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Abstract

Subdivision schemes are widely used for rapid curve or surface generation. Re-
cent developments have produced various schemes, in particular non-linear, non-
interpolatory or non-uniform.

To be used in compression, analysis or control of data, subdivision schemes
should be incorporated in a multiresolution analysis that, mimicking wavelet anal-
yses, provides a multi-scale decomposition of a signal, a curve, or a surface. The
ingredients needed to define a multiresolution analysis associated with a subdivision
scheme are decimation scheme and detail operators. Their construction is straight-
forward when the multiresolution scheme is interpolatory.

This thesis is devoted to the construction of decimation schemes and detail
operators compatible with general subdivision schemes. We start with a generic
construction in the uniform (but not interpolatory) case and then generalize to non-
uniform and non-linear situations. Applying these results, we build multiresolution
analyses that are compatible with many recently developed schemes. Analysis of
the performances of the constructed analyses is carried out. We present numerical

applications in image compression.






Résumé

Les schémas de subdivision sont largement utilisés pour la génération rapide de
courbes ou de surfaces. Des développements récents ont produit des schémas variés,
en particulier non-linéaires, non-interpolants ou non-homogenes.

Pour pouvoir étre utilisés en compression, analyse ou contréle de données, ces
schémas de subdivision doivent étre incorporés dans une analyse multiresolution qui,
imitant les analyses en ondelettes, fournit une décomposition multi-échelle d'un sig-
nal, d'une courbe ou d’une surface. Les ingrédients nécessaires a la définition d'une
analyse multiresolution associée a un schéma de subdivision sont des schémas de
décimation et de détails. Leur construction est facile quand le schéma de multires-
olution est interpolant.

Cette these est consacrée a la construction de schémas de décimation et de dé-
tails compatibles avec un schéma de subdivision le plus général possible. Nous com-
mengons par une construction générique dans le cas d’opérateurs homogenes (mais
pas interpolants) puis nous généralisons a des situations non-homogenes et non-
linéaires. Nous construisons ainsi des analyses multiresolutions compatibles avec de
nombreux schémas récemment développés. L’analyse des performances des analy-
ses ainsi construites est effectuée. Nous présentons des applications numériques en

compression d’images.






Présentation du travail en Francais

La these est organisée en 4 parties.

La premiere fait une revue sur les schémas de subdivision et les analyses mul-
tiresolutions qui leur sont associées.

On présente en particulier les schémas classiques linéaires et homogenes (inter-
polants de Lagrange, splines) et le schéma PPH (piecewise polynomial harmonic)
qui est un exemple de schéma non-linéaire (on s’intéresse en particulier & sa version
non-interpolante). Le cadre général des analyses multiresolutions basé sur une pré-
diction par subdivision est détaillé ainsi que les propriétés souhaitables pour une

telle structure.

La seconde partie présente une approche générique pour construire tous les sché-
mas de décimation consistants avec un schéma de subdivision linéaire et homogene
donné. Sa construction s’appuie d’abord sur une inversion matricielle qui conduit a
des décimations consistantes dont le masque a une longueur minimale (décimations
élémentaires) puis sur la génération de tous les schémas consistants en utilisant des
combinaisons convexes de versions translatées des décimations élémentaires. On
génere ainsi des opérateurs de décimations consistants avec de nombreux schémas

dont certains pour lesquelles de tels opérateurs n’avaient jamais été proposés.

Le chapitre 3 constitue une généralisation du chapitre 2 a des schémas non-
linéaires ou non-homogenes. Dans le cas de schéma adapté a des segmentations de
I’axe réel, une analyse locale permet de définir un opérateur de décimation agis-
sant sur un intervalle fixé. Cet opérateur se couple avec un opérateur homogene
construit suivant le chapitre précédent afin d’obtenir un schéma défini sur toute la
droite et consistant avec la subdivision. Dans le cas de donnés localisées sur un inter-
valle, une construction global de décimation consistante est proposée. Elle s’appuie
sur l'inversion d’une matrice obtenue a partir de la subdivision sur I’ensemble de
'intervalle. Enfin, pour des opérateurs généraux h (en particulier non-linéaire), une
troisieme approche est introduite. Elle consiste a supposer 'existence d’un opéra-

teur A linéaire qui est presque un inverse a gauche de h au sens ot h*h — I est



contractant. Des que cet opérateur existe, il est alors possible de définir une déci-
mation (non-linéaire) consistante. Sachant que de nombreux schémas non-linéaires
(en particulier PPH) sont construits par perturbation d’un schéma linéaire h’, il est
naturel de chercher parmi tous les schémas de décimation A% consistants avec h¥
ceux qui réalisent la contraction. Nous exhibons ainsi des décimations non-linéaires
consistantes pour le schéma PPH non-interpolant.

Le chapitre 4 termine la construction des analyses multiresolutions avec I'introduction
des opérateurs de détail. On génere ainsi une famille d’opérateurs (subdivision,
décimation, détails) compatibles qui permettent de définir une analyse multireso-
lution. Les propriétés intéressantes des analyses multiresolutions, en vue de leur
application en analyse/traitement de données sont la décroissance des détails et la
stabilité. Pour ce qui est de la décroissance des détails(avec 1’échelle j), une pro-
priété essentielle est la reproduction des polynomes. Nous détaillons les conditions
sur h et h pour avoir une telle propriété. Pour la stabilité de I’analyse multireso-
lution, la difficulté se concentre sur celle de 'opérateur de décimation. Dans le cas
linéaire, nous montrons que la stabilité de 'opérateur de décimation correspond a
la stabilité d’un opérateur de subdivision construit a partir des coefficients d’une
puissance de 'opérateur de décimation. Le chapitre se termine par des exemples
numériques et en particulier une estimation numérique des constantes de stabilité
pour des schémas linéaire et non-linéaire dans le cadre de la compression d’images.

Une conclusion permet de mettre en évidence quelques perspectives de prolonge-
ment de la these. On évoque en particulier I'optimisation des opérateurs impliqués
(subdivision linéaires, décimation consistante) et un résultat théorique sur la stabil-
ité des opérateurs de décimation non-linéaire. La comparaison des performances des
différentes analyses multiresolutions construites est aussi un champ qu’il convient

d’explorer.

Chapitre 1. Etat de ’art et revue des principaux résultats

Ce chapitre effectue une revue sur les schémas de subdivision et les analyses mul-
tiresolutions qui leur sont associées. La Section 1.2 est dédiée aux schémas de sub-
division avec leur définition et le rappel des notions de convergence et de stabilité.
Les exemples historiques de schémas (schémas de Chaikin, interpolant de Lagrange,
spline) sont présentés ainsi que des schémas plus récents non-interpolants (Lagrange
décalé, PPH décalé). Dans la Section 1.3 est introduit le cadre général des analyses

multiresolutions. On commence par les opérateurs de décimation et la relation de



consistance qui les lie aux opérateurs de subdivision. On introduit les opérateurs
de détails et on définit la notion de compatibilité entre ces quatres opérateurs. Une
présentation générale de la décroissance des détails en fonction de j est effectuée.

Cette section s’acheve sur les notions de reproduction polynomiale et de stabilité.

Chapitre 2. Décimations linéaires consistantes avec un schéma
de subdivision linéaire homogene

Apres avoir traduit sur les masques la notion de consistance, on montre tout d’abord
que pour un schéma de subdivision fixé, I’ensemble des schémas de décimation
linéaires consistants est stable par les opérateurs de translation et de combinaison
convexe. Ensuite on prouve que sous une hypothese d’inversibilité d'une certaine
matrice (proche mais généralement de taille plus petite que les matrices de raffine-
ment définies dans [21]), il existe un nombre fini de schémas de décimation consis-
tants de longueur inférieure a un certain entier 2« lié a la longueur du masque du
schéma de subdivision. On appelle ces schémas des schémas de décimation élémen-
taires. Enfin on démontre que tout schéma consistant s’exprime comme combinaison
convexe de translatés de schémas de décimation élémentaires. La Section 2.3 est
dédiée a des exemples d’application : on consideére tout d’abord des schémas splines
et interpolants de Lagrange. On s’intéresse aussi aux schémas de subdivision issus
de la construction des ondelettes a support compact. Finalement, on traite le cas

des schémas non-stationnaires de Lagrange pénalisés.

Chapitre 3. Schémas de décimations consistants avec des
schémas de subdivision généraux

On s’intéresse ici a des schémas de subdivision non-homogenes ou non-linéaires.
Pour les schémas de subdivision non-homogenes, on suppose tout d’abord qu'une
segmentation de 'axe réel permet de séparer des zones ou le schéma est homogene
et des zones, de taille réduite, ou le schéma n’est pas homogene. Sur chaque zone
non-homogene une analyse locale permet de définir, par inversion matricielle, un
opérateur de décimation agissant sur toute la zone. Sous certaines hypotheses, ce
schéma se couple avec un opérateur de décimation homogene sur les autres zones
afin d’obtenir un schéma de décimation globalement consistant. Cette stratégie est
illustrée sur des exemples. Une stratégie consistant a découpler les points d’indice
pair des points d’indice impair est également présentée. Elle conduit a une déci-

mation globale (agissant sur la zone entiere) qui peut présenter un intérét si cette



zone reste de taille réduite. Une derniére construction, qui sera reprise dans le cas
de schémas non-linéaires consiste, un schéma de subdivision h étant donné, a sup-
poser l'existence d’un schéma de décimation linéaire hZ tel que hZh est proche de
I'identité au sens ott h=h— I est contractant. Alors il est possible, par un algorithme
de point fixe, de construire une décimation h consistante avec h. Cette construction
est particulierement pertinente quand h est lui méme construit comme une pertur-
bation d’un schéma de subdivision A%, ce qui est le cas pour les schémas PPH. Nous

exhibons dans ces cas, des schémas A% qui vérifient I’hypothése de contraction.

Chapitre 4. Analyse multiresolution

Le dernier chapitre traite des analyses multiresolutions. Leur construction com-
plete nécessite d’introduire les opérateurs de détails. On s’inspire encore de la
situation dans le cas de schémas linéaires pour définir des opérateurs de décima-
tion et de subdivision associés aux détails pour des schémas généraux. Les pro-
priétés importantes des analyses multiresolutions, en vue de leur application en
analyse/traitement d’images, sont la décroissance des détails et la stabilité. Pour
la décroissance des détails dans le cas linéaire, une propriété essentielle est la re-
production des polyndémes. Nous détaillons les conditions sur A et h pour avoir
cette propriété. Une généralisation aux schémas généraux est proposée. Pour ce
qui est de la stabilité, sachant que celle des schémas de subdivision est acquise, la
difficulté se concentre sur celle du schéma de décimation. Nous montrons que dans
le cas linéaire celle-ci correspond a la stabilité d'un opérateur de subdivision con-
struit a partir d’itérés de 'opérateur de décimation. Nous n’avons pas de résultat
théorique sur la stabilité des décimations non-linéaires introduites plus haut. Ce
chapitre se termine par des exemples numériques d’application des analyses mul-
tiresolutions completes pour des décompositions d’images. Quelques comparaisons
entre différentes constructions sont présentées. Les résultats montrent que les con-
stantes numériques de stabilité des schémas de décimation non-linéaires sont du
méme ordre de grandeur que celles associées aux schémas linéaires. De plus, les
analyses multiresolutions non-linéaires non-interpolantes qu’il est désormais possi-
ble de construire apparaissent comme des alternatives prometteuses aux approches

plus classiques pour la compression d’images.



Conclusion

La conclusion met en particulier en évidence plusieurs propositions de prolongement
de ce travail. L’étude théorique de la stabilité des analyses multiresolutions non-
linéaires est bien str a effectuer. Compte tenu du large choix et des différentes
constructions proposées, un travail de comparaison entre les différentes analyses

produites est a faire.
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General Introduction

Subdivision schemes and multiresolution analyses are extensively investigated in
different fields where they are applied for signal analyses, geometric modeling, com-
pression, approximation or numerical analyses. Recent developments of general
subdivision operators raise the question of systematical construction of associated
multiresolution analysis: this question has to be addressed as soon as the subdivi-
sion scheme is non-linear and non-interpolatory. This thesis is devoted to provide

some answers to this type of problem.

Background

The story of subdivision schemes started with De Rahm in [15], even if a relevant
step forward was made by Chaikin [13] that proposed a method to generate curves.
After that, the extension from subdivision to surfaces and related topics was exten-
sively investigated [11, 20]. After being developed during the following decades, it
became popular around the beginning of this century.

Subdivision schemes [12; 21] are powerful tools for the fast generation of refined
sequences ultimately representing curves or surfaces. Especially subdivision surfaces
are one of the most important methods used in Computer Graphics which could
eventually replace NURBS in engineering CAD ([32]).

Traditional research for subdivision scheme focusses on the construction of new
schemes, and generally the properties of the generated curve or surface (smooth-
ness,convexity,etc.) are essentially considered. Other related topics also attract
many attention like analysis of new domains and new ranges, adding criteria for
judging the quality of a scheme and other solution oriented new propositions.

Multiresolution subdivision has been applied to surface generation which is intro-
duced in [I1]. Following a set of fixed refinement rules, each finer mesh is obtained
from a coarse mesh by adding details at each level. Several constrained modelling

techniques have been developed, such as a cut-and-paste editing technique for mul-
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tiresolution surfaces proposed in [9], or in [10] a method for creating sharp features
and trim regions on multiresolution subdivision surfaces along a set of user-defined
curves has been introduced. Various forms of multiresolution subdivision surfaces
can be also found in [30, 36].

Coupled with decimation schemes, a subdivision generates multi-scale trans-

forms largely used in signal/image processing [3, 5] that generalize the multireso-
lution analysis/wavelet framework [17]. A decimation could be introduced as the
reverse subdivision, for example by M. F. Hassan [27], or it could be associated to

the scale relation in multi-scale transform of multiresolution analysis.

Above all, the advantage of using subdivision schemes to construct multireso-
lutions relies on the flexibility of subdivision schemes (a subdivision scheme can
be non-stationary, non-uniform, position-dependent, interpolating, approximating,
non-linear...) (e.g. [5]). As a counterpart, the construction of suitable consistent
decimation operators is not always straightforward. When subdivision schemes are
uniform, interpolatory, linear and stationary, the decimation operators can be easily
defined. However, more investigations should be done in the other situations. The

treatment of such situations is the main motivation of this thesis.

Contributions

The main contributions of this thesis can be summarized as follows,

1. A generic approach is proposed for the construction of linear uniform consis-
tent decimation operators for linear uniform subdivision schemes. Related

properties are established;

2. Two generic approaches are proposed for the construction of linear consistent

decimation for linear subdivision scheme which can be uniform or not;

3. A generic approach is proposed for the construction of consistent decimation

for general subdivision scheme that can be linear or not;

4. A complete framework for multiresolution transform is defined introducing

detail operators;

5. Analysis of the properties of the constructed multiresolutions is performed,
including compatibility, stability, polynomial approximation and decay of de-

tail /prediction error.
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Structure of this thesis

This thesis is organized as follows,

Chapter 1 is devoted to an overview of the different mathematical elements
involved in multiresolution associated to subdivision, including decimation and
details. Definitions and related properties are provided. Different examples of
subdivisions including interpolatory, non-interpolator, linear, non-linear, uniform,
non-uniform as well as examples related to wavelet multiresolution analysis are de-
scribed. Meanwhile, some well known results for those examples are also mentioned.

In chapter 2, a generic approach is proposed to construct all linear consistent
decimation schemes associated to a given linear uniform subdivision scheme. The
starting point of the method is the interpretation of the consistency property in
terms of a condition on the subdivision and decimation masks. It leads to the
construction of consistent elementary decimation operators that can be used to
generate all the consistent decimation operators. Several examples are provided at
the end of this chapter in the case of standard and non-standard schemes.

In chapter 3, we extend the construction to more general frameworks, includ-
ing non-uniform and non-linear one. Starting from the uniform case, we show how
the construction can be locally adapted to take into account the presence of seg-
mentation points on the real line and guarantee the consistency of the decimation.
A second approach is then proposed to treat the specific case of the interval. It
involves the inversion of a matrix constructed from the subdivision on the whole
interval. Finally, a third approach is introduced to construct consistent decimations
for general subdivision scheme including non linear ones. This method especially
focusses on subdivisions that can be expressed as the sum of a linear part and a
non-linear one. By establishing a fixed-point equation, a decimation operator can
be calculated as soon as a contraction property is satisfied.

In chapter 4, the construction of the complete compatible multiresolution frame-
work is addressed. Based on the couple of subdivision and consistent decimation
provided by previous chapters, it is achieved by introducing a couple of compatible
details operators (subdivision and decimation). The key point of this construction
is that the prediction error belongs to the kernel of an associated linear decimation
operator. A theoretical analysis of the properties of the multiresolution is also per-
formed. At the end of the chapter, several numerical tests are conducted to evaluate
the capabilities of some new subdivision-based multiresolutions in the framework of

image compression.
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Chapter 1

Overview

1.1 Introduction

This chapter provides an overview on the background of the thesis. We introduce
many definitions and concepts required for the development of our works. This
chapter is divided into two parts, the first part is devoted to subdivision schemes,

while the multiresolution framework is introduced in the second part.

1.2 Subdivision Schemes

1.2.1 Definitions and Notations

A reference article on subdivision schemes has been published in 1991 [12]. Another
very nice paper [21] was published one year later, and is devoted to curve and surface
generation.

In this thesis we restrict ourself to binary subdivisions.

Definition 1.1 (Subdivision Schemes).
A univariate linear subdivision scheme h is defined through a real-valued sequence

(hg)kez having a finite number of non-zero values such that

1°(Z) — 1°(Z)

h:
(fi)kez = ((Bf)k)rez
with
(hf)k = hu-afi . (1.1)
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Any set of the form {hy : kg < k < ki, k € Z} containing all non-zero values of
(hi)rez is called a mask of the operator h of length k; — kg + 1 and is denoted Mj,.

