.
Proposition 3.4 [|D4Ln_an.d_Hmmanﬂ, ZQlj]. The sequence e is summable if and only if d
is summable.

It is not surprising that we ask for the summability of the edge lengths sequence. In
fact, if e is a geometric sequence with ratio u < 1, then the decay

. jt1 j+1
e/t SUDiez (|Pi+1 — P;
e’ |
SUDPjez pi+1 pl' H

is equivalent to requiring the contractivity of the difference scheme (1.20) or the con-
vergence condition (1.26) in the proximity setting.

. . . i+1 .
In the particular case of a bisector schemes (1.9), where the new point pJZ;rH lies on
_

the bisector of the edge pf pf 41, the convergence of the scheme is related to the external

angles
_

&) :=x(p!p},1,0_1P)) (3.3)

between two consecutive edges (see Fig.[3.3). In a bisector scheme, as shown in Fig-
ure[3.2) we have
J
jH1_ €
2 T j+1 :
2.cos (62i+1/2)

As before, we define the sequence of suprema of external angles in each level j,

67 =sup
i€Z

Theorem 3.5 [|D4m_an.d_Hmmand,|2Qlj]. If S is a bisector scheme and & is a null sequence,

then S is convergent.

51 and 5 =1{5}20.
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Py
Figure 3.3. Definition of the external angle Figure 3.4. If the angle 6{ decays to zero,
511'- then the edges pf_lpf and pfprrl both con-

verge to the direct tangent ¢.

Defining the angles

_ _

J_ i i J_ jJ | j_ j
a; = X(P;_1Pi115Pi1P})> B; = %(p;Pi115Pi_1Pi41)s o; = o + ;s 3.4
as in Figure [3.3] the sequences
o =sup|al|, a={al};zo and B’ =sup|B!|, B={B"};z0,
i€Z - i€Z h

behave like 6.

Lemma 3.6 [[ng_an.d_Hmm.anﬂ, |2Q1j]. The sequence 0 is a null sequence, if and only if

both a and f are null sequences.

Furthermore, it turns out that the behaviour of 6 controls also the existence of con-
tinuous varying directed tangents along the curve.

Theorem 3.7 [Dyn and HQrmanﬂ, 2(112]. If S is convergent and 6 is summable, then the

limit curve is G' continuous.

Corollary 3.8. If S is a bisector scheme and 6 is summable, then S is convergent and the
limit curve is G continuous.

Tangent continuity is related to the sequence of angles 6. By Definition [Z.5] the tan-
gent at a point p is the line to which both the right and the left edge converge. Requiring
that 0 decays to zero, means that both edges converge to the same line, the tangent (see
Fig.[34).

We recall some intermediate results from [[Dyn and HQrmanﬂ, QOQ] that we need
later for the proof of our new results. _

The secants through the left and right neighbours of p{ ,

j_ i
S; = Pi1Pit1»

allow to show the existence of a direct tangent in each point pf of the subdivision scheme.
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Lemma 3.9 [Dyn and HQrmanﬂ? 2(112]. If S is convergent and 6 is summable, then there

exists a limit secant Ef through p{ foralli€Zand j > 0.

Lemma 3.10 [|Ibm_an.d_Hmm.anﬂ, |2Qlﬂ]. If S is convergent and & is summable, then the

limit secant § is the directed tangent line to the limit curve at p.

In order to prove that the limit tangents § change continuously along the limit curve,

they prove that for a fixed point py with limit tangent §,, the points p{ and the edges
-

p!/p},, in the right neighbourhood of py, 0 < i < 2777 and j > j, are in the positive
e—cone,
C*(e)=C"(pg,59,€) = {x : |<):(p0_)x,§0)| < 6}. (3.5)

Lemma 3.11 [[Dyn and HQrmanﬂ, 2(112_]. If S is convergent and 6 is summable, then there

exists for any € > 0 some j, such that p{ €Ct(e)for1<i <270 andj> jo

Lemma 3.12 [|Ibm_an.d_Hmm.anﬂ, |2Qlﬂ]. If S is convergent and 6 is summable, then there

—_——

<(p;p},1-5)

exists for any € > 0 some j, such that <eforj>j,and0<i< 2/,

Summing up, Dyn and Hormann 2!)12] prove that the summability of edge lengths

and external angles sequences are responsible for different orders of regularity of the
limit curve.

Summability Regularity
Edge lengthe = Convergence (3.6)
External angle 8 = G'continuity 3.7)

3.2 Examples of G' subdivision scheme

Dyn and Hormann [I;Oﬁ] introduce two subdivision schemes that satisfy the conditions
and (3.7) and both are geometric variations of the 4-point scheme: the angle-
based 4-point scheme and the circle-based 4-point scheme, that we presented in Section
Both schemes are bisector schemes. By Corollary 3.8l it is sufficient to check that
the & sequence is summable, in order to prove that the schemes are convergent and G*
continuous.

Angle-based 4-point scheme

In the angle-based 4-point scheme, the new angles are defined as the mean of the exter-
nal angles 6! and &7, ; quadrisected,

s
J¥L _ pJ+l 0 + 01

Aoit1 = Paip1 = 3
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Hence, the new external angles are a linear combination of the external angles from the
previous level (2.9)

_si J J J J

51 = ;1 +60; —6;, j+1 0; +0in
i 8 > 2i+1 4 :

We look at relations of this type in order to show that the 6 sequence is summable. In
this case one iteration is not sufficient, because |61+1| < §&’. Iterating another time we
find

J J J J J J
5j+2 — _5i—1 + 45 6l+1 6]+2 _ _5 + 85 + 514_1
i 8 ’ 4i+1 32 2
J J J J J J J
5]+2 _ 6 + 76 + 761+1 + 51+2 5]+2 _ 6i—1 + 86 51+1
4i+2 64 ? 4i+3 32
So,
|5]+2|<max{3 > 15 }5 =—5J
4’ 16 4 16

and & is summable. Therefore, the angle-based 4-point scheme is G' continuous.

Circle-based 4-point scheme

For the circle-based 4-point scheme we show in (2.10) that the angles are defined as

1 _ g _ 4B
2i+1 = M2i+1 4 >
and the external angles are
_ j
5j+1 a +36 1+1 Jj+1 o +[31+1
i 4 4 2i+1 2

Whenever i is an odd index we have a = /3] 5] /2, by definition of the bisector scheme.
So, the external angles are bounded by
hd 51

jH| _ 2 j+1

4 2i+1

Unfortunately, these relations are not sufficient to prove that the 6 sequence is summable.
Computing the relation for another step, we find

j+2 j+2
‘5 ‘541+1

13
16
and again we cannot conclude that 6 sequence is summable. Denoting with u; the

maximum bound at the level j+k, |D4Ln_an.dl:lmmanﬂ [|2Qlj] show that after 10 iteration

they find a bound u,y < 1 such that |6j +k| < u106’. In the end, the sequence of external
angles & turns out to be summable and the circle-based 4-point scheme is G! continuous.

5,

- ] ]+2
< 5 ‘641+2

i ] ]+2
< 5 ‘641+3
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Incenter scheme

We already mentioned that also the incenter scheme is G continuous. The proof does
not use the summability of 6 (3.7) because, by introducing the correction terms into
the tangents, the expression of the angles become complicated. Instead in [Hernandez-
Mederos et al., M], the G! condition (3.7) is used to prove that the generalization
of the incenter scheme produces limit curves that are tangent continuous. The same is

done also for two other schemes [I]le_ng_an_d_Md, lZQlj, [ZQIAI]. In both cases, (3.7) is

satisfied and the schemes turn out to be G! continuous.
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Chapter 4

Geometric condition for curvature
continuity

Following the idea of h);m_an.d_Hm:manﬂ [|20_1ﬂ], in the Section [4.1] of this chapter, we

suggest a sufficient condition in order to have a limit curve with continuous curvature
(G? continuity).

The correctness of this condition is discussed and tested in Section [4.2] with some
numerical examples of G2 continuous schemes.

In Section [4.3] we first give the idea of the proof divided in three main steps. Then,
we present what we already proved: the first step is completely proved while there is
missing a part of the second step. This missing part does not allow us to prove completely
also the third step. In particular, we show that at any point of the subdivision scheme
there exists a limit circle but we do not prove yet that this circle is the osculating circle
to the limit curve. Once we prove this, the denseness of the points generated by the
scheme on the limit curve allows us to conclude that the curvature of the limit curve is
continuous.

4.1 G? sufficient condition

We saw in Section [ZI] that a curve is G continuous if there exists at every point an
osculating circle and if the curvatures of two osculating circles at neighbouring points
are e-close (cf. Definition [2.9). The osculating circle at a point p is defined as the limit
position of the discrete interpolating circles at p (see Definition [2.8).

In order to satisfy these conditions we study the curvature kl]. of the discrete interpo-

lating circle passing through three consecutive points p{_l, pf , p{ +1 and we introduce

Vk! =kl —k]|. (4.1)

If el]. measures the distance between two consecutive points and 5{ measures the angle

59
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between two consecutive edges, then ka measures the difference between two discrete

curvatures. Similar to (3.2) and (3.3) we take the supremum of Vk{ over the level j and
we study the behaviour of the sequence of these suprema,

Vil = sigw{, Vk = {Vk'};50.

Similarly to conditions (3.6) and (B.7), we suppose the sequence Vk is summable in
order to generate G2 continuous limit curve. The main goal of my work is to prove this
conjecture.

Conjecture 4.1. Let S be an interpolatory subdivision scheme, such that
1. the sequence of edges e,
2. the sequences of external angles 0,
3. the sequence of curvature differences Vk,

are summable, then the limit curve generated is G* continuous.

The request of the summability of Vk means that the difference between the discrete
curvatures k{ 41 and k{ decays to O for any i € Z as j increases to infinity. In the limit,
the discrete curvature k{ should converge pointwise to the curvature of the limit curve.
Combining together these two aspects, the summability of Vk should imply that the
curvature change continuously along the limit curve.

The sufficient geometric conditions requested for each order of regularity can be
summarized as

Summability Regularity
B]
“ < Edge length e = Convergence
pl‘il p]H»l
External angle & = G! continuity
Difference of curvatures Vk = G2 continuity (4.2)

In order to prove the conjecture, at certain point, we need to consider a stricter
condition on the sequences 6 and Vk: we ask that 6 and Vk behave like geometric
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sequences. It means that the two sequences are bounded by two geometric sequences
with ratios ug, ux <1,

& =0(u}), and VK =o0(u).

These conditions allow to compare the decay of 6 with the decay of Vk. Conjecture [4.1]
requires the summability of the sequences, because much of what we prove is true with
this hypothesis and we hope that we can generalise the few results that need a stricter
condition.

Before trying to prove Conjecture [4.1] we would like to check, with some numerical
tests, if the requirement on the summability of Vk (4.2) is reasonable or not.

4.2 Numerical tests

To test our condition ([4.2) we consider different interpolatory subdivision schemes, both
G! and G2 continuous. All the subdivision schemes considered are convergent so we do
not need to check the summability of e. For each of them we plot the values of the
discrete curvature after 2, 5 and 8 iterations of the subdivision scheme. In this way we
visualise if the discrete curvatures at a point p{ converge in the limit and if the curvature
varies continuously along the limit curve. From level to level we expect that the discrete
curvature plots are close and have no jumps.

To test the G! B7) and G?> @.2) conditions we compute the sequences 6 and Vk
and we display the ratios §/*1/67 and Vk/*!/Vk/ depending on j for the initial control
polygon considered. If the ratio is less than 1, then it means that the corresponding
sequence behaves like a geometric sequence and is summable.

In total we test 6 different schemes: the first 3 schemes are G! continuous, so we
verify that 6 is summable while Vk is not. Instead, for the second 3 schemes which are
G? continuous we verify that both 6 and Vk are summable.

4-point scheme

As shown in Section [[L4.1] the 4-point scheme is only C' continuous with Holder reg-
ularity C27€. In general the generating limit curve is not G! continuous. If the scheme
does not generate artefacts such as cusps, then the limit curve is not only C* but also G*
continuous. This is the case of the limit curves in Figure 4.1l Analysing the behaviour
of the discrete curvatures we expect that the limit curve is not G? continuous. In fact,
the curvature of the discrete interpolating circles increase considerably in each step of
the subdivision process. For these examples we expect that the 4-point scheme satisfies
the G! condition ([3-7) and not the G? condition. Figure 2] confirms this hypothesis,
because the ratio of decay of the 6 sequence is strictly less than 1, while the ratio of Vk
converges to 1. It is well know that we cannot say anything about the behaviour of a
geometric sequence with ratio 1. The 4-point scheme is almost C? continuous, to verify
that a C! scheme does not satisfy our Condition (4.2]) we analyse a different scheme.
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Figure 4.1. Top: Limit curve after 8 iterations of the 4-point scheme for different control poly-
gons. Bottom: Discrete curvatures after 2, 5, 8 iterations (from dark blue to light blue).
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Figure 4.2. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in the Figure[4.] applying the 4-point scheme.



63 4 Geometric condition for curvature continuity

100 300 L L L L L L L L L , 50

Figure 4.3. Top: Limit curve after 8 iterations of the 4-point scheme with tension parameter
w = 1/32 for different control polygons. Bottom: Discrete curvatures after 2, 5, 8 iterations
(from dark blue to light blue).
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Figure 4.4. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in the Figure[4.3] applying the 4-point scheme with tension parameter w = 1/32.
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Figure 4.5. Top: Limit curve after 8 iterations of the circle-based 4-point scheme for different
control polygons. Bottom: Discrete curvatures after 2, 5, 8 iterations (from dark blue to light
blue).
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Figure 4.6. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in Figure[4.35] applying the circle-based 4-point scheme.
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4-point scheme with tension parameter

We recall in Section [[.4.2 that the 4-point scheme with tension parameter w is C* con-
tinuous if we choose w € (0, %) In the considered examples, we fix w = 1/32 that
corresponds to taking the mean of the masks of the 2-point and 4-point scheme. Com-
paring with the 4-point scheme, we expect that the limit curve generated by this scheme
is less regular. From Figure [4.3] we can observe that the discrete curvatures increase
rapidly in each iteration of the scheme. This means that the discrete curvatures kl]. do
not converge. The behaviour of the sequences 6 and Vk confirms this. In Figure [4.4]
we see that the ratio of the 6 sequence is less then 1, while the ratio of Vk is definitely

larger than 1, so Vk is not summable.

Circle-based 4-point scheme

The circle-based 4-point scheme is G* continuous as we show in Section[3.2} It is not G2
continuous, in fact in Figure[4.5|the discrete curvatures increase notably as we iterate the
subdivision scheme. This behaviour states that the discrete curvature does not converge
at the limit. In Figure[4.6lwe can observe that the ratio of 6 is less than 1, while the ratio
of Vk converges to 1. Hence, the circle-based 4-point scheme satisfies the G' condition
B2 but not the G? condition (4.2).

6-point scheme

The 6-point scheme generates limit curves that are C2 continuous as proved in Section
[L4.1 We show that C? continuity does not imply G? continuity in general, but if we
avoid some particular cases we can assume that a C2 curve is also G2. This is the case in
the examples considered.

The plots in Figure [4.7] (bottom) reveal that the discrete curvature is continuous:
the plot after 5 iterations is almost indistinguishable from the plot at 8 iterations. The
curvature does not grow indefinitely and converges to a continuous function. In this case
we expect that the G2 condition ([@.2) is satisfied. Indeed, both the ratio of decay of &
and Vk are less then 1, so the sequences are summable.

Incenter scheme

As the authors Deng and Wanﬁ [IZJ)E] claim, the incenter scheme is G? continuous.
The plots of the discrete curvatures converge in few iterations to a continuous function
(see Fig.[4.9). Moreover, we can observe that the conditions for G! ([3.7) and G (4.2)
continuity are both satisfied by these examples, in fact Figure [4.10] shows that the ratio
of 6 and Vk is less than 1, so both sequences are summable.
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Figure 4.7. Top: Limit curve after 8 iterations of the 6-point scheme for different control poly-
gons. Bottom: Discrete curvatures after 2, 5, 8 iterations (from dark blue to light blue).
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Figure 4.8. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in Figure 4.7 applying the 6-point scheme.
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Figure 4.9. Top: Limit curve after 8 iterations of the incenter scheme for different control poly-
gons. Bottom: Discrete curvatures after 2, 5, 8 iterations (from dark blue to light blue).
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Figure 4.10. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in Figure[4.9] applying the incenter scheme.
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Figure 4.11. Top: Limit curve after 8 iterations of the circle-based 6-point scheme for different
control polygons. Bottom: Discrete curvatures after 2, 5, 8 iterations (from dark blue to light
blue).
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Figure 4.12. Ratio of decay of the sequences 6 (a) and Vk (b) for the three different control
polygons in Figure [4.11] applying the circle-based 6-point scheme.



69 4 Geometric condition for curvature continuity

Circle-based 6-point scheme

Finally, we test the scheme that we design in order to obtain G2 continuous limit curves:
the circle-based 6-point scheme. The difference between the discrete curvature plots
at 5 and 8 iterations of the subdivision schemes is hardly visible in Figure @11l The
discrete curvatures converge to a function with some spikes but without jumps and the
limit curvature is a continuous function. Looking at Figure [4.12] we see that the ratio of
0 and Vk is strictly less then 1, so the two sequences are summable and they satisfy the
G! 327 and G? (@2) conditions.

From these tests we have reason to think that the G2 condition presented in (£2) is
correct. Clearly, numerical examples can give us only an intuition and we still have to
prove that the summability of Vk gives a limit curve that is G2 continuous.

4.3 Evidence of Conjecture (4.1

Here we try to prove Conjecture 4.1} let consider an interpolatory scheme such that the
sequences e, 6 and Vk are summable then the subdivision scheme generates a limit
curve with continuous curvature. By Theorem [3.3] and [3.7] the summability of e and &
gives respectively the convergence and the G continuity of the limit curve. So, we focus
on proving that the summability of the sequence Vk induces a limit curve that is G2
continuous. For the concept of curvature continuity we refer to Definition

By hypothesis the subdivision scheme S is interpolatory, from a level j, > 0 on, the
points p{", Vi € Z, are kept by the scheme p;j_joi = p{". In the limit they belong to the
limit curve. For the sake of simplicity, all the results are proved for a point denoted by
pg but hold for any other point generated by the scheme.

From Definition of curvature continuity we should verify that the curvature of
the limit curve is well defined at pg and it is e-close to the curvatures of any point in a
neighbourhood of pg. The idea of the proof of Conjecture [4.1]is explained below.

Idea of the proof:

Step 1 The sequence of discrete interpolating circles {Cé }i=o converges

lim C

]'_ -
j—o+oo O_CO,

i . . . j j
where Cj is the discrete circle passing through p_ ,, po, p;-
As shown in Section 2.1] a circle can be defined by its tangent line and curva-

ture. In this sense, to prove the existence of C,, is sufficient to show:

1.1 The tangents of the discrete interpolating circles at p, converge to the di-
rected tangent of the limit curve at p, (Proposition [4.2])
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. Jj_ f
lim ¢, = to.
]—0Q

Jl_l)n(;lo ké - ]_(0.

Step 2 The circle C, is the osculating circle at p of the limit curve generated by S.

To prove this we exploit Proposition where we proved that the osculating
circle at p, can be seen as the limit of the circles with direct tangent t, and
passing through p, and a neighbouring point. To achieve this we have to prove:

2.1 The curvatures of the circles with tangent ¢, and passing through p, and
p{ converge to k, (Proposition [4.9)

hm k(pO,pi, EO) = ]_(0'
]—00

(This result is true in the stricter condition that 6 and Vk behave like
geometric sequences).

2.2 In a neighbourhood of p, the curvatures of the circles passing through p,
and two following points in the neighbourhood converge to k, (Conjecture

4.13D
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3jo >0
: S R N
)1—1>n(;lo k(pOspi5pi+1) - ko,

Vi, 0<i<2i7o,

2.3 The curvatures of the circles with directed tangent t, and passing through
Po and a point in a neighbourhood of p,, converge to k, (Conjecture [4.14)

By

3jo =0

. iy T
k(PoPpto) lim k(po, p;,to) = ko,
]—00

y Vi, 0<i<2/7h,

The last two points are conjectures because they still need to be proved but we
have some numerical evidences that show they are likely to be true.

Step 3 The curvature along the limit curve varies continuously.
We need to show that every couple of neighbouring points have curvatures that

are e-close.

3.1 For any e there exists some level j, such that the limit curvature for each
point pf, in the neighbourhood of p,, is e-close to k, (Proposition [4.15])

& Jj

3j,>0
\zzo_zzgf

<e,

Vi, 0<i<2/7h,

3.2 Fixed a point on the limit curve p, any point r on the limit curve that ap-
proaches p has curvature that converges to the curvature at p (Conjecture
4.16)
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P

N\

D lim k(r) = k(p).

This last point is not proved yet. To prove it, we have to exploit the dense-
ness of the points generated by the subdivision scheme S on the limit curve
and Conjectures[4.13]and [4.141

In the following sections we give the details for each steps.

4.3.1 Step 1

We start by proving that the sequence of discrete interpolating circlgs {C(]) }i>0 converges
to a circle C,. By Definition 2.7, the discrete interpolating circle Cé is the circle passing
through. p’ 1» Do and p]l. The point py is ﬁxed at each step, while p” , and pj1 change. The
circle C(J) is characterize by the tangent té at pé and the discrete curvature ké,

s o]
231n50

pi _P]_1

The sequence of discrete interpolating circles converges if the sequences of tangents
{té }i>0 and discrete curvatures {ké} j>0 converge.

Using Lemmas and proved in ﬂD;m_and_Hmmanﬂ, |2Qlj] we show that the
sequence of tangents té converges to the direct tangent at py,.

Proposition 4.2. If S is convergent and o0 is summable, then the tangents at p, to the
discrete interpolating circles C(J) converge to the directed tangent of the limit curve

]—00

Proof: For every level of subdivision j we define as

oy = «(pyp1, 1)) (4.3)
—_—

the angle between the segment p)p] and the tangent t} at p to the circle C). From

0
Figure [4.13] we observe that ‘aé‘ < ‘6{)‘ for all j > 0. By hypothesis the sequence o
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Figure 4.13. Circle passing through pil, pé, p{ with tangent té at pé.

is summable, which means that the general term &/ = sup;c, ‘6{ ‘ decays to zero. In
particular, for fixed €, there exists an initial level, that we denote with 0, such that for
allj>0

5l <e. (4.4)

Since Gé is bounded by 5! , for all j > 0 we have

aé <e. (4.5)

We call 93 the angle between the secant sé and the tangent t,
03 = 502 1pysth) = = (K0P pLap ) + 5ty )
=n—(n—aé—aé+aé+[5é)=aé—[5é. (4.6)

j‘<eforallj20

From (4.5) we have that for all j > 0, a] decays to zero. Moreover,

because 6] = a + [50 and 6 is a null sequence (44).
If the secant 50 is parallel to the tangent t] then 9] = 0 by definition. This means
that for all e > 0 and for all j > 0,

—_—

‘Gé‘ = ‘((pj_lpjl,té) = ‘((sé, té)‘ <e.

