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analysis remains so far rarely used in practice and
has barely been studied theoretically: In view of the
myriad of modern real-world applications that rely
on the joint (multivariate) analysis of collections of
signals or images, univariate analysis constitutes a
major limitation. The goal of the present work is to
theoretically ground multivariate multifractal analysis
by studying the properties and limitations of the most
natural extension of the univariate formalism to a
multivariate formulation. It is notably shown that
while performing well for a class of model processes,
this natural extension is not valid in general. Based
on the theoretical study of the mechanisms leading
to failure, we propose alternative formulations and
examine their mathematical properties.
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1. Introduction

o Context: Multifractal Analysis. Multifractal analysis consists in analyzing functions, signals,
images, sample paths of stochastic processes, random or deterministic measures by quantifying
the size of sets of points in R? sharing a same singularity exponent H. Theoretically, multifractal
analysis amounts to computing the multifractal spectrum D(H ), which encapsulates the Hausdorff
dimensions of the sets of points where a pointwise regularity exponent takes a given value H.
Practically, Hausdorff dimensions cannot be estimated from real-world data. Instead, an indirect
estimation of D(H) that can actually be computed from data, a so-called multifractal formalism,
is used: The estimate is obtained by computing a Legendre spectrum. For univariate data (single
signal, image,...), the Legendre spectrum has been shown to yield an upper bound for D(H) [1],
and to coincide with D(H) for several models of deterministic functions or stochastic processes
commonly used to model scale-free dynamics (cf. e.g., [2] and ref. therein). Thus, the derivation of
multifractal formalisms yielding appropriate Legendre spectra, i.e., spectra that are both as close
as possible to D(H) and remain practically computable, is a central issue.

Multifractal analysis and modeling have been widely used and have led to significant
successes in several applications very different in nature (cf. e.g., [2-4] and ref. therein). Yet, these
achievements were mostly obtained in a univariate setting: One signal or image is analyzed at
a time and independently of others. Such analyses miss potentially crucial information coded in
cross-dependencies. However, in most recent applications, systems are monitored through large
collections of signals or images recorded simultaneously. This critically calls for the theoretical
definition and study of multivariate multifractal analysis and the development of multivariate
multifractal formalisms, at the heart of the present work.

e Related work: Multivariate multifractal analysis. Multifractal analysis was historically
grounded in the study of hydrodynamic turbulence [5]. Therefore, the notion of multivariate
multifractal analysis was first introduced in that context as a natural extension of the univariate
formalism [6]. Multivariate multifractal analysis was then theoretically studied in an abstract
setting in [7] and in specific cases: Several pointwise exponents associated with invariant
measures of expanding dynamical systems (level sets of Birkhoff averages, pointwise dimensions,
local entropies, and Lyapunov exponents) are considered in [8]; as regards the usual local
dimension, general results for doubling measures are obtained in [9], and selfsimilar measures
associated with an IFS satisfying the Open Set Condition are studied in [10,11]; see also [12].
However, multivariate multifractal analysis remained used only in rare occasions on real-
world data, cf. e.g. [13] and references therein. This is mostly due to a lack of theoretical
understanding of the information encoded in mutivariate spectra and of theoretical constructions
for mutifractal formalisms, as well as to a lack of efficient and robust practical analysis tools.
Several theoretical issues underlying multivariate multifractal analysis were recently investigated
in [9,13-15], and the present paper is a continuation of these works. Further, the potential interests
of the multivariate Legendre spectrum to study real-world data were investigated in [16,17],
together with the definition of bivariate log-cumulants (a mandatory step for an efficient practical
implementation of multivariate multifractal analysis).

¢ Goals, contributions and outline. The main goals of the present paper are: 1) to discuss the
mathematical foundations of the seminal proposition of a multivariate multifractal formalism
in [6], 2) to understand its range of validity and 3) to identify the origin of its limitations and
propose theoretical solutions to overcome them. To that end, Section 2 starts by stating in a
multivariate setting the mathematical notions (pointwise regularity and multifractal spectrum)
attached to multifractal analysis. It further discusses the issues at hand in the computation of the
dimensions of intersections of fractal sets, which turn crucial in a multivariate setting.

Section 3 motivates the wavelet leader based reformulation of the multivariate multifractal
formalism proposed in [6] and establishes the theoretical conditions under which this formalism
is valid. This requires to revisit the relationships between multiscale quantities (e.g., wavelet
leaders) and pointwise regularity (e.g., Holder exponent) and to put into light the key notion of

10000000 V 908 Y 0014 B10-BuiysiandAisioosieoreds:



compatibility; additionally, it leads to the introduction of a new notion in multivariate multifractal
analysis: synchronicity between the minimizing sequences of multiscale quantities associated with
each of the different components of the data. It will allow to establish the required conditions
under which the multivariate Legendre spectrum provides an upper bound for the multivariate
multifractal spectrum.

Since multiplicative cascades constitute the paradigm for multifractal construction, elaborating
on [6,9,10,13], Section 4 studies in depth bivariate deterministic dyadic binomial cascades. It
establishes analytically their multivariate Legendre spectra, thus complementing [13] where their
multifractal spectra were determined. These results show that the currently available formalism
proposed in [6] does not necessarily yield an upper bound for the multifractal spectrum: This
critically depends on whether minimizing sequences of multiscale quantitities associated with
cascades satisfy or not the synchronicity requirement.

Section 5 elaborates other examples of bivariate processes (bivariate scale-lacunary wavelet
series and bivariate independent Lévy processes) for which the multivariate Legendre spectrum
does not provide an upper bound for the multivariate multifractal spectrum and lays bare the
mechanisms leading to failure. They suggest an alternative, a cross-scale multivariate multifractal
formalism, of which we lay the theoretical foundations and study the general validity.

Section 6 discusses potential interpretations of the multivariate multifractal and Legendre
spectra in relation to synchronicity vs. non synchronicity and statistical dependencies vs.
independence.

The theoretical developments proposed in this work are supported by practical illustrations
of the actual numerical implementation of multivariate formalisms, obtained from a toolbox that
will be made publicly and freely available in a documented manner at the time of publication.

2. Multivariate multifractal analysis: Intuitions and definitions

(a) Pointwise regularity

Let X(z)=(X1(z), -, Xa(x)),z € R, X e RM, denote either a multivariate deterministic
function or the multivariate sample path of a stochastic process. In essence, the multifractal
analysis of X consists in characterizing the fluctuations along x of local or pointwise regularity
indices of X, also termed singularity indices, and hereafter denoted h(z) = (hi(x),--- , hps(x)).
These indices measure roughness of X around location z, independently for each component Xj.
A widely used regularity index is the Holder exponent, hy(xo) of f at zo € R?. For a univariate
locally bounded function X}, : R — R it is defined as follows: For a >0, X}, € C%(x) if there
exist a constant C' > 0 and a polynomial P of degree less than « such that, for € small enough,

sup | Xp(x) — Pla —w0)| < O, @1)

lz—xo|<e

then hx, (zo) =sup{a>0| Xy, € C%(xp)}. Other indices are used to quantify regularity. For
example, for nonnegative measures p, the lower and upper local dimensions are defined as:

E;(wo)thmf log#([l’o — P ‘TO_"p]) and KZ(LEO):hmbup logﬂ([mo _/751:()_|'10])7 (2.2)
p—0+ log p p—0+ log p

and for non locally bounded functions, p-exponents replace and generalize the Holder exponent,
cf. [34]. Further, to enrich the description of local regularity provided by such indices, the use
of lacunarity, cancellation and oscillation exponents, was proposed, cf. [18] and references therein.
Any of these pointwise regularity indices can be used in the following.
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(b) Multivariate multifractal spectra: Definitions and properties

A fundamental postulate of multifractal analysis is that the relevant information on X is not given
by the local evolution of h(z) as a function of x but that it is encoded globally and geometrically, in
form of the fractal (Hausdorff) dimensions of well-chosen level sets of singularity indices.

