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Abstract

We estimate a real-valued function f of d variables, subject to
additive Gaussian perturbation at noise level € > 0, under L™-loss,
for m > 1. The main novelty is that f can have an extremely varying
local smoothness, exhibiting a so-called multifractal behaviour. The
results of Jaffard on the Frisch-Parisi conjecture suggest to link the
singularity spectrum of f to Besov properties of the signal that can
be handled by wavelet thresholding for denoising purposes.

We prove that the optimal (minimax) rate of estimation of mul-
tifractal functions with singularity spectrum d(H) has explicit rep-
resentation e2¢(4(®):™)  with

H+ (d—d(H))/x
2H +d

v(d(e),m) = m}iln

The minimum is taken over a specific domain and the rate is cor-
rected by logarithmic factors in some cases. In particular, the usual
rate £25/(25+4) is retrieved for monofractal functions (with spectrum
reduced to a single value s) irrespectively of m. More interestingly,
the sparse case of estimation over single Besov balls has a new in-
terpretation in terms of multifractal analysis.
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1 Introduction

We consider the usual formulation of signal denoising in nonparametric
estimation: we want to recover a real-valued function f defined on a reg-
ular bounded domain D c R? We can make linear measurements, but
each measurement is contaminated by systematic noise: we observe

YVo=f+eW, (1.1)

where W is a Gaussian white noise on L?(D) and ¢ > 0 a noise level.
Asymptotics are taken as € — 0. Observable quantities take the form

Ya(p) == (o, f) +&(p),

where ¢ € L?(D) is a test function and (e, ) denotes the inner product
on L?(D). The random process £(¢) is centred Gaussian, with covari-
ance E[¢(9)E(w)] = (p,) for ¢, € L?(D). The symbol Ele] denotes
mathematical expectation. This setting is meaningless without further
smoothness properties on the signal f. A commonly used assumption is
that f belongs to a Besov ball

By oo(r) == {f € By os IflB; . <7}, (1.2)

for some r > 0, with the additional condition s — d/p > 0 so that the
functions in B, . (r) are all continuous. Here, B, ., denotes the Besov
space on D, appended with boundary conditions and p ranges in (0, +00);
more in Section 3.1 below.

In this paper, we are interested in signals that possess local smooth-
ness in a Holder sense that wvary extremely from one point to the other
and that we shall informally refer to as multifractal before getting to a
rigorous definition. In this context, the classical approach of single Besov
balls (1.2) needs to be generalized.

1.1 Multifractal analysis

Let 29 € D, a > 1. Following Jaffard [23], we say that f : D — R is
C*(xo) if there exists ¢ > 0 and a polynomial P, of degree at most [a]
such that in a neighbourhood of xg:

() = Pry ()] < cfw — w0l (1.3)



If « € (0, 1], we simply replace Py, (z) by f(z¢). The Holder exponent of
f at xg is
hy(zo) :=sup {a >0, f € C*(z0)}. (1.4)

The level sets
S¢(H) :={z €D, hy(x) =H} (1.5)

with maximal Holder regularity H of the functions we want to consider
have typical Lebesgue measure zero, see [23], and in this setting, it seems
more appropriate to consider the Hausdorff dimension® of S +(H). The
function d(H) := dim S¢(H) is called the Hélder or singularity spectrum
of f and is extended to the whole line by setting dim(H) = —oo if H is
nowhere the Holder exponent of f.

Definition 1.1. A function f: D — R is multifractal if its spectrum of
singularity d(H) # —oo at least on an interval of non-empty interior.

1.2 Empirical multifractal evidence

Empirical evidence of multifractal behaviour in signal modelling was first
obtained in velocity fields of fully developed turbulent flows [13, 14, 15, 16]
around 1980, and lays its roots in the theoretical founding papers of
Kolmogorov and Obukov [27, 32] in 1962. More recently, the multifractal
approach has been introduced in traffic networks [33], coding sequences in
genome analysis [1, 34, 36], financial data [19, 2, 3, 28, 29|, and Bayesian
statistical analysis [17, 18]. Clearly however, the spectrum of singularity
d(H) defined by (1.4) and (1.5) is an asymptotic notion that cannot
be related to quantities that are measured with limited accuracy or in
presence of noise. The link between d(H) and related observable objects
can be given by the Frisch-Parisi conjecture which reads?

d(H) = inf {pH — ps(1/p) + d}, (1.6)
where the exponent s(e) is defined pointwise by

s(1/p) :=sup{s >0, f € B;’OO}.

The use of correspondence (1.6) suggests a strategy to define a consistent
statistical setup since Besov norms are tractable functionals that can be

"We recall the definition of the Hausdorff dimension in the appendix for sake of
completeness.
2A classical heuristic derivation of (1.6) is proposed in Appendix 6.1.



estimated in presence of noise by wavelet thresholding [9, 10, 11, 12, 26, 6].
Of course, the range of H and p for which (1.6) can be valid must be
assessed precisely, see Section 3.4. When (1.6) holds, we informally say
that f satisfies a multifractal formalism. It is noteworthy that in all the
applied fields cited above, it is a Besov-type related quantity, the so-called
structure function, that measures statistical evidence of multifractality.
The structure function can be defined as

27

M;(f,1/p) =27 | f(k277) = f((k = 1)277) ", (1.7)

k=1

in dimension d = 1 with D = [0, 1] for notational simplicity. Multifractal
empirical evidence corresponds to a scaling law of the type

M;(f,1/p) = 27950/P) 1§ s o0 (1.8)

where the function 1/p ~» s(1/p) is not constant. Indeed, interpreting the
local fluctuation of f around k277 as a wavelet coefficient up to rescaling,
we have

sup 2/° WP M;(f, 1/p) P ~ 171 sz (1.9)
p :

so having s(e) not being constant and putting together (1.9)-(1.6) yields
the notion of multifractality of Definition 1. The precise meaning of (1.9)
together with the link to Besov norms will become transparent in Sections
2 and 3 below, at least for small values of s(s).

1.3 Organisation and results of the paper

In Section 2, we define rigorously our statistical setting and the corespond-
ing multifractal formalism by means of so-called Besov domains inspired
by Jaffard [23] and that enables us to consider multifractal signals without
loosing the standard minimax approach of recovering functions in Besov
spaces.

An upper bound for estimating signals within a prescribed Besov do-
main is given in L™-loss error in Theorem 3.4, for 7 > 1. It is achieved by
the wavelet threshold algorithm, and the proof heavily relies on the mod-
ern formulation of wavelet estimation over atomic spaces, as introduced
by Cohen et al. [6]. We make a systematic use of embeddings proper-
ties of strong Besov spaces into weak Besov spaces, thanks to the results
of Kerkyacharian and Picard [26], a key reference for the paper. These
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powerful analytical tools render the proof of Theorem 3.4 quite simple,
yet technical. This result is optimal by Theorem 3.5, up to logarithmic
factors. This is actually the most delicate part of the paper: in order to
prove a lower bound, an appropriate prior has to be chosen over functions
which are genuinely multifractal with a prescribed singularity spectrum.
A nontrivial construction is proposed, using tools developed in Jaffard
[23], another central reference to the paper.

