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RESUME

Dans cette Note, on propose un nouveau formalisme pour les représentations multi-
échelles non-linéaires et non-séparables. Tout en gardant des similarités avec les résultats
théoriques existants, celui-ci permet d’obtenir des théorémes de convergence et stabilité
sous des hypothéses plus faibles.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Nonlinear multiscale representations are naturally defined using nonlinear prediction operators. In applications, it may
be of interest to define multiscale representations that are not based on a dyadic grid. Several examples exist in image pro-
cessing where the use of representations built using non-dyadic grids significantly improves the compression performance
[2]. We define Lipschitz-Linear prediction operators in that context, and we give several examples of such operators, namely
the recently introduced PPH scheme. We give convergence and stability results of the nonlinear multiscale representations
based on Lipschitz-Linear prediction operators both in LP and Besov spaces. These results are part of a much deeper study
available in [4]. A new aspect is introduced, namely the notion of prediction operators compatible with a set of differences.
The results on the convergence and the stability of the corresponding multiscale representations are identical to those
obtained for representations based on Lipschitz-Linear prediction operators. For applications, the interesting aspect of this
notion of compatibility is that it enables to reduce the complexity of the study of the joint spectral radius. We conclude
the paper showing the convergence of some nonlinear multiscale representations associated with Lipschitz-Linear prediction
operators, namely the PPH scheme.
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Before we start, we need to introduce some standard multi-index notations. For example, for o = (o1,...,aq) € Ng
we write || = Zle «; and for x € RY we write x* = x‘;“ ~~~x§‘d, monomial with degree |x|. By (e1,...,e4) we denote
the canonical basis on Z?. The finite number of all monomials x* with degree N is denoted by r?\,. We then introduce
[1y the space of polynomials of degree N generated by {x* = fl 1% lel < N}. In what follows, we will write deg(p)
for the degree of any polynomial p. With that in mind, we denote, for any multi-index « and any sequence (Vi)pcgd:
A%vg = Agl -+ Ag?vy where Ag?vy is defined recursively by: Ag?vy = Ag‘d‘“lvkﬂd - Agf]\/,(. For a given multi-index ,

we will say that A¥ is a dlfference of order |&|. For any N € N, we will denote ANvy = {A%vy, || = N}.

2. Multiscale representations

We assume that we are given the data (Vk)kezd j >0, associated to the locations I'J = {M~Ik, ke 74}, where M is

a dilation matrix, (i.e. an invertible matrix in Z¢ x Z¢ satisfying limp—, 100 M™" = 0). We also consider that there exists
a prediction operator S that computes 94 = svi=1, an approximation of v/. Then, we define the prediction error as e/ =
vd — $J. The information contained in v/ is completely equivalent to (vf 1 eJ). By iterating this procedure from the initial
data v/, we obtain its nonlinear multiscale representation MvJ = (v°, e ,...,ef) [3]. Conversely, assume that the sequence
(v0, (&) j>0) is given, we are interested in studying the convergence of the following nonlinear iteration:

vi=svi=l el (2.1)

to a limit function v, which is defined as the limit (when it exists) of v;j(x) =Dz v,{wj,k(x), where ¢;(x) denotes
@(Mix—k) and ¢ is some compactly supported function satisfying the scaling equation:

ox) = Z gn@(Mx —n) with Zgn m := |det(M)|. (2.2)
nezd

When the sequence of functions (v;);>o is convergent to some limit function in some functional space, by abusing a little
bit terminology, we say that the multiscale representations (v°, (e/) j>0) is convergent in that space. The scaling equation
(2.2) gives rise to the definition of a local and linear prediction operator S; as follows:

SVik=)_, Zk-miVi. (2.3)
lezd

3. Lipschitz-Linear prediction operators

In the following, a nonlinear prediction operator is a map v € £°(Z9) — Sv € £2°(Z4). In this paper, we study a particular
type of nonlinear prediction operators defined by the sum of the linear prediction operator S; and of a perturbation term
which we define hereafter. The linear prediction operator shall satisfy the polynomial reproduction property which we now
recall:

Definition 3.1. We say that a prediction operator S reproduces polynomials of degree N if for u; = p(k) for any p € [ ]y, we
have

Sug =p(M~'k) +q(k)
where ¢ is a polynomial such that deg(q) < deg(p). When g = 0, we say that the prediction operator exactly reproduces
polynomials.

