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The hyperbolic wavelet transform: an efficient
tool for multifractal analysis of anisotropic fields

Patrice Abry, Marianne Clausel, Stéphane Jaffard,
Stéphane G. Roux and Béatrice Vedel

Abstract. Global and local regularity of functions in anisotropic func-
tion spaces is analyzed in the common framework provided by hyperbolic
wavelet bases. Local and directional regularity features are characterized
by means of global quantities derived from the coefficients of hyperbolic
wavelet decompositions. A multifractal analysis is introduced, that jointly
accounts for scale invariance and anisotropy, and its properties are inves-
tigated.

1. Introduction

Natural images often display various forms of anisotropy. For a wide range of
applications, anisotropy has been quantified through regularity characteristics and
features that differ strongly when measured in different directions. This is, for
instance, the case in medical imaging (osteoporosis, muscular tissues, mammogra-
phies, etc.), see e.g. [13] and [14], hydrology [41], fracture surfaces analysis [20].
For such images, key issues are, first, to describe the anisotropy of the texture,
and then to define regularity anisotropy parameters that can be measured via nu-
merical procedures and further developed into e.g., classification schemes. This
requires the design of a mathematical framework that allows to define and esti-
mate these parameters. Such a program can be split into several questions, some
of them having already been either solved or, at least, partially addressed. We
start by briefly sketching this program.

Important examples of anisotropic self-similar fields governed by two parame-
ters (an anisotropy matriz and a self-similarity index) have been introduced and
studied by H. Biermé, M. Meerschaert and H. Scheffler in [13], as a model relevant
for describing osteoporosis.
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In [19], two of the authors (M. Clausel and B. Vedel) addressed the question
of defining in a proper way the concept of the anisotropy of an image in rela-
tion to its global regularity. In particular they showed that the two parameters
characterizing the above mentioned random fields can be recovered even in the
absence of a priori knowledge of the characteristics of the model, by studying the
global smoothness properties of the process. This result indicated that some of the
properties characterizing anisotropy are revealed by the regularity of the sample
paths when analyzed with functional spaces well adapted to anisotropy, namely
anisotropic Besov spaces, which extend (isotropic) Besov spaces (see Section 2.1
for a definition). This first result illuminated the key role that such spaces might
play in the analysis of random anisotropic textures. For example, in two variables,
such spaces present the following anisotropy property. They are invariant after
rescaling by A\ along the z-axis and by A>~® along the y-axis, where « is the
anisotropy parameter.

Note that this point of view follows, in the isotropic setting, ideas that are
common in multifractal analysis, where global function space regularity yields
parameters pertinent to classification; see [1] and references therein. This also
explains the choice of Besov spaces instead of Sobolev spaces, which (in addition
to a simpler wavelet characterization) allows to use Lebesgue integrability indices
p € (0,1), therefore yielding a larger range of classification indices.

Note that, in the isotropic setting, wavelet bases provide an efficient tool for
measuring smoothness in a large range of functional spaces (see [36] for details).
For a given anisotropy parameter, anisotropic wavelets such as curvelets, bandelets,
contourlets, shearlets, ridgelets, or wedgelets have been introduced (see e.g. [32]
for a thorough review of these representation systems and a comparison of their
properties for image processing). Natural criteria for choosing between these alter-
natives are, on the mathematical side, that these variations on isotropic wavelets
provide bases for the corresponding anisotropic spaces, and, on the applied side,
that practically tractable procedures can be devised and implemented to permit
the characterization of real-world data according to these function spaces.

On the mathematical side, many authors have addressed the problem of ob-
taining bases of a given anisotropic Besov space, and have proposed different so-
lutions, depending on the precise definition of anisotropic spaces they have used;
see e.g. [10], [9], [21], [31], [30], [48], and [49], and also the recent papers [26] by
G. Garrigds and A. Tabacco, and [29] by D. Haroske and E. Tamdsi, which contain
numerous references on the subject. Note also that, in several cases, the study was
restricted to a specific anisotropy parameter; typically, parabolic anisotropy, where
a contraction by A in one direction is associated with a contraction by A? along the
orthogonal direction, (see [35], [39], and [43], and references therein, in particular
for applications to directional regularity). The corresponding dictionaries are in
that case curvelets or contourlets (corresponding to the Hart Smith decomposition
in the continuous setting; see [46]). This choice was motivated from application to
PDEs where this specific anisotropy has physical relevance (see e.g. [18] and [28]),
where curvelets and ridgelets are used for the study of Fourier integral operators,
with applications to the wave equation); however, it is no longer justified when
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dealing with images, where no particular form of anisotropy can be postulated a
priori. Actually, except perhaps in very specific applications, the particular type
of anisotropy present in an image is not known a priori, and determining it out is
part of the problem. Therefore a key practical issue for us is that we must deal si-
multaneously with the whole collection of anisotropic Besov spaces, for all possible
anisotropies. This raises the mathematical question of finding specific bases which
could serve as a common “dictionary” for all of these spaces simultaneously, and
obtaining simple characterizations of those bases in this “dictionary”. Clearly, the
dictionary used should display all possible types of anisotropy; among the variants
of directional wavelets that are not tailored to a specific anisotropy, two play a
prominent role because of their numerical simplicity (as tensor products of 1-D
wavelets) and their good functional properties:

e One is the collection of anisotropic Triebel bases; see [49]. Each basis is con-
structed from the standard wavelet through a multiresolution procedure, tai-
lored to a specific anisotropy. Simple characterizations of Besov spaces (with
the same anisotropy) have been given for this system. Such characterizations
can thus be used as building blocks for constructing a multifractal formalism;
see [6] for first results in this direction, and also Section 3. Triebel bases pro-
vide a powerful tool for deducing results on a given anisotropic Besov space;
in particular, they make it possible to show that these spaces are isomor-
phic to the corresponding isotropic Besov spaces. Furthermore, some results
such as embeddings or profiles of Besov characteristics can be obtained, via
the transference method proposed by H. Triebel. However, knowledge of the
expansion of a function in one basis gives neither information about its ex-
pansion in another basis nor about whether it belongs to other anisotropic
Besov spaces. Therefore, this tool does not seem to help understand the
link between different forms of anisotropy, in terms of function spaces, for
example.

In order to deal with situations where no anisotropy is prescribed, a natural
idea consists in using the union of these bases, for all possible anisotropies.
One easily checks that this dictionary is too redundant to constitute a frame.
However, because many of their elements coincide (and therefore need not be
duplicated), one cannot exclude the possibility that the union of these bases
could nonetheless prove an efficient tool for analyzing anisotropic fields with
no a priori anisotropy.

¢ Another possible decomposition system is given by hyperbolic wavelets, intro-
duced in various settings under various denominations (standard, rectangular
or hyperbolic wavelet analysis), notably in image coding (see [51]), numer-
ical analysis (see [11], [12]), and in [21], [30] for the purpose of approxima-
tion theory. They are simply defined as tensor products of one-dimensional
wavelets, allowing different dilations factors in different directions, as opposed
to the classical discrete wavelet transform that relies on a single isotropic di-
lation factor. This key difference enables their use as a tool in the study
of anisotropy. Hyperbolic wavelet bases form a nonredundant system by
construction, and contain all possible anisotropies. They have been used in
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statistics for the purpose of adaptive estimation of multidimensional curves.
Notably, it has been proven in two seminal articles ([37], [38]) that nonlinear
thresholding of noisy hyperbolic wavelet coefficients leads to (near) optimal
minimax rates of convergence over a wide range of anisotropic smoothness
classes; see also the recent work [3] of F. Autin, G. Claeskens and J. M. Fre-
yermuth, where this problem is considered from the maxiset point of view.
Other interesting applications of hyperbolic analysis can also be founded in [4]
and [5], where the decompositions of fractional Brownian sheets and linear
fractional stable sheets are derived and are used to prove sample path prop-
erties of these random fields (regularity, Hausdorff dimension of the graph).

A key feature of hyperbolic wavelet bases is that they provide a common
dictionary for anisotropic Besov spaces. This result is stated in Theorem 2.6
of Section 2. The critical exponent in anisotropic Besov spaces is related to
some (P norms of the hyperbolic wavelet coefficients. These mathematical
results yield an efficient method for the detection of anisotropy, as detailed in
a companion article, where numerical investigations are described; see [42].