The translation in terms of multifractal analysis and Holder spectrum
whenever the Frisch-Parisi conjecture holds is given in Theorem 3.8. We
show that the minimax rate of estimation of multifractal functions with
singularity spectrum d(H ) has explicit representation g2v(d(®):m) | with

v(d(e),m) = ml}n "+ (;i[;j(f))/ﬁ

The minimum is taken over a specific domain and the rate is corrected
by logarithmic factors in € in some cases. As a consequence, the classical
rate £2/(25td) ig retrieved for monofractal functions having singularity
spectrum d(s) = d and d(H) = —oo for H # s, irrespectively of the L™-
loss. More interestingly, the sparse case of estimation over single Besov
balls has a new interpretation in terms of multifractal analysis, as well
as the critical case that separates dense and sparse regimes. Examples
and applications are derived in Section 4. In particular, we revisit and
somewhat improve former results of Hall, Kerkyacharian and Picard [20]
on estimation of noisy signals exhibiting abberations of chirp or Doppler
type, thanks to the multifractal approach. The proofs are delayed until
Section 5 and auxiliary technical results are given in an appendix (Section
6).

2 Multifractal formalism and signal estimation

2.1 Besov domains and function classes

We generalize the scale of Besov classes (1.2) of the Introduction by de-
scribing the approach of Besov domains. For f € L2, the minimal as-
sumption so that the statistical model (1.1) is well defined, we have the
following:

Definition 2.1. The scaling function of f is

1/p~ s¢(1/p) :==sup{s > 0, f € B, . }.



The function s (e) is defined pointwise over a domain of 1/p C [0, +-00)
that contains at least [1/2, +o00) since f € L? = B3, C B) . This domain
may contain 0 if we allow for p = oco. The function s¢(e) can take the value
+00, in which case it becomes trivially equal to 400 over [0, +00). This
is a consequence of the following simple lemma:

Lemma 2.2. The function sg¢(e) is increasing, concave and satisfies
SIf(o) S d.

Here, s';(s) denotes the left-derivative of sf(e). We adopt the same
convention for any concave function in the sequel.

Proof. Since D is bounded, the spaces B, ., are decreasing in p thus
1/p ~~ sy(1/p) is increasing. If f belongs to Byl . ,NBy2 ., then f € B3
for s3 = us; + (1 —u)se and 1/ps = u/p1 + (1 — u)/p2 for all u €
[0,1] by interpolation hence s¢(s) must be concave. Finally, the Sobolev
embedding B,! ., C B;?  if s1 — d/p1 = s2 — d/p2, p2 = p1 yields the

bound s';(s) < d. O

Conversely, we adopt the following:

Definition 2.3. A non-decreasing concave function s(s) : [0,400) — R
such that s(0) > 0 is called admissible. The Besov domain of an admissible
function s(e) is the set of functions defined by

M(s(e)) == {f € L? Y 1/pe|0,+00), s¢(1/p)>s(1/p)}.

Remark 2.4. The assumption s(0) > 0 guarantees some uniform Hélder
reqularity since M(s(.)) C Béﬁ,f{lge for all € > 0. In particular, the func-
tions in M(s(s)) are continuous over D. This assumption is crucial for
the interpretation of Jaffard’s theorem in Section 2.2 in terms of multi-
fractal analysis, but not essential as far as statistical estimation is con-
cerned. We intend to describe extensions beyond the continuous case in a
forthcoming work.

The Besov domain M (s(s)) coincides with the space
s(1/p)—
AAL
p€(0,400) €>0

that consists of functions that saturate their smoothness in LP with the
exponent s(1/p) simultaneously for all p € (0,+00). In particular, we



cover the case of single Besov spaces in the following sense: let sg, po
satisfy so — d/po > 0 and define

Ssopo(1/P) :=s0+d(1/p—1/po) if 0<1/p <1/po,

and sg, p,(1/p) 1= so otherwise. Clearly, ss, p,(¢) is admissible and defines
the Besov domain /\/l(sSO,pO(.)) with the following property

M (sspp0(e)) = () B2 s

e>0

We also introduce the restriction of functions of M (s(.)) with prescribed
radius in all By, (quasi)-norms: for 7 > 0, the Besov domain with radius
r > 0 of an admissible function s(e) is defined by

M(S(°)7r) = {f € M(S('))’ sup ]||f||B;f;<{p> < T}'

p€(0,+00

2.2 Besov domains and multifractal functions

Let us first recall Jaffard’s theorem in our context: if s(e) is admissible,
define
1/pe:=inf {t > 0, s(t) < dt}, (2.1)

which equals +00 in the extremal case where s'(s) = d in a neighbourhood
of +oo0.

Proposition 2.5. (Theorem 1 in [23]). If s(e) is admissible, the spectrum
of singularity of quasi-all function of M(s(s)) is [s(0),d/p.] and is given
by

d(H) = ping {Hp—ps(1/p) + d}. (2.2)

So we interpret M (s(s)) as containing multifractal functions with
spectrum of singularity satisfying (2.2). The class M(s(s)) is however
too big and contains functions g with smoother scaling function, in the
sense that

sg(1/p) = s(1/p), p € (0,+00).

This includes in particular monofractal functions for which s,(e) is con-
stant, see Section 4.1. Nevertheless, the minimax methodology forces op-
timal rates of convergence to be governed by multifractal functions that
sit at the “boundary” of M (s(s)) and for which (2.2) holds exactly. This
will become transparent in Section 3.4 below.



3 Main result

An estimator fof f is a measurable function of the observation Y. defined
n (1.1). We measure its performance in L"-loss error simultaneously for
all 7 > 1 over the class M(s(e),7) by setting

&)= sw  E[F-fI5]"" (3.1)
feEM(s(e),r)

We look for an estimator f independent of s(e) and 7 > 0 with minimal
error Ex (o).

3.1 Wavelet bases and superconcentration

Wavelets are documented in numerous textbooks®. We use regular wavelet
bases (1)) adapted to the domain D. The multi-index A concatenates the
spatial index and the resolution level j = |A|. We set A; := {\, |\ = j}
and A := U;j>_1A;. Thus, for f € L?, we have

F= pbn=)_ A, with fr:=(f, 1),

J>—1)€A; AeA

where we have set j := —1 in order to incorporate the low frequency part
of the decomposition. From now on the basis (¢y), is fixed. Let ¢(D)
denote a constant such that Card A; < ¢(D)4274.

Definition 3.1. For s > 0 and p € (0,00|, f belongs to B, ., if the
following norm is finite:

1fllss = @) sup 2D (S r ) (32)

j=-1 AEA,

with the usual modification if p = oo.

Precise connection between this definition of Besov norm and more
standard ones can be found in [5]. Given a basis (), there exists ¢ > 0
such that for p > 1 and s < o the Besov space defined by (3.2) exactly
matches the usual definition in terms of modulus of smoothness for f.
The index o can be taken arbitrarily large. Taking (3.2) as a definition

$We follow closely the notation of Cohen [5].



is technically convenient in the sequel. In particular, by incorporating
the factor ¢(D)*~%P into the definition, the norm || f|| B; ., decreases as p
decreases. Moreover the following Sobolev embedding and interpolation
inequalities hold without inflating the norm:

”fHB;gpo < HfHBZ},oo for s1 —d/p1 = s2 — d/p2,p2 > p1 (3.3)

£ gz < IFNBer 1 s (3.4)
P3; P1,%0 pQ,00

for s3 = us; + (1 — u)s2, with 1/ps = u/p1 + (1 — u)/p2, for u € [0, 1].
The additional properties of the wavelet basis (¢))x that we need are
summarized in the next assumption.

Assumption 3.2. Form > 1:

o We have
oA T ~ 227D, (3.5)

o For some o > 0 and for all s < o, jo = 0, we have

1F =Y Atallr S 270 fllps .- (3.6)

J<jo AEA;

o For any subset Ag C A

/D(Z ’W@V)W/de ~ Y Al (3.7)

AEAo AE€Ap

o Ifm>1, for any sequence (uy)rea

1O Tuxtoa) 2| e ~ 1Y waenll e (3.8)

AEA AEA

The symbol ~ means inequality in both ways, up to a constant depending
on m and D only. The property (3.6) reflects that our definition (3.2) of
Besov spaces matches the definition in term of linear approximation.

