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Abstract

In this paper, we study the compressibility of random processes and fields, called gen-
eralized Lévy processes, that are solutions of stochastic differential equations driven
by d-dimensional periodic Lévy white noises. Our results are based on the estimation
of the Besov regularity of Lévy white noises and generalized Lévy processes. We show
in particular that non-Gaussian generalized Lévy processes are more compressible in
a wavelet basis than the corresponding Gaussian processes, in the sense that their n-
term approximation errors decay faster. We quantify this compressibility in terms of
the Blumenthal-Getoor indices of the underlying Lévy white noise.
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1 Introduction

Stochastic models are commonly used in engineering and financial applications [12,
31,33,34]. The most widely considered stochastic models are Gaussian. However, the
Gaussian assumption is too restrictive for many applications, and more general models
are needed to accurately represent real data. Stochastic differential equations driven
by Lévy noises are able to play this role. We call the solutions of these equations
generalized Lévy processes. Generalized Lévy processes encompass Gaussian models
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and the family of compound Poisson processes that are pure jump processes. They also
include symmetric-alpha-stable (SaS) processes which maintain many of the desirable
properties of Gaussian models; for example, they satisfy a generalized central-limit
theorem [18,36].

Generalized Lévy processes with no Gaussian component are particularly relevant
to applications [42]. They are called sparse stochastic processes [16,47] due to their
ability to model sparse signals [1,7]. Each member of the family of generalized Lévy
processes is associated with two parameters 0 < 8’ < B < 2, the Blumenthal-Getoor
indices. For most of the generalized Lévy processes, including Gaussian, SaS, and
compound Poisson, these indices are equal; hence, we only refer to 8 in this introduc-
tion. As we shall see, 8 determines the sparsity level of the generalized Lévy process
in a wavelet basis. Here, we characterize sparsity by n-term wavelet approximation
rates; in other words, a process is said to be sparser than another one if it satisfies a
faster rate of decay of its error of approximation.

Our interest in a sparse wavelet representation is compressibility, since it allows one
to store and transmit processes more efficiently by first expanding them in a wavelet
basis. We shall show that Gaussian processes (for which 8 = B’ = 2) are the least
compressible, while the compressibility of non-Gaussian processes increases as 8
decreases. Compressibility is also a useful assumption in inverse imaging problems.
If an image is known to be sparse a priori, then this information can be incorporated
to produce a better reconstruction algorithm [7,15,47].

Our model is the stochastic differential equation

Ls = w, (1

where L is a differential operator, s is a stochastic process, and w is a Lévy white noise.
The two defining components are the operator and the white noise. The white noise
w is a random periodic generalized function. We consider standard differential-type
operators of the following type: L is assumed to be an order y > 0 operator (typically
an order y derivative) that reduces the regularity of a function by y.

The compressibility of a given function—and, by extension, of a stochastic
process—can be quantified in terms of its Besov regularity. Besov spaces are important
function spaces that can be characterized precisely by the rate of decay of their n-term
approximation error [10,22]. Our strategy to access the compressibility of a stochastic
process is to connect results on the Besov regularity of the underlying white noise to
compressibility by (deterministic) approximation-theoretic arguments.

The question of the Besov regularity of Lévy processes—that corresponds to (1)
in dimension d = 1 with L = D (the derivative operator)—has been addressed in
the literature for subfamilies of Lévy processes [4,9,35] as well as in the general case
[26]. Several extensions by R. Schilling have been obtained for Lévy-type processes
[38—40]; see also [8, Chapter 5] for a summary. In our case, we aim at considering a
multidimensional setting with a general operator L. This work is therefore a continu-
ation of our previous works on the Besov regularity of Lévy white noises [2,17,19].

The rest of the paper is organized as follows: in Sect. 2, we cover the mathematical
background for the remaining sections and discuss function spaces and random pro-
cesses. In Sect. 3, we define a class of admissible operators L for (1), which leads to a
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definition of generalized Lévy processes on the torus. In Sect. 4, we put forth the main
results of the paper: n-term approximation of periodic generalized Lévy processes.
Finally, we conclude in Sect. 5 with a discussion of our results.

2 Mathematical Background

Motivated by the study of local properties of solutions of stochastic differential equa-
tions, this paper deals with periodic random processes. Therefore, we consider spaces
of periodic functions in the sequel. We specify these functions on their fundamental
domain, the d-dimensional torus T¢ = [—1/2, 1/2)d CRYd>1.