Several types of (univariate or multivariate) sets can be considered: For H = (Hy, ..., Hyy),
Vm=1,...M,  En(Hpn) = {zeR%: hy(z)=Hn},
E(H) = {zeR%: m(z)=Hi,..., hy(x)=Hy},  (23)
EZH) = {xeR%: hy(x)>Hi, ..., hy(z)>Hy),  (4)
ESH) = {zeR%: hi(z)<Hi,..., hy(z)<Hpy)  (25)
By definition, the multivariate singularity sets consist of intersections of univariate ones:
E(H)=E(H)().--[ VEm(Hy)- (2.6)

For large classes of deterministic functions or sample paths of stochastic processes, such sets
are fractal. Their sizes, as functions of H, referred to as multivariate multifractal spectra, are thus
informatively quantified by their Hausdorff dimension, denoted dim :

D(H)=dim(E(H)), DZ(H)=dim(EZ(H)), and DS<(H)=dim(ES(H)). 2.7)
By convention, dim(f)) = —oco. Though theoretical results in multifractal analysis are often
stated in terms of D(H) only, the other two spectra, D=(H) and D<=(H), also play key
roles. For instance, in univariate settings where multifractal spectra usually satisfy D=(H) =
supp < D(H') and DZ(H)=supp~y D(H'), the strongest versions of upper bounds for
spectra are stated in terms of D= (H) and D= (H), and the determination of D(H) requires such
stronger estimates as a prerequisite. More conceptually, the sets E=(H) and E<(H) often are
simpler to describe mathematically than E(H ), and their properties are better understood.
Multivariate multifractal spectra satisfy a number of properties. By definition E(H) is included
in any of the Ey(Hy,), thus yielding

VH = (Hi,...Hy), D(H)<min(Di(H1),...,Dp(Hur)) (2.8)
The support of the spectra, Supp(D) = {H: FEg#0} = {H: D(H) >0}, satisfies

Supp(D) C Supp(D1) X ... x Supp(Dyyr).
Since E;(Hy) = UH2 E(H1,Hs,..,Hyr), we have Dy(Hy)> sup D(Hy,Ho,...,Hyr)
Ha,..,Hp
(similar formulas are true for the other coordinates Dy, (H},)). Equality may fail because the union
is taken on a non-countable set, but for many multifractal models, equality holds (see Section 4).

(c) Intersection of fractal sets

While the properties of spectra in univariate settings have been widely studied, those of
multivariate spectra remain barely investigated. A key issue is to understand which information
the shape of the multivariate multifractal spectrum yields on dependencies between components.
A first extreme case consists of all components being identical ; then the multivariate multifractal
spectrum D(H) is supported by the diagonal Hy =...= H)s and coincides with the univariate
spectra D1(H1)=...= Dy (Hps). But in general, obtaining multivariate multifractal spectra
amounts to computing the Hausdorff dimensions of intersections of fractal sets, cf. (2.6). A
large amount of particular cases were studied, cf. e.g. [19] and references therein, yet this is
a difficult mathematical problem with no generic formula. Nonetheless, some mathematical
results characterizing intersections of sets hold with a fairly general level of validity and provide
guidelines relevant for multivariate multifractal analysis. For notational simplicity, this section is
restricted to M = 2, extensions to M > 2 are straightforward.
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A first category of generic results are based on intuitions stemming from intersections of affine
subspaces: e.g., in general, two planes in R? intersect along a line, and more generally, in RY,
affine subspaces intersect generically according to the sum of codimensions rule: dim(A N B) =
dim A 4+ dim B — d, i.e. the “codimensions” d — dim A and d — dim B add up (this formula can
yield a finite negative number, in which case, here and in the following, we use the convention
that the corresponding set is empty). This result holds for numerous examples of fractal sets, in
particular when the Hausdorff and Packing dimensions of one of the sets A or B coincide (as is
typically the case for general Cantor sets); in that case “generically” has to be understood in the
following sense: For a subset of positive measure among all rigid motions o, dim(ANo(B)) =
dim A 4 dim B — d. However the coincidence of Hausdorff and Packing dimensions is often not
satisfied by the level sets E(H). The only result that holds in all generality is the following: if A
and B are two Borel subsets of RY, then, for a generic set of rigid motions ¢, dim(A No(B)) >
dim A 4 dim B — d. This leads to a first guideline for multivariate multifractal spectra: When two
recordings of experimental data are derived from unrelated experiments, then their singularity
sets will be in generic position with respect to each other, and the genericity assumption will
hold, yielding D(H1, H2) > D(H1) + D(H2) — d, whereas the stronger result

D(Hyi,H2)=D(H1) + D(Hz) —d (29)

will hold only for particular models.

For important classes of fractal sets, sets with large intersection, the codimension formula is
not optimal as they satisfy dim(A N B) = min(dim A, dim B); while such a formula may seem
counterintuitive, fairly general frameworks where it holds were uncovered, cf. e.g., [20,21] and
references therein. This is notably commonly met by limsup sets, obtained as follows: There exists
a collection of sets A, such that A is the set of points that belong to an infinite number of the
Ay, This is particularly relevant for multivariate multifractal analysis as singularity sets E< (H)
are of this type for several multifractal models, notably for additive stochastic processes, e.g.
Lévy processes or random wavelet series, see [22,23] and ref. therein. For multivariate multifractal
spectra, this leads to the alternative formula

D(Hy, Hy) = min(D(H,), D(Hz)) (2.10)

which is expected to hold in competition with (2.9), at least for the sets ES (H), see Section 5(a)ii.

3. Multivariate extension of the multifractal formalism

(a) Minimizing sequences and compatibility

It is now well documented in the univariate setting that Hausdorff dimensions cannot be directly
computed numerically. Multifractal formalisms are procedures allowing to estimate practically
multifractal spectra from data. Additionally, they can also explain the shape of the structure
functions by the shape of multifractal spectra (this actually was the motivation of the seminal
article [5]).

Multifractal formalisms rely fundamentally on the definition of multiscale quantities dy. These
quantities depend jointly on time x and scale 2/ and are defined as a nonnegative function A — d
on dyadic cubes A (= \(j, k)) = [g—}, ]“2;’.'1) X e X [%, kféj'l), with j €Z and k= (k1,---kq) €
7. We define the log-leaders of the multiscale quantities d as

log dy
Ej(d)\) = lOgQ_j .

3.1)

A key aspect of multiscale quantities in multifractal analysis is that they need to be tailored to the
chosen local regularity index &, according to the following general framework.

Definition 1. Let dy be a multiscale quantity. For z € R let Aj(z) denote the dyadic cube of width 277
which contains x. A function h(x) is called a pointwise exponent compatible with the multiscale quantity

10000000 V 208 4 0014 Buo-BuysiandAieiosieforeds:



dy if, for any x, there exists a sequence \; .y (With jn — +00) such that h(x) can be written as

n (@

h(l‘) = nglfoo Zjn (d)\.

in(e) ). (3.2)

The sequence A, () is called a minimizing sequence for h at x. The couple formed by a multiscale quantity

together with the associated compatible exponent is called a compatible couple.

Remarks: We use here the (standard) definition of pointwise exponents as functions that are
defined at every point, where they take a unique value. However, other choices are possible. One
can decide that h(z) is only defined at the points = where the limit of ¢;(d ,\j(z)) when j — 400
exists; this is the option taken to study multivariate multifractal analysis in [8,9]. On the opposite,
one can consider divergence points where the limit does not exist. Obtaining information on the sets
(such as their dimensions) is an important question which, in the context of multivariate analysis,
has been addressed in [8,24,25]. One can also consider all possible limits of (3.2), in which case
the exponent is not unique, but can be a subset of the real line, see [11] where this approach is
followed. Numerous types of multiscale quantities (increments, oscillations, measures, wavelet
coefficients,..., cf. e.g., [2] for reviews) were used to construct multifractal formalisms, mostly
tied (sometimes incorrectly) to the choice of either the Holder exponent or the local dimension as
pointwise regularity index.

For functions, it is however now well documented that wavelet leaders are multiscale
quantities associated with the Holder exponent [1], and that wavelet p-leaders are associated
with p-exponents [3,4]. These multiscale quantities are constructed from the coefficients of an
orthonormal discrete wavelet transform (DWT) as follows. An orthonormal wavelet basis of
L?(R?) can be defined from 2 — 1 compact support and regular enough functions ¥, referred
to as mother-wavelets, as the collection of dilates and translates odi/ Qw(i) (2j z — k), (for j € Z, and
k € 7). The wavelet coefficients of the function X () are cg\i) =24 jw(i) (272 — k)X (x)dz, and
the corresponding wavelet leaders are

= sup i), (3.3)
i, N C3X
where 3\ denotes the union of A with the 3% — 1 closest dyadic cubes of width 277. Under weak

global regularity assumptions, the Holder exponent h(x) is tied to wavelet leaders through

vz eRY,  h(z)=liminf £;(y), (3.4)

j—+oo

see [1], which clearly fits the general framework defined in (3.2). Similarly, p-exponents can also
be derived from p-leaders by the same formula as (3.4), see [3,4].

For measures, the lower and upper local dimensions ¢;, (z) and ¢, (z), can be obtained from
the multiscale quantities dy = p(3X): £ (z) :yguugg £ (dy, () and 0 (x) =15 (dx, («)), which

also both fit in the general framework defined in (3.2).

(b) Multivariate multifractal formalism for synchronous exponents

(i) Synchronous exponents

The construction of multifractal formalisms in the multivariate setting requires the existence
of minimizing sequences \; () shared by all exponents associated with the different data
components. This motivates the following definition.

Definition 2. Let (d’f\7 h¥(z)), k=1,---, M be compatible couples. The (d5, hF (z)) are synchronous if,
for any x, there exists a sequence \; (. (With jn — +00) which is a minimizing sequence for all hF ().