With this in mind, we introduce the definition of a Lipschitz-Linear prediction operator:

Definition 3.2. A prediction operator S is Lipschitz-Linear of order N + 1, if it is the sum of the linear prediction oper-
ator Sy, assummg to reproduce polynomials of degree N, and of perturbation terms defined using Lipschitz functions ®;
i=0,. — 1, such that @;(0) =0, as follows:

N+1 N+1 -
SVMiti = StVatii + Pi (AN vy p, o AN v ) Vi€ coset(M)

where {p1,..., pq} is a fixed set and where M is the dilation matrix associated to the definition of S;.
Let us consider Q :=Z/MZ, Q is made of m equivalence classes which are called cosets associated with the matrix M.
We define the set of representatives of the cosets C(M) by {0} U {MU N Z} where U = 10, 1[%.

From the above definition, we remark that when S; reproduces polynomials of degree N so does S.
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4. One-dimensional Lipschitz-Linear prediction operators

We start by considering the one-dimensional case with M = 2. Given a set of embedded grids =271k, kez) we
consider discrete values vlj< defined on each vertex of these grids. These quantities shall represent a certain function v at
level j. As an illustration, we show that the PPH scheme is an example of Lipschitz-Linear prediction operator [1]. The PPH

. j-1, -1
scheme is defined by: 73, , = % - lH(sz,j< 1 vk 1y and vz,< = vk ! where H(x, y) := X+y (sign(xy) + 1). Since
H satisfies |H(x, y) — H(x', y))| < 2max{|x — X'|, |y — ¥'|}, it is a Lipschitz function and since |H(x, y)| < |max(x, y)| it is

j-1 Jj—
bounded. Finally, the linear scheme % reproduces polynomials of degree 1, therefore the PPH-scheme is a Lipschitz-
Linear prediction operator of order 2.

5. Multi-dimensional Lipschitz-Linear prediction operators on non-dyadic grids

The motivation to consider non-dyadic grids are, for instance, better image compression results (see [2]). Having defined
the grid I'J = {M~Jk, k € Z4} using a dilation matrix M, we consider discrete quantities v, defined on each of these grids.
They shall represent a certain approximation of a function v at level j. As an illustration, we consider the bidimensional
PPH-scheme defined by where the grids I"/ are associated with the quincunx matrix M. We consider the following extension

j—-1
- . S Vi Vi e 1 =1 A2
of the PPH scheme to the bidimensional case: Vitktre, = —_—t = H(AMe1 Vi s Ae, vk Me ) and ka = vk . Note

j=1 j-1
vk+€1

and v;, +:1 +ey and thus reproduces polynomials of degree 1. Since the perturbation is associated to a bounded Lipschitz
function of the differences of order 2, this multi-dimensional prediction operator is Lipschitz-Linear of order 2.

that the linear part of the prediction operator is obtained by considering the affine interpolation polynomial at v;,

6. Convergence theorems

The convergence theorems are obtained by studying the difference operators associated to Lipschitz-Linear prediction
operators. The existence of such difference operators is ensured by the following theorem:

Theorem 6.1. Let S be a Lipschitz-Linear prediction operator of order N + 1 then there exist multi-dimensional local operators S®,
k < N + 1 such that AkSv = S® Aky,

To study the convergence of the iteration (2.1), we introduce the definition of the joint spectral radius for difference
operators:

Definition 6.2. Let us consider a Lipschitz-Linear prediction operator S of order N + 1. The joint spectral radius in (£P (Zd))rg
of S®, for k < N+ 1 is given by

pp(s®) = inf[(s©)’] " = inf{p, | A"sTv|

j
(zp(Zd))g»(zp(Zd))ﬁ j>0 (ZP(Z"’))k SP ” ”

a}. (6.1)

(P (z4)'k
We then have the following

Theorem 6.3. Let S be a Lipschitz-Linear prediction operator of order N + 1. Assume that pp(S(")) <m'/P, for some k <N + 1 and
that ||V ypzay + Y m~I/P el yp(zay < 00. Then, the limit function v belongs to LP (R") and
j>0

VI rey < C(|| v°||ep(Zd) + Zm‘j/p le’| zv(zd)> for some C > 0. (6.2)
j>0

Remark 1. Usually the convergence in LP is associated to the condition p,(S") <m!/P. With a Lipschitz-Linear prediction
operator of order N + 1, the convergence in LP(R?) is ensured provided p,(S®) <m!/?, for some k < N + 1.