Then,

lim 50 lim tJ
]—>oo ]—>(>O

From Theorem [3.9] and [3.10] we know that the limit secant §, is the directed tangent ¢,
at p, to the limit curve. For the uniqueness of the limit, we have that

. Jj_ =t
lim ¢, = to.
]—0Q

The tangents to the discrete interpolating circles converge to the directed tangent to the
limit curve at each point. O
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We have to prove that also the sequence of discrete curvatures ké converges. In
order to prove this we need a simple geometric result that follows from the well-known
theorem in Euclid’s Elements: any angle inscribed in the circle C is half of the central
angle that subtends the same arc.

Lemma 4.3. Consider a circle C, any external angle 6’ measures less than any inscribed
angle O that stands on the same chord. Instead any internal angle 6" is bigger than any
inscribed angle 6 that stands on the same chord (see Fig. [4.14),

0'<0<06”.

Figure 4.14. Comparison between angles outside 6’, inscribed 6 and inside 6” a circle.

Proof: In this Lemma all the angles are meant as unsigned angles.

From the well known result of Euler in its Elements, any angle inscribed in the circle
C is half of the central angle that subtends the same arc, so we can compare the external
angle 6’ with any angle inscribed in the circle.

We consider 6 as shown in Figure 4. T5al for simplicity. Then,

O =n—(d'+p)=n—(n—0—y)—(n—86)=0+y—n+6

All the angles are positive, thus we have
0’ <.
Otherwise, if we consider a point inside the circle, then looking to Figure [4.15bwe have
0" =0+(p—p"),
the angle 3 — 8" is positive, so we conclude

0" > 9.
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Figure 4.15. Geometric relations between angles outside 6’ (a), inside 6” (b) the circle and an
inscribed angle 6.

Remark 4.1. Lemma [4.3]is true for positive angles, in case that 6, 6’, 6” < 0 we simply
reverse the order of the inequalities

0" <6<6.

This is helpful to give some general rules that link the point positions and the sign of
the discrete curvature.

Remark 4.2. Suppose we fix one or two points in a triangle and vary the others, we study
how the sign of the related discrete curvatures varies.

(a) We fix two points g and r and we move the central point p. As shown in Figure[4.16a]
if p is in the half-plane above the segment g7, then all the angles of the triangle are
positive and also the discrete curvature is positive. Otherwise, if p is below the
segment gr, the angles of the triangle are negative, then also the discrete curvature
is negative.

(b) Suppose we fix the central point p and the tangent t of the circle passing through
g, p, r. If the two points g, r are in the half-plane below the tangent, the triangle
generated has positive angles and also the curvature is positive, as shown in Fig-
ure[4.16bl Now if we move both points above the tangent, the angles of the triangle
become negative and also the curvature turns out to be negative.

Proposition 4.4. If S is convergent and 0, Vk are summable, then the sequence of discrete
curvatures {ké} j=0 at point p, converges
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(@ (b)

Figure 4.16. Different configurations where the curvature changes sign: (a) we fix two points
g, r and we move the central point p from one half-plane to other, (b) we fix the central point
p, the tangent t of the circle passing through g, p, r, and we move both points g, r above the
tangent.

Proof: To prove that a limit curvature k, exists we have to show that for all € > 0, there

exists an initial level (in this case denoted by 0), such that Vj > 0, ké — ké_l <e. We

need to compare discrete interpolating circles at different levels.
Suppose we fix p°, po, pY and as a consequence kJ). For every configuration of points

pil and pi we want to prove that

kg — k| < |kg — k2, | + kg — k7] - (4.7)

Then using the hypothesis that Vk is summable, namely ‘kf — k{_l‘ < e for all i and j,
we obtain the claim.

To do that, we fix the circle Cg and we study the different relations between the
curvatures kg and kil, k}. Each of them corresponds to a different configuration of the
points p!, and p1. Thus, we fix the edges ||pd —pL, |, ||pi —pJ|| and we rotate the points
pi, p1, such that they intersect the circle CJ. In such a way, we are able to compare the
curvature k(l) with kg and to check the validity of (4.7)). In the following we denote with
a tilde the configuration where the rotated points are on the circle Cg .

For a fixed circle Cg, the curvature kg can be positive, negative or zero. For each one
of these cases we consider all the possible relations between kJ and k!, k7.

We first of all consider the case when kg > 0 is positive.

(@) Letk! ki >k)>0.

It means that
2sin yll 2sin f{l

kKl o= >
1P§ —p%: ]|~ [lp§ — P2l

_ 71 _10
-1 _k—l_kO’




77 4 Geometric condition for curvature continuity

(@ k'), k! >k

—-1> "1

M) k'), k! <K

—-1> "1

© K <K0 <K,

Figure 4.17. Different positions of the points p' |, pj with respect to the circle CJ with positive
curvature kJ. The configuration where the points p!, and p; are rotated on the circle CJ is
depicted in red and any related quantities is denoted with a tilde.
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where y{ =n— (a{ + [Sij ) > 0 because kil is positive. By hypothesis, from a certain
level on |5i1| < m/2, s0 Yil is an obtuse angle such that yll < f{l. From Lemma
[4.3] this relation between angles means that the point pll is outside the circle Cg .
We have the same for k} > k3, so the point p; lies outside the circle CJ, as shown
by Figure [4.174] (left).

Now we have to compare ké with kg . If the two points pil and pi are above the
tangent of CJ the curvature has different sign respect to kJ and it results k) < kJ
(see Fig[4.174] right). Instead, if all the points are in the same half-plane, we can
write

vo="To+ B —BL +aj—a > 7, (4.8)
since the two points are outside the circle we have /3E1 > [El, ai > di. By the law
of cosines we have

I =" = o2y =pSI* + [Ipt =S * ~2IpZ, =p8]l [Ip} —pS]| cos 3,
I6%, =831 = [I22 = pII" + lo = B8 II” — 2[lpL, = 8]l [[p} = p6l| cos 75.
The cosine for an angle in [7t/2, ] is a decreasing function, so
||pi1—p}||2> ||13£1_13}||2' (4.9)
With (.8) and we find
2siny; 2sinf;

_Nl_kO

k= < =k! =k0.
||pl1_p%|| ”f’ll_f’}“ °

0

We have all the relations between the curvatures ki, k(l), k} and kg, so we obtain
1_ 71 171 1_ 70| _ 11 1,171 11 0_ 11

| kg — kL |+ | kg — ki | — | ko —KS | = kL — kg + ki — k) — (k9 — kg)

_ 11 1,71_10 0_70,20_ 10 _

=k2, —ky+tky —ky>ky—ky+ky—ky=0.

(b) Let k!, ki <kJ.

The curvatures kil and k% can be positive or negative, so we have to study three
different cases.

- If kil, k% > 0, then all the angles are positive and the relation

2siny?, 2sinyl, . 0
= < == k_ = k_ 5
R o )

kl

means that yll > ?ll. By Lemma 4.3 we know that pil is inside the circle
CJ. The same holds for the point p; that lies inside the circle CJ, as we see in
Figure (left). Since both points are inside the circle we can observe that

1 1 1_ =1
B, <PB, aj<aj.
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(o)

—_—
- If kil,k% < 0, then the points pil, p% are below the segments pgl po and

pop(l) (Fig. right). The points are both inside the triangle defined by
pgl, Do> pcl’, while the projected points f)il, f)} are outside the triangle. Then,
the curvatures kil, ki have opposite sign with respect to kll, k% and

pl,<o<pl, al<o0<aj.

- If kil > 0 and k% < 0, then both the points are inside the circle Cg and p}
is also inside the triangle defined by pgl, Dos p(l). From the previous cases we
have

B, <Bl, al<o0<aj.
The angle 7, is greater than ;,
A=rh+ Bl —pl +al—al>yl
for all the three cases considered. Moreover, we observe that y(l) and k(l) have to be
positive because the points pil and p} lie in the same half-plane of the points pgl

and p(f with respect to the tangent tg. So, the curvature kcl) has the same sign of k?,
now we study which curvature is the greatest between the two.

Thanks to the relation >y, and the law of cosines,
I =" = o2y =" + ot = p3II" ~ 2 o2y =B8] [} =S| cos s,
[52 = 51[" = o2 ="+ ot =P II* —2 o2y =S [} =S| cos 7o,

we have
2

3

1 1|2 ~1 ~1

||p—1 —p1|| < ||p—1 —p1|

because y(l) is obtuse and the cosine is a decreasing function in [7t/2, t]. So, we can
compare the curvature of C; with the curvature of CJ

2siny} 2sin ¢ .
kl — 0 > 0 — kl — kO.
’ P2, =pil ~ [IBL, =51l v

At this point we have all the relations between k! |, ki, k} and kJ where all the
points lie on the circle C?,
kg —kLy |+ ko —ki | = kg — kg | = kg — kL + kg —ky — (kg —kg)
11 1,70 120_ 10 10, 10 _
=kl =kl — kKO > KO — kO — K0 + KO = 0.

Let ki < kg < kll, or the case where we interchange k} and kll.

Similarly to the previous cases, from this relation we know that the point pil is
outside the circle C§, instead p; lies inside CJ as shown in Figure £.17d

In this case we do not know the relation between k(l) and kg but it is not necessary,
because
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pY
L p! Py
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1 A D by ol by
P Py P P p;
1 71 0 1 71 0 1 0 11 0
@ k2, k; =k, (b) k_,, k; <k; (© k2, > kg, k; <k,

Figure 4.18. Different positions of the points p' | and p} when the points p° |, pJ, p? are collinear
(K0 =0).

- ifky <k9, then kL, —kl+|kb—k]|>kl, —k{>kS—kj,
- ifk§ > k3, then |kl —k§|+kg—ki > ki —ki > ki —kJ.

For each configuration of points we proved that (4.7) is true under the hypothesis
that k) > 0.

When kg < 0, we have to consider three configurations that are symmetric to Figures
The proof is similar to the previous case with kj > 0, the only
difference is that we can only relate |k(1)| with |k8|. For all the possibilities, it turns out
that the relation between |k(1)| and |k8| is sufficient to prove [@.7) in the case that k) < 0.

It remains to study the configurations when kg = 0. Again we have three different
configurations.

(a) Letk!,,k} >k3=0,

—_—
this means that both p! | and p] are in the same half-plane above the segment p° p?.
As shown by Figure 184 the curvature k; is negative kj < k) = 0. Then,

=k [l = = =S| = K1 — b+ K — b+ = K~k k! >0
and (4.7) is satisfied.

| 0_
(b) LetkZ,, k; <ky=0.
It is the symmetric configuration with respect to the previous one, which means that
—

pil and pi lie below the segment pgl p?. Then the curvature is positive k(l) > kg, see
Figure This allows to check the inequality (4.7),

0 KLy €3 K1~ €0~ K8 = K3 — KL+ — K] — k) =K} — KL, — K] >0,
(c) Letk!, > k{ and ky <k,

—_—

this means that the point p! | is above p®, p{ while p; is below, as in Figure £.18d
In this case the curvature ké can be either positive and negative, but in any case the
inequality (4.7) is true.
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- If k3 <0, then

ko — kL, |+| kg — ki |—|kg — ko | = k2, —kg+|kg — ki |[+kg = kL, +|ky — k1 | > 0.
- If k) > 0, then

kg — kL, ||k — K1 |—|kg — k5| = |kg — kL, |[+kg—ki—kg = |kg — k2, |—k; > 0.

For all the cases we proved that if relation (4.7)) is satisfied, then there exists an initial
level j,, depending on the position i, such that for any j > j, we can rewrite (4.7) in

general
]+1 ]+1 j+1 j+1
— ks, ki —k

+ 21 2i+1

(4.10)

J+1 k]‘

To show that the sequence of discrete curvatures {ké} j>j, converges we exploit (4.10)
to prove that is a Cauchy sequence.
If we take two different levels m > n > j,, then

m—n—1 m—n—1
m__1.n n+l+1 _ 7.n+L n+l+1 _ 7.n+l+1 n+l+1 _ 7.n+l+1

-k < > kg > g+ g ey

=0 (=0
m—n—1 m—n—1
n+{+1 n++1| _ n+{+1 _ 14
<2 ) max|k - kL =2 Z Vi = o Z VK.
(=0 {=n+1

By hypothesis, the sequence Vk is summable, hence the sequence of the partial sum is
a Cauchy sequence. Then, for any € > 0 there exists some j; = j, such that for any
m>n>j

m
> vk <§ = |k —ki| <e

and {ké }i>j, is a Cauchy sequence. .
This allows to conclude that the sequence {ké} j>0 is convergent and

lim k] = k.

]—)OO

O
We already observe that the previous Proposition [4.4] applies to any point p;, i € Z
and j > j,, of the subdivision scheme S.

. j . .
Lemma 4.5. The discrete curvatures k; converge uniformly for any i € Z.

Proof: We call 7({ the limit of the discrete curvatures centred at p{ . Using the proof of

Proposition [4.4]
(ee) (oe) oo
70 1] jH+1 ]+€ JH+1 JHOF1| Z ¢
k=il < DR k| <2 max |k ki =2 3 vk,
(=0 (=0 0=j+1
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Thanks to the summability of Vk for any € > 0 there exists j, such that

Z Vk€<— =

—)0+1

I_cf—k{‘ <e, VieZ.
We have the same bound also for the points generated in the following levels, because

for any j > j,
Z vk < Z vk < =
{=jo

O
Strictly related to the previous proposition and lemma, we can define a new sequence
ak =supf|il =K}, Ak = {AKT} o, (4.11)

IEZ

that represents the difference of discrete curvatures at the same point on two following
levels.

Lemma 4.6. If Vk is summable, then the sequence Ak is summable.
Proof: In Proposition [4.4] we show that from a level j, on, that for simplicity we call 0,

j+1 j+1 j+1
k=Kl <[ -

j+1 1+l
2i+1 + |k k

for each point pf of the subdivision scheme. Then, we bound the series of Ak’ with twice
the series of ij

oo oo
Akf kf'.“—k?‘ < K ] K- | <23 i < oo
j
If Vk is summable, then the sequence Ak = {Ak/} j>0 is summable. O

At this point it is easy to prove that the discrete interpolating circles {C(]) }i=o0 at a
point pg converge to a limit circle.

Theorem 4.7. If S is convergent 6 and Vk are summable then the sequence of discrete
interpolating circles C, passmg through p’ 1> Pos p1 converges to a limit circle C,

lim C] éo.

]—)OO
P1"00f: An. equivalent way to deﬁne the discrete interpolating circle Cé passing through
p’ 1> Pos pj1 is using the tangent té at po and the discrete curvature ké. By Proposition

[4.2land 4.4 we have

lim t] to
]—)OO

j_
lim k; = ko.

]—)OO
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So, there exists a circle C, with tangent , at p, and curvature k, such that

lim C(J)
]—)OO

Co-

4.3.2 Step 2

In this step we want to show that the limit circle C,, is the osculating circle at pg. The key
idea is to use Proposition In that proposition we consider two sequences of circles,
both with the direct tangent of ¢ at p as tangent, but one sequence of circles passing
through p and a sequence of points on the left of p, while the other circles passing
through p and a sequence of points on the right. If both sequences converge to the same
circle, then this is the osculating circle of % at p.

In our settmg the right and left neighbourhoods of p, at level j are composed by
points p and p with 0 < i, < 2/. Increasing j, the neighbourhood shrinks around

po and we can choose a level j, such that Hpo —p{ ’ <eforany0<i<2 andj> j,

thanks to the summability of e. We denote with k(p, pf , to) the curvature of the circle
with tangent ¢, at p, and passing through p, and p{ . To apply Proposition 2.2 we need
to prove that _ '

Jl_lglo k(Po:P{, to) = Jl_lglo k(P]_g,PO’ to) = l_<o,

where p{ apd pi , are two generic points in the left and right neighbourhood of p,,
0<il <2,

Without loss of generality, we fix on points p{ in the right neighbourhood of p, and
analogously we can generalize to points pi , In the left neighbourhood.

The first result that we prove is that the sequence of curvatures k(p,, p{, ty) converges
to ko (Proposition [4.9). To show this we need a general result on the edge length.

Lemma 4.8. Let S a convergent scheme and 6 summable, then from a certain level on, for
any i >0,

H JHi JHi (4‘12)

by —P

< |w-p]

Proof: If it is true between pop1 and pJ + ] *1 then it is also true in general for any
positive i by induction.

By contradiction, suppose that

j+l ]+1

e

It means that the point p]l+1 lies outside the two circles with centres pé and p{ and radius
———»

H pg) — p{ H (see Fig.[4.19). Moreover, p ! should not be too far away from the edge p0 pl,
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Figure 4.19. Configuration where  Figure 4.20. The circle k(p,,p’, f,) and the angles o, =

j+1 j+1 Jj Jj j oz J_ JoJtl
py —pP1 ||>||Po—P1]- L(popy, to), To = X(ty, ty ).

because by Theorem [3.1]d is a null sequence. This means that a{“ or [5{Jr1 should be
close to 7 but it cannot happen because 6 is summable. So, from some level on, all
the angles are strictly less than 7 and decrease to zero. In the end, we have that from
a certain level on the new edges are necessarily shorter than the previous ones, which
agrees with the hypothesis that e is summable. O

Furthermore, to prove Proposition 4.9 we have to restrict the hypothesis on 6 and
Vk: the two sequences should behave like convergent geometric sequences, which

means that there exist two constants us and u; < 1 such that
& =0(ul), VK = 0(u). (4.13)
The sequences 6 and Vk are then bounded by two convergent geometric sequences,
8 < cus, VK <c'ul, (4.14)

where ¢, ¢’ > 0 are two positive constants. These hypotheses are not so restrictive, be-

cause in all the numerical examples that satisfy the G and G? conditions, the sequences

6 and Vk are bounded by convergent geometric sequences, see Section [4.2]
Lemma [4.6] shows that the sequence Ak behaves like Vk, so

AK <2cuy =c"pl, = Ak =0(uy).

Fixing a point pf , the neighbouring discrete curvature kf 41 Or the curvature at the next
level k;l can both be bounded by k/,

k{+1 < k{ +c’u{(, and k;rl < k{ +c”,u;(+1. (4.15)
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AMpo-phll

Figure 4.21. Graphic definition of lambda in (417).

Proposition 4.9. If 6 and Vk behave like geometric sequences (4.14), then the sequence
of curvatures {k(py, pjl, to)}jsj, of the circles with tangent t, and passing through pé and

pj, converges to ky.

Proof: We define by Té+1 = <):(tj . téﬂ) the angle between the tangents at p, of the
discrete interpolating circles C(]) and C(J)H. We can split this angle into

—_—
1 1 1 1
ol =, ] = <(e], pop]) + <(por’, pop} ) + % (pop| T, )1
=)+ ol =~ + I+ o), (4.16)

where aé is defined in (4.3) and is equal to aé as stated by Lemma 2,71

We now study the behaviour of ’L"(i)+1 with respect to the behaviour of edges, angles
and curvatures. To do this we use the definition of discrete curvature and the fact that
sin(6) ~ 0 for small 6. By Lemma|[3.6lin [Dyn and HQrmanﬂ U)J each angle of the
scheme a [5) is bounded by the geometric sequence ,u5 because &/ itself is bounded.
Let us study separately the behaviour of the angles in (4.16).

J

. . . k .
. af) ~ sm(aé) =3 po—piH.
. ot Ay KT G e 1t 1y (A
a; sm(a )= — D = E(ko t+c 2 ) cos(ﬁ{“) 5
- —
with A < 1 that represents the ratio between the projection of p, p{“ on pg p{ and
—
popi itself,
Jpo—e st
A= . 4.17)
Hpo -
(see Fig.[4.27).
Using the Taylor expansion of the cosine we have
1 9—2<cos(9)<1 51— <t <1462 (4.18)
2 N Tcos(B) T 18~ ’ '

2
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where the last inequality is true for 6 < % From a certain level on we know that
it is true for a and f3, because they are null sequences.

Thus, we have
]+1 j+1 7, j+1 _ Jj+152
o (k +cu A=) ||py—pl || (1+B]?)

(1+67™?),

where we apply twice (4.I5). With the symbol < we mean that we bound with
an asymptotic quantity. The first step is always to substitute the angle with the
sine, since they are asymptotically equivalent, and then to use the decays of the
curvatures and the angles.

< 20+ (& + =) oy — ]

° aé+1 ~ Sln(aﬂ_l) _ K p{-l—l < &(k) + C// ]+1)J'|0_J+11“‘
< 3+l Hpo Pl + @™,
where again we use (4.15) and (4.18).

Jj+1

Combining these bounds we find the following upper bound for 7, ",

1—A /.
+—(ké+(c’+c ]H

2
(1+719)

- o
j+ 0 (|,,J j
Ry L

‘po ol (1+ 2

2 1 . .
+ ) (k] + c”,u;: Hpé —p]1

l(k] +c’ u;:l) pé—p{”(l+(5{+l)2)

(1+79)

Koo .
=7 ]pé—pi

—c ‘(=™ |pg—p)

(5]+1)2 + = ‘U,J+1

‘pé —p{H (1+79)

sl

-2l

1
+ EC/(l A)u”l

]+1 j+1 j j+1 J+1
<c le(u SRATH —p1H+cguk le(u
]+1 j+1 j j
<c p1H (Wl P +cyw |lph—pill

where ¢, ¢}, c3, ¢/, ¢, are some constants.

We call k(p,, pjl, to) the curvature of the circle with tangent t, and passing through
—

po and p{ In analogy with a ' we define a+ = <(p0p1, to) and

— — 00

i i+l +it+1
o, = «(p}p1, o) = <(phpl, ¢ )+<f(t],t0)_0'0+z<(t] Lt )—03+ngl
i=0
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Then we are able to estimate the difference between the curvature k(p, pi, to) and k.,

)+1+1
U ‘ ‘Zl =070

le i1

jHi+1 2 o jHi+l
)+ ey iy

2

2 sin(ai) B 2 sin(aé)

k(pO’p{) E0)_ k{)‘ =

J J
po _le
J+i J+i

|

Z()O

JHL
0 1

(us

S2

=l
1 1 i
(el B2y + eyt 32 i

J

j+1 i+1 1 +1 j+1
(u )2 +2¢) iy 1_—uk=C1(.u15 Y +couy

Hpo pl

<2

J
7|
= 2(:1
5
where in the second inequality we use (4.12). This relation allows to prove that Ve >

0 there exists some j, such that for any j > j,, |[k(po, p{, EO)—ké‘ < €/2. Using the

convergence of K , we have
k(Po,pjl, Eo)—ko‘ < ‘k(Po,le, Eo)—k{)‘ + ‘k(]) —]10‘ <E€.