To illustrate this definition, let us discuss a few examples, with M =2 for simplicity. If, for

any x the sequence ¢; (d}\j (1)) has a limit when j — 400, then, any subsequence is minimizing
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for h'(z), so that, whatever the couple (d3,h%(x)), it is synchronous with (di,h!(x)). This
example corresponds e.g. to fractional Brownian motion, and to many functions or processes with
continuous Holder exponent. However, it does not correspond to classical multifractal models, for
which h(x) covers all its range when « takes values in any arbitrarily small interval.

If there exists an increasing function w such that

L (d?\j(m) =w (Ej (dij(w))> +o(1) when j— +oo

and if the two exponents are both computed by a liminf (or a lim sup), minimizing sequences
for both exponents clearly are the same. Corresponding examples are discussed in Section 4.
Importantly, this no longer holds if w is decreasing, as we will see in Section 4. Additionally,
the condition that d3 is an increasing function of d} is not sufficient either to imply synchronicity.

(i) Multivariate multifractal formalism and multivariate Legendre spectrum

A multifractal formalism relates multiscale quantities to the multifractal spectrum. The first one
was originally proposed in the context of hydrodynamic turbulence and was constructed using
increments as multiscale quantities [5]. Its multivariate extension was proposed several years
later, again based on increments [6]. In hydrodynamic turbulence, this multivariate formalism is
often called grand canonical in reference to thermodynamics, from where the seed intuitions and
constructions of multifractal analysis stem, see [26].

This multivariate multifractal formalism is here reinterpreted in the general setting of
synchronous exponents and compatible pairs of local regularity indices and multiscale quantities:

(d%, hF(x)), k=1,---, M.Itis based on the multivariate structure functions
. s T
v’l“:(’f‘l,'“,’/'M)eRM, S(T7j):27dj Z (d}\) l(dﬁ\w) Aly (35)
)\EAJ'

where A; denotes the collection of dyadic cubes of width 277, Synchronicity constitutes a
key requirement because S(r, j) couples multiscale quantities (oli7 e dy ) at same scales and
locations. Further, the scaling function is defined as

e log (S(r, )
=1 f =7 .
) =tminl S e 36
The scaling function can be related to the multifractal spectrum as follows: if x € E(H), then
the synchronicity of the hi(x),--- , hps(z) together with (3.4) implies that there exist an infinite
number of scales j such that for the same dyadic cubes,
1 —Hyj M —Huj
d)\j(z)’/w"2 1J,"',d}\j(z)%2 M‘].
Because D(H) is the fractal dimension of FE(H), the number of cubes of size 277
required to cover E(H) is ~ 2/P (H)  Therefore S (r,j) can also be rewritten as S(r,j)~
>n 9=djgi D(H)g—(Hiri++Hmra)j When j — 400, the dominant contribution stems from the
smallest exponent; indeed, the other contributions are exponentially smaller as a function of j and
will ultimately be negligible in the limit j — +oo, thus yielding
C(ry= inf (d—D(H)+ H-r), whereH -r=Hiri+ -+ Hyrp. (3.7)
HeRM
This leads to define the multivariate Legendre spectrum as the M-variable Legendre transform of
the multivariate scaling function:
vHeRM,  L(H)= inf (d—C(r)+H-r). (3.8)
reRM
General properties of L(H) (without assuming synchronicity) are proved in [13,14]. Important
results of [14,15] (and refs. therein) state that the multifractal formalism is satisfied for couples of
generic functions (both in the sense of Baire and prevalence) in given Besov or oscillation spaces.

H
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(c) Upper bound: multivariate multifractal and Legendre spectra

In a univariate setting, i.e. M =1, under weak global regularity assumptions, the Legendre
spectrum systematically yields an upper bound for the multifractal spectrum: L(H) > D(H) [1].
Theorem 1 establishes that this inequality extends to a multivariate setting in the synchronous
case (the informal derivation sketched above does not constitute a mathematical proof).

Theorem 1. Let (d%,h*(z)), k=1,---, M, denote a collection of compatible couples which are
synchronous. The multivariate Legendre and multifractal spectra satisfy:

VHeRM™,  D(H)<L(H). (3.9)
Additionally, the spectra D= and D= satisfy

< i — . 2 i _ .
D (H)gre(l]gw(d ((r)+ H-r), and D (H)Sre(ﬁlg*f)M(d C(r)+ H -r). (3.10)

Remark: Inequalities (3.10) bound D= (resp. DZ) by functions that are increasing
(resp. decreasing) in all variables. In practice, for concave spectra, it yields a bound for the part of
the spectrum that is increasing (resp. decreasing) in all variables H1, ... Hp.

Proof: Let H = (Hy, ..., Hps) be fixed, and let € > 0. For j > 0, we denote by F'(H, j,¢) the set
of dyadic cubes of width 277 defined by the conditions

2(—H1—5)j <dy, < 2(—H1+E)j 2(—HM—€)j <dy, < 2(—HM+E)j. (3.11)
<dy, < e <dy, < ; .

we denote by N(H, j, ¢) the cardinality of this set. By restricting the sum in (3.5) to the elements
of F(H, j,€), and using (3.11) it follows that

vr e RM7 2_djN(H,j, <<;_)2—(T1H1-&-6|T1|)j g~ (rmHuelrm|)j <S(r1,...Ta )
and from (3.6) we obtain that, for j large enough, S(r,j) <277 (€()=2); thus

N(H, j,¢) <2j(d*§(7‘)+€+7‘1H1+5‘7‘1|+"‘+7‘Z\4H]VI+€|7’MD. (3.12)

It follows from (3.4) and the synchronicity hypothesis that

ifx € E(H), then Ve >0, z€limsupF(H,j,e¢).
Jj—+oo

Thus,

vJ>0,  E(H)C | F(H,je).
i>J

Let A=d—{({(r)+e+riHy +elri|+--+ryHpy +elrpyl; because of (3.12), F(H,j,e) is
composed of at most 247 dyadic cubes of width 277, Using these cubes as 27 -covering of E(H),

(3.12) yields
> Y diam)’ <y 2 ey

j>J  XeF(H,je) j=J

which is finite as soon as 6 > A. It follows that the Hausdorff dimension of E(H) is bounded by
A. Since this is true Ve > 0, we obtain that D(H) is bounded by d — ¢(r) + r1H1 + - -+ rprHpy.
Since this holds for any r € RM | the first statement of the theorem is proved. The proofs of the
other two statements are similar.

Remarks: A similar argument is used by M. Ben Slimane in [14] in order to derive the
multivariate multifractal spectra of generic functions in a product of function space. Additionally,
in the setting of selfsimilar measures satisfying the Open Set Condition, L. Olsen introduced a
related quantity [11]: = being fixed, he considers the sets A(z) of exponents (Hj, - -- Hys) which
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are accumulation points of subsequences of the multivariate quantities
1 M
(4505 )+ 4@ ) ) -

Then, for any fixed set C C R™, he derives the Hausdorff dimension of the set of points z for
which A(z) C C.

For a given multiscale quantity (dy ), several exponents can be associated through Definition 1,
each leading to a different definition of E(H ). However, some subsets, which only depend on the
multiscale quantity (and not on the way that the subsequence is picked in (3.2)) play an important
role in theoretical multifractal analysis: the regular points defined as the points where log-leaders
have a limit when j — 400, i.e. when the limit in (3.2) is the same for any subsequence. We define
the corresponding sets as

VH = (Hy,... Hy),  Epeg(H)= {a:: Vk=1,...M, (d’;j(x)) i too Hk} . (3.13)
By construction, the exponents hj, are synchronous at these points, so that Theorem 1 applies, and
VHeRM,  dim(Egey(H)) < L(H). (3.14)

Clearly Egeq(H) C E(H); in some situations, the information supplied by their dimension is
poor; e.g., in the counterexample worked out in Section 5(a)i, all sets Egr.q4(H) are empty. On
the other hand, they can also be “large”, i.e. have the same Hausdorff dimension as E(H): it
is the case e.g. for univariate binomial cascades (see Section 4(c)ii). Regular points are considered
in [9], in particular in order to perform the multivariate analysis of couples of selfsimilar measures
satisfying Hutchinson'’s separation condition.

4. Deterministic bivariate dyadic binomial cascades

Univariate multiplicative cascades, consisting of measures supported by [0, 1] and obtained from
a recursive construction, constitute archetypal multifractal constructions [27]. It is thus natural
to consider multivariate extensions and to investigate the multivariate multifractal spectrum,
formalism and Legendre spectrum. In this section we consider the example of bivariate cascades
supplied by binomial cascades.