2.1 Lebesgue and Sobolev Spaces

The space of continuous functions on the torus is C(’]I‘d), and C* (Td) denotes the
functions with & € N continuous derivatives. The Lebesgue space L ,,(’I[‘d) is the
collection of measurable functions for which

1/p
|uw%@%:=<ﬂwvanpm) @)

is finite. For p > 1, (2) is a norm; for 0 < p < 1, it is a quasi-norm. The L, Sobolev
space of order k € Z is Hé‘ (T4). For k € N, Hé‘(']l’d ) is the collection of functions in
L>(T?) with k derivatives in L, (T¢).

2.2 Periodic Test Functions and Generalized Functions

The standard Schwartz space of infinitely differentiable test functions is denoted as
S(T%). The corresponding space of generalized functions is S’(T¢). These spaces are
nuclear spaces [44]. Moreover, it is known that S (R?) and S’ (]Rd ) are respectively
the intersection and the union of weighted Sobolev spaces [28,43] (or more gener-
ally weighted Besov spaces, see for instance [30]). This is easily inherited for the
corresponding spaces on the torus; that is,

S(T4) = () Hy (T4, 3)
keZ

S'(1) = Hy (1%. “)
keZ

For our purpose, we consider the related spaces with mean zero. Such generalized
functions are well suited to wavelet approximation since wavelets also have mean zero.
In addition, this assumption simplifies the definition of stochastic processes. For exam-
ple, the derivative operator becomes a bijective mapping of homogeneous Sobolev and
Besov spaces. Moreover, this assumption does not impact the generality of our results:
indeed, the addition of a constant term does not affect the regularity of a function.
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By a 0-mean generalized function u € &’ (T?), we mean one for which (u, 1) = 0.
We use a dot notation to specify spaces of 0-mean (generalized) functions. For instance,
the L, Sobolev space of 0-mean (generalized) functions of order k € Z is denoted as
HE(TY).

Notation 1 The space of infinitely differentiable test functions with mean zero is
denoted as S(T%). It has the projective limit topology

S(T4) = () H5 (T%) )
keZ

The corresponding space of 0-mean generalized functions (continuous linear func-
tionals on S(T¢)) with the weak-* topology is denoted as S’(T%).

Note that S (T?) has the same nuclear Fréchet space structure as S(T%). Also, peri-
odic generalized functions f € § '(T%) are characterized by their Fourier coefficients
( f, g2mi(m,:) ), me Zd\{O}. The zero term is excluded because the functions have mean
0.

2.3 Generalized Random Processes

The theory of generalized random processes was initiated independently by Gelfand
and It6 [23,27] and further developed extensively in [21,24,28]. A recent introductory
and concise presentation for tempered generalized random processes, which can easily
be adapted to the case of (homogeneous) generalized functions on the torus, can be
found in [5].

Definition 1 A generalized random process on S'(T9) is a collection of real random
variables ({s, ¢)) pe&(Td) that satisfy the following properties:

(1) Linearity (s, ¢ + M) = (s, @) + A(s, ¥) almost surely for every ¢, ¥ € S(T9).
(i1) Continuity (s, ¢,) — (s, @) in probability whenever ¢,, — ¢ in S(T9).

A generalized random process is therefore a continuous and linear functional from
S(T?) to the space of random variables. Such an object is called a continuous linear
random functional in [28].

Definition 2 The characteristic functional ﬁ : S(T?) — Cofa generalized random
process s is defined as

D) =E[e]. ©)

A generalized random process s specifies a characteristic functional P that is
positive definite, continuous, and satisfies 9 (0) = 1. Conversely, we can define a
generalized random process by way of its characteristic functional. This is due to the
structure of the nuclear Fréchet space S/(T9).

e The Minlos—Bochner theorem ([24] or Theorem 2.4.1 and Theorem 2.4.3 of [28])
implies that a continuous, positive definite functional 78 (Td ) — C with
,92(0) = 1 is the Fourier transform of a probability measure u on S (T9) endowed
with its cylindrical o-field.
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Fig.1 Function-space diagram. A point (1/pq, 7o) represents all Besov spaces B;%,q (T9) for 0 < g <00

e A probability measure on S’(T¢) is uniquely associated to a continuous linear
random functional [28, Chapter 2].

We say that a functional P is a characteristic functional if it satisfies the properties
of the Minlos—Bochner theorem.

Example 1 The functionals exp (— lle ||i (Td)) are positive definite and continuous on

S(T9) for 0 < « < 2. Accordingly, they are characteristic functionals that specify
some corresponding generalized random processes on S'(T¢), namely, Sa'S periodic
Lévy white noises.