We now briefly discuss the pros and cons of both dictionaries. For a fixed
anisotropy, Triebel bases display slightly better mathematical properties: an exact
characterization of anisotropic Besov spaces, as shown in [49], and a characteriza-
tion of pointwise smoothness as sharp as in the isotropic case, as shown by H. Ben
Braiek and M. Ben Slimane in [7]. One purpose of the present contribution is to
show that these two important properties almost hold also for hyperbolic wavelets.
In Section 2, “almost characterizations” (i.e., necessary and sufficient conditions
that differ by a logarithmic correction) of anisotropic Besov spaces are obtained.
Furthermore, if one is not only interested in analysis, but also in simulation, this
slight disadvantage (a logarithmic loss, which in applications is irrelevant) is com-
pensated by the advantage of using a basis instead of an overcomplete system.
Indeed, generating a random field with prescribed regularity properties requires
the use of a basis (using an overcomplete system does not guarantee that the sim-
ulated field with coefficients of specific sizes has the expected properties, since
nontrivial linear combinations of the building blocks can vanish). To the con-
trary, with the hyperbolic wavelet basis, one can easily construct toy examples
with different multifractal spectra depending on the anisotropy. Our being jointly
motivated by analysis and synthesis motivates the choice of a system that permits
an interesting trade-off among directional wavelets, in terms of mathematical effi-
ciency and numerical simplicity and robustness, both on the analysis and synthesis
sides. The practical relevance of the mathematical tools introduced and studied
here are assessed in the companion paper [42].

We now focus on the comparison in terms of pointwise directional smoothness.
First, note that this notion has been little studied in the past. To our knowledge,
the natural definition which allows for a wavelet characterization was first intro-
duced by M. Ben Slimane in the 90s, see [8], in order to investigate the multifractal
properties of anisotropic selfsimilar functions. Partial results when using parabolic
bases (i.e., curvelets and Hart Smith transform) have been obtained by J. Sampo
and S. Sumetkijakan; see [35], [39] and [43], and references therein. A generaliza-



HYPERBOLIC WAVELET FOR MULTIFRACTAL ANALYSIS OF ANISTOTROPIC FIELDS 317

tion and its implications in terms of the sizes of coefficients on directional wavelets
(the so-called “anisets”, which are a mixture of of the wavelet and Gabor trans-
form, where the wavelets can be arbitrarily shrunk in certain directions) were also
worked out in [33]. Finally, an “almost ” characterization of pointwise directional
regularity was recently obtained by H. Ben Braiek and M. Ben Slimane in [7] for
the Triebel basis coefficients, where the basis is picked so that its anisotropy pa-
rameter is adapted to the type of directional regularity considered. In Section 3,
we will obtain a similar result, that, however, relies on the coefficients of the hy-
perbolic wavelet basis, thus paving the way for the construction of a multifractal
formalism. An important difference with [7] is that, here again, a single basis fits
all anisotropies. Therefore, as in the case of Besov spaces, the advantage is that
nothing needs to be assumed a priori on the particular considered anisotropy. Thus
this can be used as a way to detect the specific anisotropy which exists in the data
at hand, rather than assuming its particular form beforehand. Note that other de-
composition systems have also been used for the detection of local singularities; see
for instance [22] and [27], where shearlets and wedgelets are used for the detection
of discontinuities along smooth edges.

Now we return to the anisotropic self-similar fields considered in [19] and [42].
Such exactly self-similar models are somewhat toy examples, and, though testing
regularity indices on their realizations is an important validation step, their study
could prove misleadingly simple (just as, one-dimensional fractional Brownian mo-
tion is too simple a model to capture the richness of situations met in real-world
data). Natural images are indeed likely to consist of patchworks of different kinds
of deformed pieces and therefore can be expected to exhibit more complex scale
invariance properties, and only in an approximate way. Multifractal analysis sup-
plies a natural setting for describing such properties, in which different kinds of
singularities are mixed. The next step is therefore to combine anisotropy and mul-
tifractality. To this end, a new form of multifractal analysis is introduced, based
on hyperbolic wavelet coefficients, and relating global and local characterizations
of regularity. It allows taking into account both scale invariance properties and
local anisotropic features of an image. Thus, it provides a new tool for image clas-
sification, seen as a refinement of texture classification based on the usual isotropic
multifractal analysis, as proposed for instance in [1] and [34]. Section 3 is devoted
to the introduction of this new framework. A new multifractal formalism, referred
to as the hyperbolic multifractal formalism is introduced. It permits relating local
anisotropic regularity of the analyzed image to global quantities called hyper-
bolic structure functions as is commonly done in multifractal analysis. Note that
an alternative multifractal analysis and multifractal formalism were introduced
by H. Ben Braiek and M. Ben Slimane in [6], based on Triebel basis coefficients.
In their approach, a particular anisotropy is picked, and the corresponding basis is
used. The main difference between both approaches is that the approach proposed
here is more flexible and can thus be used when anisotropies of several types are
present in data.

In the present article, we explore the possibilities generated by the hyperbolic
wavelet transform in order to investigate directional regularity, both in global
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(anisotropic Besov spaces) and local (directional pointwise regularity) forms. The
underlying motivation is to develop a multifractal formalism relating these two
notions (just as the standard multifractal formalism relates the usual Besov spaces
with the notion of pointwise (anisotropic) Holder smoothness; see [34] and refer-
ences therein). It also aims at obtaining a numerically stable procedure for ex-
tracting the anisotropic features existing in natural images as well as information
related to the size (fractional dimensions) of the corresponding geometrical sets.

Our results on the characterization of regularity spaces in terms of hyperbolic
wavelets are stated in Section 2. Applications to multifractal analysis are detailed
in Section 3. We will show how to recover information on the Hausdorff dimensions
of the sets of points where a given directional regularity occurs from knowledge of
global directional quantities such as the Besov regularity of the data. Such ideas
were initially introduced by Parisi and Frisch in the context of hydrodynamic
turbulence [40], and extended to the setting of fixed anisotropy by Ben Braiek and
Ben Slimane; see [6]. The novelty here is that using hyperbolic wavelets permits
dropping the assumption of unique anisotropy, given a priori, in the data. The next
step, which we intend to investigate in the future, is to relax another simplifying
assumption and allow for local rotations of the anisotropy axes. Detailed proofs of
the results stated in Sections 2 and 3 are provided in Section 4.

2. Anisotropic global regularity and hyperbolic wavelets

We focus first on the measure of anisotropic global regularity using a common
analyzing dictionary: hyperbolic wavelet bases. Here we start by giving a brief ac-
count of the relevant functional spaces. Subsequently, we recall some well-known
facts about hyperbolic wavelet analysis (see Section 2.2). The main result of the
present section is Theorem 2.6, proven in Section 4.1, which allows the determina-
tion of the critical directional Besov indices of data by regressions on log-log plots
of quantities based on hyperbolic wavelet coefficients (see Section 2.2 for a precise
statement).

2.1. Anisotropic Besov spaces

Anisotropic Besov spaces were introduced in a completely different context, for the
study of semi-elliptic pseudo-differential operators whose symbols have different
degrees of smoothness in different directions; see for example [50]; see also [2], and
references therein, for a recent use of such spaces for optimal regularity results for
the heat equation.

Anisotropic Besov spaces generalize classical (isotropic) Besov spaces, and many
results concerning isotropic spaces have been extended to the anisotropic setting;
see [16] and [15] for a complete account of the results used in this section, and [48],
[52] and [53] for a detailed overview of anisotropic spaces.

A key property of anisotropic Besov spaces is that they are norm invariant
(asymptotically in the limit of small scales) with respect to anisotropic scaling. We
start by recalling this notion. Let o = (a1, az) denote a fixed pair of parameters,
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with ay, as > 0 and a7 + as = 2. In the remainder, such pairs will be referred
to as admissible anisotropies. Such pairs quantify the degree of anisotropy of
the space (a1 = as = 1 corresponds to the isotropic case). For any ¢ > 0 and
€ = (&,&) € R?, we define the anisotropic scaling by t*¢ = (t*1&;,t2&;). Note
that, in this definition and in the following, the coordinate axes are chosen as
the anisotropy directions. This particular choice can of course be modified by the
introduction of an additional rotation (as envisaged, for example, in [42]).
Anisotropic Besov spaces may be introduced using an anisotropic Littlewood—
Paley analysis. Let ¢f > 0 belong to the Schwartz class S(R?) and be such that

po(x)=1 if sup & <1,

1=1,2

and ¢f(z) =0 if sup [27%¢| > 1.
i=1,2

For j € N, we define
¢f (@) = 9§ (2777¢) — 3 (2707 D).

Then
+oo
Yo =1,
=0

and (¢§);>0 is called an anisotropic resolution of unity. It satisfies

(2.1) supp (#5) C RY, supp (¢F) C Rfyy \ RS,
where
= {¢=(&,&) € R% sup & <277}
For f € 8'(R?) let
AFf=F (o5 f)

The sequence (Af f);>o) is called an anisotropic Littlewood—Paley analysis of f.
The anisotropic Besov spaces are then defined as follows (see [16] and [15]).

Definition 2.1. The Besov space B

pq\log\ﬁ( 2)7 for 0 < p < 400, 0 < ¢ < +o0,
s, 8 € R, is defined by

B 1og1r () = {7 € '(R2); (Zj—ﬂqwnmjfn) " <400}

This definition does not depend on the chose resolution of unity ¢f and the quantity

115 (Zﬂq 2 g i),

P,q,| log

is a norm (respectively, quasi-norm) on B¢ (R?) for 1 < p, ¢ < +00 (respectively,
0 < min(p, q) < 1) and with usual modification if ¢ = +oo.