Note that the bivariate (and even multivariate) spectra of large classes of measures (including
binomial cascades) have extensively been studied, and many key results have already been
obtained. For instance, L. Olsen in [9,11] considered selfsimilar and multiplicative measures
associated with an IFS satisfying the Open Set Condition, and the dimension of sets of divergence
points (i.e. points = at which the limit of mutivariate log-leaders -following our terminology-
does not exist) have been calculated for such measures. The multifractal analysis of Gibbs
measures associated with continuous potentials invariant under smooth dynamical systems was
performed, e.g. in [8], and it has been shown that the support of the multifractal spectrum can be
nonconvex. Our approach is quite different, and complementary, to theirs. First, these authors
mainly focus on local exponents (that can be Birkhoff averages, local entropies, or Lyapunov
exponents) defined as limits, while we always work with liminf exponents (see formulas (3.4)
and (2.2)). Many (surprising) behaviors are not observed when restricting the study to limits, as
will be illustrated in this section and the next. Second, in the above references, the Hausdorff
dimension of divergence points is computed, but the question of the dimension of the level sets
associated with these divergence points is not addressed as directly as in the present paper. Third,
the validity of the multifractal formalism is tackled only through the prism of limit exponents,
whereas the use of exponents defined by liminfs reveals some new remarkable phenomena (which
led us to study in details variations of the multifractal formalism, see Section 5(b) for instance).
Indeed, if one disregards the points at which the limits do not exist, the phenomenon described
below cannot be put into light (Theorem 3, with very different shapes for the scaling functions
and the L?-spectra of a bivariate binomial cascade according to the choice of the parameters of the
cascades); and indeed, it has never been observed before. In particular, the fact that the Legendre

10000000 V 208 4 0014 Buo-BuysiandAieiosieforeds:



transform of the L9-spectrum (which serves as upper bound for the multifractal spectrum in all
the references above) lies below the multifractal spectrum of the bivariate cascade, was clearly
not detected previously.

The exponent considered in this section is the lower local dimension, see Section 2(a). To
simplify computations we drop the 277 in the definition of structure functions and, accordingly,
Legendre transforms are defined by L(H) = inf(r - H — {(r)).

(a) Univariate cascades

Dyadic intervals are indexed by “dyadic words” (i.e. finite sequences) with “letters” ¢; € {0,1}:
If j > 1, X; ={0,1}’ denotes the set of words of length j with letters € {0,1}. A word w € X; of
length |w| = j is written w = e1€2 - - - ;. The corresponding dyadic interval A, of generation j is
. o0
Aw = [Tw, Tw +277), where x4, is the real number z,, = Z 5k2_k. (4.1)
k=1

This defines a mapping between X and [0, 1] (which is not one to one, since dyadic points are
encoded by two different words). If w is a (possibly infinite) word longer than j, we define

NY(w)=#{e;: 1<i<jande; =0} €{0,1,..., 5},

ie N jQ (w) is the number of 0s among the first j digits of w.

Let p € [0,1]. The binomial measure yy, is the probability measure supported by [0, 1] and
constructed iteratively as follows: ([0, 1]) = 1; if Ay is a dyadic interval, since A0 and A1 are
respectively the left and right half of A\, then pp(Awo) = pp(Aw) and pp(Aw1) = (1 — p)pp (Aw);
p is thus defined on all dyadic intervals and extends to Borel sets of [0, 1]. If w has length j, then

0 . 0
fp () = p™Ns ) (1 — p)? =N (), (4.2)

Note that p; /2 is the Lebesgue measure, and po and p1 are the Dirac masses at 1 and 0,
respectively. The scaling function of pp is 1y, (r) = —loga(p” + (1 — p)"), and py verifies the
multifractal formalism: Dy, (H) = inf,cg(rH — nu, (r)).

(b) Bivariate multifractral spectrum

We introduce the exponents

Hp min = —loga(1 —p), Hpm = (—logy(p) —loga(1 —p))/2, Hpmax =—loga(p).  (4.3)

When p <1/2, Hy min < Hp,m < Hp max, while the order is reversed when p > 1/2. We use the
exponents Hj, in, Hyg min, ..., with two parameter values p and ¢. We study the joint spectrum of
two binomial measures (pp, f1q) when p, ¢ < 1/2 and p < 1/2 < q. These two situations yield very
different spectra: Intuitively, the two cascades are correlated when p, ¢ < 1/2 and anti-correlated
when p < 1/2 < ¢ (cf. Figs. 1 and 2). Let us introduce the affine function

10g2q_10g2(1 _q) (4 4)
logg p — logy (1 — p)

Gp,q(7) = pp,q(x + loga(1 — p)) — logy(1 — q), where pp,q =

Gp,q has positive slope when p, g < 1/2, and negative slope when p < 1/2 < q. The following
result of [13] yields the bivariate multifractal spectrum of the couple (pp, iq)-
Theorem 2. Let p,q € (0, 1), and let py, and juq be two binomial measures on [0, 1].

@) If 0<p,q<1/2, the joint spectrum D, ..y of (up, pq) is supported by the segment
{(H,Gp,q(H)): H € [Hp min, Hp,max]} where

D(Mp,uq) (H,Gpq(H)) = Dy, (H) (= Dy, (Gp.q(H)). (4.5)
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(b) If 0 <p <1/2<q <1, then the joint spectrum D,, v is supported by the triangle
T = {(H, H'): H € [Hp min, Hp,max) and H' € [Hy min, Gp,q(H)}} where

VH,H)eT D, u,)(H, H) =min(Dy, (H), Dy, (H")).

(c) Bivariate multifractal formalism and Legendre spectrum

In this section we determine the Legendre spectrum of bivariate binomial cascades. For that
purpose, we calculate the scaling function ¢y, 4 (3.6) based on the structure functions S((r1,72), 7).
As a first step, we compute the following simpler “one box” scaling function 7,4, where the
multiscale quantity considered is p()) instead of the usual x(3))

1 . .
p, Q(T17T2)_-l]1mlnf_7jlog2 ((T17T2)7])7 where T((T17T2)7]): Z H’P()‘w)rl#q()‘w)m
wed;

and its Legendre transform Ly ¢(H1, H2) = infy r, (r1H1 + r2Hy — np,q(r1,72)).

Proposition 4.1. The “one box” scaling function of (pp, pq) is Mp,q(r1,72) = —loga (p" q" + (1 —
p)" (1 —q)")and
D,J,p (Hl) when Hy € [Hp,mina Hp,max] and Ho = Gp,q(Hl)

. 4.6)
-0 otherwise.

Lp,q(Hl,Hz)—{

Proof. An immediate computation shows that

T((r1,r2). )= 3 0" q™) N (1= p)" (1 - g)2) N )
weX;

_ZO R A ) B el

so that np,q(r1,72) = —logy(p™ ¢"* + (1 =)™ (1 = )").
Moving to the 2-dimensional Legendre transform of 7 4, we compute the partial derivatives

Onp,q _ —p"q"logy(p) — (1 —p)" (1 — q)" logy(1 — p)
——(r1,m2) =
ory p1gt2 4 (1 —p)Ti (1l —q)

Onp,q —p"q" logy(q) — (1 = p)" (1 — ¢)" logy(1 — q)
(r1,m2) = .
Ora Ptz 4+ (1 —p)"(l —q)™

and

Note that 77" L(r1,r2) =Gpyq ( g:lq (r1, 1"2)) . This affine relationship shows that the Legendre

spectrum Lp7q of (tp, 1q) (based on the scaling function 7, ¢) is supported by the straight line
(H1,Gp,q(Hy)). This yields (4.6). O

We call (p,q the scaling function associated with (up, p1g), and L, , . its Legendre transform.
When 0<p<1/2<¢<1, we introduce the following notations: for (H1, H2) € T, we call
(Hi, Hgmax) (resp. (H p,min; Hy)) the intersection points of the straight line passing through
(H1, H2) and slope pp,q (recall (4.4)) with the line {(H, H'): H' = Hgmax} (resp. with the line
({(H, H') : H = Hy ynin}). Namely, Hy = Hy + 2222202 and Hy = Hy + pp,q(H1 — H).

Theorem 3. Let p,q € (0, 1), and let iy and g be two binomial measures on [0, 1].

(@) If 0<p,q<1/2, the couples (pp(3X), £,,,) and (pq(3X), £,,,) are synchronous and the couple
(p, pq) satisfies the multifractal formalism: VH, Lp o(H) = L(ijuq)( ) =Dy, 1q) ).

(b) If0<p<1/2<q<], the couples (j1p(3X),£,,) and (11q(3N), £, ) are not synchronous, and
the multifractal spectrum is not bounded by the Legendre spectrum. More precisely, lhe joint
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scaling function Cp,q(r1,r2) of (1p, pq) is given by:

—rq1logy(1 — p) — rology(q)  if (%)h + (%)r2 <1

4.7)
Np,q(T1,72) otherwise .