2.4 Homogeneous Besov Spaces

The homogeneous Besov spaces B[T, q (T?) are specified by two primary parameters (p
and 7) and one secondary parameter (¢). The parameter p € (0, oo] plays a role that
is similar to the index defining the Lebesgue spaces L p(']I‘d), while 7 € R indicates
smoothness in the sense of order of differentiability. Therefore, roughly speaking, for
t € N, a function in B;, q(Td ) has t derivatives in L p(Td). In Fig. 1, we provide a
structural diagram that represents the collection of Besov spaces. Our interest in these
spaces lies in the following facts:

(i) Wavelets form unconditional bases for Besov spaces;
(i) The mapping that takes a function to its wavelet coefficients is an isomorphism
between Besov function spaces and Besov sequence spaces;
(iii) The n-term approximation characterizes Besov sequence spaces. Given a
sequence with a known rate of n-term approximation, we can specify which
Besov sequence spaces it is in.

The classical definition of Besov spaces is taken from [45, Definition 1.27] and
repeated in Definition 4. The idea is to decompose a function f by grouping dyadic
frequency bands, using a partition of unity in the Fourier domain.

Definition 3 Let U € S(R?) generate a hierarchical partition of unity outside the ball
of radius 1/2 centered at the origin. Specifically,

(i) U(w) =0if || < 1/2o0r || >2
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(il) D(w) > 0if 1/2 < |w| <2
oo
(iii) Zﬁ(z—fw) = 1if1 < |w].
j=0
Note that the decomposition of a function f into the components
Y. Fmyp@ myermin) @
meZ4\{0}

is intimately related to the concept of a wavelet decomposition, with v playing the
role of a mother wavelet.

Definition 4 Suppose 0 < p, g < oo and 7 € R. A generalized function f € S/ (T4)
with Fourier coefficients f (m) is in B ('JI‘d) if the quantity

q /g
o0
2| N Fmyp@ T myerritm) ®)
Jj=0 meZd\(0) L,(T?)

is finite. For ¢ = oo, the norm must be suitably modified.

Besov spaces are Banach spaces for the norm (8) when p and ¢ > 1. For p or
q < 1, Eq. (8) is a quasi-norm and the Besov spaces are quasi-Banach spaces. The
validity of the embeddings between Besov spaces is governed by Proposition 1 [45].

Proposition 1 Let (—00) < 19, 71 < 00 and 0 < po, p1 < 00. Then, the topological
embedding Bp1 » (T) Bp(J 0 (T?) is valid in the following cases:

e ifpo < prand g < 11, OF

e if po> pi andro<r]+d<%_%)_

3 Generalized Lévy Processes on the Torus

The main objects of study in this paper are generalized Lévy processes s that are
solutions of the stochastic differential equation Ls = w, with w a Lévy white noise.
If w has no Gaussian part, then s is a sparse process. In this section, we introduce the
family of Lévy white noises w and specify the class of considered operators L.

3.1 Lévy White Noises and Their Besov Regularity

Lévy white noises have been introduced as generalized random processes on the
Schwartz space D'(R?) of generalized functions in [24]. They are commonly defined
through their characteristic functional, relying on the Minlos—Bochner theorem (see
Sect. 2.3).

Given a probability space €2, arandom variable X : Q2 — R is infinitely divisible if
forevery N > 1,itisequalinlaw toasum of N i.i.d. random variables [37]. Lévy white
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noises are intimately connected with infinite-divisible laws, the finite-dimensional
marginals of those processes being all infinitely divisible. The characteristic function
of an infinitely divisible random variable X can be written as

Px(§) = exp(¥(§)) ©))

with ¥ a continuous and conditionally positive definite function with value 0 at&€ = 0
[37,47]. The continuous log-characteristic function of an infinitely divisible random
variable is called a Lévy exponent or a characteristic exponent. Definition 5 is the
adaptation of the usual definition of Lévy white noise [24] to the nuclear space Y (T9).

Definition 5 A Lévy exponent ¥ specifies a generalized random process w in §'(T9)
with characteristic functional

P (@) = exp ( fT . w<<p<x>>dx) : (10)

where ¢ € $(T¢). We call such a process w a Lévy white noise.

Note that this defines a characteristic functional, as seen in Sect. 2.3 and [24, Chapter
3], where the arguments are easily adapted from D’ (R%) to §'(T9).
The Lévy—Khintchine theorem [37] ensures that a Lévy exponent ¥ can be decom-
posed as
252
v©) =ing = T+ [ @ —1—igntyzvan an

where u € R, o2 > 0, and v is a Lévy measure, which means that it is a measure such
that fR inf(1, £2)v(dt) < oo and v{0} = 0. We say that the white noise is Gaussian if

u and v are 0. In that case,
20,112
— o llell
Pu(@) = exp (— 5 (12)

and we recover the usual Gaussian white noise. If 02 = 0 (i.e., if w has no Gaussian
part), then we say that w is sparse [47].