Moreover, we define the prediction stencil associated to (hf)y as the set of indices

{l . hk_gl 7& 0}

Subdivision is generally iterated starting from an initial sequence ( f,zo)kez to

generate (f])rez (j is a scale parameter) as
fT=hf75 > jo. (1.2)

For all value of j, f7 is associated to a dyadic grid X; = (k277)ez.

In this context, the advantage of using subdivision for data prediction relies on
the flexibility in the choice of the mask. The simplest strategy consists in considering
the same mask for every position, scale and data f7 (leading to linear uniform and
stationary operators) [19].

Further situations can be considered by defining (hg)rez according to scale or

position,

e a subdivision scheme h is said to be non-uniform if (hy)rez depends on the

position [ where it is applied [0],

e a subdivision scheme h is said to be non-stationary if (hy)rez depends on
the level j [7].

A subdivision scheme can also be non-linear [15] if the sequence (hy)xez non-

linearly depends on the sequence (f/);ez.

Definition 1.2 (Convergence of Subdivision Schemes).
A subdivision scheme h is uniformly convergent if for all f € [*°(Z), there exists a

continuous function f € C(R®) such that

: 0 _ p( —
Jim (111 = F (55l = 0.

where f(55) denotes the sequence {f(%) : k € Z*}.
The function f is called the limit function of f° and is denoted by f*° = h> f°.

Definition 1.3 (Stability of Subdivision Schemes).
A convergent subdivision scheme h is stable if there exists a constant C' € R such
that for all f, f. € 1*°(Z),

ViGN, Hhif_hifeHooSCHf_feHoo-

16



Note that if the subdivision h is linear, the stability (3C € R,Vi € N, ||1f|| < C)
is a direct consequence of the convergence of the subdivision scheme.
The remaining of this section is devoted to several examples of subdivision

schemes.

1.2.2 Classical 2-point Uniform Subdivision Schemes

A very popular subdivision scheme is the following 2-point scheme also known as

corner cutting [21]. Tt is defined as

. : ,
i =rfl+ (108
. 1 . . )
gl;:l =sfi +(1- S)fiﬂ
where 0 < s < r < 1 and corresponds to the mask

Mh = {h,Q, hfl, ho,hl} = {1 - 1-— s, T, S}.

This scheme is known to be uniformly convergent.

2-point Interpolatory Scheme

Taking r =1 and s = %, we get the 2-point interpolatory subdivision scheme

" )
%k :fg

+1
for = §flg + §fﬁ+1
corresponding to the mask

11
Mh = {h,Q, hfl, ho, hl} = {0, 5, 1, 5}
Note that this scheme can also be considered as a particular Lagrange subdivi-
sion scheme (Example 1.2.5 with [ = 7 = 1 and 2! = 0,2" = 1/2) or a particular
B-spline subdivision scheme (Example 1.2.4 with m = 2).

This scheme is uniformly convergent.

2-point Symmetrical Scheme

Taking r = % and s = %, we have the 2-point symmetrical subdivision scheme

41 _ 3
2k 4

. 1. 3 .
1
51;:1 = Zflg + Zflg—i-l

1
fi +Zflg+1

17



corresponding to the mask

1331

Mh = {h727h*17h07h1} = {17 Z’ Z’ 1}

Note that this scheme can also be considered as a particular Lagrange subdivi-
sion scheme (Example 1.2.5 with [ = r =1 and 2! = 1/4,2" = 3/4) or a particular
B-spline subdivision scheme (Example 1.2.4 with m = 3).

This scheme is uniformly convergent.

1.2.3 Classical 4-point Interpolatory Subdivision Schemes

Another classical subdivision studied in [25] is the 4-point centered interpolatory
subdivision defined as
- ,
=1
j+1 j 1 j ol y j
akr1 = —Wfi + (5 +w)fi+ (5 +w)figr — Wi

corresponding to the mask

1 1
Mh = {h37 h27 h’la hOv h—la h—?a h—3a h—4} = {—’UJ, 07 5 + w, 17 5 + w, 07 —w, O} .

This scheme is known to be uniformly convergent to C° limit functions if [w| < %,

and uniformly convergent to C*! limit functions if 0 < w < %.

1.2.4 B-spline Subdivision Schemes

B-splines! on specific grids are known to satisfy scaling relations that are the starting
points to define related subdivision schemes [21, 8].

The scaling relation satisfied by the B-spline basis functions of order m reads,
Bu(t) = Y W Bu(2t — ),
k
which implies that any spline function
Ct) =" flBn(2t — k)
k
with control knots (f])rez, can also be written as

Ct) = B (27Tt — k)
k

! we call splines of order m (m > 2) relatively to a grid {x; }rez the space of functions f such

that f € C™ 2 and f, € pmL

zk;$k+1]

18



with
T =N"hr o fl keZ . (1.3)
l

From the definition By,41(t) = [/ Bin(7)dr and By (t) = x[o,1] With ., the charac-
teristic function of the domain w;, it follows that the mask of the B-spline subdivision

of order m is given by

m 1 (m

Note that this mask is usually used with a translation of index.
The B-spline subdivision (1.3) is linear, uniform and converges to spline func-

tions.

1.2.5 Lagrange Subdivision Schemes

Given two integers (I,7) € N*2, for a given set of [ +r distinct points, the Lagrange
interpolating polynomial of a continuous function f is the unique polynomial of
degree [4+r—1 that coincides with the function at each point. Lagrange subdivision is
defined by sampling the Lagrange interpolating polynomial related to dyadic points
at specified positions.

If [ (resp. r) stands for the number of points at the left (resp. right) side of the

targeted interval, the elementary Lagrange polynomials read

r

VieZ —l+1<i<r, Lx)= [[ —
m:;é«ll»l,z_m

l =

Choosing two distinct points (2!, 27) with 2" —z! = , a general Lagrange subdivision

scheme h is written as

g]jl: Z Ln(xl)fngrn

n=—I[+1
fgl;rl = Z L,(z )ngrn
n=—I[+1
Its mask is given by
hgi = L_i(ﬂfl)

hait1 = L—i(fl‘r)

which leads to
Mh :{h—2r7 h_2r+17 h_2r+27 h—27’+37 ) h2l—27 h2l—1}
={L,(z"), L,(2"), Ly_1(2"), Lo_1(2"), ..., L_jp1 (2", Ly (27}
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In general, two types of Lagrange subdivision are interesting to study, the in-
terpolatory Lagrange subdivision scheme that is obtained by setting 2! = 0 and

" = %, and the shifted Lagrange subdivision scheme that is obtained by setting

1 _ 1 r__ 3
x—4andx =1

Interpolatory Lagrange subdivision is therefore defined as

)

{(hfm =
(hf)2k+1 = Z;:—H—l (%)fk+n

with

ho =1
h2i+1 = L71(1/2)a —TSZSZ—l ‘

Shifted Lagrange subdivision is defined as

)

{(hf>2k = Xp=n L (i)fkm
(hf)akrr = Sneii1 Ln(3) forn

with
I .

h2i+1 _1(3/4), T S 1 S -1

A Lagrange subdivision is linear, uniform and convergent.

4-point Interpolatory Lagrange Scheme

Taking | = r = 2 and 2! = 0, 2" = 1/2, the centered 4-point interpolatory Lagrange

subdivision scheme is written as

11 )
‘27k =f;§

1 ) ) ) )
§k+1 = _Eflg—l + Efé + Ef}iﬂ - TGflg-&-Q

and corresponds to the mask

1 9 9 1
0,——,0} . (L6)

My, = {h3, ha, hi, ho, hoy, hog, b3, h g} = {— 16’ 16a 16’ 16

Note that the 4-point interpolatory Lagrange scheme is a special case of the

4-point interpolatory scheme of Example 1.2.5 corresponding to w = %.

This scheme is convergent to C* limit functions.
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4-point Shifted Lagrange Scheme
Taking [ = r = 2 and 2! = 1/4, 2" = 3/4, the 4-point shifted Lagrange subdivision
scheme is defined as
{ 5;1 = —éfﬁg + %f}g + %fﬁﬁ - %fi;g
. : : : e
51:+1 = _%flg—l + %fﬁ + %flgﬂ B Tgsflgw
and corresponds to the mask
Mh - {h—4ah—3ah—2;h—17h07h17h2ah3} (17)
5 7 35 105 105 35 7 )

- {_ES’ 128712871287 1287 128" 128’ _ES}'

According to [22], this scheme is convergent and has smoothness C*.

1.2.6 PPH Subdivision Schemes

A full description of the original PPH scheme is available in [3].

4-point Shifted PPH Scheme

A shifted PPH Subdivision has been derived in [1]. It is a non-linear non-interpolatory
subdivision scheme.

Rewriting the Lagrange polynomial as

Py(z) = L—l(l’)f;f_l + Lo(l’)fiz + Ll(x)figﬂ + L2(x)f1g+2

2 2 1.8
B A A I

with
A fi= (il = ) = (R = flo),
the so-called PPH scheme is obtained by substituting arithmetic mean by harmonic

mean in (1.8) as

Figﬂ(ﬂ?) = Lfl(:c)fi_l + Lo(w)fi + Ll(x)flg—&-l + L2(5’7)flz+2
+ 20 (x) (H(Aka, A?frin) — A(A? fy, A2fk+1)> ;

with
H(z,y) = 2 (sign(zy) + 1)
7y _ZE+y g y )
r+vy
A —
(ZL‘, ) 2 Y



and

' -1, if xy <0

sign(z, y) = :
1, if xy >0
Taking
L(x) = Ly(z), i f| A% fi] < |A? fria
Loa(x),  ifIAfil > A%l

and denoting

DHAy, = H(A? fir, A fr1) — A(A? fr, A% fri),

with an evaluation at position 2! = 1/4 and 2" = 3/4, the 4-point shifted PPH

subdivision scheme is defined as

{ i = A+ NG
W= BE)+ NG
where
Nofa) = | 2ODHAL i I <18 (1.9)
k - . .
2Ly (2)DHAy,  if [A2fi] > |A2f)|
More precisely,
if |A?fi] < A2 frqa],
{ A VSRS VS USRS ¥ N L
S = —idfi+ SR L — Sl — SDHA
if |A2fy| > |A%frial,
{ %=~ t i it iesfia — s fiee — g DHAY (1.11)
i = il R B bl - SDHA

Note that the 4-point shifted PPH scheme can be considered as the linear 4-point
shifted Lagrange scheme with a non-linear perturbation.

In the following, we show that the 4-point shifted PPH scheme can also be
considered as the linear 2-point shifted Lagrange scheme with a (different) non-
linear perturbation.

Rewriting (1.8) as

Pi(x) =(2L_1(x) + Lo(x) — La(2)) fi + (—=L_1(2) + Li(x) + 2La(2)) fi,

A?f+ A% frp )

+ (La(2) = Loy () A% frpr + Loa(z) - 2( 5
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or

Pi(x) =(2L_1 + Lo(x) — La(2)) fi + (= L_1(x) + L1(x) + 2La(2)) fL4,

Ao+ A% fig
2 )’

then a scheme involving 2 points in the linear part is obtained by substituting

+ (L_1(2) = La(x)) A% f + La(x) - 2(

arithmetic mean by harmonic one,

Fy(z) =(2L 1 + Lo(x) — La(2)) i + (= L1 (2) + La(2) + 2Ls(2)) fi,
+ (La(2) = Loa () A% frpa + Loa(z) - 2H(A® fir, A% frp),
or
Fi(w) =(2L_1 + Lo(x) — La(2)) f] + (=L -1(2) + La() + 2La(2)) fi,
+ (L_y(z) — La(2)) A% fi + La(z) - 2H(A? fr, A% fri).
With the evaluation at position 2! = 1/4 and 2" = 3/4, the 4-point shifted PPH

subdivision scheme can be also defined as

if [A2fy| > |A? fria],
W= %flg + iflgﬂ + A% fror — GH(A? fi, A fri1)
il = YL - A — SH(Af, A fr)
if |A2fk\ > ’Aka+1|7
W= S AL - AR — S H(A f, A fr)
fbl = AR+ A — LH(AYf, A2 f)

Defining the function

Rir.y) { y—H(zy)  ifle] =yl

—w+ H(z,y)  ifle] <y
we finally have

{ = SR LA+ AR(A 1, A2 fi) — SH(A?fi, A% fip)

. 1k C(112)
o= YL - G R(A2 [, A fro1) — SH(A fio, A% fria)

4-point Interpolatory PPH Scheme

With an evaluation at position 2! = 0 and 2" = 1/2, the 4-point interpolatory PPH
subdivision scheme is defined as
- ,
{ W=

1 _dgi 94 0 1 _1pma (1.13)
2k+1 16fk—1+16fk+16fk+1 16fk+2 ] k
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In a similar way, the 4-point interpolatory PPH subdivision scheme can be
rewritten as the 2-point interpolatory Lagrange subdivision with a non-linear per-

turbation [1],

Jj+1 J

w o = Ji

{ j+1 Lpj o 14d 1 2 2 ' (1.14)
forer = 5fi+5fig — sH(A fi, A% fria)

100

50

o

50 b

Figure 1.1: Left: Interpolatory Lagrange subdivision with Gibbs phenomenon,
Right: Interpolatory PPH subdivision avoiding the Gibbs phenomenon.

The advantage of the PPH scheme is that it is able to avoid the Gibbs phe-
nomenon [2] in the vicinity of discontinuous points where oscillations are generated

by applying the Lagrange scheme (Figure 1.1).

1.3 Multiresolution Analysis

1.3.1 Decimation Schemes

A decimation operator can be interpreted as the left inverse of a subdivision oper-
ator. Similarly to the subdivision schemes, linear uniform decimation schemes are

defined as follows,

Definition 1.4 (Decimation Schemes).
A univariate linear decimation scheme & is defined through a real-valued sequence

(hi)kez having a finite number of non zero values such that
3 [(Z) = 1™°(Z)
(fi)nez = (hf)r)rez
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with

(}le)k = Z Blkafl :

lEZ

Any set of the form {ﬁk c ko < k < ki, k € Z} containing all non-zero values of
(;Lk)kez is called a mask of the operator h of length k1 — ko 4+ 1 and is denoted M.

Mimicking the subdivision construction, a decimation scheme can be linear or

non-linear, stationary or non-stationary, uniform or non-uniform etc.

Definition 1.5 (Stability of Decimation Schemes).
A decimation scheme h is stable if there exists a constant C' € R such that for all

fi fe € 1°(Z),
VieN, |[B'f—hflow < CIf — folloo

Subdivision and decimation are connected through a consistency property.

Definition 1.6 (Consistent Decimation).

A decimation operator & is said to be consistent with the subdivision scheme h if
hh =1 (1.15)

where [ stands for the identity operator.

1.3.2 Multiresolution Analysis Framework

Following the definition of Harten [26], a multiresolution analysis is characterized
by the introduction of a family of separable spaces (V7),cz (j is a scale parameter)
and two families of decimation and prediction operators connecting two successive
spaces V7 and VI,

These two operators can be constructed from previous decimation and subdi-
vision schemes. If fi € V7 is obtained after decimation (h) of fi+1 € VJi+l hfi
does not usually coincide with f7*!. In order to recover f/*! after a decimation
and a prediction, a sequence of prediction errors /T = (eiﬂ)kez is introduced and
defined as:

e/t = (I — hh) f+2, (1.16)

Introducing W/ a complementary space of V7 in Vitl ie. VIt = Vig W/,
if (g,g) is a couple of operators such that gg = Iy, hg = 0 and gh = 0, we get
Gt € Wi and fit! = hhfitl 4 ggfitt,
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The operator g is called a detail subdivision operator and § a detail decimation
operator.
A one-scale transform of the multi-scale analysis of Harten can be illustrated as

follows,

fj—i-l

/ \
N i e

The set of operators (h, h,g, g) verifies the exact reconstruction condition,
hh+ gj=1.

Definition 1.7.
The set of operators (h, h, g, §) is said to be compatible if and only if

hh=1,G9=1,hg=0,5h=0.

Note that the consistency between subdivision and decimation is a necessary
condition for compatibility.
Iterating this process and denoting j > jo, multi-scale decomposition and recon-

struction transforms can be finally constructed as:

Decomposition : 7+ {f% d° ... &'}, (1.17)
N &t _ =2
/ /
I . 71 . =2
h h
Reconstruction :  {f% d%, ... d'} s fIt1 (1.18)
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dio dio+1
\ \

f]o fjo+1 fj0+2 .
h h

These two transforms are of prime importance in data analysis and compression.

Subdivision-based multiresolution is an appealing framework for data analysis
since it inherits the flexibility of the construction of subdivision operators. However,
even if the operator h can be easily adapted according to the problem under study,
the specification of the full multiresolution process (i.e. the operators h, g and J)
is more involved. For example, the construction of a decimation is still difficult to
tackle for non-interpolatory schemes since, generally, a subsampling operator does
not satisfy the consistency property. Moreover, the detail sequences can be obtained
in the linear case by decomposing the prediction error on a basis of Ker(h) but this
approach cannot be applied when A is not linear.

In this thesis, we propose some solutions to circumvent these difficulties.

1.3.3 Polynomial Approximation

The behavior of the prediction error is controlled by the polynomial (quasi) repro-
duction property which is recalled by the following definitions.

Let 7, denote the space of polynomial of degree not larger than n € N.

Definition 1.8 (Polynomial Quasi-reproduction).
An operator U : [*°(Z) + [*°(Z) is said to quasi-reproduce polynomials up to degree
L if

Vf € mp(R),t" = (k27" )kez, 3g € 1 (R), t) = (k27 ez, st Uf(t) = g(t) .

Definition 1.9 (Polynomial Reproduction).
An operator U : [*°(Z) — [*°(Z) is said to reproduce polynomials up to degree L if

VfenmL(R),t" = (k27 )ez, I = (k27 )pez, st Uf(t') = f(t/) .

The polynomial reproduction property is actually preserving exactly the sam-
pled polynomial while the polynomial quasi-reproduction property is preserving the
degree of the sampled polynomial. In the literature, polynomial quasi-reproduction
is also called degree preserving [28] or polynomial generation [23], and polynomial

reproduction is also called polynomial preservation [31].
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Note that all the schemes considered in this thesis are assumed to reproduce
constants since it is a necessary condition for convergence.