Cp7q(7’1, 7’2) =

The corresponding Legendre transform L, .y is the following: for (Hi,Hs), set r=

_Hi—Humingp 1 _I(Hy Ha)— (Hy Hinax.q) |
Hmax,p*Hmin,p ﬂnd’f’ - H(I_,F;vain,p)_(I?/l7Hmax,q)H' Thenfor every (H17H2) e T/
L(:“‘pal/«q)(H) =rx Dl‘p (Hmaxyp + . (Hmin,p - Hmax,p)) . (4.8)

The map L, ., though based on unpleasant formulas, is simply interpreted in geometric
terms: it is the surface on 7 defined as the semi-cone with extremity (—logs(1 — p), —logs(q))
and with border the Legendre transform Ly 4 of 7p 4.

Theorem 3 illustrates the necessity of the synchronicity requirement for the upper bound
given by Theorem 1. Figures 1 and 2 illustrate Theorem 3, showing the corresponding theoretical
Legendre spectra and their numerical estimations. The proof of this theorem is detailed in the
next subsections.

(i) Thecase 0 <p,q<1/2

We check that, when p, g are both less than 1/2, the two cascades are synchronous. First, note that,
for any measure v, v(3)) can be replaced (up to a factor 3) by the maximum of v()\), v(A — 277)
and v(\ + 277). We will prove that this maximum is reached at the same interval for the two
measures jip and jiq. Indeed, if Ay denotes this interval of largest measure, then (4.2) implies that

0 - 0 0 . 0
pp () =p™ (1= p) TN and g () =" (1= g7 )
from which it follows that the corresponding log-leaders are related by an affine relationship

logy (ptg(Aw)) = pp,q loga (kp(Aw)) + jOp,q  Where 0 g =logy(1 — q) — pp,qloga(1l — p).

Since pp,q is positive when p and g are on the same side of 1/2, this implies synchronicity.

We now check that the joint scaling function of (up, p1q) is (p,q(r1,72) =7p,q(r1,72). Letw € X
and Ay . Clearly, 1p(3\w) = ptp(Aw — 277) 4+ pp(Aw) + pp(Aw + 277). Denote by A the interval
with the largest ;1p-mass in these three terms; then 11y (A) < pp(3Aw) < 3up(X). As noticed before,
the same interval has the largest mass for pp and pg, and pg(A) < pg(3Aw) <3pq(A). As a
conclusion, £ (3\w)"™ g (3Aw)"2 ~ pp(N) " 1g(A)"2 for one A € {Aw — 277, Aw, Adw + 277}; thus,
if 71,72 > 0, then

S((ri,r2),5) = > mp(3hw) M 1g(3Brw)™ <C D pp(hw) " g(Aw)"® = CT((r1,72), )
weX; weX;

Let us now focus on one product pip(Aw)™ pg(Aw)™ for a given word w € ;. Considering
the word w' =w01 € X, 5, we remark that P2 pp (M) < pip(3Awr) < pip(Aw), and similarly
0 1g(Mw) < pg(3Xur) < pg(Aw). Hence,

Cﬂp(3/\w’)rlﬂq(3)\w’)r2 < Mp()\w)r1 Mq(/\w)r2 < Clﬂp(3/\w’)rlﬂq(3)\w’)r2:

for two constants C, C’ > 0 that depend only on p, g, r1 and r2. In particular,

T((r1,r2),J) = Z tp(Aw)"™ prg(Aw) "™ < c” Z tip (3Nwr) " p1g(3Ay )" = S((r1,72),5 + 2).
weX; w' €Xj42
Thus S((r1,72),7) <T((r1,72),7) <C"S((r1,72),7 + 2), so that np,q(r1,72) = (p,q(r1,72). The
argument is the same if r1 or 72 are negative, exchanging upper and lower bounds.
Keeping Theorem 2 in mind, this proves that the bivariate multifractal formalism holds for the
pair (pp, pg) in that case. The situation is illustrated numerically in Fig. 1, where it is shown that
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Figure 1. Multifractal analysis of bivariate binomial cascades if p, g < 1/2. Left: The measures (pp, f1q)
and their cumulative density functions (M = 2). Right: theoretical bivariate multifractal spectrum D(H) (blue), estimated
Legendre spectrum L(H) (red surface) and the corresponding marginal spectra (red and blue curves in the H; and
H>, planes). In this case, the support of the multivariate multifractal spectrum D(H ) collapses to a line in the (H1, H2)
plane. The numerically estimated Legendre spectrum is found to tightly follow D(H), in agreement with the fact that the
synchronicity assumption is satisfied and the multifractal formalism holds.

the numerical estimate for L(H) is in excellent agreement with the theoretically predicted shape,
and therefore with the bivariate multifractal spectrum D(H).

(i) Thecase 0 <p<1/2<gq

Let w € X; be a word ending with a 0; denote by w’ € ¥; the binary word such that z,, =
zw — 277, so that w’ ends with a 1. Obviously, p(3\w) = ftp(Mw) + tp(Aw) + pip(Aw +277)
and pp(3rw) = fip (A — 279) + pp(Awr) + fp(Aw). Since the last letter of w’ is 1, pup(Ay —
279) = 125 1p(Ay), and similarly pp(Aw) = 125 pip (Aw + 277). We conclude that 1p(3)\y) and
pip(3Aw — 277) have the same order of magnitude: The ratio i, (3\w)/fip(3\y ) is bounded above
and below by constants depending only on p. The same holds for pq(3Aw)/tq(3Ay). It follows
that pp(3Aw) ™ g (8Aw)"™ and pp (3Ayr )™ g (3A )" have the same order of magnitude.

Subsequently, in the sum (3.5) defining S((r1,72),7), it is sufficient to study the terms
corresponding to words w ending with a 1. Notice that X; can be encoded as

j—1
=010 U fw-0-197y,

=0 weXy,

where 1(9) (resp. 0(9)) stands for the word of length £ containing only 1s (resp. 0s), and X contains
only the empty word. In this decomposition, words ending with a 1 correspond to £ =0, ..., j — 2.
The discussion above tells us that it remains to study the asymptotic behavior of

j—2
S((r1r2)s )~ Y > pBAa0--0) g (BAyg.aG-e-1)"
{=0 weX,

If a word w’ € X; is written as w’ =w - 0- 19~ for some w € Xy, then the dyadic point
Tyt = Tyy + 277 (recall (4.1)) is associated with the binary word w” =w-1-00~¢"1_ S,
o (3w ) = pip(Ay0.1G-2-1) F Bp(Ay0.1G-6-1)) + pp(Awrr) With

j—1—¢
pp (A7) = pip(Ay.0.1G-2-1) (%) . (4.9)
the same being true for ;4 (With q replacing p).

The relative positions of p and ¢ imply that the word A for which the maximum is reached in

(4.9) is not the same for pp and for pg. Indeed, in (4.9), the first two terms are equivalent, and

the third one is smaller since p < 1/2 < 1 — p. On the opposite, when considering (4.9) for pq, the
first two terms are equivalent, but the third one is the largest since ¢ > 1/2 > 1 — g. Consequently,
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Figure 2. Multifractal analysis of bivariate cascades for the case p < 1/2 < q. Left: The measures (pp, 1q)
and their cumulative density functions (M = 2). Superposition of the theoretical (blue) and estimated (red) Legendre
spectra L(H) (center) and of the theoretical bivariate multifractal spectrum D(H) (green) and the estimated Legendre
spectrum L(H) (red) (right); the corresponding marginal spectra are plotted in the H1 and Haz planes. The numerical
estimate of the Legendre spectrum L(H) (in red) is in excellent agreement with the theoretical prediction (in blue) but,
as a consequence of the failure of synchronicity, it does not give an upper bound for the multifractal spectrum D(H) (in
green), and the multifractal formalism does not hold.

tp(BAyr) ~ pip(Aw)p(1 — p)) " Land 1q(BAyr) ~ prg(Aw)(1 — ¢)¢’ ~“~1. We can now estimate

j—2
S((r1,m2), )~ > Y ip(yor6-e-0) "™ tig(AypgG—e-1) "
=0 wexy

~ 30D i) (=) T g () (1 - )"

(=0 weX,

J—1

=p" (1-q)(1-p)" Vg0 N (=) )Y iy () g (M)
=0 weXy
J—1

=p" (- ) (1= p)" VIS (1= p) T g+ (1= ) (1))
=0
J— r r

=p" (1-q)2(1—p)" Vg0 KZO ((1%3) L (%) z)j :

The sum above behaves differently according to whether (%)n + (1q;q)r2 <1 or >1, hence
there is a phase transition in the values of (p,q. A quick computation yields (4.7).

The Legendre transform of the scaling function —r1 logy (1 — p) — 72 log,(g) is the Dirac mass
(with value 0) at (H1, H2) = (—logs(1 — p), —logy(g)), and —oo otherwise. Thus, the Legendre
transform L, .y of (pq is the surface in R? defined by the semi-cone with extremity
(—logy (1 — p), —loge(q)) and with border the Legendre transform of 7 4. The formula (4.8) is
simply the analytic formula corresponding to this semi-cone.