Property (3.8) reflects an unconditional basis property, see [26, 7]
and (3.7) is referred to as a superconcentration inequality, or Temlyakov
property [26]. The formulation of (3.7)-(3.8) in the context of statistical
estimation is posterior to the original papers of Donoho and Johnstone
[9, 10] and Donoho et al. [11, 12] and is due to Kerkyacharian and Picard



[26]. The existence of compactly supported wavelet bases satisfying
Assumption 3.2 is discussed in [30], see also [5].

The threshold algorithm. We consider the classical hard threshold
estimator. For x € R and 7 > 1, introduce

K(m) = 4/ max{m, 2}. (3.9)

Ta,w(x) =2 1{|$\Zl€(7f)5\/@}’

We consider estimators of the form
=R . 2/d
Forim 3 Talfin 2% = (sl )
[A<Je

The empirical wavelet coefficients f)\ are defined by

= Ye(n) = fr+e€®) (3.10)

with £(1) a standard normal random variable by (1.1) since [[t)[/z2 = 1.
Thus f; r is specified by 7 and the choice of the basis (1)) only. The
choice of k(m) in (3.9) is motivated by the following estimates

Lemma 3.3. For all 1 > 1, we have

E(lfx-fl7] S (3.11)
and
PlﬁaMzﬁ%mﬁjgng@. (3.12)

where < means inequality up to constants depending on 7 only.

Proof. Inequality (3.11) readily follows from (3.10). If £ is standard nor-
mal, we have P[|¢| > t] < exp(—t%/2) for ¢t > 0 so the left-hand side in
(3.12) is less than (/2 = g2max{m.2} thanks to the choice of k(7). O

3.2 Upper bound

We introduce the fundamental equation

s

suﬁg:j<p_1). (3.13)

We define p* as the necessarily unique solution of (3.13) if it exists. Notice
that the index s(1/p*) depends on d and 7.
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Theorem 3.4. Grant Assumption 3.2 for some o > 0. Let 1 > 1 and
assume that s(e) is admissible.

o If §'(00) < dm/2 (which is always true if m > 2), the solution p* to
(3.13) exists.

e Foro > s(1/m), we have

- 2s(1/p*)/(2s(1/p*)+d) 1\ /7
gﬂ' (f€77'(') ,S (5 \/ log i) <log E) R (314)

where < means up to a constant depending on w, s(e) and r only.

e FExtremal case: If s'(¢) = 0 in a neighbourhood of 1/p* then we have
the refinement

N 2s(1/p*)/(2s(1/p*)+d)
En(fr) 5 (/o) .

3.3 Lower bound

The next result states that the rate obtained in (3.14) is the best one, up
to a logarithmic correction.

Theorem 3.5. Let m > 1, assume that s(e) is admissible and s'(00) <
dm/2.

o Ifs'(1/p*) >0 then

25(1/p*)/(25(1/p*)+4d)
irj%f En (ﬂ 2 <5\/log i) , (3.15)

where the infimum is taken over all estimators and 2 means up to
constant depending on 7, s(e) and r only.

e Extremal case: If s'(1/p*) =0 we have

inf &, (ﬂ > 25(1/p*)/(25(1/p*)+d)
f

Remark 3.6. The distinction s'(1/p*) = 0 versus s'(1/p*) > 0 corre-
sponds to the standard distinction between ’dense’ case and ’sparse’ case,
see Section 4.2 below.
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Remark 3.7. If s'(00) > drr/2 then the equation (3.13) has no solution.
However we can choose ©' > 7 in a way that the equation (3.13), where
7' replaces w, has now a solution p* as large as we want. Applying the
upper bound (3.14) with 7', and using that necessarily s(o0o0) = oo, we
deduce that the L™ risk is bounded by €7 with v arbitrarily close to 1.
Hence, we might conjecture that, when s'(c0) > dmr/2, the rate of the
statistical problem is essentially the parametric rate €. In this paper, we
do not consider this situation.

3.4 Minimax rates under the Frisch-Parisi conjecture

We may now interpret Theorem 3.4 and 3.5 in the light of the Frisch-Parisi
conjecture, thanks to Jaffard’s theorem given in Section 2.2 above. Let
us denote by FP(s(s),r) the subset of M(s(s),r) consisting of functions
satisfying

d(H) :pigzi {Hp—ps(l/p) +d}, VH € [s(0),d/p.],

recall (2.2) and the definition of p. in (2.1). We interpret FP(s(s),r) as
the class of genuine multifractal functions as soon as s(e) is not constant.
A consequence of Theorems 3.4 and 3.5 is the following expression for the
minimax risk over FP(s(s), 7):
Theorem 3.8. In the same setting as Theorems 3.4 and 3.5 and for
T > pe. + 2, we have
inf  sup  E[|f— fI[f.] " e2C@@m, (3.16)
[ feFP(s(e).r)
where the infimum is taken over all estimators and

H+ (d—d(H))/m

v(d(e), ) = o, S5 T d : (3.17)

with d(e) given by formula (2.2). The notation =~ loosely means equiva-
lence up to constants, possibly corrected by logarithmic factors in €, subject
to the same restrictions as in Theorems 3.4 and 3.5.

Remark 3.9. Formula (3.17) quantifies the connection between local
smoothness of a signal and its rate of estimation: it shows how the effect
of points with regularity H is balanced by the frequency of such points,
assessed by d(H). In the ’dense’ case s'(1/p*) = 0, the infimum in (3.17)
is attained at some H satisfying d(H) = d, whereas in the ’sparse’ case
it is attained at some H with d(H) < d.
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Remark 3.10. [t is clear by (2.2) that the singularity spectrum d(e)
contains no information about s(1/p) for p < p.. Thus it is impossible to
relate the results of Theorem 3.4 and 3.5 with the spectrum in the case
p* < pe. Actually the condition m > p.+ 2 ensures that this situation does
not happen.

Remark 3.11. By a result of Jaffard [22], if a function f € M(s(e),r)
does not satisfy the Frisch Parisi conjecture, we still have the information
on its spectrum d(H) < infp>p. {Hp — ps(1/p) +d}. Thus the right hand
side of (3.17) always provides a upper bound for the exact rate of esti-
mation of the signal. Remark that the functions of FP(s(e),r) appear as
the functions mazximizing the frequency of points with a given smoothness
H, for any H € [s(0),d/p.]. However, the violation of the Frisch Parisi
conjecture might be severe. For instance Jaffard [22] constructs a function
[ with a linear scaling function sy, and which is C* everywhere except
at one point. In this situation d(H) = —oo for all H, and the right hand
side of (3.17) is equal to +o00.

4 Examples and applications

4.1 Monofractal functions

Monofractal functions satisfy s(1/p) = Hp for all p > 0. A canonical
example is given by the sample paths of a fractional Brownian motion

with Hurst parameter Hy € (0,1) in dimension d = 1, see for instance [35].

)2H0/(2H0+d)

In this case, we find the minimax rate (51 /log% for all loss

functions w > 1. In particular, the sample path of a noisy 1-dimensional
Brownian motion (Hy = 1/2) is recovered with optimal rate (¢4/log 1) 1/2,
irrespectively of the loss function.