320 P. ABRy, M. CLAUSEL, S. JAFFARD, S. ROUX AND B. VEDEL

Remark 2.2. A homogeneous version BS O‘(}Rz) of the spaces satisfies the property
1O X2 e = ANl g
For B;:g‘(]RQ), this anisotropic homogeneity of the norm is satisfied asymptotically.

As in the isotropic case, anisotropic Besov spaces encompass a large class of
classical anisotropic functional spaces (see [48] for details). For example, when
p=q=2and (a1,as) € Q? is an admissible anisotropy, consider s > 0 such that
s/aq and s/ag are both integers. Then the anisotropic Sobolev space

as/alf
81‘1

s/ocgf
Oxy

H>(R?) = { f € L*(R?) such that € L2(R?) and 2o ¢ LQ(RQ)} :
coincides with the Besov space B3y (R?).

In the special case where p = ¢ = oo, the spaces B3> (R?) are called anisotropic
Holder spaces and are denoted by C ‘sl(f‘g v . (R?). These spaces also admit a finite dif-
ference characterization that we recall now (see also [48] for details).

Let (e1,e2) denote the standard basis of R?. For a function f : R? — R,

¢ e {1,2} and t € R one defines
Apof(2) = f(z +ter) — f(z).

The difference of order M > 2 of a function f, in the direction ey, is defined
iteratively by
AV f () = Ao A f ().

One then has:

Proposition 2.3. Let a = (ai,as) € (Rf)? be such that ap +az = 2, s > 0,
uw €R, and f: R? — R. The function f belongs to the anisotropic Hélder space

Cflgglu( %) if

¢ f(@))| Lo (re
T +Z |t|5/a’~’|10g(|t|)| i

where, for any £ € {1,2}, M, = [s/ay] + 1.

2.2. Hyperbolic wavelet characterization of anisotropic Besov spaces

We state our first main result which is a hyperbolic wavelet characterization of
anisotropic Besov spaces.

We first recall the definition of the hyperbolic wavelet bases as tensor prod-
ucts of two unidimensional wavelet bases (see [21]) and second state Theorem 2.6,
proved later, in Section 4.1.

Definition 2.4. Let ¢ denote the unidimensional Meyer wavelet and ¢ the as-
sociated scaling function. The hyperbolic wavelet basis is defined as the system

{wjh]é,kl,kg) (.jlan) € (Z+ U {_1})27 (klakQ) S Zz}) where



HYPERBOLIC WAVELET FOR MULTIFRACTAL ANALYSIS OF ANISTOTROPIC FIELDS 321
e if j1,j2 >0,
Wiy ok (1, 02) = V(27021 — k1) (2230 — k2) ;

e if jy=—1andj, >0

Yt e o (21, 2) = (1 — k) (2220 — k2)
e if j; >0and jo = —1

i1k ke (71, T2) = (27 1 — k1) o — k) ;
« i =gy =1

Y1, 1k ke (X1, 72) = @(21 — k1) (22 — k2) .

For any f € 8'(R?), one defines its hyperbolic wavelet coefficients as follows:

Cir oty = 272 (f 050 oy ke) i J1,52 >0,
Cir—Lkike = 270 (f, W) goka k) i j1 > 0and jo = —1,
Co1,jarkike = 272 (fs i1 o ko ko) if j1=-1andj2 >0,
Co1— Lk ks = (Fs Vit garkr k) if j1=72=-1.

Remark 2.5. We have chosen a L'-normalization for the wavelet coefficients, as
this is best suited to scale invariance.

The main result of this section is a hyperbolic wavelet characterization of the

spaces B> ;(R?), up to a logarithmic correction. In what follow, some nota-
p.q;|log |# ’

tions is needed. For any (j1,72) € (NU {—1})2, define
1/p
lesiercller = (2 lesmmnal?) -
(k1,k2) €22

Let a = (a1, ) be an admissible anisotropy. We define the following subsets of
(NU{-1})*:

T () = {[(j — Daa] — 1,..., [jaa] + 1} x {0,..., [(j — Dao] — 1},

T (@) = {0,...,[(G — Dau] = 1} x {[(j — Daz] — 1,..., [jao] + 1},

T (@) = {[( = Daa] = 1., [joa] + 1} x {[(G = D] = 1, [jas] + 1},
(2.2) and T;(a) =T (@) uri"(a)ur{"™(a).

Now we state our hyperbolic wavelet characterization of anisotropic Besov spaces.
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Theorem 2.6. Let o = (a1, az) be an admissible anisotropy, (s,B) € R? and
let (p,q) € (0,+0cc]?>. Let f € S'(R?). Ifp > 1 let be p* = max(p,p’)and let
px = min(p, p’) with 1/p+1/p’ = 1. Set
q(1/p—1) +max(¢—1,0)  if p<1,
T =
max(q/p* - 130)’ if p>1,
and
— 1, if p<l1,
*7 \max(1—q/p*.0)  if p>1.
1. Set f = B(p,q) = max(1/p — 1,0) + max(1 — 1/g,0). If

( Z jﬁ*ﬁq 9784 Z 9—(1+i2)a/p ch1 o ] zp) /e < 400,
J€No (J1,32) €l (@)
then f € B0\ 2 (R?) (with the usual modifications when q = 00).
2. Conversely,
. s, 2
(a) if g < oo and f € B og | (R®) then
. o 1/q
(Do grrefamrora N Ui 18) T < oo
j€No (J1,52)€lj(a)
(b) if f e B;:Z‘omog‘ﬁ (R?%) then
;=B ojs —(G+i2)/p o, .
max 2 max 2 Cijy o, ||ep < +00.
max j Gymax €51,2.,-lle

Note that in the special case p = ¢ = 2, that is for anisotropic Sobolev spaces,
the logarithmic correction disappears.

Theorem 2.7. Let o be an admissible anisotropy, and let s € R. Let f € S'(R?).
The following assertions are equivalent:

(i) f € H>*(R?) = B35 (R?).
(i)
, .y 1/2
(T 8 20 8) < oo
j€No (41,52)€T; (@)
Theorem 2.6 is proved in Section 4.1.
In particular, for p = ¢ = oo, the following “almost” characterization of

anisotropic Holder spaces by means of hyperbolic wavelets holds:

Proposition 2.8. Let a = (a1, a2) be an admissible anisotropy, let (s, 3) € R?,
and let f € S'(R?).

(i) If f € C>*(R?) then there exists C > 0 such that for all j € NU{-1} and
any (j1,j2) € Tj(a),

(2.3) e < C 2795,

€51,z
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(ii) Conwversely, if there exists C > 0 such that for all j € NU{—1} and any
(J1,72) € T'j(e)

(2.4) sy o, llee < C

then f € C*(R?).

3. Hyperbolic multifractal analysis

Now we are interested in the simultaneous analysis of local regularity properties
and anisotropic features of a function. To this end, we construct a new method of
multifractal analysis, referred to as hyperbolic multifractal analysis. Recall that in
the isotropic case, the purpose of multifractal analysis is to provide information on
pointwise singularities of functions. Multifractal functions are usually such that
their local regularity jumps erratically from point to point, so that it is not possi-
ble to estimate the regularity index (defined below) of a function at a given point.
Instead, the relevant information consists of the “sizes” of the sets of points where
the regularity index takes a given value. This “size” is formalized mathematically
as the Hausdorff dimension. The function that associates the dimension of the set
of points sharing the same regularity index with this index is referred to as the
spectrum of singularities (or multifractal spectrum). The goal of a multifractal
formalism is to provide a method for measuring the spectrum of singularities from
quantities that can actually be computed from real-world data. We extend this
approach to the anisotropic setting. First we recall that, in the case where the
anisotropy of the analyzing space is fixed, this has already been achieved. See [7]
for anisotropic pointwise regularity analysis using Triebel bases and [6] for the cor-
responding anisotropic multifractal formalism. Here, we generalize this previous
work, developing a multifractal analysis that does not rely on a priori knowledge
of regularity and takes into account all possible anisotropies. Note that for a fixed
anisotropy, both formalisms coincide. Indeed, they are derived from wavelet char-
acterizations of the same functional spaces. Nevertheless, the formalism based on
hyperbolic wavelet allows handling simultaneously all possible anisotropies, thus
providing more useful algorithms for analyzing real-world data. In addition, the
use of hyperbolic wavelet bases offers the possibility to define and synthesize deter-
ministic and stochastic mathematical objects with prescribed anisotropic behavior.

In Section 3.1, the different concepts related to pointwise regularity are recalled.
A hyperbolic wavelet criterion is then devised in Section 3.1.2. Our main result,
Theorem 3.4, is stated in Section 3.1.2 and proved in Section 4. Hyperbolic wavelet
analysis is defined in Section 3.2.2 and the validity of the proposed multifractal
formalism is investigated in Theorem 3.7.