We shall deduce the regularity of a solution of (1) from the regularity of the underly-
ing white noise w. This regularity can be computed in terms of the Blumenthal-Getoor
indices of this noise.

Definition 6 The Blumenthal-Getoor indices of a Lévy white noise with Lévy expo-
nent f are defined as

g =inf{p e[0,2], limsu W(E”_o . (13)
|§|—>oo |€_-|p
/ [ (&)l
0,2], lim =ol. 14
g = {pe[ I timinf =25 } (14)
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The index B was introduced by Blumenthal and Getoor in [6] to characterize the
behavior of a Lévy process around the origin. Since then, it has been used to character-
ize many local properties of such processes, including the spectrum of singularities in
multifractal analysis [14,29] and local self-similarity [18]. More importantly for our
use, B allows us to characterize Lévy process [8,38] and noises [2,17,19] in terms of
Besov spaces. !

While equivalent for all of the classical Lévy noises (including Gaussian, SaS, and
compound Poisson,) the index B’ differs in general from 8. A counterexample where
B’ < B can be found in [20]. Importantly, 8" plays a crucial role in the Besov space
characterization of Lévy noises; it is used to determine an upper bound on the Besov
regularity [2].

In Theorem 1, we summarize the results obtained in our previous works [2,17,19].
The two latter references deal with processes defined over R?; they can easily be
adapted. For a direct construction and study of Lévy white noises on the torus, see the
former [19]. Here, a.s. means almost surely.

Theorem 1 We consider a Lévy white noise w with Blumenthal-Getoor indices 0 <
B <B<2Wefix0<p,g<oocandt € R.

o If w is Gaussian, then

w e By (T) as. ift < —d/2, and (15)
w ¢ BY (T) as. ift > —d/2. (16)

e If w is non-Gaussian, then

w e B;’q(']l‘d) as. ift <d (m — 1) , and (17)
NT . 1
w¢Bp’q(’]I‘d) as. ift >d(m—1). (18)

The Gaussian noise differs from the non-Gaussian Lévy noises in one main way:
for p > 2, the critical value for the non-Gaussian case isd(1/p — 1), while itis —d /2
for the Gaussian case. The Besov regularity of the Gaussian noise on the torus has
been studied in detail in [48] using Fourier series techniques. We have re-obtained
similar results in [2, Section 3] with wavelet-based methods. These two references
allow us to deduce (15) and (16). The positive result (17) can be found in [19] for SaS
noise and in [17] for the general case. The negative result (18) is taken from [2].

3.2 Differential Operators of Order y

We shall consider the class of differential operators that reduce the Besov regularity of
a function by some (possibly fractional) order y > 0. Importantly, since we are
interested in the regularity properties of the solutions of the differential equation

! The cited works deal with general Lévy-type processes that do not necessarily have stationary increments.
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Ls = w, we focus on those operators that are continuous bijections from B;y (T to
B;’ q (T?). In this case, the regularity properties of the white noise allow us to deduce
the regularity properties of the process s.

Definition 7 We restrict our attention to the Fourier-multiplier operators L : S'(T4) —
S'(T9), specified by a symbol L : RY — C, where

Lf =F "{FL|}. (19)

A bijective operator of this form is said to be admissible.

Remark 1 Let us point out that an admissible operator L can be initially defined as a
mapping from S(T?) to S(T9) since there is a natural extension by duality to the space
of generalized functions. Also, notice that we require the symbol L to be defined on
the continuous domain R?, even though the action of L is determined by the values of
L on Z4. Our reason will be clear in Theorem 2, where we use the noninteger values
on RY.

I?eﬁnition 8 An admissible operator L is said to be y-admissible for y € Rif L :
B;f}y (T9) — B}, q(’]l‘d) is a continuous bijection and L~! is continuous for every
0<p,g<ooandt eR.

The fractional Laplacian of order y > 0 (—A)?/? is the canonical example of a
y-admissible operator. For a generalized function

f@ =Y Fmemim), (20)

meZ4\{0}

the fractional Laplacian of f is

APy = Y fm)|m] T, 1)

meZ4\{0}

Note that this operator maps 0-mean generalized functions to 0-mean generalized
functions.

Moreover, perturbations of the fractional Laplacian are also y-admissible. The next
few results make this statement precise. The idea is the following: An operator L is y -
admissible if and only if (—=A)/2L" and (—A)~Y/2L are automorphisms on Besov
spaces.

Proposition 2 The fractional Laplacian (—A)Y/? is a y -admissible operator.