4.2 Besov balls

As already remarked in Section 2.1, single Besov spaces are related to
a Besov domain of a certain admissible function s, ,,(e). Using mono-
tonicity of the Besov norm with respect to 1/p and (3.3)—(3.4) the relation
with Besov balls becomes exact: B2 . (r) = M(sgpo(s), ). Theorem 1

in Jaffard [23] shows that among functions f in B9 . (r) that saturate
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their Besov domain precisely for sy ,,(e), in other words that belong to
the set:
{f € By oo(1), sp(s) = 350,po<')}7

then the Frisch-Parisi holds for quasi-all functions. By Theorems 3.4 and
3.5, we retrieve the classical nonparametric reconstruction results over
Besov balls as developed in the mid-1990 [9, 10, 11, 12] and the earlier
results of the Russian school [21]. In light of our result, we can reinterpret
the classical theory in terms of the multifractal approach: For Besov balls,
the minimax rates of convergence are governed by extremal functions f
such that sf(e) = Ss,p,(¢) and which are generically multifractal. How-
ever, this multifractality is very particular, in the sense that sg, () is
either constant or with maximal slope d, except in the viscinity of the so-
called critical case where p* = pg. This point separates the so-called dense
and sparse cases (according to the classical terminology [11, 12, 26]).

4.3 Intersection of two Besov balls

As an exercice, we can compute the minimax rate of convergence up to
logarithmic factors by Theorem 3.5 over the intersection of two Besov
balls

C:=Bt (r)NB2 (r), p1>p2, 0<s1 < so,

P1,00 p2,00

with sy — d/p2 + d/p1 < s1, so that no Besov ball is included into the
other. It is easily seen that C = M(s(e),”) where the graph of s(e) is the
concave envelope of the graph of s, p, (¢) and s, ,(e).

s(1/p)

52
S1
S1 — d/pl
S92 — d/pz

> 1/p
1/p1 1/p2

In the region for which loss functions m are such that 1/p* > 1/ps
the minimax rates of convergence are governed by the dense regime of
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the space B32 Likewise, in the region for which 1/p* > 1/ps, the

p2,00°

st . . ) . . . )
sparse B!  regime dominates. A new intermediate regime appears for

1/p1 < 1/p* < 1/pa:

Corollary 4.1. In the setting of Theorem 3.4 and 3.5, the minimax
rate of convergence for the class C is given (up to logarithmic fators)
by 8217(31752»1’1’17277")’ where

82/(282 + d) Zf dm < pg(d + 282)

v(s1,82,p1,p2, ) = s1+d(1/m—1/py)
2(81 —d/p1) +d

if dm Zpl(d+281>

in the classical regimes, and

(s2 —81)/7 + 51/p2 — 52/P1
s1/p2 — s2/p1) +d(1/p2 — 1/p1)

in the non-classical regime pa(d + 2s2) < dm < p1(d + 2s7).

U(Sla 82,p1,p2,77) = 2(

4.4 A multifractal model for chirps and Dopplers

In [20], Hall, Kerkyacharian and Picard (abbreviated by HKP in the fol-
lowing) develop block threshold methods in the case m = 2 for wavelet
estimators which are adaptive to many variations of signal abbera-
tions including those of chirp and Doppler type, which are of the form
x ~ |z —x0|% cos(|z — x| ~%) for a, B > 0. In dimension 1, HKP introduce
the class H that can be described as follows: g € H if for any j > 0, there
exists a set of integers S; with Card S; < 277 such that:

e For each k£ € S; there exist constants ag = g(k279),ay,...,an_1
such that
‘g(az) - ap(x — k279 <2795 for all z € [k277, (k +v)277],
£=0

where v > 0 is a given constant and

e For each k ¢ S; there exist constants ag, a1, ...,an—1 such that

=

‘g(x) - ag(x — k279 < 27952 for all z € [k277, (k +v)277].

~
Il
o
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The class is parametrized by 0 < v < 1 and s; < s2. Proposition 3.2. in
[20] shows that if the analyzing wavelet ¢ has compact support included
in [0, v], then

ldy| < 2—I>\\(81+1/2)1{kesj} + 2_|/\‘(82+1/2)1{k¢5j}- (4.1)

In particular, if s; > 0, the class ‘H is embedded into continuous functions,
a restriction that HKP do not have, but which is important if we use the
interpretation in terms of multifractal analysis. The characterization (4.1)
enables to show easily that if g € H, then sy(e) > s3(e), with

si+(1—7)/p for 1/p<(sa—s1)/(1-7)
sn(1/p) =
S92 for 1/p>(sa—s1)/(1—").

This reveals the non-trivial Besov domain M(SH (-)) D H as soon as v #
1. In particular, HKP show in their Theorem 4.1. that the minimax rate
exponent £2%2/(14252) g achievable for 7 = 2 if the following condition*

holds:
251+ 1

259 4+ 1

In our formalism, this corresponds exactly to the critical case when the
line 1/p ~ —d/2 + dn/(2p) (with d = 1 and m = 2) intersects sp(e)
for 1/p > (s2 — s1)/(1 — v) and our approach shows that the result of
HKP is sharp. Beyond this critical point, our Theorems 3.4 and 3.5 com-
pletes their result and reveals the following non-classical minimax rate of
convergence:

0<~<

2s1+(1—7) 251+ 1
e Bl f 4> LT
T 95+ 1

within a logarithmic factor®.

4.5 Lacunary wavelet series

An example of multifractal signal f on D = [0,1]¢ is provided by the
sample path of a lacunary wavelet series as defined in Jaffard (2000b) [24].
This random process f is defined by its wavelet coefficients as follows: let
o € (0,d) and for each level j, choose randomly |c(D)27(=) | locations
among the Card(A;) ~ ¢(D279) locations corresponding to this level. The

4The result of HKP is slightly more general, since it allows 2777Card S; to grow as
e — 0 at a certain rate, a situation we discard here for simplicity.
Swhereas HKP results are sharp up to logarithmic terms.
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chosen coefficients are set to the value 277(3+4/2) for some 8 > 0, all the
other coefficients are set to 0. It is shown in [24] that s¢(1/p) = a/p +
and that almost surely the Frisch Parisi conjecture holds with a singularity
spectrum given by d(H) = W for H € [3, %].

Applying Theorem 3.4, an upperbound for the rate of estimation of
the signal, with L™ loss, is (up to a logarithmic factor)

28+2a/m
£ 28+d

as soon as 2a/m < d. This rate is increasing with the sparsity of the
wavelet series, and the restriction 2a;/7 < d corresponds to the restriction
by the parametric rate €. Remark that in this example, the infimum in
the formula (3.17) is attained at H = s(0) = 3, which is the minimal
degree of smoothness for a singularity appearing in the signal.

4.6 Cascade processes

Multiplicative cascade processes were introduced in the initial work by
Mandelbrot [28] and mathematical properties were studied further in Ka-
hane and Peyriere [25]. The objective was to provide models which de-
scribe the statistical behavior of turbulent flows. More recently, they were
applied for modeling many signals which exhibit high intermittency such
as the internet traffic, financial data or DNA sequences.

The law of the cascade process is fully characterized by some non neg-
ative random variable W, which expectation is equal to one, and usually
referred to as the 'cascade generator’. This variable determines the evo-
lution, through change of scales, of the cascade process (Xt)te[()’”, as can
be seen in the relation:

Xy /0 — Xo '™ (X, — Xo)W/2, for all dyadic t.

A large literature is devoted to the study of the properties of the sam-
ple paths of multiplicative cascades (see references in [4]). For instance,
Molchan [31] proves that the sample paths of these processes are almost
surely multifractal and computes the spectrum of singularities as a func-
tion of W. He shows that the Frisch Parisi conjecture holds and essentially
relates the scaling exponent sx (o) of the typical sample path to the gen-
erator W

1- %logQ(E(Wp)) for p
% + cw for p

< pw
sx(1/p) = {
= pw

17



where py and ¢y are the two unique values that make the function sy
of class C! (pw is thus determined by the condition that s (1/pw) = 1
in both expressions above, and the value of ¢y follows by the continuity
of sx). Since the choice of the generator W is almost arbitrary, we see
that cascade processes provide examples of stochastic signals with a large
variety of scaling exponents s(e).