3.1. Anisotropic pointwise regularity and hyperbolic wavelet analysis

3.1.1. Definitions. We start by recalling the usual notion of pointwise regularity
(see [34] for a complete review).
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Definition 3.1. Let f be in L{® (R?) and let s > 0. The function f belongs to

loc

the space Clsloglﬂ(mo) if there exist C > 0, § > 0, and P,,, a polynomial of degree
less than s, such that

if |z — o] <6, |f(2) — Puy(2)| < Cla —wo|* - |log(|z — wo])|7

where | - | is the usual Euclidean norm on R2. If 8 = 0, the space Cllog o (o) s
denoted simply C*(zg).

Anisotropic pointwise regularity is defined as follows. Let P denote a polyno-

mial of the form
P(t1,t2) = Z ap1,B2 tfl t§2 )
(B1,B2)€EN?
and let o = (a1, @2) be an admissible anisotropy. The a-homogeneous degree of
the polynomial P is defined by

do(P) = sup{a1B1 + a2z, ag, ., # 0} .
Finally, for any ¢t = (t1,t2) € R?, the a-homogeneous norm is denoted by
fla = /2 + a1

Now we can define the spaces C‘sl’gg s (o).

Definition 3.2. Let f € L° (R?), let o = (a3, a2) be an admissible anisotropy,

loc

and let | |o, s > 0, and 8 € R. The function f belongs to Clsl’g‘g s (o) if there exist
C > 0,9 >0, and P,, a polynomial with a-homogeneous degree less than s, such

that
(31)  if |z —mola <6, [f(x) = Puy(@)] < Clo— w5, - [log(|x — zola)]” -

If 8 =0, the space Clsl’gglo(xo) is denoted simply C%%(x).

Thus the pointwise anisotropic exponent of a locally bounded function f at zg
can be defined by:

(3.2) hf.a(zo) =sup{s, f € C¥%(x0)}.
The link between global and pointwise anisotropic regularity is given by:

Proposition 3.3. If f € B3 (R?) = C**(R?) then f belongs to C**(xq) for all
xo € R2.

Conversely, if f belongs to C*%(x0) for all xg € R? with a constant C in (3.1)
independent of xo, then f € B (R?).

Proposition 3.3 is a direct consequence of the proof of Proposition 2 of [7], which
gives the wavelet characterization of C*%(x() using the Triebel wavelet basis, where
it is easy to check that constants appearing in the wavelet characterizations are
independent of zp when this is the case for C' in (3.1).

The reader is refered to [7] and [33] for more details about the material of this
section.
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3.1.2. A hyperbolic wavelet criterion. As in the usual isotropic setting
(see [34]), the pointwise anisotropic Holder regularity of a function is closely re-
lated to the rate of decay of its wavelet leaders. The usual definition of wavelet
leaders needs to be adapted to the hyperbolic setting.

For any (j1, j2, k1, k2), let A(j1, 2, k1, k2) denote the dyadic rectangle

ki ki+1 ko ko+1
201 o0t ) ” {2? 27 )

and let cy stand for ¢j, j, x, k.- The hyperbolic wavelet leaders dy, associated
with A, can now be defined by

(3.3) X= At s ki k) = |

dy = sup |en].
NCA

For any zo = (a,b) € R?, let

[271a] — 1 [2ﬁa]+2) y [[21%]—1 [21’2b]+2)

3Aj17j2 (1‘0) = 2]1 ’ 2]1

272 ’ 232

(where [-] denotes the integer part), and

djyj2(xo) = sup  |en].
)\/C?))\jl 2 (:Eo)

The hyperbolic wavelet leader criterion for pointwise regularity can be stated as:

Theorem 3.4. Let s > 0 and let @ = (g, a2) € (]Ri)2 be such that a; + an = 2.

1. Assume that f € C%*(xg). There exists some C > 0 such that for any
J1,J2 € NU{—1} one has

(3-4) |dj1,j2 ($0)| < C 9~ max(ji/ai,jz2/az)s

2. Conversely, assume that f is uniformly Hdélder, that is there exists some
€5 > 0 such that f € C50(R?). If (3.4) holds, then f € C% . (xo).

[log |2

The proofs are given in Section 4.

3.2. Anisotropic multifractal analysis

3.2.1. Hausdorff dimension and spectrum of singularities. The Hausdorff
dimension is defined through the Hausdorff measure (see [23] for details). The best
covering of a set £ C R? by sets of diameters less than ¢ can be estimated

1o (E) :inf{Z|Ei|5, Ec|JE, |E gg}.
i=1 i=1

Clearly, H? is an outer measure. The Hausdorff measure is defined as the (possibly
infinite or vanishing) limit #? as € goes to 0.

The Hausdorff measure is decreasing as § goes to infinity. Moreover, H°(E) > 0
implies H°’ (E) = 00 if &' < §. Therefore the following definition is meaningful.
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Definition 3.5. The Hausdorff dimension dimg (E) of a set E C R? is defined by
dimy (E) = sup{d : H°(E) = oo} .

With this definition, dimg () = —oco.
We now define the hyperbolic spectrum of singularities of a locally bounded
function using the Hausdorff dimension.

Definition 3.6. Let f be a locally bounded function and let a be an admissible
anisotropy. The iso-anisotropic-Holder set are defined by

E;i(H,a) = {x € R* hy,(z) = H}

where the anisotropic pointwise Holder hy o (z) was defined in (3.2).
The hyperbolic spectrum of singularities of f is then defined by

d: (RTU{x}) x (0,2) > RT U{-00}
(H,a) — dimy (Ef(H, (a,2 — a))).

3.2.2. Hyperbolic wavelet leader multifractal formalism. It is not always
possible to compute theoretically the spectrum of singularities of a given function.
A multifractal formalism thus consists of a practical procedure that yields the
convex hull of the function d, through the construction of structure functions and
the use of the Legendre transform. In the classical case, these formalisms are
variants of a derivation proposed by Parisi and Frisch [40]. The hyperbolic wavelet
leader multifractal formalism described below is aimed at extending the procedure
to where both anisotropy and singularities are studied jointly.
Hyperbolic partition functions of a locally bounded function are defined as

(3.5) S(j,p,a) =277 Z Z AP
(41,92) €T (@) (k1,k2)€Z2

where T'j(«) is defined in equation (2.2) of Section 2.2.
From the definition of an anisotropic scaling function (or scaling exponents)

s log 53 pa)
(3.6) wr(p,a) = hﬁi}}.}f “oga T

We define the hyperbolic Legendre spectrum by
(3.7) Ly(H,a) = inf {Hp—w;(p, (0,2~ a))+2}.
PER*
Qualitatively, the hyperbolic Legendre spectrum and the hyperbolic spectrum

of singularities dy(H, a) are expected to coincide, while Theorem 3.7 actually pro-
vides an upper bound relationship.

Theorem 3.7. Let [ be a uniform Hélder function. Then the inequality
(3.8) V(H,a) € (RL) x (0,2), ds(H,a) < £;(H,a)
holds.
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Note that, if equality holds in (3.8), that is, if
V(Hva) € (Rjr) X (072)’ d(H,a):ﬁf(Hva),

then f is said to satisfy the hyperbolic multifractal formalism.

From an applied perspective, (3.5), (3.6), and (3.7) constitute the core of the
practical procedure enabling computation of the hyperbolic Legendre spectrum
from the hyperbolic wavelet leaders computed from the data being analyzed.

4. Proofs

4.1. Proof of Theorem 2.6

4.1.1. Hyperbolic Littlewood—Paley characterization of B;:g‘(R2). Let
0p € S(R,R™) be supported on [—2,2] and such that 6y = 1 on [—1,1]. For any
j €N, define _ _

0, = 00(277.) — Bo(2- U1
such that >0 0;(-) =1 is one-dimensional resolution of the unity.

Observe that, for any j > 1, supp (0;) C {27! < |¢| < 27F1},

Remark 4.1. In the following, the function #y can be chosen with an arbitrary
compact support. This does not change the main results even if technical details
of proofs and lemmas have to be adapted. This means that the Fourier transform
of a Meyer scaling function for 6y can be chosen as one likes.

Definition 4.2. 1) For any 7, £ > 0, and any & = (&;,&) € R? set

Gj1.42 (€1, €2) = 05, (61)0, (E2) -
For any j1, j2 > 0, ¢}, j, belongs to S(R?) and is compactly supported in
{211 < |§1| < 2j1+1} % {2j2 < |£2| < 2j2+1].

Further 3. 022,50 ®ji.g: = 1 and (¢, 2 ) (jy,j)enz is called a hyperbolic resolu-
tion of unity.

2) For f € 8'(R?) and ji, jo > 0 set

AjhjZf = ]:71(¢j1,j2f/\)-
The sequence ((Aj, j,f)ji,5.>0) is called a hyperbolic Littlewood-Paley analysis
of f.

In the remainder of the section, we are given o = («, a2), a fixed admissible
anisotropy, and (gp?)jzo, an anisotropic resolution of unity. Then, for any 7 > 0
one defines the functions

(41) g]q = Z ¢j1»j2 )
J1,J2€T; (o)

where the sets I'j (o) are defined in (2.2).
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Remark 4.3. Hyperbolic Littlewood—Paley analysis is used in the definition of
spaces of mixed smoothness. We refer to [44] for a study of these spaces and to [45]
for their link with tensor products of Besov spaces and their hyperbolic wavelet
characterizations.