Precisely, a scheme U is said to reproduce constants if
VkeZ, f=C = Vk (Uf)=C.

It is easy to verify that a linear subdivision scheme reproduces constants if and

only if

S hok = hap1=1.

kEZ kEZ

Similarly, a linear decimation scheme reproduces constants if and only if

Shi=1.

kEZ

1.3.4 Prediction Errors and Details

For applications in signal processing or approximation, the performance of the mul-
tiresolution process is controlled by the behavior of the prediction error with regards
to the scale and more precisely by the amount of small prediction error values at
each scale. Under some general conditions, the norm of the prediction error expo-
nentially decays with the scale and this decay rate plays a key role in the sparsity
of the multiresolution representation. This property is recalled in the following

definition.

Definition 1.10 (Decay of the norm of the prediction error).

A prediction error ¢’ is said to decay with a decay rate of p if and only if
le/]loc < C277,
where C' is a constant that does not depend on j.

Since ¢/ = gd’, and g is usually chosen linear and continuous, in this case, the

decay rate of the prediction error implies the same decay rate of the details.

1.3.5 Stability

A key point in practice is also the sensitivity of the multiresolution process to
perturbations. It is related to the stability property of the decomposition and

reconstruction transforms that is recalled in the next definition.

28



Definition 1.11 (Stability of the multiresolution).
The reconstruction transform is said to be stable with regards to the norm || . ||
if there exists a constant C'such that for all { f0 @/, ... d’='} and {fP, dP, ... 71},

) e )

. . . . j_l . .
17 = e <C (||f” — flle + - ld" - dilloo> , (1.19)
1=jo
where {f% d .. @'} and {f% d”, ... d~'} stand for the decomposition of f7
and f7.
The decomposition transform is said to be stable with regards to the norm || . ||

if there exists a constant C' such that for all (f7, f7),

7j—1
1170 = f20oe + - Nld" = delloe < CIF7 = floe; (1.20)
i=jo
where {f% d% .. d"~'} and {f% d%, ... d7'} stand for the decomposition of f7

and f7.
The multiresolution is said to be stable if the associated decomposition transform

and reconstruction transform are stable.

In the linear case, the stability of the multiresolution is guaranteed as soon as
the subdivision and decimation are stable. In the non-linear case, the stability
of the multiresolution is not easy to deduce. A condition for the stability of the
subdivision scheme and also of the reconstruction was given in [1]. It is recalled as

follows,

Proposition 1.1.
Let h = h* +h" be a non-linear subdivision scheme with h* denoting the linear part
and RN a non-linear perturbation, if there exists M > 0 and ¢ < 1 such that for all
[ fe €1(Z),

WY f =Y felloo < MI|f = felloos

16(hf = hf)llee < cll6(f = fo)lloo,

where § is a linear operator defined by h¥- = F(§-), then the subdivision scheme h

1s stable and the associated reconstruction is stable.

1.4 Conclusion

The subdivision framework leads to a large family of subdivision operators thanks
to the flexibility in the construction of the mask. This is not the case when con-

sidering wavelet multiresolution analysis, since the prediction and the decimation
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are fixed once scaling functions and wavelets are specified. However, for a given
subdivision scheme, the construction of a decimation mask leading to a family of
consistent decimation operators is more involved and the complete construction of
compatible and stable operators (h, h, g, g) is difficult. These topics are addressed in
the following chapters. We start in Chapter 2 with an original method to generate

consistent decimation operators associated to a fixed subdivision.
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Chapter 2

Consistent Decimations for
Uniform Linear Subdivision

Schemes

2.1 Introduction

This chapter deals with the construction of decimation operators associated to linear
uniform subdivision schemes.

Exploiting the consistency condition and the uniform property, a generic ap-
proach is introduced following two steps that are fully described in Section 2.2. A
special attention is also given to the connection between the matrix involved in
this construction and the so-called refinement matrices involved in the analysis of
subdivision schemes [21]. Finally, several examples of decimation construction for
standard and non-standard subdivision schemes are provided in Section 2.3.

Most of the content of this chapter has been presented at the 9th International
Conference on Mathematical Methods for Curves and Surfaces in Norway and pub-

lished in Lecture notes in computer sciences [29].

2.2 Generic Approach

2.2.1 Consistency Condition

The consistency property (1.15) can be reformulated as a condition satisfied by the

masks of the subdivision and decimation operators. It is given by the following
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proposition,

Proposition 2.1.

Let h be a linear subdivision operator with mask (hy)rez 1.e.

v, v(f;)zez’ (hfj>kzzhk_2lflj ’ (2.1)

leZ

Let h be a linear decimation operator with mask (Bk)kez; i.e.

Vi, ¥ ( lj+1)l€Z ’ (ﬁfﬁl)l - Z Ek_ﬂf’gH' (2'2)

keZ

Then h and h satisfy the consistency relation (1.15) if and only if

VJ € Z, Zhiﬁi+2j = 5,0 - (23)

1€Z

where 0, is the Kronecker delta.

Proof.
According to (2.1) and (2.2), the consistency condition (1.15) implies that ¥ (f7,),,<z,

YmeZ, fiL= hiond hafl =3 " hu_omhi—a)f

kEZ IEZ l€Z keZ

which is equivalent to

Vm € Z, Z Pe—omhi—o = Om.1
k€EZ

that leads to (2.3).

Remark 2.1.
The proof of Proposition 2.1 can be also performed using Laurent polynomials. It

is given in Appendix A.

Corollary 2.1.
Given a couple of subdivision and consistent decimation schemes, if the subdivi-
sion scheme reproduces constants, according to the consistency equation (2.3), the

decimation scheme also reproduces constants.
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2.2.2 Notations and Properties

We first introduce the shifted decimation operator defined below,

Definition 2.1 (Shifted Decimation Operator).
If h is a decimation operator constructed from the sequence (hy)gez, for t € Z, we

denote T;(h) the decimation operator related to the sequence (hi—_t)pez-

Using this shifted operator, it is then possible to generate new consistent deci-

mation operators from existing ones by linear combination. Indeed we have,

Lemma 2.1.

Let h be a subdivision operator constructed from the sequence (hy)rez,

1. if h and B are two decimation operators consistent with h and constructed

from the sequences (hy)wez and (B} )rez, then
VAER, M+ (1—=NN
is consistent with h.

2. if h,h' and 1" are three decimation operators consistent with h and constructed

from the sequences (hy)ez, (By)rez and (h)rez, then
VAER,VEEZ, h+ NTo(h) — NTo(h")
is consistent with h.

Proof.
With the consistency condition (1.15), it is easy to verify

1. VA eR,
> (A A+ (1= M)
k
=AY gyl + (1= A) Y hyyojhl,
k k
=Adj0 + (L= A)dj0
p— j’o.
2. VA e RVt € Z,
> o (h+ Mot (R') — AToe(B"))i
k
=Y hivsog (e + Ay, — ARy,
k
=050 + Adjtt0 — Adjye0

= J,0-
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As a result, a general construction of consistent decimations is straightforward

and provided by the next proposition.

Proposition 2.2.
Let h be a given subdivision operator, denote {ﬁi}iez a set of decimation operators
which are consistent with h, then a general consistent decimation operator can be

constructed as

ST e Ton(RY) (2.4)

teT i
with
VEET,Y ¢ir=2060,0ETCZ .
i€T
Remark 2.2.

Note that different coefficients ¢; ; may lead to the same operator.

In the next section, we develop a method to construct a specific set of decimation
operators consistent with a given subdivision scheme. Then we show that (2.4) can

be used to derive, from this set, all consistent decimation operators from this set.

2.2.3 Elementary Decimation Operators

The starting point of the method is the consistency relation (2.3) and its reformu-
lation as a vectorial equation. Since M} and Mj can be of different lengths, several
situations have to be considered to describe the generic method. They are fully

specified in the following,

Theorem 1.

Let h be a subdivision operator with mask

Mh - {hn—Qaa hn—2a+17 ceey hna hn—l—l}

of length 2(a + 1) with hy_sohp1 # 0 or of length 2a + 1 with hy,_s, = 0 and
hn—2a+1hn+l 7é 0.
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Denote Hyy, the following matriz,

By hpes o o 0 0 |
hot1 hp—1 -+ hp_oat1 0
0  hp hoo - [ 0
Hypo =1 0 hpgr haa e P 2041 0
0 0 .. h, P
i 0 . - hoo1 o Ppsag)

If det(Hyy,,) # 0, there exists 2a consistent decimation operators which masks are
of length not larger than 2.

These masks are given by each row of H]\}i.

Proof.
First, let us assume that M), is of even length (h,_2,hn11 # 0) and denote formally

for any integer m € Z,

Mﬁ = {hnfma hnferla ceey hn7m+2a725 hnferQafl}a

the mask of a consistent decimation operator of length not larger than 2a.. Here the
parameter n controls the centering of the mask Mj,. The parameter m is related to
the shift between the masks M} and Mj.

If & is consistent with A then the consistency condition (2.3) is verified. It can

be written as

hn—m—Zj
hnfm+1f2j

[hnfma hnferlu e 7hnfm+2a727 hnfm+2a71} = 050 - (25)

hn—m+2a—2—2j

_hnfm+2a7172j_
To ensure that (2.5) makes sense with a given M;, we should have
{hnfm72j> hfnferlfQja ey hnfm+2a7172j} ﬂ{hn72a7 hn72o¢+l> ey hn+1} 7& @,

which means
n—m+2a—1—-27>n—-2«a
n—m-—2<n+1
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and leads to

1 1
2
When m is odd, (2.5) corresponds to 2a+1 linear equations for j € {—mTH, - —mT“—l—

2a} including

5 1
hn—mhn+1 - (Sm,_1 for j = ”/L;—
and
7 . o m+1
hn—m+2a—1hn—2a — Omda—1 for ] = T + 2.

Since hpi1hn_2q 7 0, it necessarily leads to Bn_mﬁn_erga_l =0. If iLn_m =0, then
M;, is equivalent to {iLn_m/, Porrits - . - ,iLn_mq_ga_g, En_murga_l} where m’ is even
by considering
{iLnferla ey ﬁn7m+2a727 Bn7m+2a717 O},
and replacing m — 1 by m/. The same kind of argument holds when ﬁn_erQa_l =0
by considering
{O, iLn—m7 ey }Nln—m+2a—2> iLn—m+20¢—2} .
Therefore, m can always be considered as even without losing generality. Since
m is even, (2.5) leads to 2« linear equations for j € {5, -3 +1,..., —F +2a—1}

that can be written as

[hnfm; hnferla ceey hnfm+2a727 hnfm+2a71]HMh = [5m,07 5m72,07 s 75m74a+2,0]
with i }
hn hn—? e hn—?a 0 0
hn—i—l h'n—l e hn—2a+1 0 0
0 hn hnf2 e hana 0
HMh = 0 hn+1 hn—l T hn—2a+1 0 s
0 0 e hn hn72 e hn72a
L 0 0 e hn+1 hn—l e hn—2a+1_

where the column index corresponds to parameter j.

For m € {0,2,...,4a — 4,4a — 2}, equation (2.5) can be written as

Hyp, Hy,, = Ioa
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with

hO hg ]ngﬂ T B?H—?a—l
h2 Bi—Q ﬁi—l T B31+204—3
[:[Mh = : =
Mi0-4 Mo anes Pntanrs o haoais
| M2 | _ﬁiﬁiw M atig o ﬁigiﬂ_

Each row of H M; corresponds to a value of m and to a consistent decimation op-
erator. Note that, specifically for the decimation operators defined above, the su-
perscript k for h* controls the shift between M), and M;,.. Since det(Hy, ) # 0,
Hy

= HJ\}}” that concludes the proof when M), is of even length.

In the case of subdivision mask of odd length, the same proof can be conducted
assuming h,_se = 0 and the same matrix H u, can be deduced if det(Hyy, ) # 0.
O

The decimation operators obtained in Theorem 1 are called elementary deci-
mation operators.

If the subdivision mask is of odd length, it can be proved that the last row of H M,
can be obtained by a linear combination of translated versions of the decimation
masks associated to the other rows. It is therefore enough to focus on the 2o —
1 elementary decimation operators. This important result is stated by the next
proposition,

Proposition 2.3.

Let h be a prediction operator constructed from the mask

M;L = {hn*201+17 hn*2a+27 s 7hn7 hn+1}

of length 2o + 1, ¢ > 2 with hy_oa11hnt1 # 0.

We note HJ,V";’L the following matrix

hp hpo --- 0 0 0

hn—i—l hn—l e hn—2a+1 0 0

g0 e s 0 0

M;L N 0 hn-i—l hn—l e hn—?a—i—l 0
0 0 o he o hes o hsas]

If det( J’V[;L) # 0, there exists 2ac — 1 consistent elementary decimation operators
which masks are of length not larger than 2a — 1 . These masks are given by each

—1
row of HM;Q :
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Proof.

Following Proposition 1, we construct a similar matrix with A, _s, =0

h, h, o - 0 0 0
Pog1 P o hp—2at1 0 0
0 h, h, o 0 0
Hyp =1 0 hppr by e Pn—204+1 0
0 0 h, By o - 0
i Pt hn-1 0 hpgat]

Since hy, 9411 # 0 and det( ;W},I) # 0, we have det(H)y; ) # 0 and we can introduce

hO ﬁg hn—l—l T il?wrm—z 0
h2 71%,2 h%fl T hn+2a 4 0
ﬁM}IL = =
Miia-4 M amis P anes o hatohs 0
Miaz]  [Pa2aiie Wlaaes - htoe hatoas)

Note that the last row of H vy denoted Mjaa—» is the only mask with a non-zero
last term. Therefore hi®32 41 7 0 according to the consistency condition.

In the sequel, we show that the last row of H m; can be obtained by linear
combinations of the translated versions of the above ones.

First, note that the set

%
{hn+2a 2 n+2a—4’ c h 2a+4}

has at least one non-zero term, otherwise, according to the consistency condition,

all terms in

2 4a—6
{hn+2a 3 h‘n+2a757 c h —2a+3

would be also zero which implies det(H my) = 0.

So there exists hi®5d72t,, # 0 for t € {1,2,...,2a — 2}. Introducing \ =

4a 4 4o—4—2t
b oara/ hn 2a+242¢» We note

iL* _ B4o¢—4 + AT_2t(iL4a—2—2t) o )\T_Qt(iL4a_4_2t)

which can have non-zero value from index n — 4a + 2 to n — 2a + 2. Calculating

the last term gives

da—4 T da—2-2t Tda—d—2t
n—2a+42 = = hp* 2042 T My a0i9ter — My on 040 =0
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It means that A* can have non-zero value from index n — 4o+ 2 to n — 2a + 1.

Since det(H M;§> £ 0, h*~2 is the unique consistent operator with a mask of
length not larger than 2o and admitting non-zero values from index n — 4a + 2 to
n — 2a + 1. It therefore implies that h* = hie~2.

Thus, eliminating the last row and column of H M, we construct the matrix

I 0 0 0 |

R Y S 0 0
N I R R 0 0
Mo hpy1r hna e by 2041 0

0 0o ... h,, huo o hasass)

Since det( J’W},) # 0, we then get elementary consistent decimation operator masks
by considering the rows of H J/\/I,’L = Hj\}},ll
O

By construction, HEWL is a (2a — 1) x (2ac — 1) sub-matrix of Hyy,,

with U = [0, ce ,0, hn+1, hn—h ceey hn—2a—1]-
According to the blockwise inversion of a matrix,

A Bl |A+A'B(D-CA'B)"ICA™Y —A'B(D - CA'B)™!
C D —(D—-CA'B)'CA! (D—CA'B)™! ’
we have
) X [ T 0 }
Hy, = Hy;,, = P _
" " - ni2a+1UH/ ;L hni2a+1

which means that 1{[]’\/[;1 in Proposition 2.3 is a (2a — 1) X (2a — 1) sub-matrix of
Hyy, introduced in Theorem 1.

So far, a generic method was proposed to construct a set of consistent decimation
operators. It remains to show that it can be used to generate all the consistent
decimation operators, which is achieved in the next section by exploiting formula

(2.4).
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2.2.4 Completeness of Generic Approach

In this section, we prove that the approach of Theorem 1 combined with Proposition
2.2 generates all the consistent decimation operator of any length.

More precisely, we have the following proposition that shows how all consis-
tent decimation operators can be recovered using linear combinations of translated

versions of elementary operators.

Proposition 2.4.
Given a subdivision scheme h satisfying the hypotheses of Theorem 1, combining
elementary decimation operators with formula (2.4) generates all the consistent dec-

1mation operators.

Proof.
Let’s first consider My, = {hy,_2a, hn—2011, - - - » B, R 1 } the mask of a given operator
h of length 2(a+1) with h,_oqhns1 # 0. Then, Proposition 1 provides 2« consistent

elementary decimation operators of length 2a¢ which can be denoted as

Mo = {iliifzw ﬁ?jf2i+1v SRR ﬁ?jf2i+2a727 51211;21;4&0471}
with i =0,1,2,...,2a — 1.

Let M; = {ﬁm_gg, iLm_Qﬂ_A'_l, oo hm,s Bm—l—l} be the mask of an arbitrary decima-
tion operator h consistent with h. The length of M i, 28+2, is supposed to be larger
than 2« that is to say 3 > o — 1 , otherwise & is an elementary operator itself and
the proof is completed. Moreover, m in Mj is always chosen to ensure n — m even
by assuming that ﬁm_gﬁ and Bm—i—l can be zero. However, {Bm_g[g, Bm_%w“} # 40,0}
and {Ap,, bttt # {0,0} are always guaranteed.

The consistency of h and h implies directly n — 20 — 1 < m < n + 28 + 1.

The aim is to prove that & can be represented as a linear combination of trans-
lated version of (h%)g<i<oa—1-

This will be achieved in two steps. The first step consists in writing h as the sum
of a term involving some A% or its translated versions and of another one denoted A*
that is a consistent decimation operator with a shorter mask than M;. The second
step is an iteration of this process until 2* is an elementary decimation operator.

We restrict the proof to the first step since the second one is straightforward.