Note that this result can be achieved for every point in the subdivision scheme. O

The same proposition can be proved for the sequence of curvatures k(p’ 1>Po> to) of
circles with tangent t, and passing through pi ; and py. This is not enough to show
that Cy is the osculating circle, because we need to show that considering circles with
tangent t, and passing through p, and any points in the neighbourhood of p,, like pf
with 0 < i < 2/, they converge to C,.

From a certain level on we show that the maximum of edge lengths decreases, now
we observe that there is a sort of order between points in a neighbourhood of p,.

Lemma 4.10. Let S be a convergent subdivision scheme. Fix a point p, and consider its
right neighbourhood, given by the points p{ with 0 < i < 2770 and j > j,. The points p{
are ordered in the sense that

-
forall 0 <i <277 and j > j,.

Numerical evidence: In Figure [4.22]we display

Hpo -
max max
J2jo 0<i<2/=Jo

Po— P4
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0.9
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(a) 4-point scheme with w = % (b) Circle-based 4-point scheme (c) Circle-based 6-point scheme

Figure 4.22. Plots of max; ; maxo;<ai-i ||P0_Plj||/||Po_Plj+1|| depending on j, with 0 < j, < 14.
The points are generated by the 4-point scheme with tension parameter w = 3/16 (a), the circle-
based 4-point scheme (b) and the circle-based 6-point scheme (c) starting with the three control
polygons considered in Section 4.2 The dashed line marks the value 1.

depending on jy, for the three control polygons used in the numerical tests (Section[4.2]).
Figure [4.22] shows that there exists an initial level j, such that the ratio is less than 1
(dashed line) for all j > j,, for all the control polygons and the subdivision schemes
considered. For all the examples, Lemma [£.10lis true.

Proposition 4.11. If S is convergent and Vk is summable, for any € > 0, there exists some

Jjo € N such that ‘ké—k{‘ <eforany0<i <270 andj> j,.

Proof: By definition (1) Vk’ = sup;, Ik{ — k{ 411> then for any points i € Z and any
level j >0
J J j
K,y K| < vi, (4.19)

and we proved in Proposition [4.4] that

K — kf‘ <2Vk/it, (4.20)

for any i € Z. By Proposition [4.4] and the fact that {ké }i>0 is a Cauchy sequence, there
exists an initial level j, € N such that
€

K — K| <=
‘002

, Viz=Jo. (4.21)

We consider the right neighbourhood of p, composed by p{ , with 0 < i < 277 and
j = jo, and we can split the absolute value,

0y
k= | < [jeh — ke

Jo J
+ [l K

The first term is less than e€/2 by (£.21)), so we focus on the difference ‘ké" — k{
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We denote with i, the binary expression of i such that

J—Jo

i= > (i5)2". (4.22)
£=0

To reach ké‘) from k{ ,0<i<2/7 and j> j,, we move along the branches of the tree,
displayed in Figure [4.23] following the strategy:

e if the {-th digit of the binary number is 1, (i), = 1, then we move on the left to the
previous curvature using (4.19) and then we go down to the previous level using

#20,

* if the {-th digit of the binary number is 0, (i,), = 0, then we move directly to the
previous level using (4.20).

We repeat the procedure until we reach ké‘). In this way we split the absolute value using
repeatedly (4.19) and (4.20),

Jj—Jo Jj—jo—1
o 1 . j—t j—t j—t _ 01
‘ko—ki‘SE:(lz)g Kk ‘+ ) ‘k, —k ‘
{=0

I+1 1/2
{=0
Jj—Jo Jj—Jo—1 Jj—Jo Jj—Jo—1
<D i) VT 2 DT VT =D (1), VR 42 D vkt
(=0 (=0 (=0 (=0
i—Jo
<3Vkh > Vit
{=0

where .
I=i _Z(iz)nzn
n=0

is the left even index, with respect to i, where we move in order to be able to use (4.20).
Since Vk is summable, for any € > 0, we choose j, € N such that

J—Jo
3k Y VK <S = [kb-kd] <<, (4.23)
(=0

Taking the maximum j, such that both (@.21)) and @.23) are bounded by €/2, then
J j
K- 1| <
for any 0 < i < 2/7Jo and j > j,. O

Corollary 4.12. If S is convergent and Vk is summable, for any € > 0, then there exists

some j, € N such that ‘I_co - k{ <eforany 0 <i< 27 andj> j,
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Figure 4.23. Discrete curvatures for the points pf, with 0 <i <27 and j > j,. We use dashed
lines to mark when we do not have a direct relation between the curvatures.

Proof: Combining the results of Proposition [4.4]and Proposition [f.1T]we obtain that for
any e there exists some j, such that

-k <2 |g—K|<5.
Then,
ko= K!] < [ko—1)| + |5 — ]| < e
for any 0 < i < 2/ and j > j,. O

Proposition [4.12] shows that the discrete curvatures at different points in a neigh-

bourhood of p, are e-close to k,. We want to prove the same if instead we consider the
curvature k(p,, pf , pf 1) of a circle passing through p, and two following points pf , p{ ‘1

in the right neighbourhood of p,.

Conjecture 4.13. If S is convergent, 6 and Vk are summable, for any € > 0, then there
J

)| <6 forany 0 <i< 2770 and j > jj.

exists some j, € N such that ‘l_co — k(po,p{,p

Any time we have to prove the convergence to k, we can use Proposition @.4and we
choose j, such that

: - €
w—k‘<1
‘ 0 0T

in this way we can focus only on the relation with ké.
Numerical evidence: The idea for the proof of Conjecture [4.13]it is to use the inductive
strategy, but unfortunately we did not manage to prove it. However, we show a numerical
evidence of the conjecture. In Figure [4.24]we display

j JoJ
max max |k —k(po,p’pl,,)|,
JZJo 0<i<2i—io 0 s



91 4 Geometric condition for curvature continuity

14000 16

12000 4
10000
8000
6000
4000

2000

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

(a) 4-point scheme with w =1/32 (b) Circle-based 4-point scheme
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(c) 6-point scheme (d) Circle-based 6-point scheme

Figure 4.24. Behaviour of max s ; maxg.;<ai-io |ké — k(po,pf,pfﬂ)l for increasing initial level jj,
with 0 < j, < 14, and applying some subdivision schemes with different order of continuity:
(a) the 4-point scheme with w = 1/32 (C!), (b) the circle-based 4-point scheme (G'), (c) the 6-
point scheme (C?), (d) the circle-based 6-point scheme (G2). The colors refer to different control
polygons, the same used in Section [£.21

depending on the initial level j,. We consider three different control polygons and we
apply some subdivision schemes with different order of continuity. For C' or G! contin-
uous schemes we can observe that shrinking the neighbourhood (for increasing j,) the
difference of curvature decreases but it does not decay to zero. While for schemes that
are C2? and G? continuous the difference between ké and k(p, p{ , p{ +1) decreases to zero
j

as j, increases. This behaviour suggests that the circles k(p,, p{ ,Dj,1) converge to ké in

the hypothesis of continuous curvature.

Conjecture [4.13] should help to prove the generalization of Proposition to any
point p] in a right neighbourhood of p.

Conjecture 4.14. Let S be a convergent scheme, 6 and Vk are summable, for any € > 0
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there exists some j, € N such that
I_<'0 - k(pO)pl]'a EO) <€

for any 0 < i < 2770 and j > j,, Wher_e k(po, p{ ,to) is the curvature of the circle with
tangent t, and passing through p, and pf .

Numerical evidence: Also in this case we do not have a complete proof yet, so we can
only test it numerically. Figure [4.25]shows for different initial levels j, the maximum of
the difference between curvatures

max max |k) —k(po,p}, )|

JZjo 0<i<2/~io
We test the conjecture using the control polygons considered in Section[4.2]and applying
four subdivision schemes with different orders of regularity. The results are similar to the
previous conjecture: we have that k(p,, pf, ty) converge to kg) if the scheme generates
curve with continuous curvature, otherwise the difference does not decay to zero or it
remains constant as for the 4-point scheme with tension parameter w = 1/32.

The difficulties in Conjectures [4.13] and [4.14] arise by the non-linear nature of the
curvature. In this sense it is difficult to find relations between neighbouring circles with
some common elements.

The Proposition [4.12] and Conjectures [4.13] [4.14] take into account the right neigh-
bourhood of p,, but similar results are true also considering the points pi ;in a left
neighbourhood of py, 0 < i < 2/, Once we have proved these results for both sides of
po we can conclude that k, is the curvature of the limit curve at py. In fact Proposition
states: if both the curvatures k(p_;, po, to) and k(po,pf, to), with 0 < i, < 277
and j > j,, converge to the same value kg, then k is the curvature of the limit curve at
Po- The same proof can be repeated for any point generated by the subdivision process,
since the discrete curvatures kl]. converge pointwise at a generic point p{ .

4.3.3 Step3

The final step consists of showing that the curvature changes continuously along the
limit curve, namely that two neighbouring points on the limit curve have curvatures that
are e-close. We start by fixing p, and we show that the limit curvatures of all the points
pf in a neighbourhood of p, (0 < i < 2/) differ by € from k, (see Fig.[4.26).

Proposition 4.15. If S is a convergent scheme, 6 and Vk are summable, then for any
€ > 0, there exists some jo € N such that for any 0 <i < 277 and j > jo,

‘120—12{ <e,

where I_<§ is the curvature of the limit curve at p{ .
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Figure 4.25. Behaviour of max;s; maXo.;<si-io k) — k(Po:Pf, t,)| for increasing initial level 0 <
Jo < 14 and applying some subdivision schemes with different order of continuity: (a) the 4-
point scheme with w = 1/32 (C!), (b) the circle-based 4-point scheme (G'), (c) the 6-point
scheme (C?), (d) the circle-based 6-point scheme (G?). The colors distinguish between different
control polygons, the same used in Section
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p
] r
Figure 4.26. Comparison of the curvature Figure 4.27. Comparison of the curvature
of the osculating circles at py and p;. of the osculating circles in two neighbour-

ing points p and r of the limit curve.

Proof: In Lemma [£.5lwe show that the discrete curvatures converge pointwise and uni-
formly, so for any € > 0 there exists j; > 0 such that

‘I_co—ké‘<f and <

i — k!
3 1 1

€
g;
for any i € Z and j > j;. Moreover, we prove in Proposition [4.17] that the discrete

curvatures in a right neighbourhood of p, are e-close: for any € > 0 there exists j, > 0
such that for 0 <i < 2/772 and j > j,,

€
< -.

4
‘ké_ki 3

Defining j, = max{j;, j,} we obtain for any j > jj,,
[ko—l| < [ko—k)| +[h = ! + | = ]| <.

Il

Proposition [4.15] proves that the curvatures change continuously on the set of points

P = {pf :j=0,i€e Z} that it is dense on the limit curve. However, we still have to

prove that the curvature is continuous for all the points on the limit curve. Considering

two points p and r on the limit curve, not generated by the subdivision process, we

have to prove that there exists the curvatures k(p) and k(r) and the difference of the
curvatures decays to zero as r approaches p (see Fig.[d.27).

Conjecture 4.16. If S is convergent, 6 and Vk are summable, then the limit curve € is
G? continuous.
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Idea of the proof: Let us consider a point on the limit curve not generated by the
subdivision process p € ¥’ \P. We attach to this point the tangent t and the curvature k,
t= lim ¢, k= lim k,, (4.24)
n—oo n—oo
where {p,},>0 is any sequence of points in P that converges to p from the right and ¢,
and k, are the direct tangent and curvature at p,.. The idea of the proof is similar to the
proof of Theorem [3.7], where [Dyn and Hormann [I;Oﬁ] prove that t is the direct tangent
of ¢ at p. Here, to prove that the limit curve has continuous curvature we have to show
that k is the osculating circle of % at p. The continuity of the curvature k along the limit
curve ¢ comes directly from Proposition 4. 151
Let us consider also a sequence of points {q,},>o that converges to p from the left.
The idea is to exploit Proposition [2.2] proving that

lim k(p,py,t) = lim k(qy,p,t) = k.

Without loss of generality, we focus on the sequence {p,},>o and the proof for the left
side comes straightforward.

Suppose that there exist some j > 0 and i € Z such that p and p, are inside the piece
of limit curve defined by p] and p/ ;. The difference |k —k(p,p,,t)| can be bounded
from above using the triangle inequality and exploiting the convergence of k,, t, and

pn}

|k —=k(p, pp, ) < [k — k| +

kn - k(pgypn)pl]-_,_l) + ‘k(pg)pnapg+1) _k(pl]-:pn) tn)

+ |k(p)pn) tn)_ k(p)pn: t)| .

+ ‘k(p{’pn) tn) _k(p:pn: tn)

The first two terms can be bounded by ¢ by the definition of k (4.24) and Definition [2.8]
of curvature of an osculating circle. In order to bound by € the third and fourth terms
we have to exploit the proofs of Proposition and Conjectures [4.13] [4.14] The last
term is bounded by e thanks to the convergence of the tangents t,. Unfortunately, we
cannot go more into detail, because we miss the proofs of Conjectures[4.13]and [4.14] so
we cannot show how to properly bound each term. O

If we were able to cover the missing points (Conjecture [4.13] [4.14)), then this last
result would concludes the proof of Conjecture [4.1l For the missing parts we provide
numerical evidence, we probably can find the missing relation between curvatures if we
consider all the possible configurations, as done in Proposition [4.4]

In the end, we show, at least numerically, that the summability of the sequence Vk is
a sufficient condition to have a G? continuous scheme, namely a scheme that generates
limit curve with continuous curvature. As we already show in Section[4.2]there are some
geometric schemes as the incenter scheme and circle-based 6-point scheme that satisfy
this condition and they generate a G2 limit curve %.
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The study of efficient representations of multidimensional functions is an important topic
in signal processing, where such representations are useful in image compression and
feature extraction. Applications related to phenomena that can be described as functions
f e L*(RY) (e.g. acustic signals, images, etc.) have received a strong impulse from the
definition of wavelet transforms.

The success of wavelets is due to the ability to provide optimally sparse approxima-
tions of signals representing singularities much more efficiently than traditional Fourier
methods and due to the existence of fast algorithms which digitalize the domain trans-
form. Moreover, the concept of multiresolution analysis allows a unified treatment of
the continuous and discrete wavelet transform (see [|Cmd, |l9_925; |NLe;Le_d, |l9_9_5|; |Malla.t|,
]). A multiresolution analysis is naturally related to a subdivision scheme and a
filterbank that endorse the implementation of fast algorithms for the decomposition and
reconstruction of a signal (cf. [Hamming, [1989; Strang and Neuven, [1996; Vetterli and
Kovacevi¢, |20_O_Z|]). All these concepts are recalled in Chapter[5l

Despite their success, wavelets are not always efficient when dealing with multi-
variate data. Wavelets work well to approximate data with pointwise singularities, but
they may not handle efficiently singularities along curves. The reason is that wavelets
are intrinsically isotropic, because they are generated by isotropically dilating a set of
generators. Instead, in multivariate signals the singularities are concentrated on lower
dimensional embedded manifolds, for example edges in natural images and shock fronts
in the solutions of transport equations. Thus, there is the necessity of introducing a rep-
resentation system that provides optimally sparse approximations of anisotropic features
and a unified treatment of continuous and discrete transforms.

The first attempt are curvelets by|Qand§‘:s_andD_Qthd [|29_0_AJ]. Curvelets form a pyra-
mid of analysing functions defined not only at various scales and locations but also at var-
ious orientations, with the number of orientations increasing at finer scales. Since their
supports become increasingly elongated at finer scales, curvelets are a good adaptive
representation system to approximate images with edges. Curvelets have some draw-
backs: they are defined only on bidimensional space, they do not preserve the integer
lattice because they use rotations, and the lack of a multiresolution analysis that does
not allow for fast decomposition algorithms. The preservation of the integer lattice is
necessary to have a simple connection between the continuous and the digital setting.
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The contourlets were introduced bybo_mdjle_tj;_eﬂ [I;OD_EI]. Contourlets are the fil-
terbank version of curvelets. The advantage is the possibility to define efficient numerical
algorithms, but the disadvantage is the absence of a continuous transform.

In the same year shearlets were introduced bym&m&m&aﬂ [IZJ)_Oﬂ] and
Labate et al) [|20_Q§]. Differently from curvelets, shearlets use shear to control directions
instead of rotations. This is fundamentally different, because it allows the shearlet sys-
tems to be derived from a finite set of generators and gives a unified treatment of the
continuous and digital signals, due to the fact that the shear matrix preserves the inte-
ger lattice. Thanks to their mathematical structure, shearlets are connected to a more
general framework than the canonical MRA, that is the so-called multiple multiresolu-
tion analysis (MMRA). Any MMRA is related to a multiple subdivision scheme that is a
scheme where in each iteration an expanding matrix and a subdivision scheme are cho-
sen from a finite dictionary, see [@i ] In this way, the corresponding filterbanks
allow the definition of efficient algorithms to decompose and reconstruct a signal. All
these concepts are recalled and examined in detail in Chapter[6l

Multiresolution analysis, filterbanks and subdivision schemes are based on various
types of scaling matrices that turns out to be the key ingredient of these tools, because
they fix the way to refine the given data, to manipulate them. In other words they control
the upsampling and downsampling of the data. The absolute value of the scaling matrix
determinant gives the number of disjoint cosets which is strictly connected to the number
of filters needed to analyse a signal and then to the computational complexity. In the
wavelet setting the most popular dilation matrices are the dyadic ones with determinant
24 and, in dimension d = 2, the quincunx matrix with determinant two (see [m,
]). Each of them gives an isotropic refinement of the lattices Z¢ and Z? respectively.
In the shearlet context, to gain directional flexibility, the dilation matrices are the product

of a parabolic matrix
41 0
Dz = P 5
0 2l

and a shear matrix. The drawback of the shearlet is the huge value of the determi-
nant which is 24P with respect to the determinant 2¢ of the dyadic matrix used by the
wavelets.

The aim of this second part of my work, presented in Chapter [7] is to develop a
discrete directional transform that involves a family of dilation matrices with smaller
determinant than shearlets. The idea is to keep the good properties of shearlets, such as
the ability of catching signal features along different directions, and at the same time to
improve the computational efficiency of the transform. In this sense, we study the crucial
properties that the dilation matrices must have: to be expansive, jointly expansive and
to satisfy the slope resolution property. To design a directional transform that uses these
type of matrices we follow a different approach with respect to Labate et al] [|20_Qj and

|Ku.13m1.Qk_eI_aL| [2012], because we avoid to define explicitly the scaling function for the
multiresolution analysis. We use the discrete approach of [@], that defines the
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multiple multiresolution analysis starting from a multiple subdivision scheme. This con-
struction is convenient, because we need only to define a set of scaling matrices and the
masks of the subdivision schemes associated with them. In this way, the multiresolution
and the scaling functions are defined straightforwardly. Moreover, it allows to exploit
the computational efficiency of the subdivision schemes in the transform computation.
In Section [7.2] we study a new family of anisotropic scaling matrices having the
advantage of a smaller determinant with respect to shearlets especially when the dimen-
sion increases. Their structure is shearlet-like in the sense that they are the product of an
anisotropic diagonal matrix in Z?*? with minimum determinant and a shear matrix. We
prove that this family satisfies all the crucial properties stated above, and in particular
we prove the slope resolution property (which is in general a non trivial task) in any
dimension d. We provide also a family of filterbanks that allows to perform an MMRA.
In Section [7.4] we present a part of the extensive experimentation done in the two di-
mensional case with the aim to illustrate how the directional transform defined by these
matrices analyse an image. The numerical results confirm the effectiveness of these ma-
trices to capture the details in different directions. Finally, in Section [Z.3] we focus on
anisotropic matrices for d = 3 non shearlet-like, that means they are product of a full
matrix and a shear. By substituting the anisotropic diagonal matrices with a full matrix
we can reduce even more the determinant. We present a choice of such matrices for
which we have only a numerical evidence that they satisfy the slope resolution property.
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Chapter 5

Wavelets

5.1 Wavelet system

The aim of signal processing is to give an efficient representation of signals, described as
multivariate functions f € L%(R%). Given a collection of analysing functions {¢;};c; €
L*(RY), with I a countable index set, we want to express any signal as

f= e
i€l

This formula provides a decomposition of the function f € L*(RY) into a countable
collection of coefficients cr € €2(I) (analysis process). Moreover, it also illustrates the
synthesis process where the function f is reconstructed from the coefficients c;.

Given a class of signals, the aim is to design an analysing system {¢;};c; such that
for each function of the class, the corresponding coefficient sequence c; is sparse. If a
function is sparsely approximated, important features are described by coefficients with
large absolute values. High approximation rates can then be achieved by storing only
few coefficients.

Usually, the wavelet system in L2(RY) is composed by the dilation and translation of
a single function v,

{(Ppre = |det M|V 4p(M - —t) : |detM| > 2, t € R%}.

In general, we consider as matrix M the isotropic matrix M = aly. In this case the
continuous wavelet transform is the mapping

Lz(Rd)BfHWd,f(a,t)zad/ZJ fO(ax—t)dx, a>0,teR%
]Rd

The only request on M is to be an expanding matrix.

Definition 5.1. A matrix M is an acceptable dilation or an expanding matrix for Z9, if
M2z c 74, and all its eigenvalues are greater than one in absolute value.
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Definition 5.2. In a wavelet system, the analysing elements are obtained through the action
of dilatation and translation operators on a generating function 4 € L*(RY), called wavelet
as

{Ya,e = |det(MD) > P(M(-— 1)) : M € GLy(R), t €RY}.

The continuous wavelet transform is defined to be the mapping
L* R 3 f =Wy f(M,0) = (f,,e), M €GLg(R), t €R.

The matrix M belongs to the general linear group GL,(R) of d x d invertible matrices
with entries in R. Classic examples of matrices M are the dyadic matrix 2I; and the

quincunx matrix (d = 2),
M= 1 -1
S\l 1)
(see [Mallat, 2008]).