We now give the following hyperbolic Littlewood—Paley characterization of
anisotropic Besov spaces:

Theorem 4.4. Let s € R and (p,q) € (0,+00]?. If p > 1 let p* = max(p,p’) and
p« = min(p, p'), with 1/p+1/p" = 1.
1. (a) If ¢ < o0 and

@) (X Y 1auuln) ! < o,

Jj20 (J1,32) €l (a)
: q(1/p—1) +max(¢—1,0) if p<1,
with r1 =
maX(Q/p* - 170), Zf p> 1,
then f € B;Z“Og‘ﬁ(RQ).
(b) If
4.3) max(jmax(/p=10)0+1 =B 9is  max < 400,
(43) max(; P max 80)1,)
then f € B>, “Og‘B(RQ).
2. (a) Ifg< oo and f € B;qallog‘ﬁ(Rz) then
(i 3 Jaunmll) < 4.
Jj=0 (J1,J2) €T (o)
1 , 1
with 79 =< 7 Zf p<b
max(1 — ¢/p*,0) if p>1.

(b) If f € B)Y 10 (R?) then

—fB 9js
max 2 max < 400.
>0 (J (j1,j2)€Fj (a) ” ‘71»‘72( )” )

Note, in particular, that for p = ¢ = 2 the logarithmic correction disappears
and Theorem 4.4 gives an exact characterization of anisotropic Sobolev spaces in
term of hyperbolic Littlewood—Paley analysis.

The proof of Theorem 4.4 consists of several steps, beginning with:
Lemma 4.5. 1. For any j > 0 and any (j1,j2) € I'j(a), one has

(4.4) supp(¢) Nsupp(¢j, j,) = 0.



HYPERBOLIC WAVELET FOR MULTIFRACTAL ANALYSIS OF ANISTOTROPIC FIELDS 329
2. Foranyj >0 and any L & {j—1,7,5+ 1}, one has

(4.5) supp(g;') Nsupp(py) = 0.

Proof. Both claims are checked easily since the support of both functions are known
(see equation (2.1) and Definition 4.2). O

From Lemma 4.5 an intermediate hyperbolic Littlewood—Paley characterization
of anisotropic Besov spaces is obtained.

Proposition 4.6. Let (p,q) € (0,+]?, 5,8 € R. The following assertions are
equivalent:

1. fe B> (R

p,q,|log |
2.
:—fBq 9jsq T\
@e) (g S aal) T < oo
7>0 (j1,j2)ET; (@) P

Proof of Proposition 4.6.

We prove that the inequality (4.6) of Proposition 4.6 implies f € Bp’qa log | ? (R2).

To this end, point 1 of Lemma 4.5 is used to deduce that, for any j,
SF=ei( X ena) = X b)) F =55 F),
(41,42) EN? (J1,72) €T ()

where g§ is defined by (4.1). Observe now that replacing the usual dilation with an
anisotropic one gives an anisotropic version of equation (13) in Section 1.5.2 in [50].
More precisely assume that we are given p € (0, +0c], b > 0 and M € S(R?). There
exists C’ > 0 not depending on b or M such that for any h € LP(R?) such that

supp(h) C {¢€ € R2, sup, |&;| < b} one has
(4.7) [F~H (MFh) || e @2y < C|M 0| g w2)l1hll @2

where Hj is the usual Bessel potential space and s > 2(1/min(p, 1) — 1/2).
Set now b =27, M = ¢ and h= 95 o f. Since @3 (27-) = pf, there exists some
C > 0 not depending on j such that for any p € (0, +o00] and any f € LP(R?)

185 fl<C|| S Apat|,, =CIF ) fles
(J1,32) €l (@)
Then
Wl = (S5 Promaiag i) s o S irmlE ) flg)
Al >0 =0

which shows point 1 of Proposition 4.6.
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Now we prove the converse assertion. Assume that f belongs to B;’a (R2).

,q;| log |
For any j > 0, point 2 of Lemma 4.5 gives

90 = g2 (991 + 9% +0%) f

Hence, inequality (4.7) applied with b = 27, M = g5, and h= (P51 +¢5 +<p?‘+1)ﬁ
gives the existence of a C' > 0 not depending on j or f such that

IH(F = g5) = flle < Cllgs (27) |l

(]:_190?71 + ]:_180? + ]:_1%0?+1) * flle

for any p € (0,+o0]. Since || - ||z» is either a norm or a quasi-norm (according to
the value of p), there exists C' > 0 such that

1
I (F~"g5) * fllze < Clgg (@ Mmy D NF o) fllo-
I=j—1
First we bound [|g§(27*:)|| . To this end, observe that
Flgp (7°](8) = 27709 (2737) = 2%, (277°¢)

— Z Qi1 +i2—2j [g\l(gjlfjal &) 0, (272223 ¢,
(41,42) €T (@)

Hence
llg5 (27|72

2
— / (1+ |§|2)s Z 9J1+j2—2j §1(Qj1—ja1 £1) 51 (sz—azj 52)] de

R (j1.j2)€D; ()

2
< /2(1 + |£|2)s Z 9i1+i2—2j |91(2j1—ja1 &)l |g1(2jz—azj 52)|] de.
® (41.52)€T; (@)

Since 0; € S(R), for any M > 1 there exists C' > 0 such that

Cumr

101(Q)] < W .

Finally
llg5 (27 ) I

. 2J1+72—=2j 2
SCM/RQ(”'“Q) { ) T Y R (NPT &I)QM} d

(41,42) €T (@)

S 1 2
< Cu /Rz(1+|§|2) [ > (21— +|gl|)2M.(2ia2J‘?+|€2I)2M] 4

(41,42) €T (@)
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By the inequality

(a4 b)? > amax(b,1),
valid for any @ > 1 and b > 0, and applied first with a = 2/*1=Jt and b = |£;| and
then with a = 2792772 and b = |&,|, there results

oUir—jor)M 9(ja—joz) M 72

9229, < Cas /RQ<1+|5|2>8[ Y T e

(J1,2) €l (@)

With a sufficiently large M it follows that

sup (|lg5 (2 ) | m5) < +o0.
J

Returning to finding an upper bound of || (f’lg;‘) * f||L», there exists C' > 0 such
that

j+1
I(F7g8) # flle <CG > IIF 1) * fllue
l=j—1
and
(4.8) > P2 a(Fg) x fll9, < C Nl fll%ea L= > P A Fe, .

>0 P,q,| log | >0

The last equality shows that if (4.6) holds then f € B> (R?).

p.q;|log|?
Note that the proof can be shortened in the case p > 1 using Young’s inequality

|F~H (MFh) lr@2y < C ||]:71MHL1(R2)||h||Lp(R2)
in place of inequality (4.7).

Proof of Theorem 4.4. First we recall that:
e For any q € (0,+0), n € N, and (ay,...,a,) € (Ry)",

(4.9) (a1 Hoidapn)! < nmax(¢—1,0) (a(f 4 a%) )
e For any p € (0,1, n € N, and (f1,..., fn) € LP(R?)",

(4.10) If1+ -+ falloe <0270 (1l 4+ (1 fall) -

Moreover Lemma 7.1 of [47] applied to the hyperbolic Littlewood—Paley analysis
provides the following inequality as a consequence of interpolation of the Plancherel
and Minkowski inequalities:

1/p* 1/p«
(4.11) [Z |Aj1,j2f||z} <1 S Aty < [ 3 |Aj1,j2f||z*} ,
j1,J2€J j1,J2€J j1,j2€J

for p > 1 and any subset J of N?. (Recall that p, = min(p,p’) and p* = max(p, p').)
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Now we prove the first claim of the theorem in the case where ¢ # co. For

this, we assume that (4.2) holds and let prove that f € B;$qa|log r (R?). For p < 1,

by inequalities (4.9) and (4.10) and the fact that Card(I';(«)) < Cj there exists
C > 0 such that

Z Aj17j2f‘

a - — max(qg—1,
Ty L A DI V-V |

(41,42) €T (@) (41,92) €L ()
Hence,
L . q \1/q
(S| Y and])
j=0 (41,42) €T (@)
. — max(qg— . — 5 a
< C(Z]q(l/p 1)+max(g—1,0) - j Ba 9isq Z HAjl,jafH%p) )
=0 (j1,52) €T ()

This proves that, if (4.2) holds, one has

(Zj—ﬁQstq ‘ Z Aj1,j2f‘

=0 (J1,92) €l (@)

q \1/q
) < 0.
r

Finally, by (1) of Proposition 4.6, there results that f € B;’Z‘“Og‘ﬁ (R?).
If p > 1, inequality (4.11) with (4.9) gives

| X anr = X Iauas

pa\ 4/ P
y)
(J1,J2) €T () (J1,J2) €T ()

< Ol =0 N A, L fIIE
(J1,72) €T (@)

which also leads to the desired result.
We now treat the case ¢ = oo. In this case, we have

