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Nonlinear Approximation
with Dictionaries I. Direct
Estimates

Rémi Gribonval and Morten Nielsen

Communicated by Karlheinz Griochenig

ABSTRACT.  We study various approximation classes associated with m-term approximation by
elements from a (possibly redundant) dictionary in a Banach space. The standard approxima-
tion class associated with the best m-term approximation is compared to new classes defined by
considering m-term approximation with algorithmic constraints: thresholding and Chebychev ap-
proximation classes are studied, respectively. We consider embeddings of the Jackson type (direct
estimates) of sparsity spaces into the mentioned approximation classes. General direct estimates
are based on the geometry of the Banach space, and we prove that assuming a certain structure of
the dictionary is sufficient and (almost) necessary to obtain stronger results. We give examples of
classical dictionaries in LP spaces and modulation spaces where our results recover some known
Jackson type estimates, and discuss some new estimates they provide.

1. Introduction

Let X be a Banach space, and D = {gi, k > 1} a countable family of unit vectors,
llgkllx = 1, which will be called a dictionary. A dictionary with dense span is said to be
complete. Our main purpose in this article is to study approximation classes associated
with m-term approximation, that is to say classes of elements f € X that can be approxi-
mated by m elements of D with some (theoretical) algorithm f — A,,(f) at a certain rate,
e.g, If = An(Nlx = Om™).

The algorithm we will use as a “benchmark” is the one associated with best m-term
approximation. The (nonlinear) set of all linear combinations of at most m elements from
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Yu(D) = Z ck 8k, Im C N, card(/,,) <m, ¢, € C
kely

For any given f € X, the error associated to the best m-term approximation to f from D
is given by

om (f, D)y = Ilf=nlly-

inf
heXy, (D)

The best m-term approximation classes are defined as:
A8D,X) = | € X W lLag = 1 lx +1lagp.x < oo}

where | - |42 (D, x) 1= [{om (f, D) xIm=1]| (/e is defined using the Lorentz (quasi)norm, see
e.g., [12] or the appendix. The class A‘;%D, X) is thus basically the set of functions f
that can be approximated at a given rate O(m~%) (0 < o < 00) by a linear combination
of m elements from the dictionary. The parameter 0 < g < oo is auxiliary and gives a
finer classification of the approximation rate. It turns out that A‘; (D, X) is indeed a linear
subspace of X, and the quantity || - IIAg(D, x) is a (quasi)norm, see e.g., [12, Chapter 7,
Section 9].

Stechkin, DeVore, and Temlyakov have derived the following nice characterization.

Theorem 1 ([37, 14]).
If B is an orthonormal basis in a Hilbert space H. then, for0 < v = (a+1/2)"! <2
and (0 < g < oo,

A%(B,H) = KL (B, H)

with equivalent (quasi)norms, where

Ky B.H) = f € 1ol Iz = |1 @bz | < 00) -

In our previous article [18], this result was extended to I3 a quasi-greedy basis in a
Hilbert space (e.g.. a Riesz basis), and similar results [27, 11] were obtained whenever 55
is an almost-greedy basis in a general Banach space. We refer to [28, 42] for the notions of
(quasi)-greedy bases and to [11] for the notion of almost-greedy bases.

The goal of the present article is to generalize (part of) Theorem 1 to some redundant
dictionaries. Based on examples in [18] we know that we need to require some structure of
D. We focus our attention on the identification of the structure required to get continuous
embeddings of the Jackson type

KX(D, X) < A%(D, X)

witht = (@+1/p)~! forsome 1 < p < 0o. Let us comment on the definition of Kq (D, X)
when D is not an orthonormal basis. In case of an orthonormal basis, IC; (D, X) measures
the sparsity of the expansion of f, but for general redundant dictionaries, there is not a
unique decomposition f = Y, cx(f)gk. For a redundant dictionary D, we follow DeVore
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and Temlyakov [14], and define the sparsity classes IC; (D, X) as follows. For t € (0, 00)
and g € (0, oco] we let IC; (D, X, M) denote the set

<M

=

closy {f eX, f= chgk, I C N, card(I) < oo, ||{ci}i=1

kel
Then we define IC; D, X) = UM>OIC; (D, X, M) with

IflczD.x) = inf {M, f € KJ(D, X, M)} .
Remark 1. It can be proved that | - | Kz (D.X) is a (semi)-(quasi)norm on K (D, X).