The property of the dilation matrix to leave the Z¢ lattice invariant allows to dis-
cretize in a simpler way the continuous transform. Associated with the matrix M there
is the coset MZ? c Z4 and it is possible to decompose Z? into the the disjoint cosets
E+Mz4,

z8= | J (g+Mmz?), (5.1)

E€Ey

where & € E,; is a representative of Z¢/MZ? and E,;, = M[0,1)¢ nZ%. The vector
£ = 0 corresponds to the subgrid MZ?. The set E;; has |det M| elements and with E](\)/[
we refer to Ey; \ {0}. To define the discrete transform, it is sufficient to substitute the
translation parameter t € R? with the discrete translation & + k, & € E,; and k € Z<.
The whole space R? is recovered in the limit, in fact M7Z¢ — R? because the matrix
has eigenvalues greater than one in absolute value and ||M = || — 0 for j — oo,

For example in two dimensions, choosing the dyadic matrix (% g), the disjoint cosets
are shown in Figure [5.] and the representatives are

o) o) ooQ) o) e

The corresponding discrete wavelet system is
(Y ex =222 —E—k): jELE €Eyp, kLY, (5.3)
while the discrete wavelet transform is given by
Wy f(G,8k) = (f,9 £ 1) 12 mra)-

The choice of using isotropic matrices is the drawback of the wavelets because they
are suitable to catch point singularities while we need a lot of coefficients to approximate
discontinuities along curves. Let us consider a function f that is regular everywhere
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Figure 5.1. Disjoint cosets & + MZ9, where we consider the dyadic matrix M = 2I, and the
representative & in (5.2): £, +MZ? (red), £, +MZ? (blue), £,+MZ? (green), £,+MZ? (orange).

except for a point singularity at x,. The continuous wavelet transform W, f (j, t) with
the dyadic matrix has rapid asymptotic decay as j — oo, for all values of t, unless
t = xy. Continuous wavelet transforms can be used to characterize the singular support
of a function, however it is unable to provide additional information about the geometry
of the set of singularities. Let f € L2(R?) be an image that contains a singularity along
a smooth curve and {1; ¢} the discrete wavelet basis in (5.3). For large j the only
significant wavelet coefficients (f, 1) ¢ k) 2(ra) are those associated with the singularities.
At scale 277 each wavelet is supported or essentially supported inside a box 277 x 27/,
hence there exist several elements of the wavelet basis overlapping the singularity curve
and the signal representation is not sparse. We will see that shearlets overcome the
problem with analysing elements ranging over several scales, orientations and locations
and with the property to become very elongated.

The advantage of the wavelet is the possibility to define a multiresolution analysis
that gives a unified mathematical background to the continuous and discrete transform.
Moreover, a multiresolution analysis is always associate with a subdivision scheme that
allows a fast implementation of the wavelet transform.

5.2 Multiresolution analysis

A multiresolution analysis allows to approximate signals at various resolutions with pro-
jections on different spaces. It is basically a way to subdivide the space L%(R?) in sub-
spaces and to decompose a function f € L%(R%) by projecting on these spaces.

In Mallaﬂ, |128_d; Meygﬂ, M] the concept of a multiresolution analysis related to
dyadic matrices 21, is presented respectively in the univariate and the multivariate set-
ting. We recall the definition of a multiresolution analysis of L(RY) for a generic ex-
panding matrix M € R¥*? (see e.g. [IM, ]).
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Definition 5.3. A sequence of nested closed subspaces V; C Vi1 C 'V, j €Z, in a space V
is called a multiresolution analysis (MRA) if

(i) (Traslation invariance) f € V; if and only if f (- —M7k) e V; for all a € 74,
(i) (Scaling property) f € V; if and only if f(M-) € Vj,;.
(iii) (Limits) The spaces are exhaustive and non redundant:

lim V; =V, lim V;={0}. (5.4)
Jj——0Q

j—00
(iv) (Basis) There exists a scaling function ¢ € V such that {¢(-—k) : k € Z9} is a stable
basis of V.

In the case of signal analysis we consider as space V = L%(RY).

If ¢ is a stable basis of V), its scaled and shifted version {|det M VY d/2 d(M!-—k),k €
74} is a stable basis for V;. Then, the projection on V; gives information about the resolu-
tion M’ of the signal. The approximation of a function in V;,; has additional information
available with respect to the approximation in V;. We define U; as the orthogonal com-
plement of V; in Vj;

Vi =V @ U, (5.5)

for any j € Z. There exists a set of functions 1 z(x) such that
{|det M[4/%p (M7 - —k), £ € EY, k € 2%}

is an orthonormal basis of U;. Moreover, relation (5.4) allows to decompose the space

oo
@Y= P v,
j=—00
into the direct sum of the subspaces U;. Then, the family of functions

{IdetMP¥/24p (M - —k), j € Z,E € ES, k € 2}

is a wavelet orthonormal basis of L2(RY).
The scaling property (i) and the nestedness of the spaces (V,, C V;) provide a scaling
function ¢ that is refinable, namely there exist coefficients a € £(Z?) such that

$() = alk)p(M - —k). (5.6)

kezd

These coefficients a can be seen as the mask of a subdivision scheme. As shown in Section
[I.3] the basic limit function of a subdivision scheme is a refinable function.
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The wavelet basis functions V¢, & € Ez(\)/p can be defined using the scaling function
¢. By definition of the spaces U; (5.5), we have that U, C V; and then

Pe()= D be(k)p(M - —k). (5.7)

kezd

Using V; =V, @ Uy, we can write the basis of V; with respect to the basis of V, and Uy,

M -—k)= > | plk=MOS( =0+ Y, qz(k=MOY(—0) |,  (5.8)

d 0
leZ E€Ey,

where p,q; € ¢1(z4). For simplicity, from here on we do not consider the normalization
factor |detM|jd/2.

Any signal seen as a function s € L>(R?) can be approximated as closely as desired
bys; € V; and j € Z, due to (5.4). By the nestedness of the spaces V; and the definition
of U;, we can write any space V; as

‘/j = Uj—l + ‘/j—l)
thus the function s; has a decomposition
Sj = u]'_l +S]'_1

where s;_; € V;_; and u;_; € U;_;. Since ¢ and y; are bases respectively of V; and Uj,
for any j € Z, we can express

si(0) = > d(k)p(MIx—k) eV, (5.9)
kezd

w)= Y > dly(MIx—k) € U;. (5.10)
kezd £eEY,

Inserting (5.8) in the expression of s; we obtain

si(0) = D0 > plk—MOIR)GMTIx =0+ D> >0 > qelk— MO (kKype (M x —0),

dpezd d 0 d
kezd (eZ kezd EcEp) L€

Si_
j—1 u]',l

so the coefficients in the expression of s; and u; can be computed iteratively

= plk =M (K),

kezd

a7 = qe(k—M-)c (k), (5.11)

kezd
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with & € EI(\)/I' These formulas express the decomposition algorithm where we compute
the coefficients of the expression of s;_; and u;_;. Vice versa using (5.6) and (5.7) in
the sum s;_; +u;_; we obtain

si(x) =sj_1(x) +uj_1(x)

= > > [ alk=MOIT @)+ Y be(k—MOA(0) | oM x — k).

d d 0
kezd (eZ EEEy,

It means that starting from the coefficients ¢/~ and {dé_l} gep? We can reconstruct the
signal by computing

=" a(-—=MOITO) + Y b(-—MOdL (L), (5.12)

d 0
LeZ E€E,,

This expresses the reconstruction algorithm.
Reintroducing the normalization factor |det M |]d/ 2 the relations (5.11) and (5.12)
for the decomposition and reconstruction of a signal become

™1 =+ detM Z p(k—M-)c! (k),

kezd
I = VdetM Y qe(k—M-)c/ (k), (5.13)
kezd
; 1 i i
J= «/WEZ;G('_W)C] O+ Y be(-— MO (0.
€Z E€EY,

In the next section we deduce these relations from a different point of view.

5.3 Filterbank

A multiresolution analysis and a subdivision scheme lead to an efficient implementation
for the analysis and synthesis of a signal by means of a filterbank. Filterbanks allow an
analytic decomposition of signals using discrete operations on discrete signals. Good
filterbanks reconstruct the original signal if there are no changes in the decomposition
coefficients. An extensive presentation of filters can be found in [Hamming, 1989; Strang

and Nguyen, ; Vetterli and Kovadevid, ].

Definition 5.4. An operator F : £(Z%) — £(Z%) is called an LTI filter (Linear and Time
Invariant) if it is a linear operator that commutes with translation,

Tr(Fc) =(Fc)(- +k)=F(c(- +k)) =F1yc

for c € 0(z9), k € ¢ and Tic = c(- + k) is the translation operator.
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Let us consider the sequence 6 = {0, k € 7.4}, the impulse response f € £(Z4) of
the filter F is f = F5. A FIR (Finite Impulse Response) filter is such that f € £,0(Z9).
The application of a filter to a signal ¢ can be written as a convolution with the impulse
response

Fe=fxc= Yy f(-—k)e(k).
kezd

Once we consider an expanding matrix M, any element of Z¢ is given by the sum of
a representative of cosets & € Ey, plus an element of MZ¢, as seen in (5.1). Thus, the
application of the filter can be written as

(f xc)(@) = (f #c)(E +MPB) = (fz *c)(MPB).

In this way, we introduce m = |det M| impulse responses f;, with & € Ej;, that define
a filterbank. A filterbank is simply a set of filters and, in this case, it is called critically
sampled because the decimation rate |det M| coincides with the number m of considered
filters. In the following, we always consider critically sampled filterbanks.
The downsampling operator |;;, with respect to an expanding matrix M, is defined
as
lyc=c(M), (5.14)

where ¢ € £(z9).
Using the definition of downsampling (5.14), the analysis filters are operators that
decompose a given signal ¢ € £(Z%) into the vector

c'—>{cé =lu (fe xc), §€EM}. (5.15)

The output vector has the same amount of information of the initial signal c, in fact the
increase of information given by the m filters is compensated by the subsampling | ;.
. . . . . 1
It is natural to try to invert the process: starting with the vector {c g} feE,,» tO recon-
struct the signal c. So we introduce the upsampling operator T,

M1 Mz
Ty cla) = { ;( @) Z;MZd’ (5.16)

for ¢ € £(Z%). It is worthwhile to remark that |y, T, is an identity, while 7,1, is a lossy
operator due to the decimation involved in the upsampling,

c(a) aeMzZq,

Tyl c(a) = { 0 a¢ M7Ze. (5.17)

Figure[5.2]shows the effect of these two operations (downsampling and upsampling) on
an image.
We reconstruct the signal by convolving it with a set of filters g¢, & € Ey, called
synthesis filters
¢ = Z gek Tu cé. (5.18)

E€Ey
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Figure 5.2. Downsampling and upsampling process with respect to the dyadic matrix M = 2I,.
From left to right: the original image, the downsampling and the upsampling. Below we display
the same operations on a part of the data.

The whole process is sketched in Figure[5.3]and can be repeated by applying the analysis
filters to the vector c;.

Comparing the decomposition and reconstruction process in filter analysis (5.13),
(5.18) with the relation between wavelet coefficients (5.11)), (5.12)), we recognise a strict
relation between filterbanks and the multiresolution setting. In the analysis process,

cj,_1 = D keza P(k— M-)c! (k) «— C(l) = Daezd fo(M - —a)c(a),
Al = Yepa ek =MII (k) = e} =3 ez (M -—a)e(a).

The two descriptions coincide if we set f;(£) = p(—() and fz({) = q:(—() forany £ € z4.
In the two different settings, the synthesis process is described by

J =D al-=MOST O+ Y be(-— M)A (@),

(ezd geEy,
i= > go(-—Ma)i(@)+ Y. ge(-—Ma)ck(a),
aczd geEy,

and they coincide if we impose gy =a and g = by, £ € E]?,[.

We observe that f;; and g, have a formulation that is different from the other filters
frand g: with & € E]?,I. The difference comes from the wavelet setting where the wavelet
basis is composed by dilating and shifting the scaling function ¢ and the wavelet func-
tions Yz, € € Ez(\)/r Thus, {¢ (M’ - —k)} is the basis of V; that contains the smooth part of
the signal, while {):(M’ - —k)} is the basis of the space U; that contains the details of
the signal. For this reason the filters f; and g, are called low-pass filters and f, gz with
g € EY), are called high-pass filters.
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Figure 5.3. (a) Scheme of one level of decomposition and reconstruction of a signal ¢ by con-
volving with the analysis filters {f:}:cg, and the synthesis filters {g;:}scg, . (b) The process can
be iterated by decomposing c;. The reconstruction process is depicted in red.

A perfect reconstruction filterbank is when the analysis filters are the inverse of the
synthesis filters and the reconstructed signal is exactly the initial signal c,

c= Z gex Ty fexc. (5.19)

EEEy

A simple example of perfect reconstruction filterbank is given by the translational oper-
ator Tg,

E€Ey
If we expand the synthesis process (5.18) with a generic filter g, then
gxTyc= Z gt-—a)(Mla)= Z g(-—Ma)c(a) = S,c, (5.21)
aeMzd a€zd

and we recognize the refinement equation of a subdivision scheme with mask g. There
is a strict connection between synthesis filters and subdivision schemes. In particular it
is possible to define a filterbank starting from an interpolatory subdivision scheme. This
construction is called prediction-correction method and it is described in ,
QOLd; [S_mm_ri, M]. A subdivision scheme with mask a takes coarse data and predicts
how to refine them, thus it can be used as a synthesis filters g, = a. In this case, the
best way to define the low-pass analysis filter is to set f, = &, so the analysis process
samples the initial data c, | foc(:) = c(M-). With these filters and choosing an inter-
polatory scheme, namely a(M-) = &, we reproduce data from the coarse grid MZ? as
reconstructed values, in fact

(0% Tarda fox M) = (S, Ly M) = >~ a(M - —Ma)e(Ma) = c(M-).

aczd
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The prediction from decimated values is correct only on the coarse grid (MZ%). We
have to compensate the error on the other cosets. In this sense, we define the high-pass
analysis filters as

fe=1_(6—Tylma), &€ EY,
where

[ —&) ieMz!
T-g Tulya= { g(l $) ;;Mzd

is the upsampling of the submask with respect to £ € E;;. The correction takes care also
of the cosets & + MZ<. Finally, the high-pass reconstruction filters have the role to shift
the correction values at the correct place

g§=T§5, gGEI(\)/I

Summarizing, the impulses responses generated by an interpolatory subdivision scheme
S, are

Low-pass High-pass
Analysis fo=6 |fr=7_¢(6—Tulm a) (5.22)
Synthesis | g, =a 8 =Tg0

for £ E]?/I and the corresponding filters are

Fo=1, Fr=1_s(I—TylmA),
GO :A, Gg = Té’

where A is the operator related to the impulse response a, Ac = a % c. The filter A is
different from the subdivision scheme S, that has the upsampling inside, see (5.21).
The filters F, and Gg, &€ E]?,I, are linear and time invariant filters. We have to show the
same for the others filters. It is easy to verify that TGy = GoTp, in fact

TpAC = T, (Z a(i—k)c(k)) = > ali—k+P)e(k)= Y ali—0)c(t + ) =Atge.

kezd kezd {ezd

In a similar way we can verify that T4(t_z Tyly A) = 7 Tulm ATp and also Fg,
& € EY | are linear and time invariant filters.
In symbol calculus, these filters (5.22) can be described as

fo*(z) =1, fg(z) =g¢ (1 _Ziezd a(Mi— g)zMi—g),

g(@) =a*(z), gix)=2"", (5.23)

with £ € Ez(\)/['
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It remains to prove that the filters defined in (5.22)) generate a perfect reconstruction
filterbank,

> (gex Tada fe#€) (@) = (ax Tyrdas WD + D (g5 Trde f % €)(0)

E€Ey geE]Ow
= > ali—ket)+ > (e Ty 7=e¢) D= D (Tex Ty (7 Tyl @) %) (@)
kezd geEY, geEy,
(ieMZ?)
= > aMj—k)e(k) + U= Tydade— > (Tex Tarbur (7o Tarda @) ) (0)
kezd EeEY,
= > aMj—k)e(k) +c()) —cM) = D (e Tyldn (T_e Tydy @) %) (0.
kezd geEy,

We distinguish between high-pass and low-pass filters and we exploit the fact that the
traslational operator is a perfect reconstruction filterbank (5.20). If the index i has to
be on the subgrid MZ4, then we substitute i with Mj, j € Z¢. We analyse the last term
separately in order to simplify it. First of all we can rewrite,

(e by xe@ = D ali=k=8)e(k) = D a(ML—E)e(i —ML).
(i—iEZMZd) <t

Inserting this in the last term, we get

Z (Tek Tardn (T—e Ty @) %) (D) = Z Tex Tyly (Z a(Me—&)c(i —MK))

E€EY, E€EY, Lezd
=D 1 > aMl—Ec(i—MO= > > a(M{—E)(Mj+E—ML)
EeEY, tezd geEd tezd
(ieMz%)

=> > aMj—k)x(k).

E€EY keMZI+E

We know that any element in Z¢ can be written as MZ%+£ for some £ € E,,. Considering
all the terms together we have

Z (gg* Tvdy fe* C) (1)

E€Ey

= > a(Mj—K)e(k) +c(D) —cM)— Y (vex Turba (T_e by @) ) (D)
kezd E€EY,

= > > aMj—kek) +cd—cMH— D > aMj—k)e(k)
E€Ey keMZA+E E€EY keMZi+E

= > a(Mj—k)e(k) = c(Mj) + c(i) = c(M) — c(MJ) + (i) = c(i),
keMzd
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where we exploit that S, is an interpolatory scheme (a(M-) = §). In this way we prove
that the choice of filters in design a perfect reconstruction filterbank.

In general, an interpolatory (convergent) subdivision always allows to define a per-
fect reconstruction filterbank. Moreover, [@] prove that for any expanding
matrix M, it is possible to define a convergent interpolatory scheme. In conclusion, we
only need to have a suitable expanding matrix. This is why the thesis focuses on the prob-
lem of finding good matrices that allow to construct an alternative to shearlet providing
a directional approach.



Chapter 6

Shearlets

6.1 Shearlet system

After the discussion on the limitations of wavelet systems in higher dimensions, we in-
troduce the shearlet system as a general framework to overcome these drawbacks.

In order to achieve optimally sparse approximations of signals exhibiting anisotropic
singularities, the analysing elements must consist of waveforms ranging over several
scales, orientations and locations with the ability to become very elongated. These char-
acteristics require a combination of an appropriate scaling operator to generate elements
at different scales, an orthogonal operator to change their orientations, and a translation
operator to displace these elements.

As scaling operator, shearlets consider the parabolic scaling matrices

2
Da=(a 0 ) 6.1)

0 aId_p

with a > 2, p < d. This matrix is called parabolic because one eigenvalue is the square
of the other, moreover it is responsible for the anisotropy of shearlets.

The parameter p in allows to catch singularities in p-dimensional manifolds.
For example, in three dimension there are different types of anisotropic features like
singularities in one dimensional and two dimensional manifold. For d dimensional data,
the singularities are embedded in manifolds at most (d — 1) dimensional. Our work
mainly focuses on detecting directions of edges, so we fix p =d — 1.

To change the orientation of waveforms, it is not possible to consider the rotation
operator, because it destroys the structure of the integer lattice Z¢ when the angle of
rotation is different from k75, k € Z. This is one drawback of curvelets. It is impor-
tant to preserve the integer lattice in order to define the discrete transform simply as a
discretization of the continuous transform. An alternative orthogonal transformation is

given by the shear matrix
I w
=[P 2
oW (0 Id—p) 2

115
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where W € RP*(4=P)_ If W is integer, then Sy, leaves the integer lattice invariant. Looking

at the 2 x 2 matrix
1 w
Sy = (0 1) , (6.3)

we observe that the shear matrices parametrize the orientations using the slope w, rather
than the angle as done by the rotations. The shear matrices are unimodular matrices,
detSy, = £1, whose inverse is again a shear matrix

Syt =S_w, (6.4)

and they satisfy _
S]]/V = S)W and Swsw/ = SW+W" (65)

Due to these properties, the parabolic scaling matrix and the shear matrix “pseudo-
commute”, i.e.
D,Sw =Sy D,. (6.6)

In general, two matrices A and B are pseudo-commuting matrices if there exists some
n,m € N such that BA™ = A"B. In the shearlet case we have

a?l 0 I, W a’l,  a’Ww
DaSW — p p — P
0 aId_p 0 Id—p 0 aId_p
I, aw /([ a?l 0
=7 p = D,=S%D..
(O Id—p)( 0 aId—p) SawDa = Sy Da

Finally as translation operator, we consider the usual translation with respect to a
real parameter. Given this setting we can define the continuous shearlet system and the
continuous shearlet transform.

Definition 6.1. For 1 € L?(RY), the continuous shearlet system is defined by
{Yow. =detD, /2 P(DySy - —t), a =2, W e RP*(P) ¢ e R} (6.7)
Then the continuous shearlet transform of f € L?(RY) is the map

L*(RY) € f = SHyuf(a, W, 0) = (f, Y aw,dr2mes

from f to the coefficients SH,, f (a, W, t) associated with the scale a, the orientation W and
the localization t € R

Since we focus on the two dimensional setting, we consider shear S,, of the form
(6.3). Moreover, if the function is mostly concentrated on the vertical axis in the fre-
quency domain, then the higher values of the continuous shearlet transform SH,, f (a, w, t)
are given for w — oo. This is a limit for the applications. To overcome this limitation,

the cone-adapted shearlet transform is introduced by|Guo, Kutyniok and Labate [IM].
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Figure 6.1. Division of the plane in four cones C;, i = 1,...,4, and a square R centred in the
origin.

The idea is to divide the frequency plane in four cones C;, i = 1,...,4, while separating
the low frequency region by cutting out a square R centred around the origin (see Fig.
6.1).

In this way the orientation parameter w varies on a finite range and we have a better
distribution of the orientations that can be reached. To have a complete representation
system in addition to v that works on the cones C; U C5, we introduce another function
1) that works on the vertical cones C, U C4 and ¢ associated to the low frequency region
R.

Definition 6.2. For ¢, v, ¢ € L%(R?), the cone adapted continuous shearlet system is
defined as

(ot ERMU{Yypa>1, W <1+a, t eRIU{Yg,pa>1, [w <1+a,t €R?,
where

d)t = ¢(' - t))
wa,w,t = detDal/Zw(DaSw ' _t)>
Jja,w,t = dEtDal/Zlﬁ(DaSw ' _t)-

The cone adapted continuous shearlet transform of f € L>(RY) is the map
f = SH¢’1/),1/;f(t/’ (a, w, t)’ ((NX,VT/, E)) = ((f, d)t’ )LZ(RZ); (f’ wa,w,t)LZ(lRZ), (f’ f"[)‘d,ﬁz,f)Lz(Rz))'

A simple choice for v is reversing the roles of x; and x,, P (x1, x5) = Y(x,, x; ). A similar
division of the frequency plane is operated also by contourlets X 1.
Shearlets give a sparse representation of the analysed signal where it is smooth, while
the shearlet transform decays slowly in a neighbourhood of the discontinuity. Differently
from wavelets, the shearlet system provides information about the geometry of the dis-
continuity, thanks to the scale a, orientation W and location t. In this way, shearlets
can handle edges, corner points and junctions. The order of decay of the continuous
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shearlet transform in a smooth area or in a neighbourhood of a discontinuity is studied
in [Kutyniok and Labate, [2009; (Guo and Labate, 2009, 2017].