The verification that the multifractal formalism does not give an upper bound of the
multifractal spectrum is now straightforward and, as a consequence, it follows that (in
contradistinction with the case 0 <p,q < 1/2), the two couples (up(3X),£,,,) and (uq(3X),£€,,)
are not synchronous if p and ¢ are not on the same side of 1/2 (otherwise Theorem 1 would imply
that the upper bound holds). An illustration is provided in Fig. 2, which plots the theoretical
multifractal spectrum D(H), the theoretical Legendre spectrum L, , () and its a numerical
estimate. Clearly, both the theoretical and the numerically estimated function L, , y(H) are
smaller than D(H) and hence do not provide an upper bound for D(H). This motivates a careful
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study of the validity of the multifractal formalism when synchronicity fails. In the next section we
will see other occurrences of this phenomenon.

Remark: For both univariate cascades, the regular points (see (3.13)) are exactly the points
where N9(w)/j has a limit. The dimensions of these sets are the same as for those where the limit
is a lim inf. It follows that, for each cascade dim(Egeq(H)) = Dy, (H), and the bivariate spectrum
associated with regular points is given by (4.5) in both cases. Therefore, the bivariate spectrum
associated with regular points satisfies the upper bound (3.14) (even when p and g are not on the
same side of 1/2).

5. The failure of the multivariate multifractal formalism

Section 4 provided a first and yet simple multifractal construction where the multivariate
multifractal formalism developed in Section 3 fails to yield an upper bound for the multivariate
multifractal spectrum (binomial cascades with p <1/2 < gq). This Section elaborates on the
importance of synchronicity put forward in Section 3: First a pedagogical counter-example
(bivariate scale-lacunary wavelet series) is devised that is designed to preclude synchronicity and
hence to explain the origin and nature of the failure of the multivariate multifractal formalism
(cf. Section 5(a)). Then a second example where the multivariate multifractal formalism fails
(independent bivariate Lévy processes), better suited to real-world data modeling, is theoretically
studied and numerically illustrated. Finally, the construction of a new multivariate multifractal
formalism is proposed in Section 5(b). The theoretical general validity of this cross-scale formalism
is proven, even when synchronicity is not assumed a priori.

(a) Counterexamples
(i) Scale-lacunary wavelet series

We consider a pair of lacunary “Weierstrass-type” wavelet series, for which the scales j} and
j2 of nonvanishing wavelet coefficients are farther and farther away from each other. Let
a > 1 be the “lacunarity” parameter of the construction; the scales for which f; and f» have
nonvanishing wavelet coefficients are respectively j} = [a*"] and j2 = [a?"11]. Let (¥j,1) be a
smooth orthonormal wavelet basis; we define

A@) =332 (@) and  fola)= > 27V (2. (.1)

n=0k€Z n=0keZ

As a direct consequence of the wavelet characterization of pointwise regularity,
Vz € R, hy(z)=a and hy,(x) =0,

so that the joint multifractal spectrum of (f1, f2) is reduced to the point (¢, §) where it takes the
value 1 (and it is equal to —oo everywhere else).

We now estimate the corresponding structure functions. The largest contributions to the
structure functions are obtained when the leaders are either the largest (for r1 or 72 > 0) or the
smallest (for 71 or ro < 0). Thus, they are the largest for j = 4L orj2, and they are the smallest for
j=jb +1orj2 + 1 (so that we can limit the computation of structure functions to these cases).

1 1 1
e At scale j}, there are 2/ wavelet leaders d} of size 27/ and 2/ leaders d3 of size

9=Pin ~ 9= Bain (where ~ means that the terms are equal up to factors that do not depend
on the scales, but may depend on a, «, §,...). Therefore

.1 -1 -1 -1
S(r1, 7“2:j711) ~27In Z 9= ming=Baraj, 9= (aritfara)j,
AeAy,
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.1 -1 2.1 -1
o Atscale jL + 1, there are 27nt1 wavelet leaders d}\ of size 27 Yn+1 ~ 27 Jn gnd 29nt1
2 1
leaders d?\ of size 27 P9n ~ 27B%n g0 that

1 2 1 .1 2 -1
S(r1,ma, g + 1)~ 27 Th N gmea g merain g laatritfara)in
)\EAjl

-2 -1 -2 -2
e Atscale j2, there are 27» leaders d}, of size 27 “n+1 ~ 27%%n and 2/» wavelet leaders d3
.2
of size 27 PIn 50 that

2 -~ 2 .2 o .2
S(r1, T2,j72z) ~ 9 In Z g—ariaj, g—Braj, , o—(aria+pBra)j;,
)\GAJ'I

2 1 .2 .2
o At scale j2 + 1, there are 2/» 1! wavelet leaders d}\ of size 27%n+1 ~ 270 gnd 27nt1

-2 2.2
leaders di of size 27 PIn+1 ~ 27897 In 50 that

72 —ariai? ~—BaZre 2 _ 2..\42
S(r1,r2, g2 + 1) ~2 071 37 grenediymfatnaii  p-(anatfatril
A€d;,

Thus the Legendre spectrum L(H;, Ha) is the characteristic function of the quadrilateral defined
by the four points («, fa), (aa2, Ba), (aa, B), (aa, Baz). The point (a, §) (which is the support
of the multifractal spectrum) is not included in it. Therefore, in this case, the Legendre spectrum
does not yield an upper bound for the multifractal spectrum (their supports are even disjoint).

(i) Lévy processes

We now perform the bivariate multifractal analysis of two independent Lévy processes. Let X be
a Lévy process with no Brownian component, and denote by 3 its upper index of Blumenthal and
Getoor (which in the case of stable processes, coincides with the selfsimilarity exponent), then the
multifractal spectrum of a.e. sample path is

H if Helo,1
D(H)= {5 ' 101751 (5.2)
—oo else,
see [23]. Lévy processes are examples of processes where the irregularity sets £~ (H) have the
large intersection property, see [28]; the next result follows from this remark.

Corollary 5.1. Let X and X} be two independent Lévy processes of upper indices respectively 1 and
B2; then the joint spectrum of a.e. couple of sample paths satisfies

i Hy,B2H2) if (Hi,H 0,1 0,1
D= (1, Hy) = min (81 Hy, BeHa) if (Hi, H2)€[0,1/61] x [0,1/f2]
—00 else.
The Legendre spectra of each Lévy process satisfy (5.2), and the assumptions under which (6.1)
holds are verified, so that the codimension formula holds, and

B1H1 + B2Ho —d if (Hy, H2)€[0,1/B1] x [0,1/82]
—00 else.

L(Hl,H2)={

Therefore (3.10) fails. Additionally, since E1(H1) and Eo(Hz2) are empty if H; <0 or if Hy <0,
E<(0,0) = E(0,0), so that D(0,0) = D=(0,0) and (3.9) also fails: In conclusion, independent
Lévy processes constitute another example where the Legendre spectrum does not give an upper
bound for the joint multifractal spectrum. Thus the multivariate multifractal formalism fails for
these important classes of stochastic processes, commonly used in real-world data modeling. Fig.
3 illustrates this numerically and plots the bivariate multifractal spectrum D<(H), the point
D(H = (0,0)), the predicted Legendre spectrum and a numerical estimate of it: indeed, theory
and estimate for L(H) practically collapse but are not upper bounds for D= (H) or D(H = (0, 0)).
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Figure 3. Multifractal analysis of independent Levy stable processes. Left: increments (AX,,) of sample
paths (X, ) of two independent Levy processes time series (M = 2). Superposition of the predicted (blue) and estimated
(red) Legendre spectra L(H) (center), and of the theoretical bivariate multifractal spectrum D= (H) (green), the point
D(H =(0,0)) (pink symbol) and the estimated Legendre spectrum L(H) (red, right); the corresponding marginal
spectra are plotted in the Hy and H2 planes. The numerical estimate of the Legendre spectrum L(H) (in red) tightly
follows the theoretical prediction (in blue), yet L(H) is found to be below the multifractal spectrum D= (H) (in green).
Even more, the support of L( H) covers only half the support of D= (H) and misses the point D(H = (0,0)).

(b) Generalized cross-scale multivariate formalism

We have shown a major drawback of the multifractal formalism supplied by (3.8): In general, it
does not yield an upper bound for the multifractal spectrum; it is the case when the exponents
are synchronous, an assumption which, however, cannot be verified on real-life signals. This
restriction raises the question of an alternative multifractal formalism which would yield in all
generality an upper bound for the multivariate multifractal spectrum. The counterexamples that
we studied clearly show that the multiresolution quantities that are used should incorporate
leaders at different scales. The purpose of this section is to propose such quantities and show
that the corresponding multifractal formalism satisfies the upper bound requirement that we
mentioned. However, a full analytical and numerical analysis of this formalism would be far
beyond the scope of the present paper and it will be performed in a future study.