Proof Consider the norm of Definition 4 applied to the generalized function (21). To
verify the result, we must bound the term

o iml Fam) D@ mye?riom) (22)

meZd\{O} Ly (T9)
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by a constant multiple of

27N Fmyp T myerriom) (23)
meZd\{O} Lp(Td)

for arbitrary j.
Let us define o = 9(2-) + 0 4+ (2~ 1), and notice that

Im|” F(m)oQ m)e?™ ) = |m|” 527 m) f(m)OQ2 I m)e¥ i) (24)

Then we can apply Theorem 3.3.4 of [41] in the following way. The multiplier is
[m|” ¥(27/m) and the dilation factor is 2/ +2_ Hence there is a constant C for which
(22) is bounded by

C“‘2j+2-’y17(2_j2j+2-)“ 3 Fmyp@imyein) 25

HX(RT)
? meZd\{0} L,(T4)
for some sufficiently large k depending on p and d. The first term of (25) is bounded
using homogeneity
. vo_ .
[l 52|

—2r(+2) “ |-I” 5(4-) ||H§ (26)

Héf (R4) ®RY)

This last expression is finite due to the smoothness of v. O

Theore}r\n 2 LetL be an admissible operator with symbol L. For y > 0, definem(w) =
lw| ™Y L(w). Also, let ¢ be any function in S(R?) satisfying

0, |xl<1/4
0<¢x)=<1, ¢x)y=11, 1/2<]|x]<2 27
0, |x|>4
If
9. 27.)~1 2
jzlzo(H;m( )‘H;<Rd)+”§m( ) ‘H{(R‘U) <00 forall T>0, (28)

then L is y-admissible.

Proof This follows from a sufficient condition for Fourier multipliers on Besov spaces,
Theorem 3.6.3 of [41]. To summarize, if 0 < p < 00,0 < g < 00, (—00) < T < 00,

and | |
t>d|———-), (29)
min (1, p) 2
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then there exists a positive constant C such that

S mo) e sc( s [em@)| V11, @
y . j€Z0 Hy (RY) P
keZ B;,q(Td)
(30)
holds for all functions m € Lo (R%) and all f € B[’,’ q(’]I‘d). O

Example 2 y-Admissible Operators

(i) The derivative D is 1-admissible.
(ii) The differential operators DY + a, _ 1D”~! 4+ ... 4 gpId with nonvanishing
symbols are y-admissible for y € Zxq
(iii) The fractional derivative D? is y-admissible for any y > 0.
(iv) The fractional Laplacian (—A)¥/? is y-admissible for any y > 0.
(v) The Matérn operator (Id — INLESTS y-admissible for any y > 0.

3.3 Besov Regularity of Generalized Lévy Processes

We are now in a position to deduce the Besov regularity of generalized Lévy processes.
Corollary 1 directly follows from the regularity of a white noise process (Theorem 1)
and from the definition of a y-admissible operator.

Corollary 1 We consider a stochastic process s = L™'w, where w is a Lévy white
noise with Blumenthal-Getoor indices 0 < B’ < B < 2 and L is a y-admissible
operator for some y > Q.

o If w is a Gaussian white noise, then
s € B;’q(']l‘d) as.ift <y —dJ/2, and 31)
s ¢ BY (T as. ift >y —d/2. (32)

e Ifw is non-Gaussian, then

. 1
se B}, (T as ift <y+d (m - 1) , and (33)

s ¢ BY (T as. ift >y +d( (34)

1
—_— 1.
max(p, ') >

4 The n-term Approximation and the Compressibility of Generalized
Lévy Processes

In Sect. 3, we found an upper bound for the Besov regularity of a generalized Lévy
process. We are now interested in using that result to determine its n-term approxi-
mation with respect to Daubechies wavelet bases. We begin by defining the wavelets.
Then, we recall the wavelet characterization of Besov spaces.
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4.1 Periodic Daubechies Wavelets

Here, mainly following [45], we introduce the family of Daubechies wavelets on the
d-dimensional torus. We also give a wavelet-based characterization of homogeneous
Besov spaces.

Periodizing the compactly supported Daubechies wavelets [11] results in the
orthonormal basis of L, (T¢) given by

[wih |jez0.G el mePri], (35)
where . ' _

The index j € Zs( corresponds to a scaling parameter, and G is used to denote
gender. The coarsest scale is j = 0, which includes the scaling functions, so GY
has 2¢ elements and G/ has (2¢ — 1) elements for j > 0. The parameter k denotes
the smoothness of the wavelet and determines its support. For £ > 0, the classical
Daubechies mother wavelet on the real line has support greater than one. Here, we
require the support of the wavelets to be a subset of the unit cube. Consequently, the
coarsest scale is scaled by 2¢, where the parameter ¢ € N ensures that this condition
is satisfied. For the remainder of this paper, we set ¢ (as a function of k) to be the
smallest integer that guarantees this condition on the support. The wavelet translates
are indexed by m, and the set of translations at scale j is

P;l:[mezd oSm,<2f'+<,r=1,...,d]. (37)

More details on the periodization of wavelet bases can be found in [4_15, Section 1.3].
In fact, we nearly follow the notation of that book, except that our llléljn corresponds

to \I’é’}:;r of [45, Proposition 1.34].