In the discrete setting, we choose the orientation and localization varying on integers,
while we fix an integer value for a and we consider different powers of the scaling matrix
D,. The minimum value that a can assume is 2,

(41, o0
%_(o ﬂ&). (6.8)

Definition 6.3. A discrete shearlet system associated to v € L?(R%) is composed by
)i = 259Dy Sy - k), j € Z, W € 2P*4P), ke 7). (6.9)
The discrete shearlet transform of f € L>(RY) is the map

[ SHyfG,W, k) =(f, ¥ widizme,

where j € Z represents the scaling index, W € ZP*4~P) the orientation matrix and k € Z4
the position index.

Analogously to the continuous shearlet transform, it is possible to define a cone

adapted discrete shearlet transform [|QM.Q,_KuQmiQk_an.d_La.b_aIé, 2006]. For simplicity

we fix d = 2.

Definition 6.4. For ¢, 1, { € L%(R?) the cone adapted discrete shearlet system is de-
fined by

(P, k €Z2 U] 2 0,IW| <27,k €Z2YU {010 ] 2 0,|w| <20, k € 2%}
where
¢r=¢(-—k)
Wk = 299Dy S,y —k)
1[’j,w,k = Zgjiﬁ(DszW -—k)
The cone adapted continuous shearlet transform of f € L>(RY) is the map
fro 8Hy i f (K, Gow, k), (G, w,1)) = ((F, bidramy (F> ¥ i)z (45 5 D rage))-

The cone-adapted discrete shearlet transform provides a particular decomposition of
the frequency space into frequency regions associated with different scales j and orien-
tations w.

If we define the orientation W of the shear matrix to vary on the integers, then we can
even restrict more by considering a finite set of shear matrices {S;},i € {0,...,s—1} =Z,
and defining the shearlet system

3. ; .
(i =2"Pp(M] -—k), M; =D,S;, i € Z, k € 7%},
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Differently to the continuous transform, we have to guarantee that this shearlet system
is capable of detecting all directions in space, namely the set of matrices {M;};cz_ have
to satisfy the slope resolution property.

Definition 6.5. A family {M; = D,S;}, i € Z, provides the slope resolution property if
there exists a reference line £ through the origin such that for any line {, there exists a
sequence € € Z, n € N, such that M .{, — L.

This property ensures that the shearlet system {v;;;} is capable of deducing the
direction of a singularity from the index €. Of course the slope resolution property in
more dimensions considers hyperplanes instead of lines.

In two dimensions, |Ku.nmmkm1d_5_auf_d [|20_O_d] consider the two matrices

4 0 11 4 4
Moz(o 2), M1:M0(0 1):(0 2), (6.10)

the product of the parabolic matrix D, and the shear matrices S, = I, and S;, defined as
in (6.3).

Let £ be a line through the origin with slope s(£) and let s({, €) denote the slope of
the line Me_lﬁ, with e € Z3, n €N,

Theorem 6.1 [[Kutyniok and Saueﬂ, M]. Let £ be a line through the origin with slope

s(£) € (0,00]. Then for each s € [%, oo] and 6 > 0, there exist some n € N and € € Z;
such that

Is(£,e)—s| < 6.

With the matrices M, and M; we can cover all the directions with slope in [%, oo],
namely we cover a cone. Now if we consider also the matrices M_; = D,S_; and

M; = D,S; §,=(1 O) i=-1,0,1 (6.11)
i 291> i i 1)’ s Ly
we can cover all the possible slopes in the plane, see Figure Hence, the matrices
{M;,M;, i =—1,0,1} satisfy the slope resolution property. Each pair of matrices can
reach directions inside a cone, which is analogous to the cone adapted discrete shearlet
system.

The generalization in higher dimension d is quite different. One important applica-
tion of shearlets is the detection of tangent planes at a certain point. In order to capture
directional singularities across arbitrary hyperplanes we consider shearlet scaling matri-

ces of the form
4Id_1 0 Id_]_ e;
Mi = Dzsi, Dz = ( O 2) 3 Si = ( 0 11 5 (6.12)

where e; € Z47! are the unit vectors whose i-th component is equal to 1, (e;), = Oit>
(=1,...,d—1.
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Figure 6.2. Directions covered by the application of the matrices M;, j =—1,0,1 (dark grey) or
by the application of the matrices 1\7[]-, j=-1,0,1 (light gray).

Given a hyperplane H = {x € R? : v"x = 0} c R? whose normal has the property
v4 # 0, we normalize v such that v; = 1. Writing v = (s,1)7, we call s € R4~ the
slope of the hyperplane H. In [IS_TLLSH, ] it is proved that any hyperplane can be
obtained from a single reference hyperplane by applying a proper matrix M,. This is the
multivariate version of the slope resolution property. We denote with

d—1
Ay ::{te]Rd_l:thO,ZtkS1}, (6.13)
k=1

the unit simplex in R4,

Theorem 6.2 [l@, ]. Let H be a hyperplane with normal v = (s',1)T, s’ e RT1,
for each vector of the form (s,1)T, s € 2A4_; and & > 0, then there exist some n € N and

eEZS such that
/
nas—1 S _ S

Theorem[6.2exploits hyperplanes with slope in 2A4_;. In order to get all the possible
slopes in R~! we have to consider all the combinations of the unit vectors e ; with positive
and negative entries and change the “fixed” coordinate. Fixing the last entry in is
completely arbitrary. To handle a complete discrete shearlet analysis we have to consider
d29-1 sets of matrices like (6.12).

The discrete shearlet system in (6.9) is defined by a suitable function v € L%(R%). As
in the wavelet case (see Section [5.2]), we would like to have a multiresolution analysis
and avoid to give explicitly the scaling and wavelet functions. Thus, there is the neces-
sity to generalise the concept of multiresolution analysis to a directional multiresolution

analysis, see [[&mmigk_and_s_augﬂ, 2009; |Sauet, 2012].

<§é.




121 6 Shearlets

6.2 Multiple multiresolution analysis and multiple subdivision
scheme

The idea of Kutyniok and Sauer [I;OD_Q] is to connect a multiresolution analysis to shear-

lets and to provide a feasible fast shearlet decomposition. Thus, they consider a new
class of non-stationary bivariate subdivision schemes which incorporate directionality in
a particular way. The constructed subdivision scheme provides the opportunity to adap-
tively change the orientation of the data during the subdivision process, since in each
iteration it applies one different subdivision scheme associated with a scaling matrix cho-
sen from a finite family. The limit function depends on the choice of subdivision scheme
and scaling matrix in each step. This type of scheme is called multiple subdivision scheme
and is presented in [@, EPE, ]. Even thought it is developed as theoretical
background of shearlets, the multiple multiresolution analysis is a general concept that
can be defined by a suitable family of expanding matrices different from (6.12)).

From now on we use the notation Z, = Z/sZ = {0,...,s — 1} to enumerate the s
different schemes of the family and Z:® for the infinite sequences with values in Zj,

22 = Jz:.

neN

Definition 6.6. A multiple subdivision scheme S, consists of a finite family {S;}icz, of s
subdivision schemes with respect to the dilatation matrices {M;}icz,, Le.,

Sie= Y a(-—Ma)c(a),

aezd

where ¢ € £(Z%) and, as usual, the masks a; are assumed to be of finite support, a; €
Lo0(Z9). In each iteration of the subdivision process we apply a subdivision scheme chosen
from the family. The n-th iteration of the subdivision operator, related to the sequence
€ €LY, € =(€q,...,€y), takes the form

Scc=8, 8= Y al~Ma)c(a),

aezd
where a.,c € £(Z%) and the scaling matrix is M, = M, M.

We can visualize the multiple subdivision process as a tree (Fig.[6.3)), in which the
direction of the refined data depends on the branch that we choose.

The multiple subdivision scheme is a “generalization” of the concept of non stationary
subdivision scheme where in each step of the subdivision we change the refinement rules
a; and the scaling matrix M;, i € Z,. A non stationary subdivision scheme is generally
defined as a subdivision process where the mask a¥ is different in each iteration j, while
the scaling matrix M does not change.

The operator S, related to a multiple subdivision scheme defines a refinement process
for any e € Z7, if the associated scaling matrix M, is expanding and ||Me_1|| — 0, for
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Figure 6.3. The tree shows all the possible choices of subdivision schemes after two refinement
steps.

n — oo, independently of € € Z_. This is equivalent to requiring that the joint spectral
radius of the family {M;};cz,_ is less than 1,

MM <, (6.14)

for any matrix norm, because all the norms are equivalent on finite dimensional spaces.
A family of matrices that satisfies this condition is called jointly expanding.

As for classical subdivision schemes we can give the definition of a convergent mul-
tiple subdivision scheme.

Definition 6.7. A multiple scheme is called uniformly convergent if for any sequence € €
Z!, n €N, and any c € £(z9), there exists a uniformly continuous function fee: RY - R
such that

lim sup |S,, - Seyc— foo (M- -Me_la)‘ —0, 6.15)

n—oo EZd

and that f, . # 0 for at least one choice of c.

Remark 6.1. Choosing € = (i,1,...), we have that the convergence of the subdivision
scheme S;, i € Z, is a necessary condition for the convergence of the multiple subdivision
scheme.

A result similar to Propositions [[.11] [I.17] can be proved for a multiple subdivision
scheme. In dimension higher than 1 the forward difference operator V : £(Z4) — £4(z4)
is defined by

c(-—e)—c()
Ve = : R
c(-—eq)—c()
where e, € Z? are unit vectors whose k-th component is equal to 1, (e;); = Oik- The
convergence of a multiple subdivision scheme depends on the existence of the difference
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schemes S such that
VSq, =83V, (6.16)

for any i € Z,, and Sp, are joint contractive. The normalized p-joint spectral radius of
these operators is

s.ell, )"
pp(Bi, M;) = limsup sup (detM,)~/P sup u , (6.17)
ceve zinioy llellp

n—o0 €N

where the determinant of the matrix M., det(M.,) is a factor of normalization, (cf. [Cha-

rina et al., |ZDD_5_A]).

Theorem 6.3 [@, M]. The multiple subdivision scheme based on (a;, M;), with
i € Z, converges if and only if there exists the difference schemes (B;, M;) such that the
normalized p-joint spectral radius p,(B;, M;) < 1.

This theorem is the analogous of Proposition [I.17]in the “multiple” setting.
A different option to study the convergence and regularity of a scheme is considering
the Laurent formalism.

Lemma 6.4 [@, ]. If a multiple subdivision scheme {(a;, M;)}iez, converges, then
Mi _ 1Yy (5 —
ai(z) € (z 1): (z—1)
forany i € Z,.

The Laurent polynomial related to the subdivision scheme S; = S, is an element of
the quotient of the ideals

d
(2 —1) = {ij(z)(zvf' ~1), fje R[zl,...,zd]},
j=1

d
(z—1) = {ij(z)(zj ~1), fie R[zl,...,zd]},
j=1

where v; are the column vectors of the matrix M (see [|Miil].el‘_an.d_5_ay.ed, |20_OA|]). We

recall that an ideal I € R in the ring R satisfies

gl={gflf €I} 1, VgeRr,
and for I, J C R the quotient ideal is defined as
[:J={f €R|fJCI}.

In one dimension and choosing the isotropic matrix M = kI, the quotient (zK—1) : (z—1)
is generated by the element (1+z+...+25"1), so the symbol of the scheme has a factor
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of this form. If the multiple subdivision scheme converges, then we factorize the Laurent
polynomials as
[1—2z]a/(z) = B;“(z)[sz —1] Viez,.

This relation between a; and B; is equivalent to (6.16)), because the symbol of the back-
ward difference operator is

—1
V=
—1
and
g2 —1
[ZM—1]= : , with M=[v1,...,vd]€ZdXd.
g¥d —1

Lemmal6.4] gives a necessary condition for the convergence of a scheme, which is similar
to Corollary[T.9]in the univariate case. @ [@] presents a sufficient condition that
is the generalization of Proposition [[LTT] [T.14} [1.16] to multiple subdivision schemes. In
this sense we need a canonical representation of the quotient ideal (z™ —1) : (z —1).

Proposition 6.5 [@, ]. Given a Smith factorization M = ©%.0’ of the matrix M,
the quotient ideal is

(2" =1): (z—1) = M =1, 9y(2),

where
d il d ok
. 6, _ 4 —1
Yu(z) = 1_[ KZ 2% = ﬂ—zgk — (6.18)
=1 (=0 =1

and 6y are the column vectors of © and o}, are the diagonal elements of ..

The polynomial ¢, (2) is called the canonical factor of the matrix M. In the multivariate
case the canonical factor is equivalent to the factor (z + 1) of the univariate binary case
([T18). @ [M] gives two sufficient conditions for the convergence of a multiple
subdivision scheme using the canonical factor.

Theorem 6.6 [LS_m—Le_rl, ]. The multiple subdivision scheme defined by the dictionary of
masks and scaling matrices (a;, M;), i € Z; with a; =, converges in L.

Corollary 6.7 [@, M]. The multiple subdivision scheme defined by the dictionary
(a;, M), i € Z; of masks and scaling matrices with a¥ = fMﬁﬁ/l- converges to a continuous
limit function.

Corollary[6.7]arises directly from Theorem[6.6] because the autoconvolution of com-
pactly supported L, functions is continuous. An analogous result for an interpolatory

vector scheme is stated in [[Conti et a1.|, M].
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Derado [ILQQQ] and [Han [IZJ)_Qﬂ] establish the existence of convergent interpolato
@ﬁ mg]

subdivision schemes and refinable functions for arbitrary scaling matrices.

generalizes this result to multiple subdivision schemes. To generate a multiple subdivi-
sion scheme it is sufficient to give a set of expanding matrices {M;};cz_ that are jointly
expanding matrices. We will see in the next section how to define it.

The limit basis function of any convergent scheme is a refinable function. The same
happens in the case of multiple subdivision schemes in the sense of a joint refinement,
because there is not a unique function which is scaled and shifted but all the functions
¢, € € ZJ° are related to each others. Given e = (e,,€°°) € Z>°, the formula

¢e =TM€1 (¢e°° * ael) = Z ael(a)qse“(Mel '_a)a (619)

aezd

is a multiple refinement equation that can be read as: €; selects which scaling matrix
is used in the refinement equation, while ¢° chooses which function is used in the
refinement. This works for any decomposition of €, i.e € = (eM, e*) e 27, into a finite
part €™ and an infinite part €*

b= D an(@peoo (M - ), (6.20)

aezd

where the mask a.m = S.wd. In general, the initial terms of € select the mask and
the scaling matrix, while the remaining infinite terms select the function used in the
refinement equation. If the multiple subdivision scheme is convergent, then the limit
function ¢, is multiple refinable as in (6.20).

The multiple refinement equation enables to define an appropriate general-
ization of the multiresolution analysis. In line with the definition of multiple subdivision
schemes and multiple refinement equations, such a generalization is called a multiple
multiresolution analysis (MMRA). The first attempt of this multiple multiresolution anal-

ysis is presented in [[Kutyniok and Saug:zl, M] and is revisited in , ].

Suppose that the limit functions ¢, are stable, hence we can define the sets

Vo =span{¢.(-—a): e €Z>7, a € 74y,
V; =span{¢.(M.) - —a): € € 72, el e Zg, a ez (6.21)

Thanks to (6.19), the spaces satisfy the scaling property (i) in Definition [5.3] of a mul-
tiresolution analysis. However, V;, is generated by a set of functions ¢, that is not count-
able. In order to find a countable set of generators for the subspaces V., @ [@]
introduces

zr={e=(e",0,..): eMez", neN} cz>,

the set of sequences with finitely many non zeros entries. We can substitute the functions
¢ with € € Z7 in (&.21). The functions ¢, € € Z, are limit functions of a subdivision
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scheme where S is repeated infinitely many times. With this choice of functions we can
define the subspaces

V].* =span{¢p (M) - —a): e €Z, el e Zg, acz%). (6.22)

By definition the spaces V]* are translation invariant. They satisfy the scaling property (i)
and they are nested thanks to (6.19): for any € = (e1,€°°) € Z?, the function ¢, € V is

pe= D, a,(@peeo (M, - —a),

aezd

a linear combination of functions in V¥, because e € Z.

Guo, Labate, Lim, Weiss and Wilson [IMQJE] present a different generalization of
the multiresolution analysis that they call AB-multiresolution analysis (AB-MRA). They
consider two groups of matrices A and B, where A contains the expanding matrices,
while B contains the matrices that are responsible of the directionality. The shearlets fit
in this theory if A is defined by the powers of the scaling matrix, A = {DJ, j € Z}, while
B contains the shear matrices, B = {Sy,, W € Z¢~'}. Let us denote by D, €A and D, € B
the elements of the two groups A and B. Then, the nested spaces of the AB-MRA are
defined by

Vo = span{D,¢(- —k), k € Z4, D, € B},
V; = span{D/D, (- —k), k € 2%, D, € B, j € Z}.

The descriptions of L%(RY) given by MMRA and AB-MRA are different. In the AB-MRA
setting the spaces V; are generated by a scaled, rotated, shifted version of a unique
scaling function ¢ while in MMRA we have to consider a countable number of scaling
functions ¢, with € € Z. Vice versa in MMRA we consider a finite set of shear matrices
{S;,i € Z,} while the group B contains all the possible shear matrices in the space,
B = {Sy,,W € Z%'}. Moreover, the spaces in AB-MRA are the span with respect to
translation and shear while in the MMRA setting we take the span only with respect
to translation. This is the reason why in an MMRA we need a countable set of scaling
functions to compensate for the finite number of shear matrices considered. We decide
in our work to consider the MMRA setting because it is more flexible to consider the
scaling and shear matrices together: when we move from one level to the next we do
not have to consider all the possible shears. The AB-MRA decomposes the space as if
in each step we consider all the branches of the tree together. Moreover, the MMRA
setting is related to a multiple subdivision scheme that allows us to concentrate only on
the choice of the jointly expanding matrices. In fact, we show in the following how we
can define a convergent multiple subdivision scheme by giving a set of jointly expanding
matrices.
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6.2.1 Construction of a multiple subdivision scheme

Following [[S_@_e_ﬂ, 21)12; Cotronei et a1.|, 2!11ﬂ] we present a construction of a multiple

subdivision scheme given a generic set of jointly expanding matrices {M;}cz . Choosing
a scaling matrix M;, i € Z,, from the family, we consider the Smith factorization

M; = ©,%,0/, (6.23)

where ©,;,0; € 74 are unimodular matrices, i.e. |det®;| = |det®;| = 1, and %, is a di-
agonal matrix with eigenvalues 0, £ = 1,...,d. Such a factorization always exists even
if it is not unique in general. It can be computed by a combination of Gauss elimination
and Euclidean division and, if we order the diagonal values with respect to divisibility,
then we call it the Smith normal form; see [Marcus and Mind, M] for details.

To define a convergent subdivision scheme associated with M;, we first construct a
subdivision scheme for the diagonal matrix ;. Considering a diagonal matrix, we can
associate a scheme that is the tensor product of univariate interpolatory schemes b, with
arity equal to the diagonal values o, of the matrix, { = 1,...,d. The tensor product of
convergent interpolatory schemes is a convergent interpolatory scheme. Thus, we have
for free that the designed subdivision scheme is convergent. The mask by, is given by

d d
by, = by, by(@)=] [bla), aezd
(=1

(=1

and the corresponding symbol is

d
by, (=)= D by (02" =] [jz),  ze(@\ (oD (6:24)
aczd (=1
The mask a; of the scheme associated with M; is computed using the mask of ¥; as
a; = by, (1),

and its symbol is

ai(z)= Y by (07 a)s" = > by, (a)z% = b, (z°). (6.25)

aczd aczd

The unimodular matrix ©; takes the role of a resampling operator. In general, for any
unimodular matrix © € Z4*¢, the resampled sequence c(©7!-) has the symbol

(c(@‘l-))* (2) = c*(2®), 2% = (zel, . ,zed), ©=[6,...,60;4]

Once we have constructed in this way a subdivision scheme S, for each matrix M;,
i € Z,, the convergence of the multiple subdivision scheme (a;, M;) has to be studied.
Theorem [6.3] or Theorem [6.6]and Corollary[6.7]are the tools to prove the convergence.
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Let us show an example of such a construction. We select a collection of univariate
interpolatory subdivision schemes with arity o,, £ = 1,...,d. For each matrix M;, i € Z,
we define the scheme as the tensor product of the interpolatory schemes and we prove
that the multiple subdivision scheme generated converges to a continuous limit function.

Example 6.1. We consider the 2-point scheme with arity o, which has the mask
1
be = —{0,1,2,...,0'g _1’O-€50.f —1,...,2,1,0},
Oy

and symbol

5(oD)
bz(z)z—(1+z+zz+...+z‘”_1)2, (=1,...,d.
Oy

According to ([6.24), the symbol of %; takes the form
d z—(Uz—l) o—1 2
by, @) =] [*—— (Z zg) :
=1 ¢ k=0
and according to the symbol of the scheme associated with M; is
2

d (o160 (]

aj(z) = b;(zel’) = l_[ R Z Zk0 | (6.26)

3
=1 9t k=0

With this construction we obtain a convergent multiple subdivision scheme.

Lemma 6.8. The multiple subdivision scheme generated by (a;, M;), as defined in (6.26)
foralli€Z,, is convergent and converges to a continuous function.

Proof: For each matrix M;, i € Z,, the corresponding canonical factor is

d Z.O'[@[_l d d O'[—l
Y, (2) = l_[ffz—l = l_[(1+205 4. 42O = l_[(z zkee).
L z _

(=1 (=1 (=1 \ k=0

We observe that )

d op—1
1 IPJZ\/[,(Z):l_[i(szw)

detM; "M 1o\ =
is equal to a in without the shift factors 2“1 Corollary[6.7] yields that the
multiple subdivision scheme generated by (a;, M;), i € Z,, converges to a continuous
limit function. O
This example proves that for any family of jointly expanding matrices {M;};cz, , there
exists at least a multiple subdivision scheme that converges to a continuous function. Ob-
viously; it is possible to choose in different ways the univariate interpolatory subdivision
schemes b, with arity o,, but in this case we have to prove the convergence using The-
orem This simple construction justifies our choice to focus on matrices that can
substitute shearlet scaling matrices. In fact, we show that whenever we have a family of
jointly expanding matrices {M;};c; we can construct a convergent multiple subdivision

scheme and a multiple mutiresolution analysis.
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COO {dOO k}c {dOl k} C Os, k} clO{le k u k {dlS k} CSO {dsO k} CSl {d51 k}cszs {dszs;k}

Figure 6.4. Scheme of the possible decompositions of the signal ¢ for the different choices of
filterbanks after two levels.