The starting point is the consistency condition (2.3). Considering j = 252 — 3

2
and j = 77" + q, it leads to

hnﬁm—Qﬁ + hn—i—lilm—Z/B-i—l = 5%_5,0 ) (26)
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hn—?aﬁm + hn—ZoH—liLm—i-l = 5%4_&,0 . (27)

According to a and (3, at least one of the two above RHS term is equal to zero. Let
us suppose that the RHS of (2.6) is zero, i.e.

PP 95 + Bns1hom 2541 = 0. (2.8)

Since h,1 # 0, we cannot have h? ,; =

=0forallie {1,2,...,2a — 1} according

to the consistency condition.

Let us introduce the two following operators with a mask of length 2o with

h;anﬁ # 07
- - o
Mﬁ/ - {hm 28 hm 28417 h/2a726+m72’ h,2a725+m71} - Tm—2ﬁ—n+2i(h 1)7

My, = = {hy,_ 28+2 iy, 2843+ ) Bga—ZB—&-m’ Bga—2ﬁ+m+1} = Tm—Zﬁ—n+2i(ﬁ2Z_2)
which are elementary operators with the same translation. The consistency condi-
tion implies

halty 5 + hniihly 55,1 = 0. (2.9)
Considering (2.8) and (2.9), hm_25 = 0 leads to h,_ss41 = 0 which is not

allowed. Moreover, l~zm_2,3+1 = (0 implies h,, = 0 and then ﬁ;nf2ﬁ +1 = 0. Therefore
there exists A € R/{0} such that

)\[B;n—ZB? E;n—QB—i—l] = [ﬁm—w, hm—25+1] . (2.10)

According to Proposition 2.1, h* = h — Ak’ + A" is consistent with h. Since M;,
has length 23 + 2, M}« has length 23 from index m — 23 + 2 to m + 1.
If 3 = «, Mj. and Mj, have the same length and indices. According to Propo-
sition 1, A* = 1" and
h=\+(1—=\h",
which leads to the expected result with a zero second term.
If 3 > o, M;j. has a shorter length than Mj; and

h=M — M+ h*

that allows us to iterate by replacing h with 2* and then to conclude.
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The above process actually eliminates the first two terms ﬁm_gg, iLm_QB_A'_l of Mj,
using elementary decimation operators. If we suppose that the RHS of (2.7) is zero,
a symmetrical similar process can be performed and the last two terms h,,, izmﬂ of
M;, will be eliminated.

To complete the proof in the case of subdivision mask of odd length, we suppose
hni1 = 0 in (2.8) and (2.9). It is straightforward that Bm_gg =0, Em_gﬁ_t'_l £ 0
and then iL;n—Z,B = 0. Moreover, introducing M}, and M, with 7L’m_25 = 0 and
~’m72ﬁ+1 # 0, there exists A # 0 verifying (2.10).

m

2.2.5 Refinement Matrices

In this section, we explore the relation between the refinement matrices Ag, A;
introduced in [21] and the subdivision matrices Hyy,, H},, introduced in Theorem
1 and Proposition 2.3.

For a subdivision h with a mask of length 2a + 2

Mh = {hn—2aa hn—2o¢+17 ceey hn, hn—i—l}

if hyoahni1 # 0, the refinement matrices of dimension (2ae + 1) X (2« + 1) are

written as
I hn hn72 e hnf2a 0 0 0 ]
hn+1 hn—l e hn—2cx+1 0 0 0
0 hn hn—2 e hn—Za 0 0
0 hy, P — e Pp—2a 0 0
AO _ +1 1 2a+1
hn hn—2 e hn—?a 0
hn—i—l hn—l e hn—2o¢+1 0
i 0 0 hn hn72 e hn72a_
_hn—i-l hn—l e hn—2a+1 0 e 0 0 ]
0 hn h/n—2 te hn—ro
0 hn—i—l hn—l T hfn—2a+1
Al -
0 0 hn hn—2 hn—?oc 0
0 0 hn-i—l hn—l h'n—2a+1 0
0 0 0 R P—o Rp—2a
L 0 0 0 hn—l—l hn—l hn—2a+1_
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if A,_9q = 0, the refinement matrices of dimension 2a X 2« are written as

hn hn—2
hn—i—l hn— 1
0 I,

A6 = 0 hn+1

host T
0 h,,
0 host
AL =
0 0
0 0
0 0

hn72
h/nfl

hn—2
h/nfl

0 0
hn—?a—l—l 0
0
hn72a+1
hn hfn—2
hn+1 hnfl
hn—?a—l—l 0
0
hnf2a+1
hn h'n—2
hn+1 hnfl
0 hy,

if hy41 = 0, a similar form is easy to be deduced.

0
0
0
0

0

hn72a+1_

0

hn72a+1

hn—2a+2_

It is then straightforward that the subdivision matrix Hy, (Hj,, for masks of

odd length) is sub-matrix of refinement matrices.

Exploiting the structure of the refinement matrices, the following results hold.

Proposition 2.5.

All the consistent elementary decimation operators can be deduced by inverting one

of the refinement matrix. Moreover, the eigenvalues of each refinement matriz are

the eigenvalues of the subdivision matriz Hyy, (Hy, for mask of odd length) plus

the first or last non-zero values of the subdivision mask.

Proof.

Consider the case h,_o, # 0, then

AOZ

Hy, 0
U hn—2a '

Applying the blockwise inversion of matrix Ay,

Ayt = [—h

and all elementary decimation operators are included in Ag*.

Hy) 0
woaUHy,  hy!

n—2« n—2a
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Moreover, starting from Ay, it is straightforward that the eigenvalues of Hy,
are also the eigenvalues of Ay and that h,_s, is the eigenvalue of Ay associated to
the eigenvector {ﬂ

The proof is achieved by considering all other cases in the same way.

2.3 Examples and Applications

We here apply the generic method described in the previous section to construct
decimation operators consistent with several subdivision schemes. Depending on
the scheme, our method allows to revisit the classical decimation construction, but
also provides original ones in situations where there were, up to now, no available
decimation (shifted Lagrange, penalized Lagrange, for example). It is a first step

in the definition of new multiresolution analyses.

2.3.1 2-point Scheme
A general 2-point uniform scheme is given by the mask
My ={h_o,h_1,ho, 1} ={1 —r,1—s,1 s}
Since r # s, Theorem 1 can be applied with
ho h_ r 1—r
HMh:[h? h?] :[s 1—3]'

We get 2 consistent elementary decimation operators defined by

N KO R0 1-s _ 1-r
HM = H]_wl = [ ~ 0 ~ 1 ] = [ r—=s r—s ]
h h h2_2 h2_1 __.s T

2-point Interpolatory Scheme

By taking r =1 and s = %, we get the 2-point interpolatory Lagrange subdivision
or B-spline of order 2.
The 2 consistent elementary decimation operators are obtained by
. Ay R 10
HMhZHJ\Z: L )
Note that the decimation A° represents a sub-sampling and A2 represents an

extrapolation which could also be applied in a symmetrical direction.

44



2-point Symmetrical Scheme

By taking r = % and s = i, we get the 2-point shifted Lagrange subdivision or

B-spline of order 3.

The 2 consistent elementary decimation operators are obtained by

7,0 70 3
ﬁ[Mh:HM}L:{f;O ~th ]:[ 2 ]

According to formula (2.4), another consistent decimation can be constructed

N[

as follows with A € R,

[hoo h_y he hi] = A0 0 AY R+ (1 —N[h2, A2, 0 0
= [—5(1=X) 30-=X X -3\

2

Taking A = 1/2, we get the symmetrical operator

- - - . 133 1
o A =[->,5,2, =) 2.11
Following (2.4), a consistent decimation operator
1 3 1 11 11 1 3 1
Mﬁ = [77_77_7a7777_7>_777]7 (212)
16" 16° 16°16" 16" 16~ 16" 16
can be constructed as
~ 1 1- 1 ~ 1 ~ 1 - 1 -
h=—=h*+ Zh° — T_o(h?) + =T_(h°) + =Ta(h*) — =T»(h°).
5" T 5 3 2( )+8 2 )+82( ) 82( )
Moreover, the decimation proposed in [1],
3 9 7 45 45 7 9 3
My =[— —— o 2 2L 2.13
» =50 ~6a° 61761762’ o1’ oa' o (2.13)
can be constructed by formula (2.4) as
7Ly 1ig 3 72 3 70 3 72 3 70
== —h’— —=T_ —T —T — =T )
h 2h +2h 3 2(h)+32 2(h)+32 »(h7) 3 >(h7)

Remark 2.3.

The refinement matrix associated to this 2-point symmetrical subdivision is

O = W
N ISCAN VN
e O O
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By inverting A, we can recover the two elementary operators from the first two

TOWS,
M, hy  hy RS 8 -1
—1 7 ¥ 7
A7 = | My, | = | By B2, B2 |=| -3 2 0

and not surprisingly, the third row can be deduced by combining the first two rows,

ht = 3T _o(h°) — 3T_o(h?) + h.

2.3.2 Lagrange Subdivision Scheme
4-point Interpolatory Lagrange Scheme

The centred 4-point interpolatory Lagrange subdivision scheme corresponds to the

mask

1 9 9 1

M, = 1,hoo,h 3, h 4y ={——,0,—,1,—,0,—— .
h {h37h27h1>h’07h 17h 27h 3>h 4} { 16707 167 ) 16’07 1670}
Applying Theorem 1, since
[ hy ho hoy hy o] [ o 1 0o 0o o o]
hs hi hoy hog 0 0 % % % —15 0 0
0 hy hy ho hy O 0 0 1 0 0 0
Hag, = - 109 9 1 ’
0 hs hy hy hg O 0 —% 1% 16 ~—1¢ O
0 0 hy hy ho hy 0 0 0 1 0 0
0 0 hy hi hoy hy 0 0 —% & = -
6 consistent elementary decimation operators are obtained by
Hy, = Hy =
h Ry RS AY R RS 9 —-16 9 0 -1 0
2R oR2 R R R 1 0 0 0 0 0
Wy Bty hg hi hy hy| _ 0O 0O 1 0 0 0
R, B, hS, hS, hS AS O 0 0 0 1 0
h8 h%; h®, h®; h%, h%, -1 0 0 =16 9 0

The five first elementary decimation operators defined above correspond to

sub-sampling (row 2,3 and 4 of H A,) and polynomial extrapolations of degree
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3 (from the positions (0,.5,1,2) to x = —1 for first row and from the positions
(—=2,—1,—-.5,0) to = 1 for fifth row).

These five elementary operators can be also obtained by applying Proposition
2.3,

Ay Ry RS AY R 9 —-16 9 0 -1
ROR:OROR2OR2 1 0 0 0 0
Hy = |34, R4, RE RY RY|=|0 0 1 0 0
RS, hS, RS, hS, AS 0o 0 0 0 1
WS h%5 B, RB%, A%, [-1 0 9 —16 9|

We verify that
R0 = B8 4+ 9T, (h®) — 9T (h°)

which means that the operator associated to the last row of Hy;, can be obtained
by linear combination of the translated versions of the operators associated to the
two rows above.

Note that as for all interpolatory subdivision, sub-sampling provides an opti-

mally stable decimation with 3, |hy| = 1.

4-point Shifted Lagrange Scheme

The 4-point shifted Lagrange subdivision scheme corresponds to the mask (1.7).
Applying Theorem 1,

he ho h_g h_y O 0
hs hi h_y h_s 0 0
0
0

0 hy ho hoo h_y
Hyp, =
0 hy hy h_y h_s
0 0 hy hy hoy hey
0 0 hs hy hy heg
5 8 18 ~ms 0 0
~%5 i s “ms 0 0
|0 % o= o s O
0 —%5 % im —m O
0 0 —-f I 1% ~1%
0 0 - 1% ix "7
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We get the 6 elementary decimation operators,

(50 70 jF0 F0 70 70 |

hy hy hy hy hg hz

h: h* hi h: hi h?

T4 T4 T4 T4 T4 T4

i -l — hZy hZy hg hi  hy

MM RS RS, RS, RS, RS RS
4 NZg Ny hZp Ny 1
78 78 78 78 78 78

_h1_08 I A T N e A hl_og_
[ 24367 63605 31115 10325 _ 4165 2975 |

1152 1152 576 576 1152 1152
2075 4165 1771 565 245 175

1152 1152 576 576 1152 1152
175 245 875 245 133 95

_ | 1152 1152 576 576 1152 1152
95 133 245 875 245 175

1152 1152 576 576 1152 1152

175 245 565 1771 4165 2975

1152 1152 576 576 1152 1152

2075 4165 10325 31115  _ 63605 24367

| 1152 1152 576 576 1152 1152 |

A symmetric consistent decimation operator is obtained by combining the two

rows in the middle of H My,

M;, = {h_4,h 3, h 9, h 1, ho, by, ho, hs} (2.14)
_q 95 133 35 1505 1505 35 133 95 )
23047 23047 2567230472304 2567 23047 2304°
Another symmetric consistent decimation operator of length 12 can be derived
as
M;, = {h_¢,h_s5,h s, h_3,h_9,h_1,ho, Iy, ho, hs, by, hs} (2.15)

19 19 19 19 2623 7639 7639 2623 19 19 19 19

- {16128’_11520’ 576’ 5767 16128 11520 11520° 16128 ° 576’ 576" 11520’ 16128}

These two last decimation operators are used in the last chapter for the con-

struction of non-linear multiresolution.

2.3.3 B-spline Subdivision
B-spline Subdivision of Order 4

The B-spline subdivision scheme of order 4 corresponds to the mask

My = {ha,ha, b, ho hoy hs} = {2, 5050500
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We obtain four elementary decimation operators from

hy ho hoy 0 1190
Hy | s mha 0 s i g0
" hy ho Doy 0oL 1ol
0 hy by b 0131
I R 52 Lo
h ) 7 7 7 7
S VA A N

B-spline Subdivision of Order 5

The B-spline subdivision scheme of order 5 corresponds to the mask

1 555 5 1
Mh = {h37h27h17h07h717h72} = {Ea ﬁ7 §7 ga ﬁ? T6}

We obtain four elementary decimation operators from

5 05 1
hy ho h 0 6 8 16 0
1 5 5
g b 0 5 2 50
M hy ho hoo| |0 & & 1|
2 0 —2 16 8 16
1 5 5
hs  hi h 0 6 8 16
0 0 70 0 35 47 25 5
ho hi  hy Iy s & 5 s
72 72 72 2 5 25 15 3
igoo—pg-to |Pe P ke B -8 —F 0§
R VA N S R
—4 -3 -2 -1 8 8 8 8
76 76 76 76 5 25 47 35
hle hZs b2y hZs] =5 % —% —%

Other operators of length not larger than 10 can be constructed following (2.4)

using four instance {1, Ao, A3, \s} as

lh_g h_s h_y h_g h_y h_y hy hy hy hs
= M0 0 0 0 0 0 A RO AY RY
+ X0 0 0 0 B2, A2, hZ R 0 0
+ MN[0 0 RY, AY; A, RBY, 0 0 0O 0

[

A centred consistent decimation operator of length 6 can be obtained taking
{Ah >‘27 >‘37 >\4} = {07 1/27 1/27 0}7

- - ~ - - 3 15 15 3
[hea h—s h_o hy he hi]=]

3155 153
16 16 4 4 16 16"



Remark 2.4.
The values {A1, A2, A3, M} = {155 305+ 00+ 35} minimize 35 |h;| to the value 18,
The corresponding decimation operator gets a smaller stability constant than any

of the elementary decimation for which the stability constants are (14, 6,6, 14).

B-spline Subdivision of Order 7

The B-spline subdivision scheme of order 7 corresponds to mask
1 7 21 353 21 7 1
M - _ _ _ _ =y, ., ., —, — .
n = Aoy s ho oy hosy By ) = {0 0 600 610 610 640 617 61
Applying Theorem 1,

hy hyo h_g h_y O
hs hi h_i h_3
0 hy hy h_y h_y
0O hy hy h_y h_s
0O 0 hy hy h_y h_y
0 0 hy hy h.y h_g

0
0
0
0

N © o o o

We get the 6 elementary decimation operators,
R Ry Ry RY R RS
R2oR: R3 R R R

~ 1 =
Mo =t = \go  hs, hs, e, B8 R
—4 -3 —2 —1 0 1
1 1 1 1 1 1
h—OS h_O h—oﬁ h_05 hO hO_
231 _ 593 343 217 147 _ 21
16 16 8 8 16 16
_21 147 _ 105 71 _49 7
16 16 8 8 16 16
7 _49 63  _49 3 _ 5
— 16 16 8 8 16 16
_5 3%  _49 63 _49 7
16 16 8 8 16 16
e _49 71 _ 105 147 _ 21
16 16 8 8 16 16
_21 147 217 343  _ 593 231
16 16 8 8 16 16

A symmetrical consistent decimation operator of length 8 is obtained by com-

bining the two rows in the middle of Hyy, ,

MFL = {B—47 B—37 B—Qa B—la BOa iLb iLQa iLS}
_ 53 91T 0185 5,
1327327 327327327 327320 3277
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2.3.4 Compactly Supported Wavelet Subdivision

Wavelets and, more precisely, scaling functions for multi-resolutions [17], are known
to provide subdivision operators.

Orthogonality and zero moment conditions translate on the scaling coefficient
My = {ho, ;... hoy 1} as [17]

2.16
2i(=1) hii? = 0 (210

{ X hihiya; = 2050
forjeZ,p=0,1,...,N — 1.

According to orthogonal compactly supported wavelet theory, the rescaled op-
erators h = v/2h' and h = %h’ are consistent subdivision/decimation operators.
More precisely, compact support wavelets of length 2V constructed in [17] lead to
the unique couple (subdivision and decimation) with the same mask (up to v/2

rescaling) with exponential decay of the error corresponding to L = N — 1.

For N = 2 we get from [17]

1+v3 3+V3 3-v3 1-3
W2 a3 4B A

Applying Proposition 1 for h = v/2h' we get

ho h_s 3—V3  1+V3
Hy = =14 4
My, hy oy 1-V3  3+V3 |

[ho by b M) =

4 4
= [ B [0 -
h h% h% —11-\/5 3—4\/3 ’

and therefore two elementary decimation operators h° and h2.