The structure of the article is as follows. In Section 2 we introduce the constrained
approximation classes we want to consider; they are the classes associated with thresholding
approximation and Chebyshev approximation. We make a comparison of the classes at the
end of the section.

In Section 3, we consider general Jackson type embeddings of the sparsity classes
into some of the approximation classes. Two types of embeddings are considered in this
section; a universal embedding that holds for every type of dictionary in any space, and a
result that applies to arbitrary dictionaries in Banach spaces with a modulus of smoothness
of power-type. The two types of embeddings are compared at the end of the section.

The main results of the article are contained in Section 4, where we study the so-
called hilbertian dictionaries. We give a complete characterization of the sparsity spaces
associated with such dictionaries in terms of sequence spaces, and a third type of Jackson
embedding is considered, this one based on the hilbertian structure. At the end of Section 4
we discuss in detail how the different types of Jackson estimates are related depending on
the structure of the Banach space and of the dictionary.

Examples of hilbertian dictionaries are given in Section 5 to illustrate how the Jackson
estimate of Section 4 recovers some known results of nonlinear approximation in L? spaces
and in modulation spaces, and provide new estimates for some less classical dictionaries.

2. Constrained Approximation Classes

We defined the “benchmark”™ approximation class associated with best m-term ap-
proximation in the introduction. Below is a description of the other approximation classes
that will be considered.

2.1 Thresholding Approximation

Computing the best m-term approximant to a function f from an overcomplete dictio-
nary is usually computationally intractable [13, 26]. It may be much easier to build m-term
approximants in an incremental way:

m
fu(m{c). D) = cigm @2.1)

k=1
where 7 : N — N is injective. In [28], greedy approximation from a (Schauder) basis
D = B is compared to best m-term approximation. Greedy approximants can be writ-
ten as fy, (7, {c;}, D) where ¢; = cg, (f) is a decreasing rearrangement of the (unique)
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coefficients {cx(f)} such that f = Z,fil cx(f)gk. They are obtained by thresholding
the coefficients of f in the basis. In the recent article [11], greedy approximants from a
Schauder basis are compared to best m-term approximants, with the restriction that only co-
efficients obtained from the dual coefficient functionals are used (i.e., a weaker notion than
best m-term approximation), see [11] for details. This leads to the concept of almost-greedy
bases.

In a redundant dictionary, we can generalize the notion of greedy approximants by
considering approximants of the form f;, (z, {c;}, D) where {|c}|} is decreasing. To avoid
confusion with a different notion of “greedy algorithm” [16, 23, 24, 14, 38], we will rather
use the notion of thresholding algorithm and define thresholding approximation classes
that generalize the “greedy approximation classes” G7 (B) that we defined in [18]:

TED.X) = | f € X, W f e =1 lx +1 Iz < o0} .

with

i =t (3 (117 - oo i) DI, i))w ,

7, {c; m
"} m=1

for 0 < g < oo, where {|c{|} is required to be non-increasing. In the case ¢ = 0o we
simply put

|fl7eD.x) == inf (SUP m®|| f = fu (7, {ci}. D) “x) :

JT,{C,:} m>1

Remark 2. Notice that the sum in the expression defining the quantity | f |7:1a (D,x) 18

closely related to the Lorentz norm of {|| f — f, (T, {c,’:}, D)llx}m=11n Z;/a, with the twist
that the sequence {|| f — fi (7, {c;}, D) |l x }m might not be decreasing.

2.2 Chebyshev Approximation

For each m, the Chebyshev projection Py, r p) f of f onto the (closed) finite dimen-
sional subspace

Vin (7w, D) := span(gxy, ... , &n,,)

is at least as good an m-term approximant to f as any incremental approximant f;, (r, {ct},
D) € Vyu(m, D). We define Chebyshev (incremental) approximation classes as

Cg @, %)= € X, Iflegm.x) = 1flx + |flezp < o0}

where

| fleg,x) = inf H{Hf ~ PV, D) [l x bpss ’e‘/" ;
q

with the obvious modification for ¢ = oo. It turns out, that C(‘;‘ (D, X) is indeed a linear
subspace of X, and the quantity [| - [lce (D, x) is a (quasi)norm.
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Proposition 1.
Let D a dictionary in a Banach space X, @ > 0 and 0 < g < oo. The set C;‘ D)isa
linear subspace of X, and || - ||Cg('D) is a (quasi)norm on CZ‘ D).