6.3 Filterbanks

Similar to the MRA (cf. Section[5.3) also in the multiple multiresolution setting we can
define a filterbank that allows to decompose and to reconstruct a signal. The difference to
the theory developed for MRA is that here we consider a set of scaling matrices {M; };cz,
and we have to define a filterbank for each matrix M;, A

Analysis filters:  F; ;, Synthesis filters: G,

where k € Z,, , [detM;| =m
Considering a signal ¢ € £(Z%) and choosing a matrix from the family {M;}icz,, the
convolution with the corresponding analysis filters {F; ;}rcz, decomposes the signal
into
ci1 =lm; Fioc and dil’k =lm, Fixc, k€ Zy \{0},

an approximation component and m; — 1 details. Repeating the decomposition process
n times and choosing different matrices for each iteration, we decompose the signal c
into

n
€’

c and di, k€Zy, . (6.27)

with e € Z!'. The whole decomposition process can be visualized as a tree, see Figure[6.4l

Even if the filters are critically sampled after n decomposition steps we have s" differ-
ent branches and coefficients to be stored. In fact, in each step the coefficients cg,/ with
e € Z;l/ and n’ < n, can be decomposed by choosing one of the s matrices M;, i € Z.
Further, if the number of matrices of the set {M;};cz is less than min;c; |detM;| and
we do not save the approximation coefficients c?,/ until the last level n, then the total
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storage is a constant multiple of the storage for the original signal c. The set {M;}c;_ of
s matrices is said to be sufficiently expansive if

s < min |[det M;]|. (6.28)
€7

The following result is a slight modification of Lemma 2 in [@, ].

Lemma 6.9. If the set of matrices {M;};ez, is sufficiently expansive (6.28), then the storage
requirement for an MMRA'’s tree of depth n is O(|c|), where |c| = {a € Zd :c(a) # 0}

Proof: We define C € N such that

C=maxmax| ; |
€Z; kELpy, fl’k

Convolving a signal ¢ with one of the filters f;; requires a storage less than |c| + C.
Downsampling by M; reduces the storage by a factor of |det M;|. After one level of de-
composition the storage requirement o is

m
_ lc|+C = fe|+C ) lc|+C oy lel+cC
W=, (|detM€1| 2 |detM€1|) =2 (|detM€1| +0me 1)|detMel|)

€1€7Z k=1 €1€Z;
= > lel+C =s(lc|+0),
€1€Z;

where m., = |detM€1
the second term represents the storage of d1  With k € Zm \ {0}. At the second step

, €1 € Z,. The first term of the equation is the storage for cil while

we decompose c for any €, € Z,, and the storage requ1rement becomes
lc| +2C |c|+2C |c|+C
0(2)22(—+(m2 1) Z(
S\ |det M| |det M| |detM€1|

After n iterations of the decomposition process, the storage amounts to

lc| +nC ||+nC) |c|+]C
= — +
on) GGZZ;(IdetMel (me, =D erar | ZZ( D1 derar,]
lc| +nC |c|+]C
GEZZ:” |det M| ZZ( |c1 tM,|

For any € € Z,

n
|det M, | = l_[ ‘detMej
j=1

n
= (min|detMi|) .
€7
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Then,

1 1 s "
2 <2 =\ ~
|det M| (min;ez |det M;|)" min;ey, |det M;|

€€ €€

We call this ratio g and by hypothesis we have

N

=— <1
1 min;ez, |det M;|
Including this bound into the storage computation we have
max;cy, |detM;|—1

n
o(n) <(lc[+nC)q"+ ) (lc|+jC) . .
; = (min;ez, |det M;|))

n
=(|c| +nC)q" + (r_naxldetMl-I - 1)Z(|c| +jC)q’
1€Zg =

1— n+1 n )
= (lc] +nC)q"™ + |c| (maxldetMiI — 1) ——4 + (maxldetMiI — 1) Cqu].
€7 1_q IE€Z; j=1

For any n € N we can understand the last term as a Riemann sum that can be bounded
by the integral on all positive numbers,

n n oo 1
quJSJ qudx<J xq dx = —.
= 1 0 Ing

Finally, o(n) is bounded,
o

1— qn+1
4 (maxldetMl-| — 1)
q i€Z, Ing?
C

1—
lclq" +|c| (maXiGZS |det M;| — 1) — |c| max;ey, [det M;|q
max |det M|
1—q Ing? iez,
1 —qgmax;cy |det M;| max;cy |detM;|—1 C
: +c : + max |det M; |
1—q 1—q Ing? iez,

on) <lc|lqg"+|c| (m%xldetMi| — 1)
i€,

n+1

=|c|q"

1—gmax;cy |det M;] max;c, |[detM;|—1 C
s +c] s max |det M|
1—¢q 1—¢q Ing? iez,

1_
= |c| max |det M;| ——4 +
i€, 1—q

<cl

Cc
—— max |det M;|
Inq? iez,

C C
< |c|max |det M;| + |c| — max |det M;| < |c| max |det M| (— + 1) = 0(c)).
i€Z, Ing? iez, i€Z, Ing?

C

In the last terms we use that ¢ < 1 and (W + 1) < 1. This proves the statement. O
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(a) Single branch (b) All the tree

Figure 6.5. Scheme of the reconstruction process after two levels of decomposition: (a) the
signal is reconstructed following one branch of the tree, (b) the signal is reconstructed at each
level by taking the mean of all the reconstructed coefficients at the same knot. In this way all
the branches of the tree are taken into account.

Now in order to reconstruct the original signal, we have to read the tree backward.
Considering a branch denoted by € = (€', €,,) € Z!', we reconstruct the coefficient . L by
upsampling and convolving {c]'; d”,, k € Z,,_} with the synthesis filters G, , k € Z,,,_,

me,—1

¢t = Gepo T, €+ D Gy T, Al (6.29)
k=1

In this way, we reconstruct the signal following a branch of the tree. An example of such
a reconstruction is shown in Figure

Exploiting all the branches independently we have s" different ways to reconstruct
c. Each branch has different features, because it works along different directions. In the
reconstruction process, particularly after compression, it can be useful to exploit all the
tree to keep advantages from the different reconstructions. In this case we reconstruct
the signal ¢ using all the branches of the tree. The one level reconstruction formula
is the same; the difference is that at each node of the tree we take the mean
of the s different reconstructions. Suppose as before to have a tree with n levels of
decomposition, from a node at level n— 1 we have s children. Each of these branches is
denoted by €! = (¢/,i), with ¢’ € Zg_l and i € Z,. If we apply one level of reconstruction
using to each branch €', then we obtain s different reconstructions which can be
denoted by ¢ 1. Choosing one of these reconstructed coefficients L ! and following the
branch indicated with €’, we reconstruct the initial signal ¢ by following only the branch
€', as explained above. If instead we want to exploit all the different reconstructions
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- ! for all i € Z,, then we take the mean (or a weighted average)

s=1 .n—1 1 s—1 m;—1
n—1 _ e _ n n
Co ~ = == Gio i, ci + E Gir T, dli i |
€ S S “ ’
i=0 i=0 k=1

and we repeat the process. The whole reconstruction process after two levels of decom-
position is shown in Figure
In Section[5.3] we recall that any expanding matrix defines a subdivision scheme and
such scheme allows to construct a filterbank with the prediction-correction method. The
multiple subdivision scheme proposed in Section[6.2.T]is composed by a set of expanding
matrices {M;};cz, and their corresponding interpolatory subdivision schemes S; = S,,..
Using the predicfion-correction method we can provide a filterbank for each subdivision
scheme S, and any expanding matrix M;, i € Z,. By (5.22), the filterbank related to M;
is defined as
Fio=1, Fjp=7_¢ U= Tyly A

(6.30)
Gio=A;, Gix=Tg,

where A; is the operator related to the mask a; and the impulse responses are

fio=06, fix=71-£06—Tylym a;)
8i0 =i, &ik=TgO0

where k € Z,,, \ {0} and &; € E](\J/[v. The symbols of the impulse response becomes

fo@=1  fi&)=2% =30 (Ml — g,

; : : - (6.31
gl"()(z) = ai (Z), gi,k(z) =g ‘gk, )

where k € Z,, \ {0} and & € E](\J/[v. Note that in the shearlet case we have to consider s
filterbanks, one for each expandirllg matrix M; and subdivision schemes S, i € Z.

This framework is defined for shearlet scaling matrices, but it works for any type of
expanding matrices M;, i € Z,. Now we study which properties the matrices M;, i € Z,
need to satisfy in order to generate a directional transform similar to shearlets and a
multiple multiresolution analysis with lower complexity.
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Chapter 7

Anisotropic Scaling Matrices

As we already saw, the concepts of multiple multiresolution analysis and multiple sub-
division schemes are general and are characterized by a set of expanding matrices. In
Section [7.J]lwe summarize which properties are sufficient for a set of matrices to gener-
ate a directional transform and a multiple multiresolution analysis. Indeed, the aim of
our work is to substitute shearlets by keeping all the good properties they have and by
improving the computational cost of the analysis process. The determinant of the scaling
matrices gives the number of filters needed to decompose and reconstruct a signal, so
it is connected to the computational efficiency of the signal processing. The determi-
nant of the parabolic scaling matrix is quite high (2¢*?), which is the drawback of the
shearlet transform. To improve this drawback we propose some matrices that satisfy all
the required properties and have smaller determinant. We focus on matrices that are
the product of an expanding matrix and a shear matrix and we distinguish the case of
shear-like matrices where we take a diagonal expanding matrix (Section[Z.2)) from gen-
eral expanding matrices (Section [7.3)). For this family of matrices we prove that they
satisfy the required properties and we show some illustrations of the behaviour of these
matrices for image analysis by comparing them to shearlets (see Section [7.4).

The results given here are presented in [[Bozzini et alJ, submitted; Rossini and Volonte X

] with the joint effort of Mira Bozzini, Milvia Rossini and Tomas Sauer.

7.1 Fundamental properties of scaling matrices

In order to find a family of matrices {M;};c;_ that can substitute shearlet scaling matrices,
we study which properties are sufficient to define a directional transform. The conditions
are already presented in Chapters[5and [6]land we recall them here for clarity.

1. Anisotropic expanding matrices

Ai>1 Vidker
PUPATHIA SR
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where Aj. are the eigenvalues of the matrix M;, for all i € Z,.

In order to detect anisotropic features like edges along curves and wavefronts in
an image we need to consider elongated elements, thus we ask for matrices M;
that are anisotropic. Instead, the request to consider expanding matrices, allows
to define a convergent subdivision scheme. Interpolatory schemes with scaling
matrices M;, i € Zg, are defined by (6.25).

Note that anisotropic expanding matrices must have determinant greater or equal
to 3, because determinant equal to 2 does not give anisotropic effects.

Jointly expanding matrices
A set of matrices {M; };ez, is jointly expanding if for any € € Z, n € N, the composed
matrix M, is expanding or the joint spectral radius is bounded by 1

1
T <1

-1
Me

M}, = lim max

p({ 1}1625) e 00 EGZQ

This request is necessary for the convergence of a multiple subdivision scheme.
In Section we show that this property is sufficient to define a convergent
interpolatory multiple subdivision scheme by following a particular construction.

. Slope resolution property

Let H be a hyperplane with normal v = (s’,1)7, s’ € R, then for each vector of the
form (s,1)T, with s € R% and & > 0, there exist some n € N and € € Z! such that

(1) ()

This property ensures that the directional transform defined by the matrices {M;};cz,
is able to detect all directions in space. In general we prove this property under
the strict hypothesis s € I ¢ RY™1. This is sufficient if we show that we recover all
the space by considering different sets of matrices {M; };c7 and different intervals
I. It is the equivalent of the cone-adapted shearlets systerfl.

<é.

Pseudo commuting property (not necessary)
Suppose that the matrices M; are the product of a diagonal matrix D with a set of
matrices S;, M; = DS;, then

dm,n €N, suchthat DS =S'D.
The pseudo commuting property is not necessary for defining a directional trans-
form but it turns out to be useful because it allows to write simple explicit for-

mulas for the iterated matrices. For example in the shearlet case with matrices
{M; = DySw, }icz,, we have

n n
M, =[ | DaSw, =Sw/Dy, where W’'=>"2/w;.
j=1 j=1
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By recalling that the shear matrices are unimodular, the identity
~1d _ = d _ p—nrpd
M 'z% = D;"S_y. 2% = D;"74,

allows us to conclude that Me_lZd is a refinement of Z? for any n € Nand € € 7.

The existence and the form of unimodular matrices that pseudo commute with
an anisotropic diagonal matrix is given in [[Bozzini et a1.|, 2(113] depending on the
dimension d.

Proposition 7.1 [|B_szini_ej:_a]..|, |2Q151]. Let D be an anisotropic diagonal expanding
matrix in Z2*? and A be a non-diagonal unimodular matrix in Z2*2. The identity

DA™ =A"D
is satisfied if and only if one of the following three cases holds:

(a) Al1=1, and m, n are such that m = £,q, n = £4q, for some {1, {5 € Z;

rk 0 1 w
(b) D ( 0 k)’ with m, n such that r = .- and A ( 0 1),

rk 0 1 0\
(c) D ( 0 k)’ with m, n such that r = 7- and A (W 1)

In particular, any 2 x 2 matrix that pseudo commutes with an anisotropic scaling
matrix has to be of shear type. For d = 3, the situation is already different.

Proposition 7.2 [Bozzini et all, |2015]. Let

krs 0 O
D= 0 kr 0], rnseQ., rs#1,
0 0 k

and

(3,

where B is a unimodular 2 x 2 matrix and v is a column vector of dimension 2. The
pseudo-commuting property DA = A"D holds whenever A has one of the following
forms:

(a) v =0, A = =1, B is a shear matrix and s = n, or B is n-periodic and s = 1 if
A=—1, nis odd;
(b) for some v # 0,
i. A=1and

1 w
A. B==% 0 1 ,s=n,andr=1orr=n;
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T
1 w
B.BZ:I:( ),32%,andr=1orr=%;

0 1
ii. A=-—1and
1 w 1
A B== 0 1,s=n(odd),andr=10rr=;;

T
1
B. B=:|:(0 ‘1/) ,s=%(nodd),andr=1orr=n;

iii. A =1, B is a n-periodic matrix such that By =v, withs=1and r =n.

A matrix B is an n-periodic matrix if B" = B, n € N. This proposition shows that in
contrast to d = 2 there exist matrices that pseudo commute with dilations without
being shear matrices. The same extends to higher dimensions.

Proposition 7.3 [Bozzini et a1.|, 2()15]. For d > 3 consider

krl 0
D:= —’71’
( 0 kld—p ),
B| W
A= 4’7 S
( 0 Id—p )

where B € ZP*P is a unimodular n-periodic matrix, W € ZP*?P, and BW = W.
Then the relation DA= A"D holds if r = n.

and let

In the following we look for sets of matrices {M;}c; that satisfy all the prescribed
properties and with determinant smaller than shearlet scaling matrices. In particular,
we focus on matrices M; = DS; that are the product of an anisotropic expanding matrix
D and a shear matrix S;. If D is a diagonal matrix we call the matrices M; shear-like
because they mimic the shearlet matrices (Sec. [Z.2). Furthermore, we study also the
case where D is a full matrix (Sec. [Z.3).

7.2 Shear-like anisotropic expanding matrices

In the first part of the work we focus on a set of shear-like matrices M; that are the
product of an integer diagonal matrix of the form

al 0

D=|"7F , p<d, a®tpP>1, (7.1)
( 0 p Id—p)

and a set of unimodular matrices S; that give the directionality. By definition (Z.I) of

the matrix D we have that the matrices M; = DS; satisfy the first property, in fact M;

are anisotropic expanding matrices. For a = 4 and 3 = 2 we get back to the parabolic

scaling matrix D, of the shearlet in (6.8).
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d | detD, | detD
2 8 6

3 32 18
4| 128 54
5| 512 162
6 | 2048 | 486

Table 7.1. Comparison between det D, and det D for increasing dimension d > 2.

To overcome the disadvantage of the shearlet scaling matrices, we look for matrices
with determinant smaller than 29*P. In the set of matrices of the form (7_I) we have the
minimal determinant if a =3 and § =2,

31 0
— [
D ( 0 2Id—p) . (7.2)

One important application of a directional transform is the detection of tangential
hyperplanes at a point, because it allows to catch discontinuities of a signal. For this
reason, in the following, we fix p = d — 1 and the dilation matrix becomes

(314, O
D—( 0 2). (7.3)

In two dimensions the difference between the parabolic matrix D, (6.8) and D (7.3)
is still small, detD, = 8 and detD = 6, but increasing the dimension, the difference
increases rapidly,

1341
detD, = 22471 detD=2d(1+5) ,

see Table[7.1]

We choose unimodular matrices S; that pseudo commute with D in (Z.3). The pseudo
commuting property helps to find an explicit formula for the iterated matrices M, € € Z,
n € N. We use Theorems[Z.1} [Z.21and [Z.3]to see which form the matrices S; should have.

In order to prove the remaining properties, to be jointly expanding matrices and
the slope resolution property, we consider separately the bidimensional case and the
multivariate case, because we have slightly different proofs.

7.2.1 Matrices in dimension d = 2

In two dimensions we consider the diagonal matrix

30
o= (2 9). "
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and using Theorem [/.T]we state that only (up to a sign) the shear matrices can pseudo-
commute with this matrix. If we choose S,, as in (6.3)),

1 w

DS2 =S3D. (7.6)

then D and S,, satisfy

The same relation is true for any power n.

Lemma 7.4. For each n €N,
DS =83 pn. (7.7)

Proof: The proof is by induction over n. If n =1, then (Z.7) reduces to DS? = S2D. We
observe that for any £ € N, va =S, is again a shear matrix and

D(s‘)? =(s!)*D. (7.8)

We assume that the claim is true for some n € N, and consider the case for n + 1. Using
(Z.8) and the induction assumption, we have

n ny\2 n\3 n
D152 — prp(s2') = p(s2')’ p=D"(s3)" D
— (53 )3n DnD — 83n+1DI‘l+1
w w °

Il
We fix w = —1 and for simplicity we call S_; = S. We consider two scaling matrices
M;, 1 €2Z,,
My=p=(>"? M, =ps?=(> ° (7.9)
om" 7o 2) 177 7o 2 ) '
whose inverses are
1 1 3 0 1 21-1 3 1
My =D~ =(8 1): M;' =S87°D" =(8 1) (7.10)
2 2
Let us consider the iterated matrix M, = M, _...M, , € = (€3,...,€,) € Zj and its
inverse M.
Lemma 7.5. If n € N and € € Zj, then
3—11 Zl—np (2)
-1 _ 3
M. = ( 0 g (7.11)

with the polynomial

n

p()=> e, xe[o,1]

j=1
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Proof: The proof is by induction. For n = 1, the claim holds. In factif e; =0or e; =1,

Mt = 30 or M;'= 3
0 0o 271) ! 0o 27')

We suppose the claim is true for some n € N and we consider € = (¢/,€,.1) € Zg“. The
inverse of the matrix M, is

with

M—l_ 3" 21—np€/(%) 3—1 0 B 3—(n+1) Z—HPGI(%)
e \o 27" o 271/ o 2~(n+1)

|I
(AJIN
—
+
—~
wIinN
N—r
=

o

=]
[a®

If €,41 = 1, then we have p, (%)
M—l _ 3" 21 I‘lpe % _ 3—(n+1) 374 2—npe/ (%)
e 0 - 0 2—(n+1)

— — 2
B 3 (n+1) n §
- 0 (n+ )

This concludes the induction. O
By computing directly the inverse of (Z.11), we can write M, € € Z1, as
3n 3n+1 2
Me=(0 zq,f(?’) : (7.12)

where we introduce the polynomial

n
q(x) =D —ejxl.
j=1

In the previous section we show that it is important to prove that the matrices M,
and M, are jointly expanding, which allows the grids M;"Zd to tend to R? as n increases.

Proposition 7.6. M, are expanding matrices for any € € Zx, for n sufficiently large.
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Proof: We have to prove that the joint spectral radius of the set {M;};c, is less than 1,

l_[M

By the equivalence of norms on finite dimensional spaces, we can choose the underlying
matrix norm arbitrarily, for example ||-||;. Using the general expression of Me_1 in (Z.11)
we have

1/n
1||/ = lim sup sup < 1.
n—oo GZ"

p({Mi_l}ieZZ =

1||1/n

(s-n zl-npe(%))

sup ||M

€E€Z]

for n > 3 and
1/n

l_[M

j=1

p({M;}icz,) = limsup sup

n—oo EGZZ

1

O

Thus, the matrices M, and M, are suitable for defining a multiple refinement process

because they are jointly expanding. Given € = (€3,...,€,) € Z; with n € N we also have

an explicit way to compute the points on the coarse and the refined lattice. For instance,
we can rewrite (Z.12) as

M, = (1 3"127"g, (%))Dn _ (1 —3 231:1161’ (%)n_]> D" (7.13)

0 1 0

Using the shear matrix properties and (7.7) we get

—n 3n n on

0 1 0 0 1

Instead, inverting (7.13)) we obtain

M- l=p™ (1 32;:1 €; (%)H_J). (7.15)

€ 0 1

We can use (7.14), (Z.15) to compute easily the coarse grid M.Z? and the refined grid
M'z2.
At this point, we can follow [|Ku.13mmk_and_5_auf_d |20_Qd ] to show that the matrices

M, and M; enjoy the slope resolution property. Note that for d > 2 we need a more
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general approach for the proof (see Theorem [Z.11)) so that it applies also in this case.
Let £ be a line through the origin with slope s(£) and we denote with s(£, €) the slope of
M~ with e € Z} and n € N.

Lemma 7.7. Let { be a line passing through the origin with slope s({) € [0, 00 ] and € € Zj
with n € N.

(1) Ifs(£) € (0, 00), then

1
s(l,e)= - . (7.16)
(3) 5t +2pe(3)
(i) If £ ={0} xR, i.e s(£) = oo, then
1
s(l,e)= . (7.17)
2p.(3)
(iii) If { =R x {0}, i.e. s(£) =0, then
s(¢,e)=0. (7.18)

Proof:

(1) Ifs(£) € (0, 00), then we can consider the point (1,s(£)) € £ that becomes

v 1) 37 2 (B)\ [ 1) (37 + 2 (3)s(0)
e \s()) Lo 2" s()) 27s(¢0) ’

Thus, the slope of the line Me_lﬂ is

27s(¢) 1

s(l,e)= = - .
374217 (3)s(0) (3)" 5 +2p(3)

(i) If s(£) = oo, then the point (0, 1) € £ is transformed into

et (O)=(5 2 ) (0)- ()
21
2.3 2.

(iii) If s(£) = 0, then the point (1,0) € { is transformed into

(-7 E)-)

and
s(,e) =

and s(¢,e)=0.
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O
Lemma [Z.7]helps us to prove a result similar to Theorem for shearlets (cf. [Ku-

tyniok and Sauer, M]).

Theorem 7.8. Let { be a line through the origin with slope s({) € (0, 00]. Then for each
s €[1/6,00] and 6 > 0 there exist some n € N and € € Zj, such that

|s(£,e)—s| < 6.