_1 V3-1 . . .
For A = 3 NCTER the linear combination

ho by hy hs]=A0 0 hy h3]l+(1-N[hg A 0 0]

C1+Vv3 343 3-v3 1-43
=1 8 8 8 8 ]

provides h = =1/,

S

2.3.5 Penalized Lagrange Subdivision

We finally consider a non-stationary (i.e. depending on the scale j ) subdivision
scheme recently introduced in [34] and focus in the sequel on the associated consis-

tent decimation masks generated by our approach.
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Using the notations of [34], the scheme is here constructed from a polynomial
Pj(x) =100(27%)2? — 27 2* and a vector of penalization C' = (0, 2,0,0).
Denoting

My = (B8, b h b, h9Y B, h9Y B,
it first comes out that

1 9 9 1

i DR ) Uy 717 y Uy T ) ) 1
A Mo =1{=15:0:95: 1 76:0: 150} (2.17)
and
11 9 1 1
li i) =159 Y 77717_77_7 . 2.1
A Mo =15 30,051 =7 =5} (2.18)

Therefore, according to the scale 7, the subdivision evolves from the classical
interpolatory Lagrange subdivision (2.17) to a non-interpolatory one of Lagrange-
type. Indeed, the coefficients in (2.18) are the point values at x = 0 or x = % of the

Lagrange functions associated with the stencil {—1, 1, 2}.

15+

Figure 2.1: Six coefficients of the mask of a decimation operator consistent with the

penalized Lagrange subdivision scheme for scale —10 < 7 < 10.

According to Theorem 1, it is then possible to generate for each j € Z the matrix

of associated consistent elementary decimation masks.

Consistent elementary decimations associated to (2.17) are provided in Section
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2.3.2. Focussing on (2.18), we get

480 424 27 72 _ 18 24
107 107 107 107 107 107
_ 9 24 480 _ 424 108 144
107 107 107 107 107 107
54 144 _ 9 24  _ 6 8
j:] . — 107 107 107 107 107 107
lim;— oo, ;) 3 8 _54 144 _ 36 48
107 107 107 107 107 107
_ 18 48 3 8  _216 288
107 107 107 107 107 107
_ 108 288 18 48  _ 975 872
107 107 107 107 107 107 |

As an example, Figure 2.1 displays the evolution of the third row of the previous
matrix for j € [—10,10]. It appears that the decimation mask quickly converges
towards its asymptotical limit which is a sub-sampling ({0,0,0,0,1,0}) when j —
%, %,—%,%, —1%7,%} when j — 4o00. It is also interesting to
notice that, as expected, these decimations are consistent with the asymptotical

—o0 and {—

subdivision schemes associated with the masks (2.17) and (2.18) respectively.

2.4 Conclusion

A generic approach for the construction of decimation operators consistent with a
given subdivision scheme has been developed. It is first based on the generation
of elementary decimation operators by inverting a matrix obtained from the mask
of the subdivision scheme and connected to the so-called refinement matrices. All
consistent decimation operators can then be derived by a linear combination of
translated versions of elementary ones. This approach has been applied in the case
of standard and non-standard schemes. In this last situation, the interest of our
method stands in the possibility to generate many consistent decimation operators
that was, up to now, not available in the literature. In the next chapter, we extend

this construction to more general subdivision schemes.
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Chapter 3

Consistent Decimations for

General Subdivision Schemes

3.1 Introduction

A general subdivision scheme can be non-linear, non-uniform, non-stationary etc..
In this chapter, several approaches are introduced to construct consistent decima-
tions for those types of schemes.

The first approach (Section 3.2) is devoted to an extension of the previous uni-
form generic method to handle the decimation associated to linear non-uniform
subdivision scheme following a position-dependent strategy [6]. In Section 3.3, we
introduce a global approach that can be exploited for any kind of linear subdivision
scheme applied on an interval. Finally, a last contribution is provided in Section

3.4 that allows the construction of decimation for non-linear frameworks.

3.2 Non-Uniform Subdivision Schemes

3.2.1 Construction

We focus on specific non-uniform subdivision schemes constructed following a position-
dependent strategy [0]. This type of scheme was developed for non-regular data.
The construction relies on the adaption of the prediction stencil to avoid crossing
segmentation points and generating Gibbs oscillation in the vicinity of these points.
The subdivision process involves the so-called refinement matrices studied in

Section 2.2.5 as well as edge matrices that are associated to the prediction around
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segmentation points. In this work, we focus on a unique segmentation xqg = 0 and
introduce two edge matrices Hy and H; of size [ x [ and I’ x I’ (I and [’ depend on
the stencil length and on the position-dependent strategy) that map {f7,---, f/}
(vesp. {2y iy 31 to LA LY (vesp. {700, D). Land I are
supposed to be large enough to take into account at least a uniform prediction for
the last (resp. first) element of the previous finite sets.

The following result then holds,

Proposition 3.1.
Let h be a linear position-dependent subdivision scheme. If Hy and Hy are invert-
ible, Hy' and Hy' provide decimation masks consistent with the subdivision in the

vicinity of the segmentation point.

Introducing the set of index Iy C {1,2,...,{} (vesp. Iy C {—I'+1,—I'+2,...,0})
such that each element of {f/™ Vrer, (resp. {fI™ Yeer,) is predicted using a uniform

subdivision, we then have,

Proposition 3.2.

Let h be a linear position-dependent subdivision scheme satisfying the assumption
of Proposition 3.1 and h* a decimation operator consistent with the associated uni-
form subdivision. Denoting ki = min(Iy) and kt = maz (1), if (hY)rez is such that
Ezfz(zﬂ) = 0,Vn < kj and E%Jrzz/ = 0,Vn > ki, then the decimation constructed
from Proposition 3.1 and Theorem 1 is consistent with the position-dependent sub-

division operator.

As shown below, taking 4-point scheme as example, points in circle can be
subdivided using uniform scheme while points in rectangle can be decimated using
uniform scheme.

J+1 e+l i+l pi+1 e+l i+l pi4+l e+l i+l pi4+1l e+l i1
1 2 3 4 5 6 7 8 9 10 11 12

Remark 3.1.

1. The condition on the uniform decimation operator introduced in Proposition

3.2 is always satisfied when h* is elementary.
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2. For a fixed uniform decimation, if this condition is not satisfied, a consistent
position-dependent decimation can be constructed by locally adapting (i.e.
reducing) the length of the decimation mask in the vicinity of the segmentation

point.

This approach is exploited in the numerical tests of Section 3.3.3 in the case of a
finite sequence to adapt the decimation at the boundaries of the interval containing
the data.

3.2.2 Examples

We restrict these examples to the generation of consistent decimation mask on the
right of a segmentation point.

4-point Interpolatory Lagrange Scheme

Based on the 4-point Lagrange polynomial, according to (1.5), the adapted inter-
polatory subdivision in the vicinity of the segmentation point is obtained by taking
z" € {—3,—1} and 2! € {—1,0}, which leads to

35 3 21 _ 5
16 16 16 16
1 0 0 0
HOZ
5 1L _5 1
16 16 16 16
o0 1 0 0
Inverting Hy, we get
fi 0 1 0 0 g+
Al 1 0o 0o 0o 1 g+l
fi —4 15 =20 10 | |f*!
fi —20 70 —84 35 | [T

and the matrix involved in the previous equation provides consistent decimation
masks.
Note that the decimation for { fi } can also be calculated by subsampling

that can therefore be used for any positions.

4-point Shifted Lagrange Scheme

Based on the 4-point Lagrange polynomial, according to (1.5), the shifted subdivi-

5 1

sion in the vicinity of the segmentation point is obtained by taking 2" € {—7, —;
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and z! € {—2, 2}, which leads to

195/128 —(117/128)  65/128  —(15/128)
77/128  77/128  —(33/128)  7/128
15/128  135/128  —(27/128)  5/128

—(7/128)  105/128  35/128  —(5/128)

<)
|

Inverting Hy, we get

fi 5/16  15/16  —5/16  1/16 i
Al | 16 56 1516 5/16 | | fT
fl | —35/16 135/16 —189/16 105/16 | | fi*!
f —231/16 819/16 —1001/16 429/16 | | fi*!

and the matrix involved in the previous equation provides consistent decimation
masks.

Note that the decimation for { fg , fi } can also be calculated by a uniform ap-
proach without adaption, in this example, only the first two rows are needed to get

{f, f]} to satisfy the consistency.
Remark 3.2.

In practice, it turns out that it is more efficient to replace, when possible, the
decimation mask obtained following Proposition 3.1 by the decimation coming from
the generic uniform approach. For the 4-point interpolatory and shifted Lagrange
schemes, there always exist decimation operators to perform this replacement while
holding the consistency. This generalization to other type of schemes remains an

open question.

3.3 Linear Subdivision Schemes

3.3.1 Global Consistent Decimation

In this section we construct a global decimation operator transforming globally any

sequence (fi™)1<p<on into a sequence (f7)1<p<n.

Let us first introduce some notations.

Definition 3.1 (Subsampling, Interlacing and Scaling Operators).

Let (0,0") be a pair of subsampling operators defined as

(Ue)k = €2k+1,

Ve € 1°(Z), ke Z.

(O-le)k = €2k,
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and 7 be the interlacing operator,

w;, k=241,
Vu,v € I°(Z), (T(u,v))r = i €Z.
Uy, k= 22,

and A\ be the scaling operator,
V= (fi)rez €17(Z), (Af)i=Nifi,i €Z,Ni €R.
We have
or(u,v) =u, o't(u,v) =0,

and

(o, 0') = 1.

A global consistent decimation operator can then be constructed by the following

proposition.

Proposition 3.3.
Given h' a linear subdivision operator, we introduce h® and h° two operators asso-

ciated to even and odd terms of h®,

(he )k = (A" f)ar,

Vk e Z, f €1™(Z),
(hof)k = (th)zkH-

If there exist a left inverse for the operators h® and h¢, denoted (h°)~' and (h¢)™*
(i.e. (h°)7'ho =1, (h®)~'he = 1), then for all scaling operator X,

Al = ANh°) o+ (I —N)(h%) o’
defines a consistent decimation scheme with h*.

Proof.
The proof is straightforward since ht = 7(h°-, h¢.).

Remark 3.3.
The inverse of operators h° and h¢ exists if the kernel of the subdivision h” is

reduced to {0}.
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3.3.2 Matrix Representation
In this section, for practical issues, we provide a matrix representation of the oper-
ators introduced in Definition 3.1 and Proposition 3.3.

Definition 3.2.

Let X and X’ stand for the matrix form of operators o and o,

(1000 -~ 0 0] (0100 - 0 0]
0010 -- 00 0001 --0
X = ., X' =
0000 -- 10 0000 -- 01
Let T be the matrix form of operator 7,
(100 0 00000 --- 0]
0000 01000 -0
0100 000O0O0-- 0
T=100 00 00100 --0
o000 - 1000O0O0--0
' 0000 -- 0000 |
We get for all matrices U and V' with suitable dimensions,
XU
=U.
X'U
and
U U
XT =U, XT =V
1% V

Proposition 3.4.

Denoting H the matriz of dimension 2n x n associated to a linear subdivision h*

that maps {f{, f3, ..., Fi} to {AT, 57, [}, then
XH
H=T
X'H

where X H and X'H are square matrices of dimension n X n. If they are invertible,

introducing the matrix

o _
Ao’ A?
0 0 A,




where Vi = {1,2,...,n}, \; € R, then
H=[AXH)"" (I-ANXH YT, (3.1)

is a matriz verifying HH = I, and is associated to a global linear decimation oper-

ator consistent with h*.

3.3.3 Example of Construction of Global Consistent Deci-

mation Operators

In this section, we compare the decimation matrix constructed following the two ap-
proaches of Section 3.2 and 3.3.1 in the case of the 4-point shifted Lagrange subdivi-

sion scheme adapted to the two edges of an interval. Considering an initial sequence

of length 8, the matrix H that maps {f{,f;, o f to LA AT A Y s
1’ s g 0 0 0
e i i s 0 0 0 0
2 o= -2 I 0 0 0 0
—ps B 0 0 0 0
-2 B B _T 90 0 0 0
0 -5 1% b5 —1 0 0 0
0 o i e —pg O 0 0
|0 0 - =2 = -2 0 0
0 0o -2 X B _T 9 0
0 0 0 _% % % 138 0
0 0 0 —15 o 2 - 0
0 0 0 0 -9 ® 3B I
0 0 0 0o -2 X 1B __T
0 0 0 0 o o 2 =
0 0 0 0 os —o I I
00 0 0 3% % 1% 1o

Combining the decimation mask (2.14) with the adaption proposed in Section 3.2
and the practical replacement with uniform decimation operators, a global decima-

tion can be constructed from H 1 such that
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where HT denotes the transpose of Hj.

As expected, the same decimation mask is used except for the 2 first and last

TOWS.

On the contrary, when the global approach of Section 3.3 is used, taking A = %I ,

we get from (3.1) the full matrix Hs representing the global consistent decimation.

o O o O

o

95
2304
133

2304
_ 35

256
1505
2304
1505
2304
_ 35

256
133
2304

2304

o O O

o O O O o O

o

95
2304
_ 133
2304
_ 35
256
1505
2304
1505
2304
_ 35
256
_ 133
2304
95
2304

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
5 1
16 16
5 _5
16 16
_5 15
16 16
1 5
16 16

where HI denotes the transpose of H,.
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967 122 93 _ 101 23 39 22 55
3196 1263 3982 11369 5808 22936 34369 31813
229 279 40 23 1 1 0 0
293 5470 12017 105865 70897 921661
1304 509 _ 178 107 457 145 _ 57 85
4439 1226 1477 1835 18680 13596 14249 7874

1514 487 167 57 11 3 ! 3
2775 868 1561 23851 70897 251362 251362 538633
442 114 869 499 133 _ 284 308 414
3725 881 1582 2909 1641 8275 23759 11815
1453 _ 357 273 269 17 7 8 23
3514 2152 466 7035 6848 36657 125681 258095
829 826 841 931 3079 2312 127 273
39713 55397 18801 1601 16565 26423 3939 3151
485 77 217 972 17 17 T 17
2308 1007 1474 1663 148 5824 17472 12480
17 T 17 17 972 217 77 485
12480 17472 5824 448 1663 1474 1007 2308
273 127 2312 3079 931 841 826 829
3151 3939 26423 16565 1601 18801 55397 39713
23 8 7 17 269 273 _ 357 1453
258095 125681 36657 6848 7035 166 2152 3514
414 308 _ 284 133 499 869 114 442
11815 23759 8275 1641 2909 1582 881 3725
3 1 3 11 57 167 487 _ 1514
538633 251362 251362 70897 23851 1561 368 2775
85 57 145 457 107 178 509 1304
7874 14249 13596 18680 1835 1477 1226 4439
0 0 1 1 23 40 279 229
921661 70897 105865 12017 5470 203
_ 55 22 39 23 _ 101 93 122 967
L™ 31813 34369 22936 5808 11369 3982 1263 3196




We finally develop in the next section a method to generate a decimation con-
sistent with a given general subdivision scheme. It is exploited in practice to handle

the case of some specific non-linear schemes.

3.4 General Subdivision Schemes

The subdivision A in this section can be of any type, as long as we know how to

calculate the subdivided sequence.

3.4.1 Generic Approach

The following result holds,

Theorem 2.
Let h be a subdivision operator, if there exists a linear decimation h* so that h*h—1I

is contractive', then for any fi' € 1°°(Z), the fized-point equation
fI=hF = (hh = 1) (3:2)

has a unique solution.

Moreover, h: fi*Y v fJ is a decimation operator consistent with h.

Proof.

The existence and uniqueness of the solution of the fixed-point equation is a conse-

quence of the Banach fixed point theorem since h=h — I is contractive.
Considering f7 such that fi*! = hf7 is a solution of equation (3.2), it is then

the unique solution for given (h,h%) and f7*!. Thus f7 is a decimated sequence

from f9t! and (3.2) defines a consistent decimation.

[]

According to the Banach fixed-point theorem, f7 = hf7+! = lim,,_,o0(f7), can be

constructed by induction:
(fj)o — thj—H
(Flur = BEFIH = (BPh = D)(f)n

If a non-linear subdivision scheme h is considered as h = h* + h" where h” is

(3.3)

a linear scheme and A"V a non-linear perturbation, the previous proposition can be

used to exhibit a decimation consistent with A provided hZhY is contractive.

L Operator U : [°°(Z) — [°°(Z) is said to be contractive if there exists ¢ € R,0 < ¢ < 1, for all
(u,v) € (I°°(Z))?, such that ||[Uu — Uv|| < c||u —v]|.
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Remark 3.4.

1. Given fi*!) the different choices of linear decimation operators h% lead to
different f7 and associated prediction errors. This flexibility is exploited in

the numerical tests of Chapter 4.

2. If A% is consistent with h, the fixed-point equation reduces to fi = L fitl,

3.4.2 Examples and Numerical Results

4-point Shifted PPH Scheme

We use Theorem 2 to generate a decimation consistent with the 4-point shifted PPH
scheme recalled in Section 1.2.6.

Before introducing the main result in Proposition 3.5, two lemmas are required.

Lemma 3.1.

Vr,y,a,b € R,
[(H(z,y) — Az,y)) — (H(a,b) — A(a,b))| < 2-mazx(|z — al, |y — b]).

Proof.
we distinguish different cases:
(1) z,a >0, y,b <0, then H(z,y) = H(a,b) =0,

|(H (2,y) — Az, y)) — (H(a,b) — A(a, b))|
<|A(z,y) — A(a,b)

<maz(|lz — al, |y — b]).
(2) z,y,a >0, b <0, then H(a,b) =0,

|(H (2,y) — A(z,y)) — (H(a,b) — A(a, b))|
a—xr b—y ny‘

2 * 2 r+y
a—2x b T — 1 2z
o iy

2 2 2x+y| 224y

<

1 1
<sko—al + 5ly— b + maz(jz], |y)

<2-max(|z - al, [y = b]).
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(3) z,y,a,b>0or z,y >0, a,b <0,
((H(z,y) — A(z,y)) — (H(a,b) — A(a,D))|

ooz L
_ku+yﬂa+w )W I Ty =)

2za + 2yb 2za — 2yb
e (G e~ | ot ) maste =eblo=oh

<2-maz(|z - al, [y = b]).

and we can conclude the other cases by symmetry.