5 Proofs

5.1 Proof of Theorem 3.4

Preliminaries from [26]. Weak /, - (7) sequence spaces are defined by
means of the atomic measure p, defined over multiindices A by setting

pr({A}) == [|[Yal|T~, forl <z < oo.
For 0 < ¢ < 7, a function f =), fix belongs to { o () if

IFIE oy = sup % (A, £ 2 1) < +o0.
’ t>0

The spaces {4 () are linked to the choice of the basis (1)) and related
to classical Besov spaces By , by the following embedding properties:

Proposition 5.1. (Theorem 6.2 in [26]). Let 1 < m < oo and s > 0.

. da
Define ps = 3775

o Ifp>ps, then B, o C Ly, oo(T).

o Ifp=psand f € By N Bfr’oo for some 6 > 0, then fort < 1/2:

tx (A [l >¢) St Plog (1) -

o If p < ps and %ﬁd
d(p/2—1)
s+d(1/2—1/p) "

< p < ps, then By o C Ly, 0o(m), with g5 =

The following proposition was obtained in [26], but in order to prove
Theorem 3.4, we will actually need a slight extension of it. Therefore and
in order to be self-contained, we give a condensed proof of this proposition.

18



Proposition 5.2. (Theorem 5.1 in [26]). In the setting of Theorem 3.4,
we have

—~ —q -
Bl1Er - 115 5 (os2) 1A, Lo Il X Sl

[A[>Je

for all 0 < g < 7 such that the right-hand side is meaningful, and where
< means up to a constant depending on w and || f||z= only.

Proof. We have

E(lfer = fIT<] SE Y. (Ten(h) = 0T 1Y Al

A <Je [A[>Je

and in view of the result, only an inspection of the first term in the right-
hand side is needed. Indeed, this first term is, up to a constant, less than
I+ 11, with

Ell > (A=t U 2emefion Ty UallT+],

A< Je

and

” Z {IFr]<k( #Q}fﬂhﬂm].

A< Je

A fairly classical concentration argument based on (3.12) enables then to
ignore the random part of f/\ in the indicator in I and II, up to modifying
the threshold level by a factor 1/2 (see [12], [26]). It follows that I and
I1 can be replaced by

I :=FE = 1 -
[H l)\% (fa—1f) {Q‘fk|2,€(7r)€\/@}¢)\”lj ]

and

IV .= T
| Z 21 |<n( \/Og%}fﬂz)AHL

[N <Je

respectively, without affecting the rates of convergence, inflating the
error by a multiplicative factor depending on 7 and || f||z~ only.

Step 1: The case m < 2. For any sequence (uy)xep, we have in that
case

1D uxtalT= S D lual" 19l T- (5.1)

AEA AEA
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as follows from (3.8) and the comparison between ¢™-norms in the case
m > 1, and from triangle inequality if 7 = 1. Applying successively (5.1)
and (3.11), we have

s Y EflA- A

[AI<Je

{2|f |>x (71')5\/1 1}H¢,\HL#

. : L .2
~° Z {2‘fA|ZH(7r)5\/@}H¢>\HL (5 )

A< Je

T—q
< (evlost) o

by definition of the weak-¢, o (7) space. By (5.1) again,

VE 2 L ame g P IATE (5:3)

A< Je

Next, we use the fact that for all ¢ < 7,

up 17 3 i <01 S I, oy (5.4)
A

up to a constant depending on 7. The characterization (5.4) of £y ()
spaces relies on simple calculation (see [26] or section 3 in [6]). So
the right-hand side of (5.3) is further bounded by a constant times

(g4/log %)ﬂ_q||f||gqm(7r) and Proposition 5.2 follows.

Step 2: The case m > 2. Using successively property (3.8) and
Minkowski’s generalized inequality, we have

s e[ (Y0 ey P SPlae)?) ]

<= {21x12r()
2/m /2
S /D <|)\|§Igl{2|fﬂ>ﬁﬂ' \/1 og 1 ( ’f)\_f)\’ ]) ‘w)\(x)P) dx
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By (3.11), this last quantity is less than

= (X

: @) e
A< {2|f>\|21€(7r)s\/10g%} A

= g1} VAL 5.5
S 3 o T .

A< Je

where we have used (3.7) for the last line. Thus I1T has the right order by

the definition of weak ¢, o (7) spaces as before. Write p, := 2k(7)e log%

for notational simplicity. We have

IV oS 12 > Lprpainicor+ip atal -

k>1 M <Je
S OO0 D0 ke rtall )"
k>1 N<Je

by the triangle inequality. Next, using (3.8) and

|l ga—rp<ifyj<2rt1py < 2_k+1p€1{|fﬂ22_kp€}, the above quantity
is less than

(220X Lt loal) Plee)

k>1 IA|<Je

By applying first (3.7) and then the definition of weak /¢, (7) spaces,
this quantity is less than

pg(z 27 Y 1m|zz—kp5}||1/u||’iw)1/’r)7r (5.6)

k>1 A< e

(el (G2 )

Since ™ > ¢, the geometric series is convergent which ends the proof. [J

We are now ready to prove Theorem 3.4 in four steps.

Step 1: Definiteness of p*. It suffices to check that the function

t~ o(t) = s(t) — L(tm — 1)
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hits 0. We have ¢(0) > 0 since s(0) > 0 and ¢'(t) = §'(t) — dm/2.
Moreover, s(e) is concave so having ¢'(¢) < 0 for some ¢ > 0 is sufficient,
but that follows from the bound s'(c0) < dm/2.

Step 2: Linear term. As soon as f € Bfwo for some 6 > 0, we have

| sl S IFI5 27707 < (2 log 1)
IA|>Je

We now prove that we can take § = ds(1/p*)/(2s(1/p*) + d), which gives
the desired order. We claim that

—2s(1/p*) +d’ (5:7)

from which the result simply follows since f € Bi%“’ and by the em-

bedding B; ., C Bfrioo if s > §'. By definition of p*, we have p* =

wd/(2s(1/p*) + d) so (5.7) is equivalent to

ws(1/m) > mds(1/p")

z m =p*s(1/p").

It is enough to prove that ¢t ~ @(t) := s(t)/t is decreasing between 1/m
and 1/p* since, by definition of p*, we always have

Now, ¢'(t) = (s'(t)t — s(t))/t* < —s(0)/t* < 0 since s(s) is concave and
s(0) > 0.

Step 3: Nonlinear terms, large p. Proposition 5.1 provides two regions
of embedding, separated by the critical case p = ps. Let us first consider
the set (p*, 00), of large p’s, for which the following condition holds

dm

P o5t/ +d

By Proposition 5.1 case 1, we have the embedding

BiUIP) C L 25(1/p)+d),00 ()
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T—q
therefore the nonlinear term (5\/log %) HfHZq () In Proposition 5.2
is for the choice ¢ = dr/(2s(1/p) + d) of order

25(1/p)m

n—dr/(2s(1/p)+d) 25(1/p)+d
(syfor?) = (slost)

If (1/po) = 0 for some 1/py < 1/p*, s(e) is constant for 1/p > 1/py by
concavity hence s(1/pg) = s(1/p*) and we obtain Theorem 3.4 in that
case.