Proof: Lets € (%, oo) and 6 > 0. Due to the denseness of rational numbers there exist
n € N and € € Zj such that

ne(3) -3
p€3 S_

From this inequality we have

n

2V 1
szj(g) <1<

=1

13}
s(s+6)

=5. (7.19)

n i1
2y 1 =
2 il = > ——06.
Z € (3 ) s
j=1
Since we can always enlarge n, without loss of generality, we may assume
2\" 1 ~
0<|{=| —<<6. 7.20
5) %@ 7200
Using these inequalities and ([7.16]), we have

1 1- 5[( s(z)"‘ZZ] v6i (3 )] 1]

Is(¢,e)—s|= n 1 " o1 ST j—1
(3) sp+22iie(3) ) m+22ie(3)

i—1 1
~E wm—2Eae () | -6 2% e 6 )"
-1 | = 1
B) ' sp+2Xi6(3) 25,6 (3)

i—1
B G e YA B L YN C))
-6 1—s6

o= WIN

Il
“»

© =

s26

< =9.
1—s6

Let € € Z3° such that €; = 0 for any j > j,. For K > 0, using (Z.20), there exists n, € N

such that ]1
B mrogel) <k wem



145 7 Anisotropic Scaling Matrices

0 L L L L L L L L s
0 01 02 03 04 05 06 0.7 08 09 1

Figure 7.1. Fixing a line £ through the origin (black), the grey lines are the directions reached
after the application of M_! where we consider all possible e € Z1°.

which implies
1

s(f,e) = o\t 1 n 2\j—1
(3) sm+22iie(3)

>K,

hence lim,,_, o, s(£,€) = oo.
Let € € Z5° such that e; = 1 for any j > j,. With this hypothesis we can rewrite s(¢, €)
as

s(,e) = L = !

B +r2Ziae G @) qpr2[s-3(3) -2 a-(3) ]
1

(3)'dp+6-6(3)"—23r,a—en(3)

hence,

: . 1 1
nll)l’lg()S(é,G) - n1—1>rgo 2\ 1 2\ Jo 2\/-1 - Jo 2)/-1°
(3) sp+6—6(5) —222,(1—€)(3) 6—237 (1—¢)(3)

Ife; =...=¢; =0, then

lim s({,e) =
n—>oo
Otherwise, if €; =... =¢€; =1, then
1
lim s(£,e)=—.
n— 00 6

This concludes the proof. O
Using only M, and M; we can move any line ¢, with slope s({) € (0, c0], close to
any other line with slope in [%, oo], as can be seen in Figure[7.1]
Focusing on the matrices M, and M; of the form does not allow to reach certain

directions as shown in Theorem[7.8] This situation is similar to what[Kugmingan_d_S_augﬂ
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[@] prove in Theorem[6.1] As for the shearlet case, in order to obtain a system that
resolves all possible directions we have to consider all the matrices

e I I 4]
) G ()

where we also change the order of 3 and 2 in the diagonal matrix and the shear acts on
the second variable. For each pair of matrices we can prove similar results to Theorems

[7.6land [7.8]

7.2.2 Matrices in dimension d > 3

In dimension d we concentrate on the dilation matrix

(3l ©
D—( o 2). (7.21)

Theorems[7.2]and [7.3]tell us which type of matrices pseudo-commute with D. We choose
to work with shear matrices of the form

I _ —e.
si:(dol 161), i€y, (7.22)

that satisfy
DS? =S?D. (7.23)

The vectors e;, i € Zg4, are such that e; =0 and (e;), = 0j%, fork=1,...,d — 1.

As for shearlets in [[Kutyniok and Saugﬂ, M] and the bivariate case, this choice
of matrices is arbitrary and it creates an asymmetry between the variables. The last
variable is treated differently with respect to the first d — 1 variables where the shear
acts. This choice does not allow to reach certain directions. To obtain a system that
resolves all possible directions, d multiresolution systems should be considered where
the role of the non shear variable is taken by all variables. We should take matrices that
are a permutation of the rows of (Z.21) and (7.22). The results are always the same only
with respect to another variable.

We define the scaling matrices M;, i € Zg, as

BId_]_ —6ei
0 2

M; =DS?= ( =$3D, (7.24)

whose inverses can be easily computed,

I, .
M '=872p' = (3 d-1 ‘il) (7.25)
2
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The multiple subdivision scheme is governed by the matrices

M, :=M, ...M, e=(€1,...,€,) €EZL, ne€N,

M.,
for which we have an explicit expression similar to (Z.I1)) in the bivariate case.

Lemma 7.9. ForneNand € € ZZ we have

37, 2Vp. (3
M :( M 233(3)), (7.26)

with the d — 1 vector valued polynomial

n

pe(x)=> x"e,, xe[0,1].

Jj=1

Proof: By induction over n, we first note that for n = 1 we have exactly the matrices
M1, e €Zy in (Z25).

Let us suppose that the claim is true for n > 1 and we verify it for n + 1 and € =
(¢',€ns1) € ZIT'. The matrix M_ " has the form

Ml =MV = (3_n1d—1 21_"pe/(2/3)) (3_1 eem)

€ €nt1 0 2" o 271
(371, 27 (2/3) + 3,
- 0 2—(n+1) b

and taking into account that

_ 2 _ _ 2 2\" _ 2
2 "pel(§)+3 ee,,, =2 ”(pel(§)+(§) eem):Z "Pe (5),

we obtain the general expression (7.26]). O
Inverting Me_1 in (Z.26]), we get a formula for M., namely

(B"Id_l 3”+1q€(2/3))

M. =
0 2n

€

(7.27)

with
n
qe(x)z—Zx]eej, €e€Zy, neN.
j=1
These matrices are able to define a directional multiresolution analysis if they satisfy

all the properties listed in Section[Z.1} they are jointly expanding, i.e., the grid M6_1Zd
tends to R? and they satisfy the slope resolution property.

Proposition 7.10. The set of matrices {M;};ez, is jointly expanding.
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Proof: We have to show that the joint spectral radius of the scaling matrices

I

p ({M}iez,) = liir_l)sup sup M1
d

0 €€z

is strictly less than one. Using ||-||;, we obtain for n € N

1/n
= sup (21_”

n
1 =4

0 27"

9 1/n
pe(_) +2—n)
3 1
d
) 1/n ) 1/n
1[ Sy 1 2y 71/n
<=|2 ) +1] <-|2 ) +1| =
2( Z(s) ) 2( Z(s) ) 2

and therefore SUPcezn Me_1 ||1/ " <1 for n > 3 independently of e. O
In dimension d, the slope resolution property allows to obtain any hyperplane by apply-
ing a suitable matrix M, to a single reference hyperplane. A hyperplane H = {x € R? :
vI'x = 0} c RY whose normal has the property v, # 0, can be described by v = (s,1)"
where s € R is the slope of the hyperplane H. The slope of the reference hyperplane
can be chosen arbitrarily in a scaled version of the standard simplex A;_; defined in
(16.13).

We now generalize Theorem to dimension d. In this case the proof is different
from the bivariate case and involves contractive maps and the fix point theorem.

(3—" 2'7"p, (2/3))

-1 1/n_
sup [|M |, = sup
ez e

Theorem 7.11. For any reference hyperplane H with slope s € 6A ;_;, the family of matri-
ces {M;}iez, has the slope resolution property: for any hyperplane H " with slope s’ € RY™!
and any & > 0 there exists € € Z", n € N, such that

s’ n s
Proof: Let H be any hyperplane with slope t € R*™!. Multiplying with M; ™, i € Z,, we
obtain a hyperplane with slope

1 2
o (-0 YO0 e
2

We define the affine contractions h; : R¥~! — R4~! by

<¥é.

2
hi(t) = gt + 2e;, i €Zy, (7.28)

which satisfy
2
hi(6Ad_1) = 5 6Ad_1 + 261' = 4Ad—l + 2€i C 6Ad_1 (7.29)
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(0,6)% (0,6)
h,
(0,4) A
h,
6A 0,2)
~ :
(0,0) 60) M 0,07 2,0 40 (6,0

Figure 7.2. In two dimensions (d —1 = 2), we have three contractive maps h;, i € {0, 1,2} and
the union of hy(6A) (red), h;(6A) (green), h,(6A) (orange) gives again 6A.

and
J ni(6a4-) =6a4_1, (7.30)

iGZd

as visualized in Figure[Z.2]for d = 3. Thus, the compact set 6A;_; is an invariant space
with respect to the contractions h;, i € Zg . Hutchinson [|l9_8_l|] shows that any compact
subset X ¢ R4~ satisfy a generating property,

6441 = lim | he) (7.31)

n
eeZd

with respect to an invariant space in the Hausdorff metric. For general € € Z; we have

o (4)= (e 27 E) () o (@ (),

so h, is the composition of affine contractions

2\" 2
he(t)zhen (h(€1 ..... en_l)(t)) = (g) t+2p, (g), GGZZ, n €N.
This iterative definition and (Z.29) yield that
h (6A4_1) C6A4_4, VeeZ!, neN. (7.32)

Hence, the scaled simplex 6A;_; is an invariant space for any combination of the con-
traction h;, i € Z.
Given a hyperplane H’ with slope s’ € R7™! and 0 < 5’ < &, we consider the compact
set
Ry(s)={teR¥:|s—¢||, <&}

The generating property (Z.31) implies that there exist some n; € N and €' € ZZI such
that

I= hel (Rg/(sl)) n 6Ad_1 7é 0



150 7 Anisotropic Scaling Matrices

RY (0,61

(0,0) 6.0)

Figure 7.3. Definition of the contractive map h, such thats € h, (Rs/(s")).

Applying (7-32) to the closure of I, there exist some n, € N and €2 € ZZZ such that
s€h.(I) Chg (hel (Rg/(s’))) =h, (RS/(S/)) , with e = (e2,e!) e 27, (7.33)

see Figure[7.3] Hence, h;l(s) € Rg/(s") or equivalently,

s’ nnr [ ,
-2~ <
( 1) 27"M, 1)), = 0'<o
as claimed. O
Finally for each € € Z", we can rewrite (7.27) as
3" 3tlg (2/3 I 3q.(2/3

and we can rewrite as

—n 1-n n 3\n—J
Me_l = (3 (I)d_l 2 Iz)igz/B)) =p" (Id(;l 32121 (15) eei) = D_nge- (7.35)

Taking the inverses of (7.34) and yields
M.=5'D", M '=s_'D™. (7.36)

These formulations of M, and Me_1 allow us to compute efficiently the grids M.Z? and
Me_lzd as transformations of the D" or D" refined grid. These transformations are still
shears, however, in contrast to the shearlet case, the translation is not integer any more
because it depends on q.(2/3) and p.(2/3).

7.3 General anisotropic expanding matrices

We show that considering the expanding matrices M;, as product of an anisotropic di-
. - . . . d—1
agonal matrix D and a shear S;, the minimum determinant is achieved by 2¢ (1 + %)

given by (Z.3). This determinant is less than the determinant of the shearlet case (6.12)
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which is 22471, Indeed, it is not the minimal determinant possible for an expanding ma-
trix. In fact in two dimensions, from a theoretical point of view, an expanding matrix
should have determinant greater than 2 and we have to restrict to a determinant greater
or equal to 3 if we want anisotropic matrices. |Cotronei et all [IZJ)LQ] present a set of two
anisotropic expanding matrices

M_11 M_11M_2—1
07\1 =2/ I7\o 1)7°7\1 =2/

with determinant 3 that are jointly expanding and they satisfy the slope resolution prop-
erty. Cotronei et al) [|2Q15|] show that it is possible to have a determinant smaller than
the diagonal matrix D in (Z.4) if full matrices are considered. One could ask if focusing
on full matrices we can find anisotropic expanding matrices that satisfy all the proper-
ties requested (jointly expanding matrices, slope resolution property) with determinant
less than the shear-like matrices (Z.3) in dimension d > 2. Thanks to some numerical
experiments we conjecture that the answer is yes. We set up an algorithm that searches
integer matrices in Z3*2 that satisfy some of the requested properties. The idea is to
consider matrices with integer entries in a sub interval of Z centred in 0 (we are looking
for matrices with minimum determinant). Once the interval is fixed, we generate all the
matrices with entries in this interval and we perform a sequence of tests that in each step
allow to eliminate the undesired matrices:

) . . . d—1 .
1. We first check for matrices with determinant less than 29 (1 + %) , the determi-
nant of the shear-like case in (Z.3).

2. We compute the eigenvalues Ay, k =1,...,d and we keep only the matrices with
all eigenvalues |A;| > 1 and with at least two different eigenvalues |kj| # Al
j # k. In this way we select the anisotropic expanding matrices.

3. For the remaining matrices M, we define the set

1 —e;
M; = MS;, Si=(0 fl), (7.37)

with the vectors (e;) = 61, k=1,...,d —1 and e; = 0. We save the matrices for
which there exists some ny € N such that ||Me_1 || < 1foranye € ZZO. We choose
ng quite small. This allows to conclude that the matrices M; are jointly expanding
matrices as shown in the following proposition.

Proposition 7.12. If there exists some ny € N such that ||M€_1 || <1 foranyee€ ZZO, then
the set of matrices {M;};ez, are jointly expanding matrices.

Proof: The proof follows straightforwardly from the definition of the joint spectral ra-
dius, in fact for any type of norm

n n
[ B Rt S I |
j=1 j=1
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By hypothesis there exists some n, € N such that ||Me_1|| < 1 forall e € Z'°, and we
- _ -1
define yu = max, ¢z |M€ || <1, thus

ln/no) Ln/ng)

| | -1 | | — n/nol
< HMG;< < U= n/no ,

k=1 k=1

-1
Me]_

n
j=1

where egc are sub sequences of € such that |e;<| < ngy. So the joint spectral radius of this
set of matrices is

M€_1||1/n < limsup(‘uln/”oJ)l/n _ nW <1
n—oo

n—oo ¢

pP({M;}icz,) = limsup sup
€Zy

O

In this way we obtain some sets of anisotropic expanding matrices that are also jointly
expanding. An example of such matrices is

-1 1 O
M=]11 1 1 (7.38)
1 1 =2

and the product with shear matrices give the set

-11 0
My=M=|[1 1 1|,
1 1 -2
10 —1 -1 1 1
M,=MS;=M|[0 1 0 |=[1 1 o, (7.39)
00 1 1 1 -3
10 0 -1 1 -1
My=MS,=M|[0 1 —-1|=[1 1 o0
00 1 1 1 -3

These matrices have detM; = 6 for i € Z5 and the eigenvalues are £+4/3 and —2. So,
as expected, they are anisotropic expanding matrices with determinant smaller than the
shear-like matrix (det D = 18) but also smaller than the dyadic matrix 215 (det2I5 = 8)
considered in the wavelet case. Moreover, computing the inverse of the matrices in
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(7.39) we have
_1 1 1
-1 -1 12 :13 ?
MO =M = 2 ? 61 )
0 3 —3
101 -z 2 =2
Mizsivi=|o 1 o|mi=| L I T (7.40)
1 -1 - 2 3 6 > :
1 1
00 1 0 1 —1
100 —2 3 1
Ml =sim =01 1 |m=| L 2
2 T2 - 2 3 6 |’
00 1 0o & —3

and ||M;?||, < 1 forany i € Zs.

For the matrices in it remains to prove the slope resolution property, which is
not a trivial task in the general case. In fact, differently to shear-like matrices, we have
no explicit expression for the matrices M, with € € Z7 and n € N, because this set of
matrices does not satisfy the pseudo commuting property. In this case, it is difficult to
find contracting maps and an invariant space as done in Theorem[Z.11]for any d. For the
moment we only have numerical evidence of the slope resolution property. As numerical
test we fix n € N and a hyperplane H’ with normal (s’,1)7, s’ € R?, and we apply the
matrices Me_l, with all possible € € Z of length n, to the normal (s’,1). This proce-
dure displays an output similar to Figure[7.1]in the bivariate case. To provide numerical
evidence of the slope resolution property we have to repeat the test considering all the
possible shear matrices and all the permutations of matrix rows. If in the end the result-
ing normals span approximately all the directions, then the slope resolution property is
satisfied from a numerical point of view.

This is still work in progress. An idea to prove the slope resolution property is to
consider as contractions not the maps generated by M; !, i € Z,, but some finite combi-
nations of these matrices, as done in ﬂgmmi_e;_ill,lami] for d = 2. Another possibility
is to look for general anisotropic matrices that satisfy the pseudo commuting property
even if this means to consider a set of matrices with higher determinant than 6.

7.4 Numerical examples for d =2

Finally, in this section we show some illustrations of how the MMRA based on the ma-
trices presented in Section [Z.2] performs when analysing a signal.
We focus on the family of matrices

30 3 —6
w2 %), m= %)

with det(M;) = 6, for i € Z,. This means that we have to consider 6 analysis filters and
6 synthesis filters for each M;, i € Z,.
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Following the construction proposed in Sections and we define for the
family of matrices {M;};cz, a convergent multiple subdivision scheme and the relative
filterbanks. The Smith factorization form of the matrices is trivial,

B (3 =6\ _(1 =3\(3 0\(1 0\ _ .,
womior, w=(0 F)=(t D Yesor o

Thus, we need two univariate interpolatory subdivision schemes with arity c; = 3 and
09 = 2, respectively. For example, we consider the ternary and dyadic 2-point schemes
with masks

1221 1.1
by=(...,0,-,5,1,5,=,0,...|, by=|(...,0,=,1,=,0,...],
3’3733 2> 2

and symbols
2

- -1
bi(z) = %(1 +2+422)%, bi(z) = 7’7(1 +2)2.
By (6.24), the symbol of the diagonal matrix D is the tensor product of b; and b,

272g71
bi(z) = %(1 +21 +22)2(1 +2,)%,

and using (6.25)) the symbols related to the matrices M, and M, are

* * ZI_ZZZ_1 2\2 2
bMO(z) =bp(z) = 5 (1+2+27)°(1+2,)7, (7.43)
—1
%12
by (2) = bj(2%) = =2 (1+2; +22)2(1 +27°2,)%. (7.44)

The multiple subdivision scheme generated by the two symbols by , by, and the two
matrices M,, M; converges to a continuous function, as stated by Lemma Once
we define the multiple subdivision scheme, we compute the filters using the prediction-
correction method and the formulas (6.30), (6.31). The analysis filters for the diagonal
matrix M, are

00000 0 0 00 0Y 0 0 0
00000 0 0 00 O 0 0 0

2 1

foo=]10 0 1 0 O0f, fou=]0 —3 1 O —% » Jo2=|[0 —3 0
00000 0 0 00 O 0 0 0
00000 00 00 0) 0 0 0
00 —3 00 o-%oo-é\ 0 —2 0 0
00 1 00 0 0 10 0 0 0 01

1 1 1
foz=|0 0 —3 0 0|, fo4=|0 —3 0 0 —3 |, fos=|0 —z 0 O —
00 0 00 0 0 00 O 0 0 00
00 0 00 0 0 00 0) 0 0 00

oo~ OO
I
|
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and the synthesis filters are

J

0 0 0 OO
go’z = 1 O 0 0 0
0 0 0 0O
), 80,5

3

0 00 00O
01 0 00O
0 00 00O

|
|

&o,1

), 80,4

IS

~

— o= |— O
— oA en—|en
I - N
==

O ||\ O
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(c) Boots (d) Leaf

(e) Lighthouse (f) Kandinsky

Figure 7.4. Test images of sizes 729 x 512 pixels except (e) Lighthouse of size 512 x 512 pixels.
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Figure 7.5. Two level decomposition of the image in Figure [Z4al using Daubechies wavelets of

order 2. In each row, from left to right, the 4 images are the approximation coefficients and the
details coefficients along the horizontal, vertical and diagonal direction.

Level 1

Level 2

To show the potential of the directional transform defined by the matrices M;, i € Z,
in (7.41)), we use these filters to analyse and synthesize some test images represented in
Figure[7.4l

For comparison, with the same construction we compute the filterbanks of the shear-

let scaling matrices
s _(4 O s]_ (4 —4
M, _(o 2), M; _(o , |- (7.45)

With the computed filters we implement a full decomposition process for all the branches
of the tree and a reconstruction process following a single branch or averaging all the
branches of the tree, as explained in Section The implementation is not trivial be-
cause the shear matrices have some intrinsic problems. Applying a shear transformation
on an image we obtain a pseudo rotated image that cannot be stored in a rectangular
matrix. We decide to embed the pseudo rotated image in a larger matrix with zero en-
tries even if this increases the storage space. As first implementation of a directional
transform using the MMRA setting, we focus on the comparison of the analysed signal
with the new matrices in and the well-known transforms. In the following we
consider some examples of the decomposition and compression process. Moreover, we
study the reconstructed details in order to see if the new matrices can be used for an
edge detection tool.

7.4.1 Decomposition

The first stage of any application with images is the decomposition process where we
convolve the image with the analysis filters fy, £ € E);, and we downsample it. The low-
pass filter f;, gives the approximation coefficients c! while the high-pass filters fe, &€ EIOW,
generate the so-called detail coefficients dg. The process can be repeated starting from

the approximation coefficients c!. The decomposition process with wavelets is shown in

Figure
In the MMRA setting, at each step of the decomposition process we choose a matrix
M; from the set, with i € Z,. After two decomposition steps we have 4 different ways to
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Kc W

1 1 1 1
2 2 2 2
COO dOO COl dO

d,
1 cto d?o ot d%
Figure 7.6. Multiple decomposition tree up to level 2.

Figure 7.7. Two level decomposition of the image in Figure[Z4alwith shearlets. The eight images
in each row are the approximation coefficients ¢ and detail coefficients d?, with e € Z, and
k=1,...,7. Each row represents a branch of the tree in Figure[Z6l
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Level 1

Level 2

Figure 7.8. Two level decomposition of the image in Figure [Z4al with respect to the family of
matrices in (Z-41). The six images in each row are the approximation coefficients cg and detail
coefficients dik with e € Z, and k = 1,...,5. Each row represents a branch of the tree in
Figure[Z6l
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decompose an image, as depicted by the tree in Figure[Z.6l Applying this decomposition
process to Figure [/.4al with the shearlet matrices and the new matrices (7.41),
we obtain the approximation and detail coefficients displayed respectively in Figures[Z.7]
and [Z.8] The decomposition with the matrices that contain the shear, Ml[s] and M,
produces a pseudo rotated image. The more often we apply Ml[s] or My, the more the
resulting image is pseudo rotated and stretched, as shown in the last row of Figures[7.7]
and The decomposition with the new matrices M; is similar to the decomposition
by the shearlet matrices Ml.[s], but the main difference is the number of detail coefficients
(5 vs 7). In this sense the new matrices produce less computational effort and they
require less storage space. In addition, the smaller determinant of the matrices {M;};cz,
in (Z.41) gives detail and approximation coefficients that are less stretched with respect
to shearlets.