Definition 9 The notation \pg’é‘o denotes a Daubechies wavelet in C¥(T¢). Further-

more, the Lebesgue measure of the support of \11%]‘0 is less than one.
0,

The wavelet decomposition of f € Lo(T%) is

i,G A—(j ik
f= D a2 Ul (38)
Jj,G,.m

where the coefficients are computed as
€ = (1,200l ) (39)

We can now state the characterization of the homogeneous Besov spaces B[’,_V q (T%)
that will be used in the remainder of this paper. Essentially, it says that the Besov
regularity of a function is characterized by a norm on its wavelet coefficients.
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Definition 10 (Definition 1.3.2, [45]) Let t € Rand 0 < p,q < oo. The Besov
sequence space b;,’ 4 18 the collection of sequences

r= {3 je220.6e Gl mep) (40)

indexed as the periodized Daubechies wavelets, with finite (quasi-)norm

a/py\ 14
-,G p

Il = Zzﬂf e 33 [ . (41)

GeGl meIP’;f

If p = 0o or g = oo, there is an analogous definition.

In the special case p = g, we have
1/p
L i G|P

Iy, = | 32 7P , “2)

J.G.m
which is a weighted £, space.

Proposition3 Suppose f € Bilz‘(Td) (which is equivalent to the Sobolev space

k(Td)) for some k € N, and let 0 < p,q < oo and T € R such that
k > max (‘L’ op — ) where o0, = d(1/p — 1)4. Then, f € B (Td) if and only if
the wavelet coefficients

<f, 2(j+§)d/2\yé:’;:‘1> (43)

are in the Besov sequence space b; q

Proof This follows from Theorem 1.36 of [41]. O

4.2 Besov Spaces and n-term Approximations

Summarizing the results of Sect. 4.1, we have the following: If f is in the Besov space
B, (T?), then we can choose k large enough so that

1.G ~A—(j /. k
f=) h 27U (44)
j,G,m

where the coefficients kj O are computed by (39). We are now going to determine
the error in approximating f by truncating the sum (44). In order to accomplish this,
we introduce the notation Z = Z>¢ x G/ x ]P’d to represent the collection of triples
(J, G, m).
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Definition 11 For n > 1, an n-term approximation to a function f is a finite sum of
the form ) ‘ )
Yo apGarurodnglh (45)
(j.G.m)eT'
where 7' C Z and #7' = n.

Definition 12 Let X, ,, - (f) be abest n-term approximation to f in B; » (Td), in other

words, an n-term approximation that minimizes the approximation error in B;’ » (T9).
Also, let 0y, - (f) denote the error of the approximation, with

Onpe(f)=|f = Zup(f) (46)

B}, (@) *

Theorem 3 Suppose 0 < pg < oo and 19 € R.

W If f € B;?:FPA]T(T”{) for some At > 0 and p; satisfies (49), then there is a
constant C > 0 such that

Onporo(f) = Cn SN Fll sae (47)
(ii) If there are constants C, At, € > 0 such that
On, po.o (f) < Cn AT, (48)
then f € B;?fpfr (T9), where
1 At 1
—=—+—. (49)
prd  po

Proof This proof uses Corollary 6.2 of [22], which characterizes n-term approximation
spaces as Besov spaces. In particular,

bETAT = AR L), (50)

At At/d
where bp‘)1+pl is a Besov sequence space, and A), t/

space with error measured in b}y po,po- Essentially, A
sequences f for which the sequence of error terms

(b po) is an approximation

Ar/ d(bpo po) 1s the collection of

n2 G, oo () (51)

isin £, with respect to a Haar-type measure on N.

Using this characterization along with standard embedding properties of approxi-
mation spaces [13, Chapter 7], we derive our result. In particular, (50) together with
the aforementioned embedding implies that

d
bRTAT C AR ). (52)
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Similarly, we have that

At/d
AR ) CHITAT (53)

The fact that the continuous-domain Besov spaces are isomorphic to Besov sequence
spaces (Proposition 3) completes the proof. O

4.3 The Compressibility of Generalized Lévy Processes

The compressibility of a function quantifies the speed of convergence of its n-term
approximation in a wavelet basis.