Z Ajl,]éf

max j 7 29¢

Jj=0 r
(j1,52) €T ()
. 1_1,00— is
< Cr;lggjma"(P P N Ay, g f e
(41,32)€T; (@)
Hence if (4.6) holds, f € B;::O’lloglﬁ (R?).
To prove the converse assertion, assume f € B;’Z‘“Og | (R?). We first treat the

case p < 1. Observe that for any j > 0 and any (j1, j2) € I'j(«), one has

¢j17j2f = ¢jl»j2 (gjo‘:l + ng + g;_x+1) I

Note that ¢;, ;,(27%) is bounded in H5(R?) independently of (ji,j2) € I'j().
Hence, by (4.7), there exists C' > 0 not depending on j or f such that, for
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any (j1,j2) € I'j(e),
J+1
IF ™ sz) * flle < C 37 IF g7 * e

I=j—1

Again, two cases have to be distinguished according to whether g # oo or ¢ = co.
Consider the case g < co. Observing that Card(I';(a)) < Cj, we deduce that

j+1
Yo NF ) < fli <Ci Y NF ) flL
(41,42) €l (@) l=j—1
So)
Zjiljiﬁq 274 Z H(]:il(éjhjz) * f”%p
J (j1,52)€L; (@)
(4.12) <Y G i T (F )+ fIl
J
Since in addition the function f is assumed to belong to B;$qa|log E (R?), one has

DR F G fe = D T )+ S < o0
; J

which directly yields the required inequality using (4.12).
The case p > 1 is simpler. Again, inequalities (4.11) and (4.9) give

q «\ a/p"
H Z Ajl,]éfHLp > ( Z ||Aj17j2f||§ )
(J1,92) €l (@) (j1,42) €T (@)

> ijmax(lfq/p*»o) Z ||Aj1,j2f||;1;

(J1,32) €l (@)

which allow us to obtain the desired conclusion.
In the case ¢ = co, we have

max F Yo )« fl9, <C  max F Lg%
om0 < 1 S C e (F ) s s

which leads, for a C > 0, to

max (772 max |(F1o5,5)  fllir) <1,

j=>0 (J1,72) €T (@)
where .
I=Cmax (j72°|(F'g$) * fllw») -
j=0
That is,

jle 7ﬁmax‘a‘as —
(413)  max (max (5, ) e e 00 (F g, ) x flre <
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Since, in addition, f is assumed to belong to B> ,(R?), there results
p,00,|log |#

max j~? 2jsH(]-'_1g;-¥) x flloe < 0.

Finally, the required conclusion is obtained by an approach similar to the one used
for the previous case.

4.1.2. Proof of the hyperbolic wavelet characterization of anisotropic
Besov spaces. First we consider the general case where (p, q) € (0, +c]?, 3,5 € R
and o = (aq, az) is a fixed anisotropy. The intermediate spaces £ (R?) are

P.q;|log|?
defined as the collection of functions f in S’(R?) such that

Zj_ﬁq 9isq Z 1815 FII < +o00.

3=0 (41,72) €l (@)
A norm on 5;:5"' log | (R?) is defined by
. s 1/q
Ifllee o= (D702 3 AuRflE)

J=20 (41:52) €l (@)

Then the embeddings of Theorem 4.4 can be rewritten in the following manner:

o if ¢ < o0,
’ 2 s 2 s 2
5;3‘ 10g|[3—T1/q (R ) — B;’qa’| log |# (R ) — 5;’;|10g|[5+m/q (R )
1/p—1 - 1,0 if p<1
with = 4 40/P— 1)+ max(g=1,0) if p<1,
max(q/p« — 1,0) if p>1,
1 if p<1,
and 1o = .
max(1 —¢/p*,0) if p>1.
e if ¢ = 0,
; 2 ; 2 ; 2
1 oo (B2 B (B2) 0 B30 (B,

In Proposition 4.7, an hyperbolic wavelet characterization of the spaces £5:¢" (R?%)
is given. Combining Proposition 4.7 and Theorem 4.4 directly implies Theorem 2.6.

Proposition 4.7. Let (p,q) € (0,+00]?, and let s,3 € R2. The following asser-
tions are equivalent:

(1) fEE ] 10g1s(R?)-

p,q;|log |#

. .y 1/q
(2) (ijﬁq?m > 27(h+]2)Q/ij1,j2> < +o00.
>0 (j1,J2) €T
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(3) ( Z (max (j_l’ j_Q))_ﬁqQ(max(jl/a1Jz/(xz)s—(jl-&-jz)/P)qul7],2)1/q< +00,
(j1,J2) ENZ ar oz
) 0

/
where Dy, 5, = (3 4y koyez2 |Cinga i bal?) -

We prove Proposition 4.7. Assertions (2) and (3) are equivalent because, for
any (j1,72) € I'j(a), one has
max(]_l’j_Q) +2—2§j§max(j_1)]_2) +2
o1 Q2 ap az

and UI'; = (NU {—1})2. The crucial point is the equivalence of the assertions (1)
and (2).

Proof of the implication (1) = (2) of Proposition 4.7. The proof of this

implication relies on the following sampling lemma, which is an adaptation of
Lemma 2.4 of [25] in the case of rectangular support.

Lemma 4.8. Let p € (0,+o0] and j = (j1,j2) € N3. Suppose g € S'(R?) and
supp(g) C {¢, |&1] < 297+ and |&o| < 292F1} . Then there exists C > 0 such that

(X o 9(2’671 572)

(k1,k2)€Z?
Proof. Let ¢ € S(R?) be such that supp(¢)) C {¢, max(|& ], [&]) < 7} and ¢ = 1
n [—2,2]2. Set ;(z) = 291192¢)(291 21, 2225). One has

N 1/p
)" < Clglun

Jj =1 on [-20F1 2iitl]  [_oiatl giatl)

By assumption supp(g) C [~271+1 201+1] x [—272+1 272%1] 5o that, for any
x = (z1,22) € R? and any fixed y = (y1,y2) € R?,

9J1+1 od2+1

/E D€ 7€) € e g

p=—2J2+1

oz +y) = (b % 9)(a +y) = (2m) /

g1=—201+1

Denote by ﬁj the periodic extension of {b\j with period 27 *!r in each variable
& (i =1,2). One has

2J1+1 9J2+1

/5 (R (€)6) (3(6) ) de.

2:_2j2+1

414)  gla+y) = (2m) 2 /f

1 =—27111

Using an expansion of h;el®¢ in two-dimensional Fourier series, with 7 = (71, 72),
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it results:

o~

hj(€) e
i1 +1 9i2+1

_ § : / / /ﬁj(T)eim"refi@_jl4171+2_j2€272d7_1d7_2>
T1=—201+1g Jry=—272+1p

41 ZQ €72
w o7 T 61+27724580)

2J1+1 9d2+1 ) )
T iz —i2 1 _j2—J2
— E / / wj (T)em: Ta i2 erle i2 ZQTQdTldTQ)
Z1 42 €72 m==—21"%tr Jry=—202tix

% e lélflei27:jzé2£2

— 9—(j1+72) Z iz — Q—je)eizﬂ'lzlgleirfzzng :
(61,65)€72
where for j = (j1,j2) and £ = (f1,¢3), the notation 2770 = (279141,279245) is

used. Replacing h;(€)el™¢ with the last sum in equation (4.14) yields that, for any
x = (z1,22) € R? and any fixed y = (y1,y2) € R?,

g(z+y)
9= (j1+42) 271t 272+ i o—dpg g .
i X ([ w200 g a)
iy 51:,2114—1 52:72124—1

(01,£2)€2Z?

— 9—(itj2) Z g(2 Jg+y)w (x —279¢).

(21 ,Z2)€Z2

Hence, for all y € \j, j, k1 ko = (2770 k1, 2791 (k1 + 1)) x [2792k9,2792(ky + 1)),

_ sup g(2)l
|21 =27 91 k1| <2771 |20 2772 ko [ <2792
= sup lg(z +y)|
|1]<2791 V2, |z2|<2792V/2
<27UHR) Y T g7+ y) sup [;(x —2770)]
(£1,62) €72 max(291|z1,292 |x2])<V2
(4 i 1
D D s AN e
(£1,62) €22

where the last inequality follows from the fast decay of ¢). Take M sufficiently large
and use either the p triangular inequality or the Holder inequality as p € (0,1) or
p € [1,+0o0]. Hence, one has

|g(2 71k, 2792y |P < _ sup (=)
|21 =27 91k | <2771, |29 —27 72 ko | <2772
L , 1
< 92~ Uiti2) § 274 )P —
< lg( y)| (1+ )M

(21 ,Z2)€Z2
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for some M’ > 1. Integration over y € Aj, j, k, k., leads to

e 1
2= GtR) |g(2 gy 2 )P < W/ 9" dy.
A

(01,62)€22 J1,72.k1,k2

Summing over k € Z? gives

E :2—(Jl+12) 27y, 2792k, |P < § ’ § ’ / Pdy,
(04,£2)€Z?