Proof. Welet f, g € C(‘; (D, X) and fix some € > 0. We consider two injections 7, ¥ :
N — N such that |[{| f — Py,,z, D) f||}m>1 Hd/a < |f|Cg(D’X) + € and a similar relation
holds for g and ¥. We define an injection ¢ by induction: ¢ = m1; ¢p2, = ¥, where m is
the smallest integer such that v, ¢ {¢r, | <k < 2n}; ¢p2u4+1 = 7, where m is the smallest

integer such that w,, ¢ {¢r, 1 < k < 2n + 1}. As Vo, (¢, D) D Vy(w, D) + Vi (¥, D),
we get for j >0

IA

Hf +&—Pv, 4D + g)HX Hf —Py,apf+g— Py, (n,’D)gHX

IA

[~ P, s~ yieml,

Now, the Kf] (quasi)norm of a sequence {a,, } can be estimated (see e.g., [12, Chapter 6]) as

o . 1/q
Jj/t *x
il = { () ) o<ase
m=11l¢z )
supj»o2//7a3;, g =00

hence we get [ f + glce(p) < CUIf + gllx + | flea) + | fleg (D) + 2€). We let € go to
zero to conclude. []

2.3 Characterization of the Approximation Classes

We do not claim that the quantity || - ||7;a (D.x) 18, in general, a (quasi)norm, nor do
we claim that the corresponding classes are in general linear subspaces of X. However the
following set inclusions hold

7, (D, X) CCZ(D, X)CA; (D, X)C X (2.2)
together with the inequalities
|- lazD.x) NI lca,x) NI |7 (D.x) (2.3)

where the notation | - | < | - |y denotes the existence of a constant C < 0o such that
|flw < C|fl|y for all f. The value of the constant may vary from one occurrence in an
equation to another. Throughout this article we will use the notation V < W, whenever
Vc Wand|-|w <|-|v. Letus insist on the fact that V (resp. W) is the subset of X

where the functional | - |y (resp. | - |w) is finite, which need not be a (semi)-(quasi)normed
linear subspace of X.

Remark 3.

1. In most of this article, A‘; (D, X) will be denoted for short by .A‘; (D), and similar
shorthands will be used for the other classes.

2. We will reserve the notation || - ||y to the “nondegenerate” case when | f|ly =
0= f=0.
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3. General Jackson-Type Embeddings

In this section we are interested in getting Jackson embeddings IC; (D) — .AZ D), o
= 1/t — 1/p for some p. First we will see that a universal Jackson embedding holds
(Theorem 2) with p = 1 for any space X and any dictionary D. In a second step we will
discuss embeddings of the Chebyshev—-Jackson type

Ki(D) — C(D),  a=1/t—1/p

with some p > 1 thatis given by the geometry of the unit ball of X. These embeddings hold
for any dictionary in X and they imply standard Jackson embeddings. However, DeVore
and Temlyakov [14] remarked that they seem to be restricted to 0 < 7 < 1 and we will
prove this fact (Theorem 3).

3.1 Universal Jackson Embedding

In this section we obtain a universal Jackson inequality for any dictionary, but before
we state the result let us introduce some notation that will be used throughout the article.
For any dictionary D = {gx} in any Banach space X it makes sense to define the operator

T :{ck}+— chgk
k

on the space £° of finite sequences ¢ = {cx}.

Theorem 2.
Forany T < 1 and q € (0, 00), there is a constant C = C(z, q) such that for D an
arbitrary dictionary in an arbitrary Banach space X and any f € IC; (D)

Ifll.azy = Clf licz () with o =1/t — 1.