Step 4: Nonlinear terms, critical p. Let us then turn to the critical

case
dm

T 2s(1/p) +d

For this constraint, the decomposition of Proposition 5.2 is of no use since

*

p

no embedding of in any space {4 o (7) is valid, so we need to refine
Proposition 5.2. By Proposition 5.1 case 2, we have

X 1
V<12 e\ 0120 S0 s (1) 53)

if, in addition, f € Bg,oo for some § > 0, a case we always have with
0 = s(1/7) for instance. This enables us to revisit the terms I11 and IV
in Proposition 5.2. Inspecting (5.2), (5.5) in the proof, we readily have,
forall m>1

117

A

e (A < e, [] > ey flog 1)

S €7 (ey/log é)fp* logé

< (ey/log 1)/ IR/ 4D) o0 1

€

where we have successively used (5.8) and the definition of p*. We now

turn to the more delicate term IV. Define, for notational simplicity p. :=
k()

—5-€4/log % Inspecting the proof of Proposition 5.2, equation (5.6) yields
in the case m > 2,

1V S (D02 (N < 2 1] 2 27%) 7))
k>1
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Using again (5.8), we deduce that IV is of magnitude less than

(pg)w_p* log ,0% and thus Theorem 3.4 is proved in the case m > 2. For
€ [1,2], the term IV can be bounded quite similarly by using (5.3), we
omit the details here. Theorem 3.4 follows.

Remark 5.3. It is instructive to inspect the behaviour of the threshold
algorithm beyond the critical case, i.e. for p satisfying

dm

P s/ +d

Proposition 5.1 case 3 tells us that the embedding

BiUIP) C L j2—1) ) (s(1/p)+d(1/2=1/p)).00 ()

holds, provided further that p > 2d/(2s(1/p)+d) which implies in particu-
lar the restriction m > 2. Moreover, no other inclusion of any Besov space
into a weak {y oo (m) exists otherwise. In that setting, it is readily checked

that the threshold algorithm attains in this region the rate (51 /log %)q*ﬂ,
with .
S b= L)

but a closer inspection of the properties of s(e), namely the fact that
s'(1/p) < d shows that this rate is suboptimal.

5.2 Proof of Theorem 3.5

The proof is divided into three steps. We first focus on the case of a
linear admissible function s(s) and solve a Bayesian problem instead of
the initial minimax problem. In a second step, we compare the Bayes
risk with the minimax risk. Finally, we extend the result to an arbitrary
Besov domain s(e). The extremal case s'(1/p*) = d is more delicate and
requires a separate proof.

Step 1: A Bayes risk. A first delicate issue is to construct a prior on
L? which concentrates on functions with exact scaling function s(s). The
construction of such functions is a fairly complex problem solved in [23].
However, there is a simple expression if the scaling function is linear. Let

5(1/p) =B+ a/p, 0<1/p < +o0
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which is admissible for a € [0, d] and 5 > 0. The following lemma provides
a simple condition that ensures that a function is in M (5(s)).

Lemma 5.4. Let g =), capy = Zj>0 ZI/\\:J' cxth be such that:
leal < e(D) 22795+ for all X with |A| = 7,
and the number of non-zero coefficients on each level satisfies:
Card{\, |\| = j and ¢\ # 0} < ¢(D)4"2d=a),

Then, ||g]| gsi/» < 1 for allp > 0.
P00

1 , ,
Proof. We have (Z‘/\|:j|c>\]1°) < o(D)~B23(d=0)/po(D)(d=0) [pg=i(F+d/2)
hence the result by (3.2). O

Note that a function that saturates the conditions of Lemma 5.4 has
scaling function 5(s). We now choose a level j and define a prior u;(df)
on L? by picking at random the wavelet coefficients according to the
following distribution: if A # j we set (f,¢\) = 0 and if A = j, the
coefficients (f, 1) = ¢y are independent Bernoulli variables,

rtbs) = er = re(D)~P2-3(F+d/2)  with probability ¢
AT 0 with probability 1—¢q ’
with ¢ = c(AD)_O‘Z_j"‘_l. We define the associated Bayes L™-error for any
estimator f:

eosnl®): ([ B 0F - lmtan)

where P; denotes the law of Y. with parameter® f. The following proposi-
tion gives a lower bound for this Bayes error. Let us stress that the result
depends on « which characterizes in some way the sparsity of the prior.
According to the usual terminology, for & = 0 the prior is dense, whereas
it is sparse in the other cases.

SWe assume that all the probability measures P; are defined simultaneously on the
canonical space L?. Such a construction is always possible.
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Proposition 5.5. o If a # 0, choose M with 0 < M <
r~2¢(D)?P2log 2 and let j = j(e) satisfy

Ma(j —1)207D@H28) « e=2 < N j27(d+26) (5.9)

Then, we have:

a+7nf3

x d+28
il%ng,j(E)ﬂr (}) Z <€\/10g i) .

o Ifa=0, let j = j(e) satisfy

9(=1D(d+28) ¢ ;=2  9i(d+25), (5.10)

We have: »
inf Ep o). (F)" 2 758
f

= means up to constant depending on w, r, o, (3.

)~

In both cases

Proof. 1f fis an arbitrary estimator, denote by ¢\ = <]?, ) the associated
estimated wavelet coefficients. Using that the projection on the space
generated by (w,\)‘ A|l=; Is continuous in L™ and Bernstein inequality, we
have for all function f: || f — f||T. 2 2742057 | [a\ — (f,95)[7. We

derive:

Epjn(f)" 2 20407/27D /L > Ep[[ex — el us(df). (5.11)

IAl=J

Let us consider temporarily a multi-index Ao € A with [Ag| = j. The
estimated coefficient ¢, is some function of (Yz) and thus can be seen
as a function of the collection of all the observable coefficients Y (1)) =
ex +e€(1y) for A € A. Since the variables £(1y) for A € A are i.i.d. and
by our choice of prior, ¢y, and £(¢y,) are independent of (c,\, 5(1&)\)))\7&)\0.

Hence, conditioning with respect to (cA, & )\)) for any choice of ¢,

) AFXo’
the minimum of

/L2 Ef [[exe — exol™] ps(d ),

is obtained when ¢, is a function of Yz(1y,) = ¢, + €£(y,) only. We
derive from (5.11):

Ep i (f)" = 2092 Dgidp, = 9102, (5.12)
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where p; . is the one dimensional Bayes risk:
piex = Inf Ellgle; +e2) — ;]

where Z is a standard Gaussian variable and ¢; is an indepen-
dent Bernoulli random variable distributed taking wvalues K =
re(D)~P273(6+4/2) and 0 with probability ¢ and 1— g respectively. Similar
1-dimensional problems are studied in [8]. In lemma 6.1 of the Appendix,
we prove that under condition (5.9) if @ # 0 (or condition (5.10) if & = 0),
we have pj(.) . » 2 ¢K”. This implies that
gB,j,Tr (})W Z 2fj(z-:)d7r/2qK7r
> 9i(e)dn/29-j(e)ag—i(e)m(F+d/2) > 9-j(e)(atmh),

Then using again condition (5.9) (or (5.10) if @ = 0) we obtain the propo-
sition. O

Step 2: The minimax risk. The next result shows that if a # d then
the minimax risk over M(5(e),r) and the Bayes risk with prior p; are
comparable.

Proposition 5.6. If o # d, then

inf sup By [|f— flTe 2 infEp o ()T
f femM(s(e),r) f

where j(€) is defined in Proposition 5.5.