The above theorem can easily by extended to a new inverse theorem in Besov spaces.
7. Stability in LP and Besov spaces
In applications, the multiscale data may be corrupted by some process. Since our model is nonlinear the inverse the-

orems does not ensure the stability. We develop here stability results for our new nonlinear formalism. To this end, we
consider two data sets (v0,e',e2,...) and (¥9,&!,€2,...) corresponding to two reconstruction processes: vi = Svi=1 4 eJ
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and v/ = Sv/=1 + &/, In that context, we recall the definition of v as the limit of vj(x) =3z v,ﬂ'(pj'k(x), with @; (%) =
@(MIx—k) (and similarly for ¥). The stability of the multiscale representation in LP (R%), is stated by the following theorem:

Theorem 7.1. Let S be a Lipschitz-Linear prediction operator of order N + 1, and suppose that there exist an n and a p < m'/P such
that:

0\, _ (sy" dy\Te
[5) = (SO)'WI it SPMIV=WI g vV, w e (€ (2),

for some k < N + 1. Assume that v and V j converge to v and V in LP (RY) respectively. Then, we have:
J
v —Vllpgay < C [vO - VOHLP(Rd) + Zm"/p et — & HKI’(Zd) for some C > 0. (7.1)
I=1
Analogously, we get a stability theorem in Besov space B;Tq(Rd).

8. (A, I)-Compatible nonlinear prediction operators

Given families of multi-indices I and of vectors .4, we define: A4 = {Af}l ~--AZ{;, ax € A, ix € I}. In other words, A4! is
a difference operator computed with respect to the family of vectors A and orders given by I. Then, we have the definition

of (A, I)-compatible nonlinear prediction operator:

Definition 8.1. A nonlinear prediction operator S is called (A, I)-compatible if there exists a local linear prediction operator
S; and if it satisfies

SVMk+i = SIVMk+i + qbi(AA’ Vigprs---s AA’vkﬂ,q) Vi € coset(M)
where {p1, ..., pq} is a fix set, @; are bounded Lipschitz functions and if there exists an operator SlA’ satisfying: A4Sy =
SlA’ AAly,

From its definition, the operator S admits an operator SA1 We also remark that Lipschitz-Linear operators of order N + 1
are (A, I)-compatible with I = {i; |i|=N + 1} and A= {eq, ..., eq}. Note that we can extend all the notions described in
the previous sections for Lipschitz-Linear prediction operators to (.4, I)-compatible prediction operators. The interest of using
the notion of (A, I)-compatibility is to provide simpler proofs of convergence and stability, as illustrated in the next section.
Indeed, the (A, I)-compatibility enables to significantly reduce the number of computed differences to prove convergence
and stability.

9. Applications

We study the convergence of bidimensional PPH multiscale representations with prediction operator. We modify the
j-1 ) 1

PPH scheme as follows kaJre = M — “’H(AM‘,:,1 vf( ! Aﬁ/lel vk Me ) and ka = vk , for some 0 < w < 1. This
prediction operator is Lipschitz-Linear, we also notice that it is (A, I)- compatlble with A = {eq, Me1} and I ={(0, 2), (2,0)},
where M is the quincunx matrix. Therefore, to prove the convergence we only study the joint spectral radius of S
this end, we first compute the differences of order 2 in the directions {e;, Me;}. We then compute an upper bound for
,op(SAI). Doing so, we are able to prove that the associated multiscale representation is bounded in L* as soon as w < 1,
and convergent in LP for any p > 1 and w = 1. Using some properties of the Lipschitz function H, we are also able to prove

the stability as soon as p > 1 and w < 1/2.
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