Proof. Let f € K4 (D) and fix M an integer. Lete > 0, and ¢ € 20 a finite sequence
such that |Tc — f|lx < eoy(f,D)x and ||C||({; <@ ~|—e)|f|;ql(p). Forany 1 <m < M,
let ¢, the best m-term approximant to ¢: we have the estimate

om(fiD)x = NTem — flix =ITem —Telx +1Tc— flx
< llem —cllgp +€om(f, D)x

which gives (1 — €)0,(f, D)x < owm(c, B), with B the canonical basis in £!. Taking
partial sums we get

M 1/q
[m“om (f, D)x1?
(1-e (Z =) <lelagn = Cllellyg < €A+ flxz o)

m
m=1

witha = 1/t — 1 and C = C(z, q) given by the Hardy inequality. Letting € go to zero,
then M go to infinity, we eventually get | - | Az(D) = C|-| Kz (D)- We notice that, because
<l .llx <1 |IC}(D) <|- |IC,;(D), which gives the result. ]

The universal Jackson embedding guarantees that any function with sparsity v < 1
can be approximated with a rate of approximation atleaste = 1/t — 1. For 7 > 1 we might
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find some space X, some dictionary D and some f € KI(D, X) for which « is arbitrarily
close to zero, this will be demonstrated in Theorem 3. It is clear that the Jackson embedding
given by Theorem 2 may not be the best possible since the result is foo general. In the
following sections we will improve the embedding in cases where there is more structure
either of the space X or of the dictionary D.

3.2 Chebyshev-Jackson Embedding

When the space X in which the approximation takes place has some geometric struc-
ture, a series of known results provides with improved Jackson-type estimates for arbitrary
dictionaries. Maurey [32] proved the Jackson inequality

on(f, D)x < Cm™®|fliczpy,  m=1, a=1/t—1/p 3.1

for D an arbitrary dictionary in X a Hilbert space, p = 2 and v = 1 (¢ = 1/2), and
Jones [25] proved that the relaxed greedy algorithm reaches this rate of approximation.
DeVore and Temlyakov [14] extended this Jackson inequality to 0 < 7 = (@ +1/2)"! < 1
(i.e., « > 1/2), for D an arbitrary dictionary in a Hilbert space. They also made the
interesting remark that for ¢ < 1/2 “there seems to be no obvious analogue” to this result.
This comment can be made rigorous; we have the following theorem that will be proved in
Section 3.3.

Theorem 3.
In any infinite dimensional (separable) Hilbert space H there exists a dictionary D
such that the Jackson inequality (3.1) fails for every T > 1 and a > 0.

Temlyakov [38] obtained a Jackson inequality (3.1) for D an arbitrary dictionary in
a Banach space X, with 1 < p < 2 the power-type of the modulus of smoothness of X
(seee.g., [29, Vol.II]),and T = 1 (¢ = 1 — 1/p). Later on, the same author extended this
resultto0 < v = (o + l/p)_1 <l(Ge,ax>1-— l) using an idea from the proof of [14,
Theorem 3.3], see [39, Theorem 11.3]. Temlyakov’s technique is constructive and uses a
generalization of the orthogonal greedy algorithm, the so-called weak Chebyshev greedy
algorithm.

Theorem 4 (Temlyakov).

Let X a Banach space with modulus of smoothness of power-type p, wherel < p < 2.
For any 0 < t < 1, there exists a constant C = C(t, p) such that for any dictionary D in
X, there is a constructive algorithm that selects, for any f € KI(D), a permutation w(f)
such that

If = Pvano fly = Cm™Iflcimy,  m=1
witha = 1/t — 1/p. (3.2)

Note that the Jackson inequality (3.2) is not standard: the left hand-side is not
om(f, D) x, but the error of approximation using what Temlyakov calls the weak Chebyshev
greedy algorithm. Thus, the result is stronger than a standard Jackson inequality. To mark
the difference we will call it a Chebyshev—Jackson inequality.

Using the easy fact that, for0 < 7 < I, |||y < |- |;q(p), Temlyakov’s result can be
restated in terms of a Chebyshev—Jackson embedding

KI(D)— C(D), a=1/t—1/p, O<t<l (3.3)
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with 1 < p < 2 the power-type of the modulus of smoothness of X.

Remark 4 (Equivalent norms on X). The Chebyshev—Jackson inequality proved by
Temlyakov is of a geometric nature: it holds for any dictionary, but is intimately connected
to the geometry of the unit ball of X. Notice that, if we replace the original norm || - || x by
an equivalent norm ||| - ||| x, the approximation spaces AZ (D), ’7;"‘ (D), and Cfl" (D) do not
change, and their “norms” are simply changed to equivalent quantities. As for the sparsity
spaces g (D) their definition only involves the topology of X, hence their “norm” remains
identical under a change of equivalent norm on X. On the other hand, a change of norm on
X can change drastically the power-type of its modulus of smoothness, as can be seen in
finite dimension where all norms are equivalent but may have very different smoothness.
Hence the power-type should be understood as the largest power-type over all equivalent
norms on X.