J1,d2,k1,k2
which concludes the proof of Lemma 4.8. O

Now, observe that ¢j, j, ki ks = Aj, . jo [(2771k1,2772ks). By Lemma 4.8 applied
to g = A, 5, f € S(R?), one has

Z €1 o er ke | = Z |Aj1,j2f(2_jlk1’ 2_j2k2)|p < CleQjQHAjl,jénga
(k1 ,k2)€Z2 (k1 ,k2)€Z2

which is the desired wavelet characterization.

Proof of the implication (2) = (1) of Proposition 4.7. To obtain the converse
implication, the approach of the proof of Theorem 3.1 of [25] is followed.

Since ¢j, j, and Y, ms ki ,k, are both defined as tensor products, Lemma 3.3
of [25] can be applied to conclude that there exists C' > 0 such that for any a > 0
and for all z = (z1,72) € R? one has

|¢j1 g2 ¥ w"LhmZyklykl (.Z‘)|
C 2~ (d1—mal+|j2—m2|)(M+3)

4.15 < — — )
( ) - (1 T 2inf(j1,m1) |.Z‘1 _ 2—m1k.1|)0‘ (1 + 2inf(ja,m2) |J)2 _ 2—m2k2|)o¢

where M denotes the number of vanishing moments of the wavelets.
Lemma 4.9 is analogous to Lemma 3.4 of [25].

Lemma 4.9. Let p € [1,400], and let £1,02,m1, and mo be integers such that
61 < mq and by < mg. Additionally suppose given functions gi, k, satisfying,
Va = (x1,72) € R?, the inequality

C
1+ 20 2y — 2™k |)2(1 + 20 ]zg — 22Ky )2

(416) |gk1»k2 (1’)| < (

for some C > 0. Set

F= E dkukzgkl,]% .
k=(k1 ko) €22

Then

1
(417) | Fllps < C2-(mbmalpgm—tigme=te (57 g, ) "
k=(k1 ko) €Z2
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Proof. By definition of the LP-norm, one has

17|, = /R2 ’ DN €))

k=(ky ko) EZ>

p
: Z />\ ’ Z iy ko Gl kn ()| da,

K =(k! kL) €72 Y Amama Ky K, k=(ky ko) €22

p

dx

where the hyperbolic dyadic cubes Ay, m, k k), are defined in (3.3). Observe now
that, by the usual triangle inequality and by inequality (4.16), there exists C' > 0
such that, for any (ki, ko) € Z2, (ki,kb) € Z2,

sup ‘ Z dkhkzgkl,kz (.Z‘)

TEXmy o KK (K k) €72

Ay k|
< b
> Z Hi=1,2(1 + 2¢; Q*Mikg _ Qmele

(k1,k2)€Z?

2 = I(ml,mg,ki,ké).

Hence one has

IF|I, < C2mtmtmel N T(my,ma, kY, k)P
(lc/l,lcé)eZ2

Recall the usual convolution inequality
s 3/”2(22) < ||3HZ(ZZ)||3/H§1(ZZ) )

valid for any sequences s, s’ in (P(Z?) for p > 1. Applied to s = |dj, ,| and
s' = (1+ 287k} — kq|)72(1 + 2%27™2 |k} — ko|)~2, this gives

1Pl sc2mmem (37 fduel”)
(k1,k2)€Z?

1 P
< ( v
<k1,kzg>:ez2 (1426 K] [)2(1 4 2%~ 2k )2

Recall the classical inequality

1
<C 2m17€1 2m2*42.
P DR e e T e

Hence

(halli < ¢ 2~ (mitma) g(mi—t)p 2(m2*42)p( Z |dk1,k2|p)
k:(kl,k2)€Z2

1 P
. ( Z [icy (1 4267 k;|)2) ,

K= (ky k) €22

which directly yields the required result. This concludes the proof of Lemma 4.9.
O
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Now we return to implication (2) = (1) of Proposition 4.7. Two cases are
considered: p € (0,1) and p € [1, 4+o0].

First we assume that p € (0,1). We need to bound [|A;j, 5, fllzr = ||, 5% f || e
Observe that

Pj1 g *f= Z Z Crmy,ma ki ke (Qsjl»jz *wmhmmkl»kz) :

mi,mz ky,k2

By the p-triangular inequality, there results

Vo € R? |¢]17]2 *f |p < Z Z |Cm1,m2,k1,k2| |(¢j17j2 *wml,mmkl,]%)(mﬂp :

mi,ma ki,ko
By the inequality (4.15), for all z = (x1,72) € R?, one has

|¢J17J2 *f |p < Z Z |Cm17m2»k1»k2|

mi,mz2 ki,ka

9=p(lj1—ma|+|j2—m2|)(M+3)

X - - n -
((1 + 21nf(]1,m1)|x1_2—m1k1|)(1 + 21nf(jg,m2)|m2_2—m2k2|))po¢

Integration over R? implies that

I iy.io * F(@)||2, < Z Z [N L p(ljr—mal+]j2—ma|)(M+3)

my,m2 ki,ks

Hence

1F11E

. 84 , 4
9 _ (max (J_l, '7_2>> 9gs max(ji/a1,j2/a2) Py * f(x)”%p

p.a,|log | P Q) Q2

€S (S Nemuma 2P ar

J1,J2  mi,ma2

X (maX ('7_1 2))7ﬁp2P8max(jl/a17j2/0t2))q/p.
o1 s

For any ¢t € R, set (t)+ = max(¢,0) and define

1 ift>0,
sgn(t) = 0 ift=0,
-1 ift <0.

Now observe now that, for any integers j and m,
m—(m—jly <j<(G—m)y+m,

and that, for any integers ji, j2, m1, and mo,

max(m1 /a1, ma/as) - (jl jz)

1 — max((mi—ji)i/a,(ma—jo)s/az) = a1 as
max(m1 /a1,mz/az)

Q1 Q2
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and

(2, 22) e (2, 22) [ (B Gy
a1 a2 a1 Qo aq Qs

(except in the case my = mg = 0 which can be treated separately). Hence

q q/p
||f| g5 < Z ( Z Umy,ma Vji—m,ja—m2 ) ’

,q,| log | P —
o ltos ] Ji.j2  mi,ma
with
m1 mao\\ PP
I psmax(mi/o1,ma/a2 P
um17m2 - (max< 9 >> 2 ( / ’ / ) Hcml,m2,~,~||gp
a1 Q2
and

)

vy gp = 27 PUNIFI2D(+3) [1+max<(j1)+ (j2)+>}_B%sgn(s)psmax<<j1>+/a1,<j2>+/a2>
J1,J2 a Qo .

If ¢/p > 1, Young’s inequality can be applied. It states that, for any sequences s
and s’,

s * 8" larnz2y < lIsllearez2y 15" lercz2y »
whereas if ¢/p < 1 the usual (¢/p)-triangle inequality and the usual inequality

|5 * s"|lerz2y < |I8ller(z2)|8]|e1(z2) valid for any sequence s and s’ can applied.
In either case, there is obtained the inequality

mi mo\\ PP Jaz) .
f qs,a < ( (max (— —)) QQSmaX(ml/al»mz 2 ||C 7 m'| >
H |£p,q,uog\f’ mlzm:w a1’ g m1,M2, 1P
X Z (2*p(j1+j2)(1VI+3) (max (-7_1) 2))7ﬂp ops max(jl/ahj?/az))max(q/i’»l).
a1 Qg

J1.J2

If the wavelets have sufficiently many vanishing moments, we get that

—Bp
| f] gvs,a < C( Z (max (ml ﬁ)) 9gs max(mi /a1,ma /) ||thm2’.7.|i2’p> ,

K
a1 Q9

p,q,| log | B
P,q,|log | my,mo

which is the required result.
Now we consider the case p € [1,+0oc]. In this case, observe that

Ajlvaf = E dklkagkth
k1,k2

with
(lj1—ma \+|j27m2\)(]w+3)(

Gk ky = 2 Bj1 2 * Vi ymakr ke ) 5

and

— o—(ji—ma+lja—mal)(M+3) . _
dkl,kz =2 ( I+ Ci1,j2,

ki,ka -
We set /1 = inf(j1,m1) and ¢y = inf(ja, m2). Lemma 4.9 gives

o < —p(|lj1—ma|+|j2—mz2|)(M+3)9—(m1+m2)/p P gmi—£1 gma—~La
HAJI»JZfHL‘" <C2 2 Hcml» 2 2 .

maz,,- 4P

Again the two cases ¢ < 1 and ¢ > 1 are distinguished and the same approach as
in the case p € (0,1) is followed. It leads to the required conclusion.
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4.2. Proof of Theorem 3.4

First a two-microlocal criterion is proved.