Definition 13 For a generalized function f € B;‘(’) 0 (T?), we define its (po, 70)-
compressibility as

Kpoto(f) =supia >0 sup (n+ D* || f = T poro ()]

nEZzo

5 T0 <Oy .
Bpg.po (T9)

(54)

The quantity «p,,¢,(f) € [0,00] is well defined and nonnegative for f €
» 70 d . . . . . .
. T ) .
By, po (T®). The higher « p, ¢, ( f) is, the more f is compressible. If the approximation
error has a faster-than-algebraic decay, then k-, p,(f) = +o0.

Remark2 One can interpret compressibility in terms of approximation spaces. The
sequence E,(f) = |f — Zn po.e0(f)| BIY o (T4) specifies how well f can be

approximated by wavelets. Weighted norms of this sequence are commonly used to
characterize approximation properties, and such norms specify approximation spaces
A;. For example

1
(220:1 (n*En—1(f))? %) ! , 0<g<o0 55)

11y =
B sup (0 Eucar (). g = .

Therefore, kp, -, (f) is the largest A such that f € A%

We first give a general result on the n-term approximation of a sparse process
s =L"'win B}) , (T%).

Proposition 4 We consider a stochastic process s = L™ w with Blumenthal-Getoor
indices 0 < B < B <2andordery > 0.If 10 € Rand 0 < py < oo satisfy the
relation

d
>t0+d — —, (56)
’ max (po, )
then we have the order relation
Onpo.ro(®) < CnV I sl gy (57
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almost surely, where T| and p are set as

d d d
n—tnw=y+-—-d=——— (58)
B P Do

and C is a (deterministic) constant.

Rroof Due to Corollary 1, Condition (56) ensures that s € B;%, 20 (T%). If s ¢
B},'M,l (T9), then ||s||B[r711,p1 (Td) = 00 80 that (57) is obvious. Otherwise, we apply

Part i) of Theorem 3 with At = (11 —19) = (y/d+1/8 —1) to deduce the result. 0O

In particular, we deduce from Proposition 4 that, under Condition (56), one has
almost surely that
O, po. 70 (5) njo)o 0. 59)

Based on our preliminary work, we now obtain new results on the compressibility
of processes s that are solutions of (1). We split the results into two cases: the Gaussian
processes and the sparse processes.

Theorem 4 (Compressibility of Gaussian processes) Let s = L™ wg be a Gaussian
process of order y. For 0 < py < oo and if 19 € R satisfies

d
y > 1+ 5 (60)
then we have, almost surely, that
y—1 |1
Kpo,7o(8) = T o 61)

Proof Fix 0 < € < (y —d/2 — 19). Then, according to Corollary 1, s € B;‘l,pl (T9)
with
d 1 1
1=y ———€candt—19=d|——— ). (62)
2 P1 Po
Then, Proposition 4 implies that

1 _
On,po.10(8) < Cnrt 70 ”s”B;Iqu] (Td) (63)

with C > 0 a constant. This shows that

11 y-z 1
2= - =0 % (64)

oo = pi po d 2
This is valid for € arbitrarily small, implying that kp ,(s) > ((y — 10)/d — 1/2).
We also know from (32) that s is not in B;ll,pl (T?) for 1 > (y — d/2) and p,
given by (t1 — t9) = d (1/p1 — 1/po). The converse of Theorem 3, Part ii), implies
that there exists no constant C > 0 such that o;, p,, 7, (s) < Cn~—10—4/2) Therefore,
Kpo,7o(8) < ((y — 10)/d — 1/2), which finishes the proof. O
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Theorem 5 (Compressibility of sparse processes) Let s = L™ w be a sparse process
of order y and Blumenthal-Getoor indices 0 < B’ < B < 2. We assume that 1y € R
and 0 < po < oo satisfy

d
y>1n+d——. (65)
Po
e If B = 0, then, almost surely,
K po,10(8) = +00. (66)

e If B > 0, then, almost surely,

Yy~
d

1
+E_1 SKpo,t()(s)S +__1 (67)