Keeping the above remark in mind, we have the following definition.

Definition 1. We define Py (X) to be the largest real number such that some norm ||| - ||| x
equivalent to || - || x has modulus of smoothness of power-type p for all p < P, (X).

Remark 5. Any Banach space has power-type 1, so Py(X) > 1 always. It is also
known [29, Vol. II, Theorem 1.e.16] that if X has type p, < 2then 1 < Py(X) < p;.

Figure 1 illustrates the improvement that can be obtained (compared to the universal
Jackson embedding) from taking into account the geometry of the space X. As often
(see [7]), it is convenient to use 1/t rather than t as a coordinate on the horizontal axis.
For 1/t < 1, the universally guaranteed « is given by a line of slope one ¢ = 1/t — 1.
If P;(X) > 1thenforany 1 < p < Py(X) the space X has a modulus of smoothness of
power-type p and we have the Chebyshev—Jackson embedding line ¢« = 1/t — 1/p for
0 < t < 1, which improves the universal embedding line.

rate of approximation
2

15
5 1
05 1P (x)
g
% 05 1 15 2

1/t sparsity
FIGURE 1  The Chebyshev-Jackson embedding line = 1/t — 1/pfor0 < 7 < 1 (with 1 < p < Pg(X))
compared to the universal embedding lineow = 1/t — 1.

Notice that the value of « is improved by the amount 1 — 1/p, i.e., taking into
account the geometry of X made it possible to gain an extra factor m~!'=1/7) in the rate
of approximation for any given sparsity 0 < v < 1. Note also that the embedding line is
limited to the region where 1/t > 1, which is a consequence of Theorem 3 as we will see
in the next section.
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3.3 Limitations of the ‘“Geometric’” Embedding

The fact that the Chebyshev—Jackson estimate is restricted to 0 < 7 < 1 could seem
an artifact of the technique used to prove it, and one could wonder if a result giving a
“complete” embedding line is possible. However, we have already mentioned Theorem 3
which shows that 0 < t < 1 is an essential limitation. For the proof of Theorem 3, we will
need the following lemma.

Lemma 1.

Let D = {gi} a dictionary in an arbitrary Banach space X and assume g € X is an
accumulation point of D (i.e., for every neighborhood B of g in X, there exists infinitely
many values of k for which g € B). Then for all T > 1, |g|xz(p) = 0.

This lemma shows in particular that if the dictionary has at least one accumulation
point, then | - [z (p) can at most be a semi-(quasi) norm.

Proof of Lemma 1. By standard arguments, there exists a sequence of {ky},>0 such
that [|g — gk, llx < 27". Note that ||gllx = 1,k > 1 implies ||g|]|x = 1. Forall N > 1

1Y 1 Y 1Y 1
JEE— < — _ < — 27}1 — .
gyt Sy le-gulx s> 27 =~
n=1 X n=1 =
It follows that ||k (D) < NVt=1for all N, hence the result for 7 > 1. L]

Proof of Theorem 3. Let B = {e J}°°0 an orthonormal basis of H and V; :=
span{ezj, e2j+1}). LetD :={g; », j,n = 0} where foreach j {g; n}u>0is a sequence of unit
vectors from V. Clearly, {g; »}»>0 has at least one accumulation point Ej eV, ||§j |I=1
for each j and, by Lemma 1, for any © > 1 and j, |g;|kz(p) = 0. For any £? sequence
¢ = {cj};j>0, one can properly define f := Z c;jg; and check that | f|xzp) = 0.
On the other hand, o,,(f, D)7y can decrease arbltrarlly slowly, as one can check that
on(f, Dy = on(fi {8, 7 = 0Dn = omle, B)H, where B is the canonical basis of

02 ]

Remark 6. Notice that the above arguments also show that the Jackson inequality (3.1)
cannot be “repaired” for t > 1 by replacing | - |xz(p) with || - [[x + [ - [Kz(D)-

4, Hilbertian Dictionaries

Theorem 3 shows that a Jackson embedding line « = 1/t — 1/ p cannot be expected to
be “complete,” i.e., valid even for T > 1, unless we assume some structure on the dictionary
D. In this section, we prove that getting a “complete” Jackson embedding line with p > 1
is almost equivalent to assuming that D has a hilbertian structure.