Lemma 3.2.
Given x,y,a,b € R, if (2] = |y[)(la] — |b]) <0, then Vp,q € R,
Ip(H (2, y) — Az, y)) — q(H(a,b) — A(a,b))| < max(|pl, |q|) - maz(|z — al, |y — b]).
Ifp=q=1,

|(H (2,y) — Az, y)) — (H(a,b) = A(a, )| < max(|z —al, ly = b]). (3.4)
Proof.
We first prove (3.4) under the condition (|x| — |y|)(Ja| — |b]) < 0 by distinguishing
different cases:
(1) zy <0, ab < 0, then H(z,y) = H(a,b) =0,

[(H (2, y) — Az, y)) — (H(a,b) — A(a, b))|

r—a y—2>b
2 + 2

<

<mazx(|z — al, |y — b]).
(2) zy > 0, ab < 0 then H(a,b) =0,
((H(z,y) — A(z,y)) — (H(a,b) — A(a,b))]

a+b’

<
o 2

x—y’
2

<maz(|r —al, |y — b]).
(3) zy > 0, ab > 0,

|(H (z,y) — A(z,y)) — (H(a,b) — A(a, b))|
‘—xa+xb+ya+yb

xa—l—xb—i—ya—yb( _ )

2(x +y)(a+0b) (v —0)

2(z +y)(a +b)

1 1
<Slo—al+Sly—b

<maz(|z — al, |y — b]).
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and we can conclude the other cases by symmetry.
In the other hand, (|z| — |y|)(|a] — |b]) < 0 leads to

|(H(z,y) — A(z,y)) + (H(a,b) — Ala, b))| < mazx(|z — al, |y = b)),

and
|H(£L‘,y) - A(x,y)] < max(’a: - &|7 ’y - b’)

Then for p, q € R satisfying,
() p>q>0,

p(H (z,y) — A(z,y)) — q(H(a,b) — A(a, b))|

=lq(H(z,y) — Alz,y)) — q(H(a,b) — A(a, b)) + (p — ¢)(H (2,y) — A(z,y))]
<(lgl + Ip = ql) - maz(|z — al, [y — b])

<p-maz(|z —al, |y - b]).

(2) p>0>gq, |p| >lql,

Ip(H(z,y) — Az, y)) — q(H(a,b) — A(a,b))|

=|—q(H(z,y) — Alz,y)) — q(H(a,b) — A(a, b)) + (p+ q)(H(z,y) — A(z,y))
<(lg[ + [p + g]) - maz(|z — al, |y — b])

<p-maz(|z — al, |y — b]).

and we can conclude the other cases by symmetry.

]

We will prove successively that the 4, 8 and 12 point decimations hE of section

2.3 lead to contraction.

Proposition 3.5.
Denote h = ht+h" the 4-point shifted PPH subdivision scheme given by (1.10,1.11),
if h* is given by (2.14) or (2.15), then h*hN is contractive.

Proof.
In order to prove the contractivity, we focus on ||[R*hNu — hEhNv||s.
With the notations Ny, DH Ay of Section 1.2.6, we get for all [ € Z,

(il h )l — (iLLhN’U)l

~ 1 3
Zh 2k—21 V! ( 1 +Zh2k+1 21Nk Z 2%— 21N;C Z 2k+1—20IVE 4)
) i e
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Let’s denote p = QLQG) = 2L_1(%) = —% and ¢ = 2L2(%) — 2[,_1&) - _614'
(1) if [A%uy| < [A2%uyq] and |A%0,] < [A%0p44],
|(71LhNU)l — (;LLhNU)l‘
<3 |p ko + q - hogsr—at| [DHAY — DHAY)|.
k

(2) if |A%uy| > [A%ugyq| and [A%vg| > [A%0514],
|(]~1LhNU)l — (;LLhN’U)”
<3 |g+ hovon+ p - hogar—at| [DHAY — DHAY)|.
k

(3) if (|A%ur| — |A%ups1]) (JA%0x] — |A%vk44]) < 0, according to Lemma 3.2,
|(RERNu), — (RERN o)
<> max (|p hop—or + @+ horr—al, |q - hog—a +p - il2k+1—2l|)
k:

cmax(|A%ug 1 — A%vpp|, |A%uy, — A%ug)).

Since
|DHAy — DHAY| < 8- [|u — 9|,

maz (| A% upy1 — A% |, |A%up — A%v)) <4 ||u — 0|00,

combining the previous cases with (2.14) leads to

~ ~ 307
[1hERNu — hERN || o < @Hu — V| 00-

Moreover, if the decimation mask is given by (2.15), we have

15481
20160

|RERNuw — hERN || < |t — v||oo-

Proposition 3.6.
Denote h = h4+h" the reformulation of the 4-point shifted PPH subdivision scheme
given by (1.12), if h* is given by (2.11), then h*hN is contractive.

Proof.

With the same notations as in the previous proof, we have
(iLLhNU>l — (BLhNU)l

1 3 3
ZGZ(Z hok—21 — Y hogr1—20) (R(A%ug, A%upi1) — R(A vk, A1)
1 I

6 N ~
- *(Z hok—21 + Z hok+1-21) H(AQUk, A2uk+1) - H(A2vk, A2vk+1) .
64
! l
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And
|H(A2uk, A2uk+1) - H(AQUk, A2vk+1)|
<2 - max(|A%up 1 — A%, |A%uy, — A%vy|)
<8 ||u — V|| so-

According to proposition 2 of [2],

|R(A2uk, A2uk+1) — R(AQUk, A2vk+1)|
<max(|A%upy; — A%vpg|, |A%up — APvg|)

<4 |ju — v|]so-

Since > ;(hg — hoi1) = 0 and Y (hoy + hoiyq) = 1, it comes

[|RERNuw — hEhN ||

1 6
<= 04+ — -8 |Ju—v||s
<le; 0 +64 8| - ||u— v
—48H |

64“ V] oo

Numerical Convergence of the Fixed-point Iteration

Starting from a discretization of the discontinuous function displayed in Figure 3.1

left, we investigate the numerical convergence of the fixed-point algorithm (3.3) in

the case of the 4-point shifted PPH when A’ is given by (2.14).

The slope of the curve displayed in the right of Figure 3.1 exhibits the conver-

gence rate of the algorithm. It appears that very few iterations (less than 17) are

required for convergence.
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Figure 3.1: Left : Discontinuous test function, Right : Construction of the non-

linear decimation operator : log, || f7 — f_, ||« versus n for the fixed-point algorithm
(3.3).

3.5 Conclusion

In this chapter, we proposed several new constructions of decimation operators con-
sistent with general subdivision scheme. Adapting the method introduced in Chap-
ter 2, a first approach in the case of linear non-uniform subdivision scheme was
developed. It is based on the inversion of the edge matrix obtained from the mask
of the subdivision scheme associated to the prediction in the vicinity of segmenta-
tion points. A second approach was then described and led to the construction of
consistent global decimation for any type of linear subdivision scheme applied on an
interval. A matrix representation was also provided for practical issues. Finally, we
considered general subdivision and introduced a new method for non-linear scheme
based on the resolution of a fixed-point equation. Using the last method we were
able to define a non-linear decimation consistent with the shifted PPH for which
there was, up to now, no available consistent decimation in the literature.

In the next chapter, these constructions are plugged into the multi-scale frame-

work to derive new multiresolution analysis.
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Chapter 4

Multiresolution Analysis

4.1 Introduction

This chapter deals with the full construction of multiresolution analysis associated
to a given subdivision scheme. Starting from the generation of consistent decimation
operators using the methods described in the previous chapters, we introduce a new
approach to derive compatible detail subdivision and detail decimation operators
according to Definition 1.7. After a description of this construction in Section 4.2,
several results related to the analysis of subdivision-based multiresolutions are pro-
vided. They first concern the polynomial reproduction property (Section 4.3) then
we focus on the stability of the multiresolution transforms as well as on the predic-
tion error decay (Section 4.4). Finally, several numerical results of multiresolution
analyses are given in Section 4.5 for linear and non-linear subdivision schemes. Their

interest is illustrated by an application in the framework of image compression.

4.2 Construction of Compatible Operators

We first establish an important result related to the action of a decimation oper-
ator on the sequence of prediction errors. Then, it is exploited to construct detail

subdivision and detail decimation operators.

4.2.1 Prediction Errors and Kernel of Decimation

For linear subdivision schemes, the prediction error (1.16) belongs, by construction,
to the kernel of the associated consistent decimation operator. This statement

guarantees the existence of a couple of detail subdivision and detail decimation
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operators (g, §) which are compatible with the couple of subdivision and decimation
operators (h, h).
A similar result can be derived for general subdivision and decimation con-

structed following Theorem 2. It is given by the next proposition,

Proposition 4.1.
Let h be a general subdivision operator and h be a consistent decimation operator
given by Theorem 2 with h* the involved linear decimation operator. The associated
prediction error e/T! verifies

hleitt =0, (4.1)
and

he't1 = 0. (4.2)

Proof.

Under the contraction condition, the unique solution for equation (3.2) is denoted
poipn
Then, the prediction error can be written as
eIl — fj+1 . hﬁfj+1
= [l — thj —(h— hL)fj
= (1 — RERE) 74— (1 — RERE)(h — b £,

Applying h* and using the consistency relation lead to (4.1).
Suppose w! = helt!,
w’ = hte’™ — hE(h — hb)w?

= —(h"h — Iw’

according to the fixed-point theorem, w’ = 0 is the unique solution which leads to
(4.2). m

4.2.2 Detail Subdivision and Detail Decimation

In this section, we construct a couple of detail subdivision and detail decimation
operators (g, §) compatible with (h, k). Using the operators introduced in Definition

3.1, we have

72



Theorem 3.

Let h be a subdivision operator and h a consistent decimation constructed following

Theorem 2, we introduce h® and h° the two operators associated to even and odd

terms of h*,
(iLOf)k = Z h§l+1—2k.f2l+1
]

Vk € Z, f € 1°(Z), - .
(e =D by oy fou
[

If there exists a linear left inverse operator of he, denoted (h®)~', then (g, §) defined

as

>

G=o(l—hh)
g=7(,—(h)""h*)
are detail operators compatible with (h, lNz)

Proof.

Thanks to Proposition 4.1, we have
et =0 = hloel™ + héo'e’™ = 0.

Taking d’ = oe/*!,

oledtt = —(ﬁe)_lﬁodj,
Therefore,

et = (et o't = (&, —(h°) T hod?).
Thus a pair of detail operators are constructed since
& = gedtl = gfj-i—l
eIt — gdj

where (g, g) are defined by (4.3).
Finally, we prove the compatibility of (h, h, g, §).
According to Proposition 4.1, we have h*g = 0 and hg = 0. Then

Gg=o(I —hh)g =09 —chhg =0g = 1.
Under the consistency condition Ak = I, we have
gh = o(I —hh)h =0,

which concludes the compatibility proof.
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Remark 4.1.
If h is an interpolatory subdivision, the subsampling operator h = ¢ is consistent

with h and h° stands for the identity operator.

In the sequel, exploiting the notations of Definition 3.2, we provide a practical

representation to construct g and g in the case of a finite set of data.

Matrix Representation

In this section we establish the relation between prediction error vector and de-
tail vector using matrix representation which is sufficient to illustrate the details
operators previously introduced.

Denoting E the vector of prediction error and H the matrix associated to k%,

according to Proposition 4.1,
H'E =0,

then
(HEXTY(XE) + (H*X'™)(X'E) = 0,

if H-X'T is invertible,
X'E=—(H'XT")"YH'XT)(XE).
Therefore, taking the detail vector as
D=XEFE,
the prediction error becomes

XE
X'E

E=T

I
=T [_(I:ILX/T)—llfILXT] D

D
=T| 3
[—(HLX’T)‘lHLXTD

Thus, the detail subdivision matrix is

1
G=T . . .
_(HLX/T)—lHLXT

Remark 4.2.

Proposition 2.2, Theorem 2 and Theorem 3 can be used to construct quadruplet of
compatible operators generating a multiresolution associated to a general subdivi-
sion scheme. It is then possible to extend classical results for multi-scale analyses

to the subdivision-based multiresolution framework. In the linear case, one can for
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example exploit the work of [35] on the lifting scheme and consider the compatible
operators (h, h+ s§, g — sh, §), s € R. Similarly, one can show that (h+ sg, h, g, j —
sh), s € Ris compatible as well as (%(h +1g), %(ﬁ + 59), %(g — sh), %(g - %ﬁ))
R. All these strategies allow integrating more flexibility in the construction and
could be interesting to increase the performance of multiresolution analysis in prac-
tical situations. This last point has not been tested in this thesis and remains an

open question for further investigation.

4.3 Polynomial Reproduction of Linear Uniform

Multiresolution

We first establish a series of results on the polynomial reproduction and quasi-
reproduction of subdivision and decimation operators. Then we focus on the oper-

ator hh that is involved in the multiresolution transform in Section 4.3.2.

4.3.1 Subdivision and Decimation Operators

Let us first prove the following lemma,

Lemma 4.1.

For a finite set {c; : | € Z},
Vp=0,1,2,...,LE€Z, sy € Z, 1y € R, ch+so(l+t0)p = 0p0,
I
s equivalent to
Vp=0,1,2,...,L €Z, so,5 € Lo, t €ER, D crysous({ +to+1)P =(t—s)".
1

Proof.
It is easy to verify that

Z Clsors(l +to +1)°
l

= ch+5+50<l + s+ to + (t — S))p
l

p
=> <§> D Crrstso(l+ 5+ 1) (t = s)P7",
n=0 l
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The two following propositions are interpretations of Definition 1.9 and Defi-
nition 1.8 in terms of conditions on the mask of the subdivision and decimation

operators.

Proposition 4.2.

A subdivision operator h quasi-reproduces polynomials up to degree L if and only if

Vne{0,1,2,...,L}, > hy(2)" =Y hysi(20+1)" (4.4)

leZ lEZ

A subdivision operator h reproduces polynomials up to degree L if and only if

Vne{0,1,2,...,L}, It eR, > hy(2)" =D hyp(20+1)" =" (4.5)

IeZ leZ

where t is a translation factor, such that f € m, becomes f(- —t) in Definition 1.9.

Proof.
If h quasi-reproduces polynomials up to degree L, for all f(x) = YF jax’ €
7,(R),p < L, there exists g(x) = ¥F_ bz’ € mp(R) such that

Yk, g((k—t)2"0D) th wf(1279)

where t denotes a translation factor. That is to say,

. . p . .
Yk, Vp € {0,1,2,..., L}, D bi((k—)27U)y =" hy > a;(1279). (4.6)
' 1 i=0
Introducing m = k — 2[, then m and k have the same parity,

Yk, Vpe{0,1,2,... . Ly,yme{ - k—2kk+2 -}

Zp:bz'(k— AR Zh Zaij( ) ) (—m + t) 2 U+

=0 1=0 n=0

Removing the arbitrariness of k, for m varying as even or odd, we have

Vie {0,1,2,...,L}, —(+1) = Zh Z%( ) —m 4 t)nig=(HDn,

Finally, for m varying as even or odd,

L
Vie{0,1,2,...,L}, b = Z an< " > (Z B (m — t)”_i> (_1)”—i2—(j+1)(n—i)’
n=i n—1 m
(4.7)
expanding this equation for each i, the only condition to ensure the existence of
{b;}o<i<r, is that 3=, by, (m — )"~ does not depend on the parity of m, which leads
o (4.4).
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Further, if h reproduces the polynomials up to degree L, which means Vi <
L,b; = a;, then (4.7) is equivalent to

Vi€ {0,1,2,..., L}, S hn(m—t) =8y,

where m varies as even or odd. According to Lemma 4.1, this is equivalent to (4.5).
O

Remark 4.3.

1. If i = Lin (4.7), we have b, = ar(},, hm), that is to say if the subdivision op-
erator reproduces constants, it always preserves the leading coefficient. Other

coefficients are given by (4.7).

2. If t = 0, h reproduces the same polynomial without translation, in this case,

Vn € {0,1,2,...,L}, th_gl(k'—Ql)n :(571,0'

leZ

A condition for polynomial quasi-reproduction using Laurent polynomial repre-
sentation was found in [10], we prove the equivalence with our mask representation

in Appendix A.

Proposition 4.3.

A decimation operator h quasi-reproduces polynomials up to any degree if and only

if
S h #0. (4.8)
1
A decimation operator h reproduces polynomials up to degree L if and only if

¥n€{0,1,2,....,L},FteR Y hi"=t" (4.9)

leZ

where t is a translation factor such that f € wp becomes f(-+ %) in Definition 1.9.

Proof.
If h quasi-reproduces polynomials up to degree L, for all f (x) = 3P a2t €
7,(R),p < L, there exists g(x) = ¥ bz’ € mp(R) such that

VEk, g((k+ ;)Q_j) =" Iy f(1270FD)
]
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where % denotes a translation factor. That is to say,

VEk,Vp € {0,1,2,... L}, Zb((k+ Zhl gkzaz (127U (4.10)

Introducing m = [ — 2k,

VkVp € {0,1,2,...,L},

p i
Zb 2k +)27UtE =3 "h,, Z{:} Z<>2k+t( — ¢y Ut

=0

Removing the arbitrariness of k, we have

Vie{0,1,2,...,L}, b270 = Zh Z@n() _ fynig=i+in,

Finally, we obtain

L
Vie {0,1,2,...,L}, bi=> a, (nil> (Z Py (0 —t)”") 9~ UFIM=0) = (4.11)

expanding it for each ¢, the only condition to ensure the existence of {b; }o<i<y is
that 3, hm # 0, which leads to (4.8).
Further, if h reproduces the same polynomial, which means Vi < L. b; = a;, then

(4.11) is equivalent to

Vi € {O,].,Z,...,L}, Zﬁm(m—t)l: i,0-

m

According to Lemma 4.1, this is equivalent to (4.9).