We assume that M = 2. Here again extensions to arbitrary M are straightforward. The above
counter-examples show that the problem with the structure functions (3.5) is that they “couple”
leaders at the same scale only, thus missing possible interactions between different scales. A way
to turn this drawback is to consider “richer” structure functions in which the couplings between
leaders at different scales are incorporated. Note however that the coupling should be done
between leaders that contribute to singularities at the same point. Thus, it has to be restricted
to couples (A1, A2) of dyadic cubes such that one is included in the other. A first possibility is to
consider structure functions of the following form: Suppose that j; < jo; then

o —dj 1 2
T(ri,ra,1,52) =272 Y > Idx, [ [d3, | (53)
A1€45; Xped;, and A2CAy

However, these structure functions depend on the two scales j; and jo; therefore their order
of magnitude cannot be derived through a single log-log plot regression. One way to turn this
problem is to come back to the starting point of the derivation of the multifractal formalism: If
a point = belongs to E(H7, H2), then, there exist an infinite number of scales ji, j2 such that
d%\l ~ 27 Hii1 and d§\2 ~ 2 H2d2 g6 that,

|y, | [d3, |72~ 2~ i = Haradz, (5.4)

One way to transform this two-scales relationship into a single-scale relationship is therefore to
replace d%\l by (d%\1 )72/91, which yields |d%\1 [REEEE |d§\2 |2 a2~ (H1imiHH2r2)i2 and new structure
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functions for which one can draw log-log plot regressions versus jo only,

if j1 <jo,  S(ri,rag1,42)=2"% > jd}, 9271 |d3, % (55)
A1E€EA; A2€A;, and X2\

it is further natural to symmetrize the formula by switching the roles of j; and j2 which yields

S(T17T27j17j2):2_dj2 Z Z |d}\2|7'1|d§\1|7'2j2/j1.
)\16/1]1 AQEAjz and A2 C Ay

The corresponding scaling function is

10g (S('f’l,’f’g,jl,jQ) + S(T17T27j17j2))

n(ri,re) = lim inf — (5.6)
(j1,52)—+o0 and j1 <ja log(2772)
The cross-scale Legendre spectrum is obtained through a 2-variable Legendre transform
V(H17H2)ER27 ﬁ(Hl,HQ): inf (d—ﬁ(T17T2)+H17’1 +H2T2). (5.7)

(r1,r2)ER?

Note that n(r1,72) < {(r1,r2) because the lim inf in the definition of { is taken on a smaller set
(the scales such that j; = j2). It follows that L(H1, H2) < L(H1, H2). Proposition 5.2 below shows
that, in contradistinction with the Legendre spectrum (3.8), £L(H7, H2) yields an upper bound for
D(Hy, Ha).

Proposition 5.2. For any couple (hi(z), ho(x)) of exponents satisfying (3.4),
V(H1, Ha) D(Hy,H2) < L(Hy,Ho). (5.8)

Proof: Let (H1, H2) be fixed, and let ¢ > 0. For j1, jo > 0, we denote by F'(H1, Ha, j1, j2, €) the
subset of A;, x A;, defined by the conditions

Ao C M\ o(—Hi—e)j1 - dy, < o(=Hite)ji  nq  ol—H2—e)j2 o dy, < o(—Ha+e)j1. (5.9)
) = 1> = o = ’ -

and we denote by N(H1, Ha, j1, j2, €) the cardinality of this set. By restricting the sum in (5.5) to
the elements of F'(H1, Ha, j1, j2, €), and using (5.9) it follows that

Vri,ra €R, 27 VAN(Hy, Hy, ju, go, )2 P EInDizgm (e o kelra iz < g5y gy, ),
and from (5.6) we obtain that, for j; and j3 large enough, S(r1, 72, j1,j2) < 2 72(n(r1,r2) =€) hyg

N(Hy, Ha, j1, jo 6)<2j2(d—n(r1,r2)+e+T1H1+6|T1H—T2H2+slr2\). (5.10)

It follows from (3.4) that, if « € E(H1, H2), then x belongs to an infinite number of cubes
A2 such that (A, A\2) € F(H1, Ha, j1,j2,¢) (indeed A2 C A1, so that z also belongs to Ap). If
we denote by G(H1, Ha, j1,j2,¢) the collection of these cubes Az, then its cardinality also is
N(Hi, Ha,j1, j2,¢€); thus, if ¢ € E(Hy, Ha), then

Ve >0, x € limsup G(Hl,HQ,jl,jg,é‘).
J1,j2—>+00

Thus,
VJi>0,  E(Hi,Hy)C |J G(Hi, Ha g, jo,e).

Jj22j12J1

Let A=d —n(r1,7m2) + €+ r1Hy + e|r1| + roHa + €|ra|; because of (5.10), G(Hy, Ha, j1,j2,¢) is
composed of less than 2472 dyadic cubes of width 2772. We use these cubes as e-covering of
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E(Hy, H2) and we obtain

Z Z 2Aj2(2—j2)5§ Z (Go — J1 +1)2(A—5)j2

J22g12J1 (A1,A2)€G(H1,H2,j1,j2,€) J2=J1

which is finite as soon as ¢ > A. It follows that the Hausdorff dimension of E(Hi, Hs) is
bounded by d — n(r1,r2) + € + r1Hy + ¢|r1| + roHa + €|rz|. Since this is true Ve > 0, D(H1, Ha)
is bounded by d — n(r1,72) + r1H1 + r2Ha. Since this holds for any couple (71, r2), the theorem
is proved.

Note that (2.8) yields another upper bound for the bivariate spectrum. Therefore (5.7) is of
interest only if it yields a sharper upper bound.

Proposition 5.3. If the dy are bounded, then, for any couple of data,
L(Hy, Hz) <min(Ly(Hy), L2(H2)), (6.11)

and in general both quantities differ.

Proof: If d}\ < (C, then

.. —dj 2 —dj 2 .
S(r1,r,1,72) <C2742 %" > |d3, |2 =C27 Y2 S [d3,|" = Sa(ra, o)
AMEAj Ap€A;, and XaChq A2€Aj,

It follows that n(r1,r2) > n2(re2), so that L(H1, Ho) < La(Hz). the same argument with S yields
that 5‘(7‘1, r2,71,72) < S1(r1,J1), from which we conclude that £(H;, Hz) < L1(H1), and hence
(5.11) by exchanging the roles of H1 and Ho.

We now give an example showing that this new formalism can yield a sharper upper bound
than the trivial one supplied by min(L;(H1), L2(Hz2)). We consider the interval [0, 1], and define
the d} and d3 by

e If AC[0,1/2] then d} =272 and d3 =272/,
e If AC[1/2,1] then d} =279 and d3 = 27727,

Then S(ri,72,7j1,72) = % (2_(““"'0‘2’”2”2 + 2_(517'1+62T2)j2) . It follows that the scaling
function is n(r1, r2) = min(ayry + agrs, f171 + B2r2), and its Legendre transform L(Hy, H2) is
the characteristic function of the segment of ends (a1, a2) and (81, f2). This is to be compared
with the trivial bound supplied by (5.11) which, in this case is the characteristic function of
the rectangle delimited by the four points (a1, a2), (a1, B1), (81, @2), (b1, B2) (we compare the
diagonal of the rectangle with the rectangle itself).

6. Interpreting the multivariate multifractal and Legendre spectra

Of central interest in multivariate multifractal analysis is to understand which information the
shape of a multivariate multifractal spectrum yields on data, and on the relationships between
their different components. Again, the discussion is conducted in a bivariate setting for simplicity,
but extends straightforwardly to M >2. By definition, the multifractal spectrum D(H1, H2)
quantifies the co-occurences of Holder exponents taking jointly values H; for component 1 and
H> for component 2. This holds both for deterministic functions and sample paths of stochastic
processes. The interpretation of the Legendre spectrum L(H7, H2) requires more attention and
can be discussed along two lines: synchronicity vs. non synchronicity and, in a stochastic process
setting, dependence vs. independence.

Remark: I [29], for a function f : RY — R, a comparison between the (wavelet) large deviations spectrum
and the multifractal spectrum was used to detect the presence of oscillating singularities for f. It is certainly
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worth investigating whether some similar conclusions could be obtained for multivariate functions, i.e.
what conclusions can be deduced from the non-coincidence between the multifractal, the large deviations
and the Legendre spectra.

(a) Synchronicity vs. non synchronicity

When the synchronicity assumption (cf. Section 3) is satisfied, the Legendre spectrum L(H1, H2)
yields an upper bound of D(H1, H2). The interpretation as cooccurrence of Holder exponents
associated with D(H7, Hs) thus also holds for L(H7, H3).