Proof We first assume that 8 > 0. We proceed as in the Gaussian case. Condition
(65) allows us to consider 0 < € < (y — 79) +d(1/po — 1) (and also implies that
s € Bf,%y 20 (’]I‘d), due to Corollary 1). We set 71, p; such that

d d d d
nn=y4+—-——-d—€ and —— —=y+——d—19—€. (68)
p Pr PO B

We claim that s € B,T,‘l D1 (T9). Based on Corollary 1, this is true if

d
T <y+ 1 B (69)
Then, we remark that
L=l+<y_fo+i_d_e>>l, (70)
B Po B
so that p; < 8. Moreover,
t1:y+£—d—e<y+£—d:y+——d, (71
B B max {p1, B}
as expected. Due to Theorem 3, Part (i), one deduces that
R R R E 72)

for € arbitrarily small and, therefore, the lower bound of (67) is obtained.
For the upper bound, we proceed as for the Gaussian case. For 11 > y +d/p —d
and p; satisfying 71 — 19 = d(1/p1 — 1/po), we know from Corollary 1 that s is

almost surely not in B;‘l »l (Td ). Therefore, Theorem 3, Part ii) implies that there is
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no constant C > 0 such that g, py. ,(s) < Cn~ (@ =0/d+A/F=D Thus. k0 (s) <
((y — 19)/d + 1/B’ — 1), concluding the proof in this case.

For B = 0, we know that s € B;)p(ﬂ‘d) when T < (y +d/p — d) (Corollary 1).
For p1 < po, we define 11 = (9 +d/p1 — d/po). Then, using (65), we have that

d d d
f1=<ro——>+—<y+——d (73)

and, therefore, s € B;ll, Pl (T9). With Theorem 3, we deduce that Kpo,zo(8) = (1/p1 —
1/po) for any p; arbitrarily small. Finally, this means that « p, ¢, (s) = -+00 almost
surely. O

Note that Theorem 4 gives the exact value of « p, ¢, (s) in the Gaussian case, while
we only provide lower and upper bounds for sparse processes in Theorem 5 in general.
It is important to remark however that the compressibility is known as soon as 8 = 8/,
in particular when g = 0.

5 Discussion and Examples

In this section, we focus on the L,-compressibility that is obtained for pg = 2 and
79 = 0. This case is of special interest, in particular for signal-processing applications:
the quantity « (f) = ko,2(f) measures the approximation error in the L;-sense. We
therefore reformulate Theorems 4 and 5 for this case.

Corollary 2 (L,-compressibility of Gaussian and sparse processes) Let s = L™ w be
a process of order y > d /2 and of Blumenthal-Getoor indices 0 < B’ < B < 2.

e [fw = wg is a Gaussian white noise, then, almost surely,

=YL (74)
d 2
o Ifw is sparse with B > 0, then, almost surely,
Kk(s) =+o0 (75)
o If w is sparse with B > 0, then, almost surely,
§+%—15K(s)5§+%—1. (76)

We introduce some classical families of Lévy white noises with their indices in
Table 1. Precise definitions can be found in the proposed references. The compress-
ibility of the associated y-admissible processes is deduced from Corollary 2. Note
that 8 = B’ in all the considered examples; hence, the compressibility is completely
determined by (76).

We finish with some important remarks.
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Table 1 Compressibility of Gaussian and sparse processes of order y > d/2 based on specific Lévy white
noises

White noise w Parameter v(€) B Compressibility
Gaussian 02>0 —0252/2 2 y — %

Cauchy [36] - — & 1 14

SaS [36] a € (0,2) — | a y+dja—d
Compound Poisson [46] A >0,P; exp(h Py (&) — 1)) 0 00

Laplace [32] - —log(l 4 &%) 0 00

Inverse Gaussian [3] - - 1/2 y+d

e When > 0, we have only obtained upper and lower bounds for the compress-
ibility of a generalized Lévy process. It would be interesting to investigate the case
when 8’ < B, for which the compressibility is unknown.

e In the Gaussian case, one has the exact value of x (s). This is due to the fact that the
converse result for the Besov regularity of Gaussian white noises are known [48].
A fundamental consequence is the following: If s = L™'w is a sparse process
of order y and sg = L™ 'wg is a Gaussian process corresponding to the same
operator L, then we have almost surely that

Kk(s) = k(sG)- (77)

Simply stated, sparse processes are more compressible than Gaussian processes.
This finally gives a functional justification for the terminology of sparse processes
introduced in [47].

e We assume now that 8 = f’; hence, the compressibility is fully characterized. For
a fixed y, the smaller g is, the more compressible is the process. At the limit, for
B = 0, the error decays faster than any polynomial. This is achieved by compound
Poisson processes and also by Laplace processes, that are therefore the sparsest
processes. These results are coherent with recent works of Ghourchian et al. [25]
in their recent works on the entropy of sparse processes. Here, the authors have
shown that, among Sa'S and compound Poisson white noises, the less sparse is the
Gaussian white noise, and the sparsest are the compound Poisson white noises.
Even though their notion of sparsity is different, we believe that their results have
a strong connection with ours.

e For fixed 8 = B’ > 0, the compressibility of the process increases with y . This is
a very reasonable outcome as it is well known that smoother functions are more
compressible.
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