We observe that the decomposition process in the wavelet and shear-like setting are
completely different. For wavelets, each detail coefficient detects features only along
the horizontal, vertical and diagonal directions, see Figure [Z.5l Instead, for the new
matrices, the detail directions &, combine with the pseudo rotation of the image and
allow to detect different directions for each branch of the tree. The new matrices can be
exploited in the edge detection problem thanks to this capability of considering different
directions. In Figures [Z.7] and [Z.8] it is not easy to see which directions are covered
because the details are quite stretched. In the following sections we reconstruct the
details and we study which directions are detected by the different branches.

7.4.2 Compression

The perfect reconstruction filterbanks guarantee that if no changes occur in the approxi-
mation and detail coefficients, then the initial signal is perfectly reconstructed. However,
since the representation produced by the transform is sparse, we can save space by keep-
ing only the largest coefficients. This is the idea of the compression process: produce a
good quality approximation of the signal by storing few coefficients.

In order to evaluate the difference between the reconstructed signal from the initial
signal we consider some metrics: the peak signal-to-noise ratio (PSNR) and the structural
similarity index (SSIM). The peak signal-to-noise ratio measures the ratio between the
maximum value of the signal and the mean square error between the reconstructed and
initial signal. Let I be our test image and denote with I the reconstructed image, then
the mean square error between these two images is

MSE(1, 1) = ﬁZZ(I(i,Z) — i, D), (7.46)

i=11=1

and the peak signal-to-noise ratio is defined as

PSNR(I,I)=10lo (Lsz) (7.47)
T £10 MSE(1,1))’ '
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where m, n are the dimensions of the signal I and the maximum value of an image is 255
(cf. [Mallat,[2008; Vetterli and Kovacevid, 2007]). If the image is perfectly reconstructed
(I =), then the mean square error is O and PSNR is co. Hence, the higher the value
of PSNR, the better the reconstructed image. With values of PSNR greater than 30 it
is difficult for the human eye to distinguish the differences between the reconstructed
and the initial image. The peak signal-to-noise ratio is not always a good indicator for
the perceived quality of the reconstructed image. There are other indicators that take
care of the characteristics of the human visual system. One of these indicators is the
structural similarity index (SSIM) introduced byMang_eI_alJ [|20_OA|]. The SSIM measures
the changes in structural information, luminance and contrast between neighbouring
pixels. Let x, y be two parts of the images I and I of size n x n, then the structural
similarity index SSIM is defined as

(znux.uy + kl)(zaxy + kZ)
(W2 +p2+k)(02 + 02 +k,)’

SSIM(x,y) =L(x,y)c(x,y)s(x,y) = (7.48)

where k,, k, are constants needed to stabilize the division, u is the average of x and y,
o? is the variance and Oy is the covariance defined by

‘ux:%ZX(i,j), Gx:(n21_1 Z(X(l,])_nu’x)) >

i,j=1 i,j=1

e ) = )G 1) — 1y

ij=1

1
T T2

The functions £(x, y), c(x, y), s(x, y) measure respectively the luminance, the contrast

and the structure,

2“’x‘u'y + kl
p+u+ky’

20,0y +ky

2 2 )
ax+ay+k2

20,y +ky

t(x,y) = c(x,y) = s(x,y) =

20,0y +ky
The values of SSIM vary in [—1, 1] and if the images I and I are the same we get SSIM =
1.

The idea behind an (M)MRA is to express a signal in a sparse way. The key features
of the signal and the singularities correspond to the largest coefficients in the decom-
position process. So the compression process saves only the biggest coefficients in the
approximation and detail coefficients. The choice of which coefficients to save and which
ones to set to zero can be made in two different ways: fixing a hard threshold or a com-
pression rate. In both cases the approximation coefficients are kept and we apply the
compression only to the detail coefficients. The hard threshold saves all the detail co-
efficients greater than thr > 0 and sets the other coefficients to zero. Instead, fixing a
compression rate of CR : 1 means that we save one coefficient out of CR detail coeffi-
cients. That is, we store a fixed percentage of the initial coefficients. Let n be the total
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amount of coefficients and ny, n, be respectively the number of detail and approxima-
tion coefficients such that n = ng + n,. With a compression rate CR : 1, the number of
coefficients saved is n’ = n/CR. In particular we save the né =n/CR—n, largest detail
coefficients.

Considering more levels of decomposition, the coefficients become smaller in abso-
lute value. When we compress the details we have to be careful. Otherwise we throw
away all the details of the highest levels. To avoid this, we reintroduce the scaling factor
|det M I(j /2 that is present in the definition of the shearlet system, see e.g. (6.7). With this
scaling factor the coefficients are well distributed and we can decide which coefficients
to keep and which to throw away:.

A summary of the whole process is given by:

1. Decomposition,

2. Compression with a hard threshold thr or a compression rate CR : 1, we keep the
largest detail coefficients after we multiply them by the scaling factor |det M |/ 2,

3. Reconstruction by following a single branch of the tree or averaging all branches.

Fixing a threshold value of 150, in Figure [7.9lwe show the reconstructed images us-
ing the new matrices in (Z.41) and the shearlet matrices in (Z.45). We observe that the
behaviour of the new matrices is similar to shearlets. In fact in both cases, the recon-
structed images along the branch e = (1,1, 1, 1) present some artefacts near the edges
of the figure. These artefacts are less visible in the reconstructed images that take care
of all the branches, because the artefacts are generated by several applications of the
matrix M;. In Figures[Z/.7] and [7.8] we see that repeated application of M; stretches the
image. So, if we introduce some computational error or we eliminate a detail coefficient,
then the reconstruction amplifies this error and produces these flaws. To compare the
reconstruction with the new matrices and shearlets we compare the values of PSNR and
SSIM, see Fig.[Z.10l Both the PSNR and SSIM values confirm that the reconstruction
averaging all the branches of the tree is better than following a single branch. Moreover,
the values of PSNR and SSIM show that the reconstruction with shearlets is better than
the reconstruction with the new matrices in this case. In fact, in Figure the recon-
structed images with shearlets are more delineated with respect to the reconstructed
images with the new matrices.

We repeat the comparison between the new matrices in (Z.41) and shearlets where
we fix a compression rate of 8 : 1. Figure [Z.11] shows the reconstructed images using
both families of matrices and following a branch of the tree, ¢ = (1,1,1,1), or taking
the average of all the branches. As before, the compression generates some flaws and
the reconstruction averaging all the branches performs better than considering a single
branch. Differently from the previous example, in this case the reconstructed images
using the new matrices give higher values of PSNR and SSIM than shearlets, see Fig-
ure[7. 12l From Figure[/.1T]lwe see that the reconstructed images with the new matrices
are more delineated with respect to the reconstructed images with shearlets.
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Figure 7.9. Compression with a hard threshold thr = 150 of Figure [Z4bl The images are re-
constructed following the branch € = (1,1,1,1) (top) or all branches together (bottom). In the
whole process we use the new matrices (Z.41) (left) and the shearlet matrices (Z.49) (right).
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Figure 7.10. Values of PSNR (left) and SSIM (right) for the reconstructed images after a compres-
sion with threshold thr = 150 using the new matrices (Z.41) (dot) or shearlets (cross).
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(@] (d)

Figure 7.11. Compression of Figure [Z4h] with compression rate 8 : 1. The images are recon-
structed following the branch ¢ = (1,1,1,1) (top) or all branches together (bottom). In the
whole process we use the new matrices (Z.41) (left) and the shearlet matrices (Z.45) (right).
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Figure 7.12. Values of PSNR (left) and SSIM (right) for the reconstructed images after compression
with rate 8 : 1 using the new matrices (7-41)) (dot) or shearlets (cross).



165 7 Anisotropic Scaling Matrices

An interesting test is to study the quality of the reconstructed images for increasing
values of thresholds and compression rates. Figure[7.13]shows the reconstructed images
using all the branches of the tree and the new matrices, after we compress with increasing
values of threshold. For thr = 0 the resulting image is equal to Figure [Z.4a] in fact the
PSNR is high and SSIM is equal to 1 (see Fig.[Z.14). Increasing the value of the threshold
we loose from small to essential details of the image: for thr = 50 the lines on the white
sheet are not well reproduced; for thr = 100 the contours of the pencils are not smooth
and for thr = 200 all the edges are not well defined. For increasing values of threshold
the quality of the image decreases and with it also the PSNR and the SSIM values. We see
in Figure[/.14]that for values of thr > 0 the PSNR decreases slowly. In this sense the SSIM
index can represent better the quality of the reconstructed image. Figure [/.15al shows
the distribution of the details coefficients with respect to their values. With red stars we
depict the increasing values of threshold. Most of the detail coefficients are around 0,
so introducing a threshold thr >> 0 we save only few coefficients. Figure shows
the percentage of non zero coefficients saved by each value of threshold.

We expect the same behaviour if we consider increasing values of compression rate,
see Figure[7.16] Eliminating half of the coefficients seems not to affect the quality of the
image, indeed the value of PSNR and SSIM are quite high (see Fig.[7.17). As for increas-
ing values of threshold also by increasing the compression rate the reconstructed images
get worse, loosing an increasing number of details. In Figure[Z.16]with compression rate
4 : 1 the quality of the image is good but we loose some wood grain. At compression rate
8 : 1, small details are cancelled but the main edges are still visible in Figure [7.4d while
a lot of edges are not defined at compression rate 12 : 1. This decline in the quality of
the reconstructed images is measured by PSNR and SSIM in Figure [/.17] Figure
shows that the distribution of the detail coefficients depends on the image considered,
thus the compression rate and the threshold to obtain a good reconstructed image de-
pend on the initial image considered. As expected, with the new matrices we can have a
good approximation of the initial image storing few coefficients because the features of
the signal are given by largest detail coefficients. This is effective to save storage space.

7.4.3 Detail reconstruction

Shearlets are suitable for dealing with anisotropic signals and give some geometric in-
formation, like position and orientation, about the discontinuities. In this sense we say
that they are able to catch edges and singularities along curves. As for wavelet also for
shearlets, near a discontinuity the transform coefficients decay slowly. The velocity of
this decay is given in [|Gyp_an_d_Laha.t§J, |20_Q§, |2Q1j] in the case of a continuous shearlet
system (6.7). So the idea is to use the maxima of the shearlet transform to detect dis-
continuities and to exploit the scale, orientation and location parameters to give more
information about this discontinuity (cf. [m, M]).

For the proposed matrices we do not have the exact decay rate of the coefficients
around a discontinuity but we can visualise if the largest coefficients detect the edges of
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(c) thr =100 (d) thr =200

Figure 7.13. Compressed images applying increasing values of threshold thr = 0,50, 100, 200.
In order to reconstruct the images we exploit all the coefficients of the 3 levels tree and we use
the matrices in (Z.41).
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(a) Percentage non zero coef (b) PSNR (c) SSIM
Figure 7.14. Metrics on compressed images (Fig.[Z13) with new matrices in (Z41) for increasing

values of threshold: (a) percentage of non zero coefficients kept after the compression, (b) PSNR

ZZ&D, (c) SSIM ([743).
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Figure 7.15. Histograms of the numbers of detail coefficients with a certain value. The decom-
position is done with the matrices in (Z.41)). (a) Histogram of Figure[ZZ4alwith increasing values
of threshold thr = 50,100, 200. (b) Histogram of Figure [Z4d with increasing compression rate
CR2,4,8,12.



168 7 Anisotropic Scaling Matrices

Figure 7.16. Compressed images of Figure [Z4d applying increasing compression rates CR =
2,4, 8, 12. In order to reconstruct the images we exploit all the coefficients of the 3 levels tree
and we use the new matrices in (Z.41).
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Figure 7.17. Metrics on compressed images (Fig.[Z16) with new matrices in (Z.41) for increasing
compression rates: (a) percentage of non zero coefficients kept after the compression, (b) PSNR

Z4D, (c) SSIM ([Z.48).
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(a) (b)

Figure 7.18. Reconstructed details after two levels of decomposition with wavelets (left) and
with the new matrices in (Z.41) (right). In our case we reconstruct by exploiting all branches of
the tree.

the image. So we look at the maxima in the detail coefficients at different scaling levels
and different branches. The index € of the branch gives information about the direction
of the discontinuity. Since the detail coefficients can be stretched and elongated, it is
difficult to visualize the maxima of the details from Figures[/.7land[7.8] Therefore, the
idea is to reconstruct the detail after putting to zero the approximation coefficients. In
this way we visualize the contribution of the details in the reconstruction process and
we check if the largest detail coefficients correspond to the discontinuities of the initial
image. The process can be summed up in three steps:

1. Decomposition,
2. Setting to zero the approximation coefficients,
3. Reconstruction by following a single branch of the tree or averaging all branches.

The resulting images give us the perception if the directional transform is able to detect
all the discontinuities and to distinguish between small changes in gray scale and big
jumps between two areas with flat color. This gives us the insight if the new matrices in
(7.47) are able to detect edges or not.

Figure[Z.18]compares the reconstructed details for Figure[Z.4d|considering the wavelet
transform and the new matrices in (7.41). In the reconstruction process with the new
matrices we average all the branches of the tree in order to consider all the elements de-
tected by the different branches. The new matrices highlight better the discontinuities,
the wood grains and the veins in the leaf, with respect to the wavelet case where the
direction of some edges is not clearly visible. This confirms our expectation: anisotropic
matrices identify discontinuities along some directions better than isotropic matrices.
Moreover, the new matrices seem to distinguish between big jumps (big veins in the
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leaf) represented by light color and small jumps (wood grains) represented by darker
gray.

We repeat the test to compare the behaviour of the new matrices in (7.41) with re-
spect to shearlets. Figure shows the reconstructed details with the new matrices
and shearlets considering each branch separately. We observe that the different branches
detect different features and they work along different directions. The reconstruction of
a single coefficient influences also neighbouring pixels with an interval of influence that
depends on the support size of the filters. This creates the flaws that are visible in Fig-
ure [Z.19] and also in the previous Figures and [Z.11] The flaws show clearly along
which directions we are working. Even if we consider the same branch of the tree, the
new matrices (7.41) and the shearlet matrices (7.45]) work along different directions,
because we consider a different set of matrices. The details reconstructed by averag-
ing all branches are similar to the new matrices and shearlets, see Figure [7Z.20L The
difference is that the flaws generated by shearlets are more elongated, because the de-
terminants of the matrices are higher then the determinants of the new matrices. So,
the details reconstructed with the new matrices (Z.41) perturb a smaller region than
the details reconstructed with shearlets. For this reason the new matrices localize bet-
ter the discontinuity with respect to shearlets. Moreover, the reconstructed details with
shearlets exhibit some black holes along the edges. This means that a part of the edge
is not detected. The new matrices produce less holes, meaning that the edge is detected
almost completely. In this example the new matrices offer a better edge detection than
shearlets.

An effective edge detection is given by Canny’s algorithm, presented in ,

]. This procedure convolves the signal with a Gaussian, computes the gradient, and

the maxima of the gradient correspond to edges. In order to not detect small changes

and to attach together different edges, the maxima are selected with a threshold and

also relative maxima are kept if they are close to global maxima. At the end, we obtain

a logical image where we have 1 in correspondence to an edge and O elsewhere. Mallat

and Zhong [|19_9j] state that looking at the maxima of the gradient is equivalent to look-

ing at the maxima in the wavelet transform. This observation endorses [@]

to look at maxima of the shearlet transform to detect edges. We do the same with the
new matrices in (Z.41).

In Figures [7.21] and [7.22] we analyse Figures and [7.4fl with Canny’s edge de-
tection and we reconstruct the detail coefficients with the new matrices in (Z.41)). The
resulting images are completely different, because for Canny’s algorithm we obtain a log-
ical image, while in our case we have a grayscale image. In this case we cannot compare
the quality of the images but we study if the new matrices detect all the edges recog-
nized by Canny’s algorithm. In particular, Figures[7.21] and [Z.22] show two drawbacks
of Canny’s edge detection: closed edges and noise. In Figure [7.21] Canny’s algorithm
is not able to recognize a part of the fence because it is too dense while it recognizes
edges in the grass. For the same image, the reconstructed details with the new matrices
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@ e=(1,1) (h)

Figure 7.19. Comparison between reconstructed details with the new matrices (7.41) (left) and
shearlets (Z45) (right) after two levels of decomposition of Figure [Z4bl Each row gives the
reconstruction along a single branch of the tree (Fig.[Z8).
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Figure 7.20. Comparison between reconstructed details with the new matrices (Z.41) (left) and
shearlets (Z45) (right) after two levels of decomposition of Figure We reconstruct by
averaging all branches of the tree (Fig. [Z6).

(a) (b)

Figure 7.21. Comparison between the reconstructed details with the new matrices (Z.41) (left)
and Canny’s edge detection of Figure [Z4el
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(a) (b)

Figure 7.22. Comparison between the reconstructed details with the new matrices (Z.41) (left)
and Canny’s edge detection of Figure [Z4f

detect the fence even when the boards are very close and in the grass they detect only
small discontinuities. Another drawback of Canny’s algorithm is shown in Figure
Figure [7.4f is not of high quality and presents some blur near the edges of the image.
Canny’s edge detection recognizes these blurs as edges. This problem does not effect the
reconstructed details with the new matrices even if some flaws are present in the image.
Thus, the reconstructed edges with the new matrices are not effected by noise and can
also detect closed edges.

We observe that the transform generated by the new matrices in detects dis-
continuities and distinguishes between big and small jumps into the colormap of the
initial image. So it could be interesting in the future to implement a true edge detection
with these matrices. The algorithm should find the location of the maximal detail coef-
ficients inside the image and take care of the orientation information given by the tree
in order to connect the edges in the right way. Moreover, we should mark with different
colors the edges in correspondence to big and small jumps.

With these examples we test the directional MMRA generated by the matrices in
in comparison with wavelets and shearlets. The new transform behaves simi-
lar to shearlets but with a smaller number of details for each branch of the tree which
corresponds to less storage space to save all the decomposition tree. Moreover, the re-
construction with the new matrices generates smaller flaws in comparison to shearlets.
The proposed transform is also promising for the edge detection problem. For the future
it will be interesting to also test different types of filters, for example orthogonal filters
that could give a better approximation of the initial image.
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Conclusions

Subdivision schemes are effective in several areas of data approximation, and are well
exploited for their computational efficiency. In this work we analyse two different appli-
cations of subdivision schemes, specifically to curve design and image analysis.

In the first part we consider geometric subdivision schemes that can be useful to re-
quire some geometric features of the limit curve. We study the regularity of the limit
curve, in particular the curvature. |Ibm_an.d_Hm:manﬂ [|2Qlj] present sufficient con-
ditions for the convergence and G' continuity that depend respectively on edges and
angles. Precisely, they require that the sequences of maxima of edges and angles are
summable. A curve is G2 continuous if at each point there exists the osculating circle,
and if the curvatures of these circles change continuously along the curve. In the sub-
division setting we consider the discrete interpolating circles that pass through three
neighbouring points and the difference between neighbouring discrete curvatures. We
conjecture that the sequence of maxima of these differences has to be summable in order
to generate a G2 continuous limit curve. To verify the correctness of our hypothesis, we
use subdivision schemes with different orders of regularity and several control polygons.
The proposed condition seems to be correct, because it is satisfied only in those exam-
ples where the limit curve is known to be G2 continuous. Moreover, we introduce a new
geometric scheme that is tailored to satisfy the given condition.

We put a lot of effort into proving that the summability of the differences of curva-
tures is sufficient to obtain a G2 continuous curve. Most of the proof is done, but it is not
complete because we miss one point. The problem is to prove some relations between
the curvatures of discrete interpolating circles with common elements: a common edge
or the same tangent at a point. This difficulty arises from the non linear nature of the
curvature: in fact, the curvature of a discrete interpolating circle is the ratio between an
angle and the opposite edge of the inscribed triangle. For these quantities it is rather
easy to find relations between neighbouring edges on angles. Considering two triangles
with a common edge, we can use the triangle inequality and the sum of interior angles
to relate edges and angles of the two triangles. However, what complicates the study is
the ratio between these quantities, because to have the convergence of the curvature it is
not sufficient to know that the maximum of edges and angles are summable, but we also
need that these sequences decay in the same way. We give numerical evidence that the
prescribed relations between neighbouring discrete curvatures are satisfied by schemes
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that generate G2 limit curves. To prove these relations we probably have to consider all
the possible configurations of points, as done in the other parts of the proof.

In the second part of the thesis we exploit a generalization of the subdivision schemes:
the multiple subdivision scheme, which allows to choose an expanding matrix and a sub-
division scheme from a finite dictionary in each step of the refinement. In image analysis,
subdivision schemes define a filterbank in a simple way. In this sense, a multiple subdivi-
sion scheme defines filterbanks that can be used in the setting of a directional transform.
The key ingredient to define a directional transform is a family of anisotropic expanding
matrices that are jointly expanding, and satisfy the slope resolution property. For any
dimension d, we present a set of shear-like matrices which are product of an anisotropic
diagonal matrix and a shear, and we prove that these matrices satisfy all the required
properties. The advantage of these matrices is that they have a smaller determinant than
shearlets. This is important, because the determinant of the matrices gives the number
of filters, so it is strictly related to the computational efficiency of the process. Further-
more, it is interesting to study which is the minimal determinant of a family of matrices
that satisfies all the prescribed properties, when we give up to consider anisotropic di-
agonal matrices. For d = 3 we implement a routine to find a general set of anisotropic
matrices with small determinant that are jointly expanding. We find an example of ma-
trices with determinant (det = 6) less than the dyadic case (det2I; = 8) but, for the
moment, we do not have the proof of the slope resolution property. In general, to prove
the slope resolution property for a family of matrices we have to find a set of contractive
maps and their invariant space. Moreover, as for the cone adapted shearlet system or
the presented shear-like matrices, we have to be sure that the union of the invariant
spaces covers every possible direction. It is complicated to check all these requests with
an automatic routine.

For the shear-like matrices in we show some applications on images to test their
efficiency in decomposition, compression and edge detection settings. The obtained re-
sults are promising, and the proposed matrices enjoy all the features of the directional
transform. With respect to wavelets, they are able to analyse different directions. More-
over, the smaller determinant with respect to shearlets generates less artefacts in the re-
construction process. For the future it will be interesting to study how the results change
by considering different filterbanks. For example we want to construct orthogonal filters.

By reconstructing the detail coefficients we observe that the proposed matrices can
be used to detect edges. In fact, they give good results compared both to shearlets
and Canny’s algorithm. They are able to detect different directions of edges with low
fragmentation, they are robust to noise, and they distinguish between big and small
jumps. These promising results suggest that it will be worthwhile to study a true edge
detection with these matrices. The algorithm will take maxima in the detail coefficients
and will find their location in the image. We also have to exploit the scale and direction
information given by the branch of the tree in order to attach in the right way the edges
and to classify if they represent strong edges or small changes.
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