Proof. For j > 0 and f in L*(D), let N,(f) := Card{\, (f, 1) #0, |\ =
j}. By our choice of prior and Lemma 5.4 we have

i (f € M(5(),7)) > 1y (N < e(D)P=0270=))

Under pj, N; is a Binomial random variables with parameters Card{A;}
and ¢(D)~*27721 We deduce that its expectation under p; satisfies

By, [Ny] = Card A e(D) 2797 < LoDl

Moreover, simple computation on Binomial laws shows that the centred
moment of order x > 1 satisfies

Ey; [[N; = E(N))|"] < o) 27/,
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By Markov inequality,

J

ui [|N; — E(Ny)| = E(N;)/4] < 4" Ey, [N;] 7" E, [(N; — E(N;))"]
< 4nc(ﬁ)2j(dfa)r{/2.

Since d — a > 0 and k& is arbitrary, if 7 = j(e) is given by either (5.9) or
(5.10), we deduce that ;) [N;(o) > ¢(D)4=27()(d=)] i5 negligible versus
any power of € as ¢ — 0. We have thus shown at this stage that for any
c>0:

1je) [f & M(5(e),7)] = 0(e°). (5.13)
Next, we pick an arbitrary estimator f. Since for any f € M (5(e), )

A~

we have | fll= < [[f|l gsa/m < 7, we can assume that [|f|z~ < 2r, say,

without increasing the minimax risk. Now,
- E f— 71 5(e),r (d
sup By [IF = £l3-] > JE[If = FlI7x] L/EMIS(e), )i (df)
FEM(5(0),7) uilf € M(5(e), )]

_ &) .
pilf € M(@3(e), )] 7

where R

o S B (U = ] Lo myia(dF)

’ pilf € M(3(s),7)]
Since () [f € M(5(e), 7“)] — lase — 0by (5.13), using Proposition 5.5,
the result follows if we show that 7. = o(e®) for ¢ large enough. From
the definition of the prior, the wavelet coefficients c) of f are p;(df)-
a.s. bounded by rc(D)#2~N+4/2) | This implies that with full p;(df)-
probability the function f is bounded by some constant (independent of
f) in L*®-norm and thus in L™-norm too. Since Hﬂ\’iw < 2r, rj(e) is
bounded by some constant times

Hij(e) [f gé M(g(')v T)] /Nj(a) [f € M(g(')7 T)]
and is thus of right order by (5.13) again. O

Step 3: Arbitrary Besov domains. Let s(e) be an admissible function
and recall that p* is the unique solution of (3.13). We choose for §(e)
any affine function which is tangent to s(e) at the point (1/p*, s(1/p*)).
For instance, set 5(1/p) = f* + o*/p with o* = §/(1/p*) and B(1/p*) —
§'(1/p*)/p*. By the concavity of s(e) we have 5(e) > s(e) and thus:

M (5(e), 1) C M (5(e),7), (5.14)
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so we may prove the lower bound with 5(e) in place of s(s). We assume
first that s'(1/p*) # d. We have

inf sup Ey [HJ?— f||7Lr7f} 2 iI]%f‘5‘13,‘7‘(6)7”(-7/0)7r

ForeM(i(e)r)

* 71'*

> 2T [ (log 1) T 1ye s + Lavco]

where we successively applied Proposition 5.6, the fact that a* # d and
Proposition 5.5. The conclusion follows from the following identity:

o +mp*  ws(1/p*)
d+23  d+2s(1/p*)

(5.15)

Indeed, if a* = §'(1/p*) = 0 this follows from

B =s(1/p") = §'(1/p*) /p* = s(1/p").

In the general case, replacing o* and 5* by their value in function of s(e)

we have:
ot 4 rp TsLpt) + (P - Z]

d+265  d+2s(1/p) —&(1/p*) =

After some computations using (3.13), one checks that the rational func-
tion

)

ws(1p) +all - 2]
d+2s(1/p*) — CL‘]%

is independent of x. We end the proof by noting that the right-hand side
of (5.15) is obtained for = = 0.

Step 4: The case s'(1/p*) = d. We cannot rely on the comparison
between the Bayes risk and the minimax one given in Proposition 5.6
anymore. Nevertheless we still consider §(1/p) = o*/p + f with o* =
s'(1/p*) = d and 8 = s(1/p*) — d/p*. Theorem 3.5 is then a consequence
of (5.15) with a* = d and of the following proposition.

Proposition 5.7. We have

d+7'rﬁ*

. -~ - 1 d+23*
it swp 5 (17 fE] 2 (eyfoet) T

[ reM(s(e),r)
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Proof. For sake of brevity, we only give the mains steps. Define j = j(g)
by

.. (G=1)(d+25%) -2,.2 —25 4 oi(d+26Y)
E(] —1)2¥ <e “re(D) < Eﬂ] ;

and for A € A; set fN = 2732487 ¢(D)=By, . By Lemma 5.4 the
f) are elements of M (5(s),7). Moreover, the following three classical
properties are easily checked:

(5.16)

e Forall \ # X € A;, we have || fN) — fO)|| x> re(D) 8" 2-7(d/m+57),

e For all A € Aj, we have P;) < Py where Py is the law of the
observation (1.1) when f = 0 and < means absolute continuity
with respect to probability measures.

e We have a bound control on the Kullback-Leibler divergence
K(Pron | Po) < [[fV 22672 = 12¢(D) 27727742572 By (5.16)
and log(Card{A;}) ~ dj, we readily obtain, for large enough j:

1
K(P Py) <1 A;)/8.
Card A, A;y (Pron | Po) < log(Card A;)/8
J

Then, standard arguments based on Fano’s lemma, see e.g. [21], entail:

inf sup P, [Hf— fllFe = rme(D)™ 27345 | > ¢ > 0, (5.17)
f )\GAj

where ¢ is some constant independent of . We conclude by (5.17) and
(5.16). O

5.3 Proof of Theorem 3.8

In a first step we show that the exponent s(1/p*)/(d + 2s(1/p*)) can be
reinterpreted as the right hand side of (3.17). Then we prove (3.16).

Step 1: A new expression for the minimax rate. For the proof, we
use the convenient notation a € s'(1/p) when « is a real number in the
interval [s)(1/p), s,.(1/p)] whose endpoints are the, possibly different, left
and right derivatives of s(e) at 1/p. Then the proof of (3.17) is based on
the following key identity:

ms(UpY) ms(1/p) + ol — 7]
2s(1/p*) +d  o<ip<ime d+2s(1/p) — 22’
aes'(1/p)

(5.18)
P
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where the infimum is attained for 1/p = 1/p*, with any choice of a €
s'(1/p*). Actually, since m > p. + 2, we must have 1/p* < 1/p. and we
have seen in Step 3 of the proof of Theorem 3.5 that, for 1/p = 1/p* the
fractional function above does not depend on « and is equal to the left
hand side of (5.18). It remains to see that the infimum in the right hand
side of (5.18) is attained for 1/p = 1/p*, this can easily be checked by
standard computations relying on the concavity of s. Define the Legendre
transform of s(e) as Ls(a) := infg~0 {ga — 5(q) }. If ap € s'(qo) for some
go > 0, we easily see that the infimum in the definition of L£s(«) is attained
at ¢ = gqo and we deduce the useful relationship

Ls(ag) = qoan — s(qo)-
This enables to transform (5.18) into,

ns(1/p*) . a—7mLs(a)

25(1/p*) +d o<1/lgljlg1/pc d—2Ls(a)
aes'(1/p)

_ it a—7Lls(a)

5.19
s1.(1/pe)<a<s.(0) d — 2Ls(a)’ (5.19)

where s/, denotes the right derivative of s(e). Now, since by (3.16), d(H) =
infy>p. {Hp — ps(1/p) + d}, we can check that if o € §'(qo) for some
g < 1/pc:

d( — Ls(a)) = d(s(qo) — aqo) = Jnf {(s(q0) — aqo)p — ps(1/p) + d}
= (s(qo) — @qo)/qo0 + (1/q0)s(q0) + d = —a + d.