When the synchronicity assumption is not satisfied, the interpretation of L(H;, H2) must be
weakened as follows. The wavelet leaders (d3, d3) associated with the sample paths of the two
components can be seen as random variables whose distributions are controlled by the bivariate
large deviation spectrum: D(Hy, Ha) = lime_0 lim SUP; 00 N;(Hy,Ha,¢€), where N;(Hi, Ha,e) =
card {)\ €Aj: Hy—e< Zj(dﬁ) <Hi+e and Hy—e< Zj(dﬁ) < H2+5} . Indeed, D(H1, H2)

quantifies the number of couples (d3, d3 ) such that jointly d} ~27#17 and d3 ~ 27127,

The univariate relationship between the large deviation spectrum and the Legendre spectrum
can be extended to the multivariate setting, and states that L(Hp, H2) is the concave hull
of D(H1, H). Therefore, if the large deviation spectrum is concave, the Legendre spectrum
L(Hy, Hz) can be given the interpretation of cooccurrences of the multiscale quantities (d}, d3 ).
These discussions and interpretations are to be understood sample-path wise and are thus valid
both in deterministic and stochastic settings. Note that techniques to estimate large deviations
spectra have recently been developed, see [30] and ref. therein.

(b) Legendre spectrum in a stochastic setting
(i) Stationarity and independence

To gain insights into the properties of the multivariate Legendre spectrum in a stochastic setting,
let us consider bivariate stochastic processes, with stationary wavelet coefficients at each scale.
This is for instance the case for stationary processes, or processes with increments of a given
order that are stationary. Under stationarity of the wavelet coefficients, the structure functions
defined in (3.5) can be interpreted as sample moment estimators of the random variables d

S(risra ) =279 37 |ai A ~ B (JAI 1)) -
AeA;

Further, assuming independence of the components, the wavelet coefficients and wavelet
leaders d} and d3 are also independent, yielding S(r1,72,) ~ E(|d}|™)E(|d3|™) and hence
S(r1,r2,4) = S (r1,§)8(r2, 5)-

Assuming that the liminf in (3.6) is a true limit, the assumption of stationarity and
independence thus leads to ¢(r1,72) = ¢! (r1) + ¢?(r2) and (3.8) becomes

L(Hy, Hp) = inf  (d=C'(r) +CP(r2) + Hiry + Hara)
(r1,r2)€ER?
=inf(d — ¢'(r1) + Hir1) + inf(d — ¢*(r2) + Hara) — d,
1 2

which leads to
L(Hy,H2)=L(H1)+ L(H2) — d. (6.1)

This derivation follows the one proposed in [6], rewritten in the framework of multiscale
quantities, and shows that under the joint assumptions of stationarity and independence, the
codimension rule (2.9) applies for the multivariate Legendre spectrum. This is valid irrespective
of whether synchronicity holds or not. A practical outcome is that any departure of the Legendre
spectrum from (6.1) indicates that either of the assumptions (stationarity or independence)
required to yield (6.1) does not hold.
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(il) Dependence vs. independence

Let us now discuss the relations between the shape of L(H1, Hz) and statistical dependencies.
We first assume stationarity of the multiscale quantities. It has been documented in [6], using
a formalism dedicated to measures, that the dependence amongst components of cascades
controls the shape of the corresponding bivariate Legendre spectrum, that is, the departures of
L(Hy, Hs) from L(H1) + L(H2) — d. Elaborating on these results, and using a wavelet leader-
based multifractal formalism, it has further been shown and illustrated that the higher-order
statistical dependencies amongst components of a bivariate multifractal random walk also control
the bivariate Legendre spectrum [16,17]. More generally, let 1 and po denote two non-atomic
stationary probability measures on [0, 1] (as in [31,32]) with pointwise correlation ppsr, and let
F1 and F> be their respective cumulative density functions (i.e. F(x)= [0, z]). These results
suggest that Ly, g, (H1,H2) # Lp, (H1) + L, (H2) — d, and this deviation of L, g, (H1, H2)
from L, (H1) + L, (H2) — dis due to the dependence of 11 and p2 that is controlled by pps .

We now drop the stationarity assumption for p; and po; being continuous and monotonously
increasing functions, F; and F» can be used as a time-change for stochastic processes, and permit
to extend this discussion to bivariate fractional Brownian motions in multifractal time, as defined
in [33] in a univariate setting. Let Bo and Bg denote two fractional Brownian motions, with
exponents o and §, with pointwise correlation pgg. Then, we construct Ba,u, (t) = Ba(F1(t))
and Bg ,,, (t) = Ba(F2(t)), whose pointwise correlation p is a function of both pj;r and pgg. For
functions or processes whose Holder exponents take values in [0, 1], or for which the polynomial
in (2.1) always consists of a constant, standard uniform estimates on increments of fBm yield

as. Vo, hp (x)(z0) =ahx(zo), (6.2)
see e.g. [33]. It follows that, a.s.:

DBOHMl (H):DFI (g) ) DBB”LL2 (H):DF2 (%)

H{ H
DB, .\ Bs ., (H1,H2) = D, p, (?1’ 72) ; (6.3)
H, H:
and  Lgp, , Bs,,(Hi,H2)=Lp p <?17 f) . (6.4)

This illustrates the following key features of the multifractal and Legendre spectra that are valid
generically in a stochastic setting. The shapes of the bivariate multifractal and Legendre spectra
are independent of the correlation pgg; further, they depend on the parameters o and 3 of the
fractional Brownian motions B, and Bpg only trivially, by contraction along the I and H> axes of
the marginal and thus the joint spectra. Any non-trivial deformation of the spectra is hence due to
dependence not quantified by correlation: In other words, the bivariate multifractal and Legendre
spectra yield information on higher order statistical dependencies amongst components, beyond
the correlation coefficient. For example, pgg =0 obviously implies p =0, while the bivariate
Legendre spectrum can be tuned by pasp from Lg,, , B, ,, (H1,H2) = Lp, (%) +Lp, (%) -1

oy Bouy (H1, H2) = Lp, (%)1H1iaH2/B when pjsr = %1, independently
of pgg. Therefore, the existence of higher order statistical dependencies beyond correlation
amongst components do induce and control departures of L(H1, H2) from the codimension rule
prediction: L(H;) + L(Hz2) — 1.

However, and counterintuitively, the converse is not necessarily true, as can be shown from
the following example. Let p; = p2 = p1 and hence Fy = F» = F = [0, z]. Let Bo and Bg denote
two independent fBm, with exponents a and 3. Then, by construction, the compound processes
Ba,u(t) = Ba(F(t)) and Bg ,,(t) = Bg(F(t)) are independent. However, their bivariate Legendre
spectrum obviously reads Lg,, , B, , (H1, H2) = LF(%) L1, =,/ and hence departs from the
co-dimension formula. This is illustrated in Fig. 4 using the binomial cascades (up, 11q) With 0 <
p,q < 1/2 defined in Section 4 and a = =1/2.

when pp;p=0to L
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Figure 4. Multifractal analysis of Brownian motion in multifractal time. Left: Increments (AX,;,) and
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sample paths (X,,) of bivariate Brownian motion compound with bivariate binomial cascades (p1, p2 < 1/2); Right:
theoretical bivariate multifractal spectrum D (H) (blue) and estimated Legendre spectrum L(H) (red); the corresponding
marginal spectra are plotted in the H; and H2 planes. Although the two sample paths X; and X2 are statistically
independent, co-dimensions do not add up: The support of D(H) collapses to a line segment in this case, and the
estimate for L(H) is in better agreement with D(H') than with the ellipsoidal support of a spectrum obtained by adding
up co-dimensions (indicated in black), which it fails to cover.

7. Conclusion

In [6], a natural multivariate extension of the univariate multifractal formalism was proposed,
based on increments and in the context of hydrodynamic turbulence. Reformulating this
multivariate formalism in the wavelet leader framework, as proposed in [13,14], enabled us to
investigate its range of validity and to contribute a number of new insights and results:

i) The notions of synchronicity of multiscale quantities and minimizing sequences amongst
data components demonstrates that under synchronicity the multivariate Legendre spectrum can
be associated with co-occurences of singularities among components, and thus be formally related
to the multivariate (Hausdorff) multifractal spectrum, as its upper bound ;

ii) The construction of counterexamples, both pedagogical or realistic with respect to real-
world data, shows that the proposed multivariate extension of the univariate multifractal
formalism is not valid if synchronicity fails: the multivariate Legendre spectrum can fail to
provide an upper bound for the multivariate (Hausdorff) multifractal spectrum ;

iii) A mathematical foundation for a multivariate multifractal formalism which fulfills the
upper bound requirement has been proposed and studied theoretically ;

iv) Interpretations and usefulness of the multivariate Legendre spectrum were discussed
both in determinist and stochastic settings, in terms of synchronicity, stationarity and statistical
dependencies.

The theoretical results were validated numerically by computing multivariate Legendre
spectra from synthetic data using a Multvariate Multifractal Analysis Toolbox designed by ourselves
that will made publicly available and documented at the time of publication. Future work will
focus on addressing the practical issues related to the numerical implementation related with this
generalized formalism.
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