Remark 4.4.

1. If ¢ = L in (4.11), we have b, = ar(X,, hm), that is to say if the decima-
tion operator reproduces constants, it always preserves the leading coefficient.

Other coefficients are given by (4.11).

2. If t = 0, h reproduces the same polynomial without translation, in this case,

Vn €{0,1,2,..., L}, > Wil" =,y

leZ

The following proposition exhibits the connection between polynomial (quasi)

reproduction of consistent subdivision and decimation,
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Proposition 4.4.

Given a subdivision operator h and a consistent decimation operator h,

1. if h reproduces polynomials up to degree L, then h reproduces polynomials up

to degree L.

2. if h quasi-reproduces polynomials up to degree L and h reproduces polynomials

up to degree L, then h reproduces polynomials up to degree L.

Proof.
Under condition (2.3),

1. (4.5) leads to (4.9).
2. (4.9) and (4.4) leads to (4.5).

More details can be found in Appendix B.

O
4.3.2 Composing Subdivision with Decimation
In this section, we focus on the operator hh.
Proposition 4.5.
Let h be a subdivision operator and h be a decimation operator-.
hh quasi-reproduces polynomials up to degree L if and only if
Vn €{0,1,2,..., L},
~ n ~ n (4.12)
ZhQZ Z hm(m — 2l) = Z h21+1 Z hm(m — 20 — 1)
IEZ meZ leZ meZ
and hh reproduces polynomials up to degree L if and only if
Vn €{0,1,2,..., L}, 3t € R,
(4.13)

STha Y hn(m=20" =3 ho1 > hup(m — 20— 1)" ="

leZ meZ leZ meZ

where t is a translation factor such that f € 7y, becomes f(- +t) in Definition 1.9.

Proof.

The proof is similar to the two previous ones, the key equations will be

Yk, g((k+1)27™) =" hyeor > Ay f(m27UHY)
I m
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by changing index,

L
Vie{0,1,2,...,L}, b= Zan (nn Z) (Z hy Z ﬁm(m _— t)n—i) 9=(+D)(n=i),
n=i - l m
(4.14)
with [ and k of same parity. (4.12) is deduced directly and (4.13) follows from the

equivalence to
Vn €{0,1,2,..., L},
STha Y hn(m =20 =" = hays1 Y hw(m—20—1—1)" =8,

leZ mEZ leZ mEZ

under the condition V2 < L, b; = a;.

O
Remark 4.5.
If t = 0, hh reproduces the same polynomial without translation, in this case,
Vn €{0,1,2,..., L},
(4.15)

ST hor 3 hn(m = 20" = harr Y hun(m — 21 = 1)" = G, -

lEeZ meEZ leZ meZ
By considering the definition of subdivision and decimation, a more commonly used

formulation of (4.15) is
Vk7n € {07 17 27 s 7L}7 th,m Zilmfﬂ(m - k)n = On,0-
! m

According to Proposition 4.4, the polynomial reproduction of a subdivision A is
sufficient for polynomial reproduction of hh if b is consistent with h. Indeed, we

have a better result,

Theorem 4.
If the subdivision h and the decimation h are consistent operators, h quasi-reproduces

polynomials leads to hh reproduce polynomials without translation.

Proof.
The proof exploits that (2.3) and (4.4) lead to (4.15). More details can be found in
Appendix B.

[l

Remark 4.6.
Since (4.15) can lead to (4.4) without consistency condition (2.3), if hh reproduces
polynomials up to degree m, the subdivision operator h must quasi-reproduce poly-

nomials of degree greater than or equal to m.
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4.3.3 Connection between Polynomial (Quasi) Reproduc-

tion Degree and Operator Length

Proposition 4.6.

Let h be the B-spline subdivision scheme of order m (mask of length m + 1) given
by (1.4), then h quasi-reproduces polynomials up to degree m — 1. Moreover, it is
the only mask of length m+1 that leads to the quasi-reproduction of polynomials up

to degree m — 1.

Proof.
This proof is performed in two steps, first, we prove that the mask (1.4) verifies
(4.4), then, we prove its uniqueness.

We first prove by induction that

m+1 1
> (m]j )k"(—n’f =0, VYn<m, (4.16)
k=0

i) it is easily verified for m =1,

o ()
ot (o (o)

ii) suppose

then

(7 et s
) é(@) - (kZ))k”(—l)k s )y
-E (e £ (e e
(4

=S () ()
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Splitting (4.16) with respect to even and odd indices leads to (4.4).

To prove uniqueness, we rewrite (4.4) as

he | [2 1 -1 1 -1 -]
—hy 0 1 1 1 1

Al hy | =|0] with A=1]0 1 2 3
—hs 0 0 12 22 3

The determinant of A is given by
11 1 11 1 - 11 1
det(A) 12 3 N 0 2 3 N 01 3 N
e =

122 3% ... 0 22 3% ... 0 12 32

each determinant is the determinant of a Vandermonde matrix, so det(A) > 0 and
{hi}o>i>m+1 is uniquely determined.
O

Remark 4.7.
For a subdivision operator with fixed length, the B-spline scheme is the scheme

which gives the highest degree of polynomial quasi-reproduction.

Proposition 4.7.
Let h be a p-point Lagrange subdivision scheme given by (1.5) (of length 2p), then
h reproduces polynomials up to degree p — 1. Moreover, it is the only mask of length

2p which leads to the reproduction of polynomials up to degree p — 1.

Proof.
The proof also includes two parts, first we verify the polynomial reproduction con-
dition (4.5) with the mask given by (1.5), then we prove the uniqueness of this mask
with fixed length.

Taking [ + 7 = p and denoting 2! = —t/2, thus 2" = —t/2 + 1/2, with a little
calculation, we find that Vn € {0,1,2,...,l+r — 1}

S @)=Y I TR iy =
i=—Tr j=—1r k=—I1+1,
k#—1
= r_4241/2—k
> hoin(2i+1 Z 1T /_J_r_/ (2i +1)" =
1=—r i=—7 k;;l_+1 1 k:
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which verify (4.5).

To prove uniqueness, we rewrite (4.5) with (1.5) as

ha 1 [ 1
h—or 42 t h_9r43 t
A : = : and B : = ,
Pt =2 Bos =2
Pot—s Hr—1 hoy1 lr—1
with
1 1 o 1 1]
—2r —2r 42 20—4 20— 2
A= : : : : : :
(—27“)1+T—2 (_27, 4 2)l+r—2 . (21 _ 4)l+r—2 (2l _ 2)l+r—2
_(_2r>l+r—1 (—27“ 4 2)l+r—1 . (2l _ 4)l+r—1 (2l _ 2)l+r—1_
i 1 1 s 1 1]
—2r+1 —2r+3 20—3 20 -1
B = . : : : :
(_27, 4 1)l+r72 (—27” + 3)l+r72 . (2l _ 3)l+r72 (2[ _ 1)l+r—2
(—27“ + 1)l+r—1 (—27‘ + 3)l+r—1 .. (2l _ 3)l+r—1 (2l _ 1)l+r—1
Since A and B are invertible Vandermonde matrices the uniqueness is straightfor-
ward.
O
Remark 4.8.

For a subdivision operator with fixed length, Lagrange scheme is the scheme which

gives the highest degree of polynomials reproduction.

Proposition 4.7 states that a p-point Lagrange subdivision always reproduces
(and also quasi-reproduces) polynomials of degree p — 1. In the symmetrical case,
it gains one more degree for polynomial quasi-reproduction, which is clarified in the

following proposition.

Proposition 4.8.
Let h be the shifted 2p-point symmetric Lagrange subdivision operator, then h repro-
duces polynomials up to degree 2p— 1 with a translation of 1/2 and quasi-reproduces

polynomials up to degree 2p.
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Proof.
It is easy to verify that Vn =0,1,2,...,2p — 1,
p

I§L(1)<2'+1>n §L(3)(2‘+1+1>n 5
iZ)\2t+5) = il 5] = Ono;
! 2) & Y\ 2 0

and

3 L= ¥ e+

the proof is completed according to Proposition 4.2.

4.4 Stability of the Multiresolution and Decay of

the Prediction Errors

4.4.1 Stability of the Multiresolution

In the linear case, since the subdivision is assumed to be convergent, we focus on
the stability study of the decimation operator.

The following proposition provides a condition to ensure this property.

Proposition 4.9.
A linear decimation operator h is stable if the subdivision whose mask is constructed

from sequence Z(Bl)lez is stable.

Proof.
For all (f/)icz € V7 subdivided from V° by successively applying a subdivision

operator h,

j 0
fl] = Z hl*?ljfl Z h’lj,172lj,2 T Z hlg*?ll Z h‘l1*2lofl0
lj—1 lj_2 I lo
=S
1—271lgJ lo*
lo

If h is stable, there exists C' € R, such that

LA el (4.17)
lo

then

2.2 o,
0

<y C.
l
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Since Y, ’h{_mol is independent of [,

Vo, Z\hl pip| < 2C.

For all (f)iez € V° decimated from V7 by hi,

fl() = Z h‘l172l0 Z hlg*Qll e Z hlj,172lj,2 Z h’lj*2l]'71fl]
lj—1 l;

(4.18)
- Z hl 210 f
Since (hy);ez is constructed by 2(51)162, we have
‘hl 27l ‘—2 ]Z‘hl 2| =
which leads to the stability of decimation h.
O

The assumption on the stability of the subdivision associated to 2(h;)iez can be
replaced by a general condition that can be more easily satisfied in practice. Let us

first introduce the following useful lemma.

Lemma 4.2.
Let h be a decimation operator, the operator h',i € N* stands for its i-th iteration.

Then the decimation operator h is stable if and only if h' is stable.

Proposition 4.10.
The decimation operator h is stable if and only if there exists i € N*, such that the

subdivision h constructed from sequence 2(hi)ez is stable.

Proof.
The proof is straightforward by taking j = ik in the proof of Proposition 4.9, since

(4.18) can be rewritten as

= Z ﬁllleo Z Bl272l1 Z hlzk 1— 2lzk 2 Z hllk 2lzk 1fl ik

ZICI

- Z Z Zhl -2l " hll 210 Z Z Z hlzk —2lk— 1“.Blik—i-&-l_%ik—i)flii]z

i lz 1 lzk lzk 1 llk i+1

- i g ik
- Z hli*2i10 T Z hlik*?likﬂ' lik
l; lik

and the necessity is concluded by Lemma 4.2.
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In the non-linear case, since the decimation is not always a subsampling operator,
the stability of the decomposition is not straightforward and a numerical test is

provided in Section 4.5.2.

4.4.2 Decay of the Prediction Errors

The next proposition provides a condition to deduce the decay rate of the prediction

error for linear uniform subdivision schemes.

Proposition 4.11.
Let h be a linear uniform stable subdivision operator and h be a linear stable deci-

mation operator.
If (4.15) is satisfied, i.e.

Vk,n e {0,1,2,..., L}, th gzzhm ar(m — k)" = 0,0,
then for sufficiently large 5 € 7Z,
le/|| < G271, (4.19)

where C' does not depend on j.

Proof.
Condition (4.15) is equivalent to

Vi<n<L, K'=Y heud hyom"
l m
and implies that

VJEZ,Vl STZSL, k‘2 j th QZth 2[ m2 J =0 . (420)

Moreover, for any j, one can introduce f; € C*(R) with Ly >> L such that
f,z = f;(k277). We postpone to the end of the proof the construction of a particular
f; to get the expected result of the proposition.

Using Taylor expansion, it then comes out,

L+1 1

= 10277 = 32— fPO0)(k27)" +o(27) )

n=0

and the prediction error (1.16) can be rewritten
L+1 1 . ~ . .
Z 7”7 ( k2_])n — Z hk,Ql Z hm,gl(m2_])") + 0((2_J)L+l).
n=1 1 m
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According to (4.20),

el — (I/_’l_l)‘f;L-i-l)(O)((k,Z—j)L-&-l S ey Hm_Zl(mQ—j)L—H) o279,
| l " (4.21)

To finish the proof we introduce a particular f; such that Vi < L, || fj(i)Hoo is
controlled independently of j that leads to a constant C' independent of j such that
lef|| < C27It+.

For any j € [Jo, Jmaz — 1], f; is constructed from f;, . € C*(R).

More precisely, starting from ( ;) ez with f/mer = f; (k27 Ima) (f/mo ey

is written

it = (Dt ) = S b = Rl = X (+2K)2),

lIEZ leZ leZ

f1....—1 can therefore be defined as Vx € R
Srnan—1(x) = ; M f g (127770 4 ),
and it is straightforward that Vi < Ly,
ffemlloe < 2RIl (4.22)
Iterating this process, Vj € [Jo, Jmae — 1],
15l < (S P11 o (4.23)
Since h is stable, there exists C' > 0 does not depends on j such that

151l < CIS) oo

and (4.21) leads to
lle?]] < 2~ (L+1)j

Remark 4.9.
According to Theorem 4, in the case of a consistent decimation, condition (4.15) in
the previous proposition can be replaced by an assumption of quasi-reproduction of

the subdivision operator.

Proposition 4.11 is extended to the case of non-linear subdivision schemes.
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Proposition 4.12.
Let h be a non-linear subdivision scheme with h = h*+h™ where h* quasi-reproduces
polynomials up to degree p, and h be a stable consistent decimation operator con-

structed according to Theorem 2. If there exists ¢ € N such that for any polynomial
Py of degree (q — 1), defining (fl)rez = (Pa(h277) + € )iez,

W p = 0(e),
then the decay rate of the associated prediction error is at least min(p, q).

Proof.

For a consistent couple (h, h),
fj — ’;ij+1 _ ;LijH _ BLthj_
The associated prediction error can be written as
et = (I — ") 70 — (I — RN f7
since (I — h h") is a linear operator and h is stable,

eIt — O(z—min(pyq)j)

9

the proof is achieved.

4.4.3 Examples

4-point Shifted Lagrange Scheme

Since 3 ; _ -
1 1 1 1
2 0 -2 4 L -3
2207 (=2 (97| | 1% | _| (32
2> 0% (=2)° (-4)° o (—3)°
2t 0t (=2)* (—4) — o8 —3
2007 (=2)> (—4)° | B
111 1] o]
31 -1 =3 ~-Z -1
3?17 (=12 (=3)? s || (=3)?
31 (-1)° (=3)° ios (—3)°
31 (=)t (=3 — 155 -5
31 (=1) (=3)° B
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this scheme reproduces polynomials of degree 3 and quasi-reproduces polynomials

of degree 4, thus the decay rate of the associated prediction error is 5.

Proposition 4.13.
The decimation operator given by (2.14) is stable.

Proof.
The proof is straightforward since the subdivision operator constructed from 2(h3);ez
is convergent. Indeed, following the algorithm proposed in [21] and with the same
notations, we have

matiez Y |00, = 0.983338 < 1.

JEZ
It means that S, is contractive after 9 iterations and therefore that the scheme is

convergent.

]

2-point Shifted Lagrange Scheme, B-spline of order 3

Since
11 1 11 1
3 1 1 1
0 -2 [4}_ —2 -1 [4]_ —2
02 (—2)? 3 1 12 (—1)2 8 1

0® (-2)° —2 12 (—1)3 -1

this scheme reproduces polynomials of degree 1 and quasi-reproduces polynomials

of degree 2, thus the decay rate of the associated prediction error is 3.

Proposition 4.14.
The decimation operator given by (2.12) is stable.

Proof.

The stability is ensured since the subdivision operator constructed from 2(h?)cz is

convergent. The convergence is verified because
1
Vi1, ia, i, i1 € {0,1}, maz ((2)4||A§j>A§;>A§;>A§§>||> — 0.71987 < 1,
where A(()l), Agl) are associated refiniment matrices for differences.

Proposition 4.15.
The decimation operator given by (2.13) is stable.
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Proof.
The stability is ensured since the subdivision operator constructed from 2(h?)cz is

convergent. The convergence is verified because
1
Viy,ia, i3, 14,15 € {0,1}, max ((2)5||A§j)A§§>A§§)A§i)A§§>||> = 0.86584 < 1,

where A(()l), Aﬁ” are associated refiniment matrices for differences.

4-point Interpolatory Lagrange Scheme

Since
111 I R 1]
3 1 -1 =3 5" 0
6| _
32 12 (—1)2 (=3)? Yol=10 |
16
318 (-1 (=3 || ' 0
_34 14 (_1)4 (_3)4_ 16 __9_

this scheme reproduces polynomials of degree 3 and quasi-reproduces polynomials

of degree 3, thus the decay rate of the associated prediction error is 4.

B-spline Scheme of Order 4

Since

11 1 1 11 1 1

2 0 -2 3 1 3.1 -1 3 1

2207 (=22 | |5 |=1]2], |3 12 (-1)*||3]|=]2
1

22 00 (=2 | |0 4 31 (=1 || 4 4

|24 0 (=2)* ] 8] 3 1t (-1 |11

this scheme reproduces polynomials of degree 1 and quasi-reproduces polynomial of

degree 3, thus the decay rate of the associated prediction error is 4.
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B-spline Scheme of Order 5

Since

i 1 1] 11 1] 1]

2 0 -2 5 % 3 1 -1 N %

22 02 (_2)2 1§6 _ % 32 12 (_1)2 1§6 B %
8 ) 8 - ?

23 0% (-2)3 1 2 3?13 (-1) 5 2

2t 0t (=2)* 16 6 31t (—1)* 16 6

25 (9 (—2)5 8 35 1° (—1)5 %

this scheme reproduces polynomials of degree 1 and quasi-reproduces polynomials

of degree 4, thus the decay rate of the associated prediction error is 5.