This identity enables to rewrite (5.19) as:

) d—d(—Ls(a)) —mLs()
1mn .
s/ (1/pe)<a<s!.(0) d—2Ls(a)

The function —Ls(e) maps [s].(0), s..(1/p.)] onto

r

[H07Hc] = [3(0)’3(1/190) - 3;(1/]90)/}?@],

therefore
. d—d(—Ls(a)) — nLs(a) . d—d(H)+nH
inf = inf .
s (1/pe)<a<sl.(0) d—2Ls(a) s(0)<H<H, 2H +d

For H € [H.,d/p.], the representation (2.2) yields d(H) = Hp., and
we deduce, by m > 2 + p., that the infimum can actually be taken over
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[s(0),d/pc] which is the desired result.

Step 2: Proof of (3.16). Since FP(s(s),r) is a subset of M(s(e),7) it
is immediate that the upper bound of Theorem 3.4 holds true over it.
To see that the same lower bound still holds on this subclass, we have
to slightly modify the proof of the Theorem 3.5 in the following way. Let
go be some fixed function in FP (s(.), 7") and then modify the prior pu;
introduced in Step 1 of Section 5.2 by adding gg to every realization drawn
under the probability p;. Denote by fi; the corresponding new prior. It is
clear that the Bayes risk is unchanged. Moreover, fi;(df)-a.s., the wavelet
expansion of f coincides with the one of gy on low scales. Thus, fi;(df)-
a.s, the function f has the same local behavior as fy and its singularity
spectrum is given by (2.2). We then repeat the arguments of Steps 2
and 3, but now fi; is supported with large probability on .7:73(8(-), 2r).
If s'(1/p*) = d, we modify Step 4 of Section 5.2 by adding go to the f*)
accordingly.

6 Appendix

6.1 The Frisch-Parisi heuristics

If Ec R% and 5 > 0 we let C(E,n) denote the set of countable coverings
c of E¥ by open balls b with diameter at most 1. The Hausdorff dimension
of E is by definition

di fig >0, li f bj7=0
im(E) :inf {¢ lim 6(111[1 m)Z| | }

=sup {¢q >0, 71}11}1(1) Eénf Z\b\q——i-oo}

The boz-dimension (or Minkowski dimension) of F is defined as follows:
let Cexact(F,n) denote the set of countable coverings of E by open balls
with diameter exactly equal to 7. Set

AE = inf d
(E,n) Cecexlﬁt(EmCar (c),

i.e. the minimal number of balls with diameter 7 that are necessary to
cover E. The lower box-dimension of E is defined as

log (A(E
d(E) i limint & AE)
n —logn
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and likewise, the upper box-dimension of E is

- log (A(E
d(FE) := limsup M.
" —log1

We have the following chain of inequality between the Hausdorff dimen-
sion and the box-dimension:

d(B) < d(E) < d(E).

In practice, the Hausdorff dimension is often approximated by the box-
dimension. For simplicity, we develop the argument in dimension d = 1
and D = [0,1]. We interpret a scaling law of the type M;(f,1/p) ~
279ps(1/P) for j — oo where M;(f,1/p) is defined in (1.7). The exponent
s(1/p) is the value of the Besov domain of f at 1/p. The contribution of
points with maximal regularity H > 0, that is over the set

S¢(H) :={x €[0,1], hy(x) = H}
will be given by
27

9—j Z F(k279) — £k - 1)279) [P ~ o—i (pH—d(H)+1) 6.1)

k2-7 €Sy (H)

using that at most 2/%(#) boxes are necessary to cover S +(H). Here, we
purposefully make a confusion bewteen the box-dimension of Sy(H) and
its Hausdorff dimension. Next, by a geometric series argument, the total
contribution in H will be dominated by the maximal exponent in (6.1)
so that

M;(f,1/p) ~ sup 29 (Hp=d+1) o 9=ips(1/p)
H>0

which yields
ps(1/p) = sup {Hp — d(H) + 1}.
H>0

We recognize the Legendre transfom of H ~» d(H) — 1 so if the inversion
is meaningful, we obtain the Frisch-Parisi conjecture

d(H) = sup {pH — ps(1/p) + 1}. (6.2)

In dimension d > 2, (6.2) reads like (1.6).
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6.2 An univariate Bayes risk

Lemma 6.1. Set
piem = Inf E [lg(cj +€Z) = ¢;|7] (6.3)

where Z is a standard Gaussian variable and c; is an independent
Bernoulli variable taking values K = rc(D)~P#2718+d/2) qnd 0, with prob-
ability ¢ = c¢(D)~*277%"1 and 1 — q and respectively. If j = j(¢) and e
are related by (5.9) in the case a # 0 (and by (5.10) otherwise) we have:

Pj,e,w > C((X, ﬁ7 T, d7 C(D))qKTr

Proof. Note first that the infimum in the right-hand-side of (6.3) is ob-
tained for g(c) := argmin, g E[|z — ¢;|™ | ¢ = ¢] where ¢; = ¢; + €Z.
The posterior distribution of ¢; conditional on é; = ¢ has support {0, K'}
with:

_ qPx(c)
q®x(c) + (1 = q)Po(c)’
_ (1-g)%e)
q®x(c) + (1 = q)Po(c)’
where @ (respectively @) is the Gaussian density function with variance

2 and mean 0 (respectively K). Thus g(c) is obtained as the minimizer
of

P[Cj:K|5j:C]

P[Cj:0|5j:C]

z = | K —x[TqPx(c) + |2[" (1 = ¢)Po(c).

It is clear that the minimizer lies in [0, K. If 7 > 1, it is easily checked
that g(c) is the unique solution of the equation of the variable z

(K - iﬁ)w_l _ (- Q)<I>0(C)7

x q®x(c)
and if m =1, g(c) = Kl{ (1_q)¢0(c)<1}. In both cases, we see that g(c) lies
q® g (c)
in the interval [0, K/2] as soon as
1—q)®
(1~ 9)®o(c) > 1. (6.4)
qPx(c)

Using the identity ®x (c) = ®o(c)eeE*/27*  we can rewrite the con-
dition (6.4) as ¢ < ¢ k4 with:

Ce g = K/2 —log(q)e? /K +log(1 — q)e /K. (6.5)
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We have thus shown at this stage that ¢ < ¢ x4 implies g(c) < K/2.
This is sufficient to obtain a lower bound for the Bayes risk. Indeed:
Pien =E[[g(&) — ¢]
2 E|9(¢) — ¢j"Ye;=ry Lz, <e ic.q)
> (K/2)"Ple; = K, ¢ < Ce k]
= (K/2)"qP[K +eZ < k,q)(K/2)"qP[Z < (Cc,x,q — K)/e].

The lemma is proved if we can show that the probability above remains
bounded away from zero, or equivalently if

Cekg — K 2

K €
=—— —logq— +log(1l — 6.6
- 5 —logags +log(l —q) (6.6)
remains bounded away from —oo. In the case a = 0, we have ¢ =

1/2 and if j = j(e) is given by the condition (5.10) we get K/e €
[274728y2¢(D) =28, r2¢(D)~27]. This implies that (6.6) remains bounded
by below. In the case a > 0, we have logqg ~ —jalog2 and if
j = j(e) is given by (5.9) with M < r~2¢(D)*’2log2 one checks that
—K/(2¢) — (logq)e/K — 400 as ¢ — 0. Since log(l — ¢)e/K — 0,
the quantity (6.6) remains bounded away from —oo and the lemma is
proved. ]
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