Proposition 4.10. 1) Assume that f € C*%(xy). Then there exists C > 0 such
that, for any (ji, j2, k1, k2) € (NU{—=1}) x Z2,
6/042)

2) Conversely, if [ is uniformly Hélder and (4.18) holds, then [ € Cl lOglg( 0)-

- k s/on
(4.18) [¢j1 o k1 ko | < C'min (2_”“’/“ + ’Tl -

J2s/ oz
2 + ' 2]2

Proof. First assume that f € C>*(xzg) with z¢g = (a,b). Assume that j; # —1 and
ja # —1. By definition of the hyperbolic wavelet coefficients one has

Ciy oy g = 291772 / fzy, x2) (27 ) — k) (27239 — k) day day .
R

Since 1 admits at least one vanishing moment, there hold the equalities
(4.19)

Cirjarkor hy = 27172 / (f(m1,22) = Pay(a,22)) (27 w1 — k1) (223 — kp)dzrdas
R?

(4.20)
Cirjardor ky = 27172 / (f(x1,22) = Poy(21,0)) (27 21 — k1) (27225 — ko)dz1das .
R?

Equality (4.19) and the assumption f € C*(x) imply that
|51 gk g | < 2772 /Iﬂm —al3 [¥(27 21 — k1) (222 — ko)| day da

R2 271

s/a . ]
5. @ ) [(27 21 — 1) (27220 — ko) | dayday .
We now set uy = 27121 — kq, ug = 2229 — ko and deduce that

271

il < (270000 [ ) ) s
R2

k1
271 a

) ) durdus)

Hence for some C' depending only on 1, s, and « one has

s/on
|CJ17J2J€1J€2| <C (2 sl + ’2]1 a > '
A similar approach yields that
s/ a2
|CJ17J2J€1J€2| <cC (2 Jasfon + ’2]2 b ) '

This shows that (4.18) can be interpreted as a necessary condition for pointwise
regularity.
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Now we prove the converse result. Assuming that (4.18) holds, the initial aim
is to define a polynomial approximation of f at xg. To this end, a Taylor expansion
is used to investigate the differentiability of f at xzyo. We define f; by

fj = E : E Cj1,g2,k1 ke wjl,jmkhkz :
(41,92) €T (@) (k1,k2)€Z?

where the notation is the same as in the proof of Proposition 2.8. One has

L@l > Y

(j1,72)€L; (k1,k2)€Z?

min(27918/01 4 | 2L _ g|s/ea g=das/o2 4 |Ja _ g|s/az)
(14 (2712 — k)N (1 + |27229 — ko|)Y

B D P ki d el W
- J1<j k1,k2 (1 + |2j1x1 - leN(l + |2j2m2 - k2|)N
LN 2 g —ml o fa —alle
G2 <j (1 + |2j1m1 - k1|)N(1 + |2j2‘r2 - k2|)N '
Then
(4.21) fj(@)] < C (5277° + jlar — a|*/*r + jlaa — b*/*2).

In the same way, if 8 = (51, B2), an upper bound of |07 f;| is given by

Z 971147282 Z

min(27918/01 4 | 2L _ gs/ea g=das/o2 4 | Ja _ g|s/az)
(14 (2712 — ko [)N (1 + [27229 — ko)

(j1,52)€ly (k1,ko)€EZ2
Then
(422)  [97f;(x)| < C2PreatP20) (9795 4 |5y — a0t 4 |2y — b|¥/02)

Hence, the function f is S-differentiable at xy provided that Siaq + foas < s. The
Taylor polynomial of f at xg is given by

r— X B
Pigo(z)= Y q 9” f(x0)

Brai+P2az<s ﬂ

and

Pxo('r) = ijﬂfo(m) .

We shall now bound |f(z) — Py, (x)| in a neighborhood of zy. Recall that f is
assumed to be uniformly Hélder, namely there exists ¢y > 0 such that f € C%0(R?).
The inclusions between Holder spaces with different anisotropies (see [48]) lead to
the existence of g such that f € C50*(R?). Set J; = [aJ/gp]. Observe that

J1
(@)= Prog (@) < D 1f5 (@)= Piao @)+ D 1f5 @)+ D 1f5@)[+ D [P (@)
i<J j=J+1 >0 i>J

Now we bound each term of the right hand side of this inequality.
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First we deal with the term corresponding to j < J. In this case we shall use
an anisotropic version of the Taylor inequality which can be found in [17] and [24]
and is recalled in [6]. It gives the existence of some C' > 0 such that

|fj(2) = Pjao(2)] £ C > |z — o322 sup (97,
Bi+Ba<ht1, a1 fit+asfa>s #=(21,22) €R?

with & = [max(s/a1,s/az)]. The bound (4.22) implies that there exists C' > 0

such that

£5(2) = Pja (@)

=C Z |z — wo|Q1PrtazBagi(Braathoaz) (9=is |4y — g5/ 4 |z — b|*/22),

B1+B2<k+1
a1 Bi+azfBa>s

Hence,
D 1fi(@) = Py (@)
i<J

<C Z |£L’ _ x0|31ﬂ1+0¢252 (2J(510¢1+520¢2*8) + QJ(ﬂ1a1+ﬂ2az)|x _ 1'0|fx) .

B1+B2<k+1
a1 Br1+azfB2>s

Since |z — xg|o < 277 there follows

(4.23) Z|fy — Pjuy(@)] < Clz — ol -

i<J

Now we bound the sum Z‘j];J_H |fj(z)]. By (4.21) and the definition of Ji,
which depends on J, one has

Jl v]l
(4.24) Do L@ D62+l = wold) < T2+ TP — wol
Jj=J+1 j=J

To bound the sum 3. ; |f;(z)| the uniform regularity of f is used, leading to
(4.25) Y lfi@)| <o <27,
j>Ji

the last inequality following from the definition of .J;.
Finally, by (4.22), the sum >, ; [Pj,(z)| can be bounded. Indeed, for some
C > 0, one has

S IPiae@ < > Iz = 20)°) > 107 f5(wo)|

j>J Bra1+Paaz<s i>J
<C Z |.Z‘1 - a|,61|m2 B b|ﬁ2 Z 2j([31a1+62a2—s)
= 6' .

Bra1+PBaaz<s i>J
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Since |71 —a] < |z —x0|2* <277 and |zg — b| < |z — 20|22 < 27792 there results

(4.26) Z |PJ (@) <C Z 9—J(Brai+paaz) Z 9i(Brar+B2az—s) < Cc9o7s,
j>J Brai+Paaz<s i>J

Finally, inequalities (4.23), (4.24), (4.25), and (4.26) yield that f € C, loglz( 0). O

Theorem 3.4 is a straightforward consequence of the two-microlocal criterion
and of the following lemma:

Lemma 4.11. The two following properties are equivalent:
(i) Inequality (4.18) holds.
(ii) Inequality (3.4) holds.

Proof. Assume that (4.18) holds. If X C 3\, j,(z0), then

<9Q.2702

fa’ < 2~2*j1, and

g g k1

J1 201, J2 272, ‘2Ji
Condition (4.18) implies

lex| < min(is/e g-izs/az) o= max(ia/far.z/az)s.

Conversely, assume that (3.4) holds. Let X' = A(j1, j4, k1, k5) be a hyperbolic
dyadic cube. Set
. i k1 _
J1 :sup{él, 27 4 ‘2711 —a' <2 ‘}1}
and y
J2 _Sup{gz, 2772 Jr‘ -2 *b‘ < 242}.
J2
We have X' C 3, j,(x0). Since (3.4) holds one has
lex| < min(27918/a1 g=izs/az)

s/o s/ag) .

That is, (4.18) holds. O

jis/aa
< (C'min (2 + '2]1

Jas/az
2" + ’232

4.3. Proof of Theorem 3.7

The proof of Theorem 3.7 is based on the two following lemmas, analogous to
Propositions 7 and 8 of [34].

Lemma 4.12. Set o = (a,2 — a) and define
G(H,a)={zeR® f €C|1og|2( )}
Letp >0 and s € (0,w(p,)/p]. Then, for any H > s —2/p,
dimy (G(H,a)) < Hp —sp +2.
If H<s—2/p, dimg(G(H,a)) = —c.
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Lemma 4.13. Set o = (a,2 — a) and define
B(H,a) = {z € R?, f € C"(x)}.
Let p <0 and s € (0,w(p, ) /p]. Then
dimy (B(H, ) < dimp(B(H,a)) < Hp— sp+2.

The proof of Lemma 4.12 in the case H > s — 2/p is exactly the same as that
of Proposition 7 of [34], except that the sets G g are replaced by the sets

G(j, H,a) = {\ = A(j1, jo, k1, k2), (j1,j2) € Tj(a), |dxr| = 27717},

Lemma 4.12, in the case H < s — 2/p, comes from the hyperbolic wavelet char-
acterization of anisotropic Besov spaces stated in Theorem 2.6 and the Sobolev
embeddings which can be proved in the anisotropic case as in the isotropic one
(see [48]).

The proof of Lemma 4.13 is exactly the same as that of Proposition 8 of [34],
except that the sets By are replaced by the sets B(H, «).

Lemmas 4.12 and 4.13 then imply Theorem 3.7, since for any o = (a1, a2) such
that a1 + ag = 2, one has

E(H,a)c( N G(H',a))m( U B(H’,a)).

H'>H H'<H
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