B-spline Scheme of Order 7

Since
11 1 1 1]
2 0 -2 4 -1
22 0% (=2)? (—4)? = 2
200 (<2 (4P || B _| %
24 0 (=2)* (-4 % 11
25 0% (=2)° (—4) + —23
26006 (=2)% (—4)° 92
27 07 (=2)7 (—4)7 | —284
(11 1 1] 1]
31 -1 =3 -3
32 12 (—=1)2 (=3)? &= 2
3 (- (=3 | A Y
31t (-1t (=3t || B 1|
35 15 (=1)° (=3)° = —23
36 16 (=1)% (=3)8 92
3T 1T (DT (8)7 |5

this scheme reproduces polynomials of degree 1 and quasi-reproduces polynomials

of degree 6, thus the decay rate of the associated prediction error is 7.
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4.5 Numerical Tests

Several tests are performed in this section to study the multiresolution analyses
associated to the 4-point shifted Lagrange and PPH schemes. The two first ones
are related to the numerical investigation of the prediction error decay and of the
stability of the multi-scale decomposition transform. The last one is devoted to the

evaluation of the performance of the new multiresolutions for image compression.

4.5.1 Decay Rate of the Prediction Error

Starting from a point value discretization of the function displayed in Figure 3.1, a
multi-scale decomposition transform is applied from a fine level j = 12 to a coarse
one jo = 7. Figure 4.1 provides the evolution of the prediction error (in log-scale)
with respect to the level. It appears that the decay rate is larger for the linear
approach (slope of 5.0379, to be compared with the theoretical value of 5) than for
the non-linear one (slope of 4.21979). This can be explained by the presence of the
non-linear perturbation term that reduces the degree of polynomial approximation.
As a comparison, the interpolatory Lagrange approach leads to a slope of 4.00717,

to be compared with the theoretical value of 4.

10

-15 F e
./‘/
-20 + ,/'/'
-
.
,/'/
25 P
./‘/
./(/
-30 7
e

e .

a5l 7 shifted PPH

77777 shifted Lagrange
interpolatory Lagrange

-40

12 11 10 9 8 7

Figure 4.1: Logarithm of the prediction error versus scale for different schemes :

4-point shifted PPH, 4-point shifted Lagrange and 4-point interpolatory Lagrange
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Figure 4.2: Various test functions : from top to bottom, the function is less regular.

On Figure 4.2, 4.3, 4.4 and 4.5, we focus on the effect of the data regularity
on the behavior of the prediction error. When moving from regular to non-regular
test functions, one can observe that the non-linear approach outperforms the linear
one in terms of decay rate and error values. This important result is exploited in

Section 4.5.3 for image compression.

shifted PPH

shifted Lagrange

Figure 4.3: Evolution of the prediction error (log-scale) versus scale in the vicinity

of point xy = 0.5 associated to the test functions of Figure 4.2.
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Figure 4.4: Test functions with discontinuity at point xy = 0.5.

10 9 8 7 6 5 10 9 8 7 6 5

shifted PPH
2| === shifted Lagrange -2

Figure 4.5: Evolution of the prediction error (log-scale) versus scale in the vicinity

of point xy = 0.5 associated to test functions of Figure 4.4

4.5.2 Estimation of the stability constant

Given a sequence f7 = (f{)rez, we denote f7 = (f)rez a perturbed sequence and
{fo, dio, dio+t . di~'} its associated decomposition. The decomposition stability
constant is defined as

_ 17 =

I = Folls+ Sl — dil

S
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column index 10 60 110 160 210 260 310 360
Cs- SPPH | 1.1889 | 1.2463 | 1.1605 | 1.2192 | 1.1739 | 1.2283 | 1.1454 | 1.2076
Cs- SLAG | 1.1516 | 1.2488 | 1.2701 | 1.2417 | 1.2034 | 1.2566 | 1.2419 | 1.2488

Table 4.1: Estimation of the stability constant for the decomposition associated

to the shifted PPH and the shifted Lagrange schemes based on image stream

column index 10 60 110 160 210 260 310 360
Cs- SPPH | 1.2650 | 1.1648 | 1.2557 | 1.2350 | 1.2425 | 1.2415 | 1.1421 | 1.1367
Cs- SLAG | 1.1562 | 1.2358 | 1.2535 | 1.2225 | 1.2636 | 1.2459 | 1.3485 | 1.2499

Table 4.2: Estimation of the stability constant for the decomposition associated

to the shifted PPH and the shifted Lagrange schemes based on image tezmos3

This constant is evaluated for different columns of the images stream (Figure 4.7)
and texmos3 (Figure 4.8) where the perturbation is obtained by adding a white
gaussian noise (NV(0,10)). Figure 4.6 shows an example of f7 constructed from
the 10-th column of each image. The numerical estimations of the decomposition
stability constant are shown in Table 4.1 and Table 4.2 for each image considering

shifted PPH (SPPH) and shifted Lagrange schemes (SLAG).
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Figure 4.6: Perturbed sequence constructed from the 10-th column of image stream

(left) and image texmos3 (right), noise in blue and origin data in green

Since the linear shifted Lagrange decomposition is known to be stable, the sim-
ilarity between the stability constants associated to the two schemes is a good

tendency that leads to think that the non-linear shifted PPH decomposition is sta-
ble.
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4.5.3 Image Compression

Four multiresolution frameworks are considered in this section. They are associated

to the following subdivisions and decimations,

interpolatory Lagrange the 4-point interpolatory Lagrange subdivision scheme

associated to the mask (1.6) and the consistent subsampling decimation.

shifted Lagrange the 4-point shifted Lagrange subdivision scheme associated to

the mask (1.7) and the consistent decimation associated to the mask (2.14).

interpolatory PPH the 4-point interpolatory PPH subdivision scheme and the

consistent subsampling decimation.

shifted PPH the 4-point shifted PPH subdivision scheme given by (1.10,1.11) and
the consistent decimation constructed from Theorem 2 involving the linear
decimation (2.14).

Starting from an image of size 512 x 512 (j = 9), several decompositions are
first performed until jo = 5. Then, after truncation of the detail coefficients with
different thresholds, the reconstruction transform is applied and the resulting im-
age is compared to the original one. The performance of each tested approach is
evaluated by computing the so-called PSNR (Peak Signal Noise Ratio) defined as

interpolatory pph

\ interpolatory lagrange
N == shifted lagrange
shifted pph

1 15 2 2.5 3 3.5 4
compression ratio

Figure 4.7: Left : test image stream, Right : PSNR versus compression ratio for
interpolatory Lagrange, shifted Lagrange, interpolatory PPH and shifted PPH mul-

tiresolutions.
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2
PSNR = 10log,, M

n m j 5 2
ie1 2per | fik — ik

with respect to the compression ratio which is the ratio between the size of the

original image and the size of the compressed image.

The results on the first image (Figure 4.7) show that the shifted schemes (that
are non-interpolatory) exhibit a better performance than that of interpolatory ones.
Moreover, the shifted PPH scheme outperforms the linear shifted one.

For a sketchy image (Figure 4.8), we get more significant compression ratios
while the shifted PPH scheme still outperforms the linear shifted one. In this case,

non-interpolatory approaches lead to better results for high compression ratio.

\| : interpolatory pph

i : interpolatory lagrange
'\“\ N e shifted lagrange

[ : shifted pph

0 10 20 30 40 50 60 70 80
compression ratio

Figure 4.8: Left : test image texmos3, Right : PSNR versus compression ratio

for interpolatory Lagrange, shifted Lagrange, interpolatory PPH and shifted PPH
multiresolutions.

The result stated by Theorem 2 allows different choices of linear decimation
operators and therefore different prediction errors and details. To evaluate the
effect of this choice on the capability of the 4-point shifted PPH multiresolution,
four linear decimations are considered in the sequel : decimation of length 8 given
by (2.14) (L8), decimation of length 12 given by (2.15) (L12) and decimation given
by (2.11) (Quarter). Figure 4.9 displays the evolution of the PSNR with respect to
the compression ratio for those multiresolutions.

It appears that the choice of the linear decimation has a non negligible effect on
the capability of the multiresolution. In this test, the decimation given by (2.14)

leads to the best results. This clearly indicates that in practice, the construction of
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the linear decimation has to be carefully chosen before applying Theorem 2. This

point will be studied in future investigations.

50 ¥ T T T T T

48 I S L12 ]
\ Quarter
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PSNR
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36 B ‘\ T
34 + N\ E

32 | N -

30 1 1 1 1 hd 1
1 1.5 2 25 3 3.5 4

compression ratio

Figure 4.9: PSNR versus compression ratio for the 4-point shifted PPH subdivision

scheme with three different consistent decimation operators, stream image

4.6 Conclusion

A generic approach was developed in this chapter to fully construct multiresolution
analysis associated to general subdivision scheme. Starting from consistent deci-
mation operators following Theorem 2 of Chapter 3, detail subdivision and detail
decimation operators are introduced by exploiting the action of some specific linear
decimation on the so-called prediction error. Several theoretical results were then
established to ensure polynomial quasi-reproduction and reproduction. This prop-
erty is important since it controls the prediction error decay rate which was further
studied. A special attention was also devoted to the stability of the multi-scale
transforms. In order to show the interest of these new developments for practical
issues, we finally focussed on two linear (shifted Lagrange) and non-linear (shifted
PPH) schemes. The last application illustrated that it is now possible to exploit the
advantages of these non-standard subdivision schemes in the framework of image

compression.
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Conclusion and Perspectives

This thesis was devoted to the construction of a compatible multiresolution frame-
work based on a given subdivision scheme. Because of the diversity of subdivision
schemes, different approaches were developed to deal with different kinds of subdi-
vision scheme that can be linear or non-linear. We first focussed on the construction
of decimation operators. Exploiting the consistency property between subdivision
and decimation, a first approach was introduced in the linear uniform framework.
It was then extended to non-uniform (position-dependent) strategies. Its advan-
tages first stand in the simplicity of its implementation since it relies on the inver-
sion of matrices constructed from the subdivision masks. Moreover, the length of
the decimation mask can be fixed beforehand which allows, similarly to subdivi-
sion, integrating only the information in the vicinity of the point of interest. For
more general linear subdivision scheme, we proposed in a second approach a global
method for decimation construction in the sense that it takes into account all the
available data in a given interval. It can then be used for any kind of linear sub-
division scheme without adapting locally the decimation. This approach remains
limited to a small size of data since it involves the inversion of a full matrix. It
is therefore more efficient when it is coupled with a zone-dependent strategy [33].
Finally, a last approach was proposed in the case of general subdivision scheme
(linear or non-linear). Given a subdivision h, the key point is the existence of linear
decimation operator A% such that hh — I satisfies a contraction property. Besides
the genericity of this method, its main advantage stands in the flexibility of the
choice of hE that, as it was shown in numerical studies, can have some influence on
the capabilities of the associated multiresolution. To fully complete that connection
with subdivision-based multiresolution, so-called detail decimation and subdivision
operators were introduced and the resulting multiresolution analyzed (polynomial
approximation, prediction error decay, stability of the multi-scale transforms). For

practical issues, several examples of standard and non-standard schemes (linear or
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non-linear) were studied. The last promising test of this thesis showed that it is now
possible to define new multiresolution analysis and exploit the advantages offered

by subdivision schemes in the framework of image compression.

Future works concern :

e The full analysis of the multiresolution in the non-linear framework : the
multi-scale transforms have been constructed but the theoretical analysis of
the decomposition stability still remains an open question. Further investiga-
tions are also required to derive the prediction error decay rate in the case of
the shifted PPH scheme that has only been studied numerically in this thesis.

e The choice of the linear operator in the general method for the construction
of consistent decimations : we proposed a method that can be applied in both
linear and non-linear frameworks provided there exists a linear decimation h“
such that hZh — I satisfies a contraction property. It is therefore important to
clarify the relation between hZ and the prediction error behavior. It will then
be interesting to construct an automatic selection of this linear operator in or-
der to optimize the multiresolution capability. It will also include a theoretical

analysis of the contraction property for every considered decimation.

e The coupling between subdivision-based multiresolution and classical strate-
gies used in the wavelet framework : it is now possible to construct the four
operators involved in multiresolution analysis. One can then exploit existing
strategies such as the lifting scheme [35] in order to improve their compression

capability.

e The application to image compression : a first numerical test was conducted to
decompose and reconstruct images using shifted Lagrange and PPH schemes.
It appeared that non-interpolatory approaches are promising to improve the
compression ratio for a fixed PSNR. However, further tests on geometric and
real images are necessary to confirm this conclusion. It would be also inter-
esting to consider multiresolutions associated to other non-standard schemes
such as the penalized Lagrange one [31] or the kriging one [7] that offer the pos-
sibility to combine interpolatory and non-interpolatory predictions. A bench-
marking of all these different approaches would be valuable to better clarify

their advantages and limitations as well as the specific situations where they
should be used.
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Appendix A

Alternative Proofs

Proof of the consistency condition (Proposition 2.1) using

Laurent polynomial

Denote
Fi(z) =3 flz", F*(x) =3 fi7's"
keZ keZ
and
hz) =Y hz, hz) = > hy*
keZ keZ
Equation (2.1) leads to

FIH(z) = h(2) (%),
and equation (2.2) leads to

FI(:2) = (A=) (2) + (=2 ) P (=2).

N | —

The consistency condition implies that
h(2)h(z7Y) 4+ h(=2)h(—271) =2
With a little calculation,
> hiﬁjzi_j +> hiﬁj(—z)i_j =2,
4,7 .3
VkeZ, hoks jhj 2" =1,

J

and finally,
Yk €Z, > hoprjhj = Oko.
J
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Equivalence with polynomial quasi-reproduction using Lau-

rent Polynomial
Denote h(z) = 3, Iz, then its d-th derivative is

hD (2 Z hy (Uﬁ )) 2.

m=0

Let’s consider

00 = o (TL0 =) (- = S (3 st -
where s(d,m) denotes the Stirling numbers of the first kind.
M=) = 3 ) (S -
with s(d, m) = —(d — D)s(d — 1,m) + s(d — 1,m — 1), we have
D (—1) = Edjo (—(d—1)s(d —1,m) + s(d — 1,m — 1)) (2; hlzm(—1)1> (-1)7¢,
A (—1) = (d—1) dzlos —1,m <Zhlzm ) —1)"@D

+ de s(d—1,m—1) (Z hlzm(—1)l> (—1)7<.

By recurrence, we have

vn €{0,1,2,...,L}, > hl*(-1)'=0.

IeZ

which is equivalent to (4.4).

Finally, we have the equivalence between condition (4.4) and

vd € {0,1,2,...,L}, Rh@(-1)=0.
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Appendix B

Calculation Details

The proof of Proposition 4.4 is based on the following lemma.

Lemma B.1.
If (2.3) is verified,

1. (4.5) leads to (4.9).

2. (4.9) and (4.4) leads to (4.5).

Proof.
Changing index in (2.3) gives,

Zh%ﬂf}j = Or0-

)
For p € {0,1,2,..., L}, it follows,

;(Zh%ﬂﬁj ) = zkj (9r.0(2k)7),
J
;(Zh%ﬂ (2k+j—t—j+1)) = 60,
J
Z(Zh%ﬂh 2(:)( ) (2k +j = P (—j + 1)) =y,
; :

Zi( )(Zk:hzk+j(2k+j—t)p"')ﬁ( J+1)" = dpo,
j

=0

that leads to

Z horj(2k +j — )P = 6p0 = Z Ej(j —1)P = dpo.
k

J
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Otherwise,
>y (f ) 0= 01 (ks 2+ = 07) = Gy

if hog+;(2k + 7 — t)P~* does not depend on the parity of j,

S hi(G—t)P =0p0 => > how;(2k +j — )P = by,
J k

which completes the proof.

The Proof of Theorem 4 is based on the following lemma.

Lemma B.2.
We hawve,

1. (4.15) leads to (4.4).

2. (2.3) and (4.4) leads to (4.15).

Proof.
1. According to equation (4.15), Vk,n < L,

(Sn,o = Z hi_o Z Bm—Ql(m - k)n
I m
= Z -2 Z Tm a1 ((m = 21) = (k — 21))"

= th zthm 212< ) — 20k — 20" (— 1)
TS T

By expanding it with respect to each n < L, we know that for i being fixed,
S hi—o(k — 21)* should not depend on the parity of k for all 4 < L which leads to
(4.4).

2. Let us first introduce the following notations,
E' =" hy Y ho(2k —20)"
1 k
Eyo = hary1 Y hopa (2k = 20)",

! k

B =Y ha Y hoppr(2k +1—20)",
! k

Ene == Z h21+1 Z ilgk(Qk’ - 2l - 1)”
1 k
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where E, , is associated with even indices of M}, and odd indices of Mj.

First we will prove that the consistency condition (2.3) implies
VneN, El, + E;,=0np - (B.1)

It is easy to verify that for n = 0, EY 4 EJ , = 1. Moreover, for any n € N*, the

consistency condition leads to

Z(Z hizaihi)(25)" =Y 6;0(25)",

S heay(2) )i =0

Splitting the previous sum with respect to even and odd indices, we get
Z(Z h2172j(2j)n)52i + Z(Z h2i+172j(2j)n)52i+1 =0,
i i

Z hay Z hok(2k — 21)™ + Z hoi Z hopt1(2k — 21)" = 0,

which is prec1sely,
El.+E;,=0.

Considering (B.1), condition (4.15) with VO <n < L,
B + El, = 6n0, By + E), = 0np - (B.2)
becomes Vn € {0,1,2,..., L}

Zhngh% (2k — 21)" ZhngZh% (2k — 20 — 1),

Z hoy Z h2k+1 2]{3 +1-— 2l Z hari1 Z h2k+1 2/{7 — 2[)

which can be written as

thzk: 2k

M:

I
o

7

M:

—Zh21+1zhk

() oy

<”> (—1)1(2k)" (20 + 1),
(n
§
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M:

Z hay Z h2k+1

I
o

3

(=1)"(2k + 1) (20 + 1)".

NgE

)(-1)%’(% + )" (21)
= Z hai Z hoks1 )

Il
o

7



It leads to

fj( ) Zhgl (21)° Zhgm 20+ 1)) 3" hop(2k)" " = 0,

=0 k

> <@> th (21)° thl 20+ 1)) hopy1 2k + 1) =0,
k

1=0

which shows the equivalence between (4.4) and (4.15) under condition (2.3).
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