Definition 2. A dictionary Dis called £ -hilbertian if for any sequence ¢ = {cx}k>1 € €7,
the series Zkzl cr gk 1s convergent in X and

> crsr

k>1

< llellgg -
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Remark 7. Note that the convergence of ) ", cx g in Definition 2 is necessarily uncon-
ditional, provided that £7 is not one of the extremal non-separable spaces such as £>°. Also
notice that any dictionary is £7-hilbertian for 0 < v < 1.

First, we study hilbertian dictionaries in more details and give a simple representation
of the sparsity class K7 (D) for such dictionaries. Then, we will use this representation to
prove a strong Jackson embedding of the type IC; (D) — 7:1"‘ (D), which we will call a
thresholding-Jackson embedding, and get the following theorem, which will be proved
in Section 4.3,

Theorem 5.
Let D a dictionary in a Banach space X, and p > 1. The following properties are
equivalent
YVi<p, Vg, Ya<l/t—1/p K;(D)<—>7'q"‘(D), 4.1)
Vt<p, Vg, Va<l1/t—1/p IC;(D)L)C;‘(D), 4.2)
Vt<p, Vg, YVa<l/t—1/p K4 (D) — A7 (D), 4.3)

Vi<p D is £] — hilbertian . 4.4

At the end of this section we will compare the embeddings provided by the geometry
of X to the ones obtained from the structure of D.

4.1 Characterization of Ef -Hilbertian Dictionaries

Some of the structure of D can be studied through the properties of the operator T,
introduced in Section 3.1. In particular, the condition for D to be £7-hilbertian can easily
be verified to be equivalent to the requirement that 7' can be extended to a continuous linear
operator from Z; to X. Notice that the Z; -hilbertian property of D does not change under
a change of equivalent norm on X. For the purpose of further discussion, we have the
following definition.

Definition 3. For any dictionary D we define Py(D, X) := sup{p : D is £} -hilbertian
} € [1, o<l

Remark 8. 1t is easy to deduce directly from the definition of the cotype of a Banach
space (see [29, Vol. II, Section 1.e.]), that if X has cotype p. > 2,then 1 < Py(D, X) < p,.

Let us give a simple characterization of dictionaries which are Ef -hilbertian.

Proposition 2.
Let D a dictionary in a Banach space X, and 1 < p < oo. The following two
properties are equivalent:
() D is £ -hilbertian.
(1)  There is a constant C < oo, for every set of indices I, C N of cardinality
card(l,;) < m and every choice of signs

Z +8k

kel,

<cm'/P . 4.5)
X

Proof. It is obvious that (i) implies (ii), so let us prove the reciprocal. Let ¢ € Zf
and 7 a permutation of N such that ¢; = cy,, and define a sequence f, = fu(c) :=
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Y kel Cx8m = D_k—i Cm8m- By an extremal point argument (write f, in barycentric
coordinates with respect to the system {) | =g, } and use the triangle inequality) and the
growth assumption (4.5), we can write for every n > m

Il fu — fullx <Cn _m)l/p |C:n| .

By taking m = 2/ and n = 2/%! with j z 0 We:get | foi+1 — foillx < C2j/p|c;/-|, hence
Z?i() | foivt — foillx < CZ?’;O |c;j|21/p < C”c”ef- Hence we can define

Tc:= jll)H;o fri= N+ Z (f2/+1 — fzf')

J=0

which satisfies || Tc|lx < |elle~ + (j’||c||ef <1+ CN’)||c||ef. It is easy to check that
indeed T¢ = lim f, and the definition of 7' ¢ does not depend on the choice of a particular
decreasing rearrangement of ¢. Now, for ¢ and ¢; two finite sequences and A a scalar, it is
clear that T'(¢1 + Aca) = Tcy + AT ca, hence T, restricted to the dense subspace 20 of (Zf
consisting of finite sequences, is linear and continuous. It follows by standard arguments
that T extends to a bounded linear operator from Zf to X. L]

4.2 Representation of the Sparsity Class

The hilbertian structure of D makes it possible to get a nice representation of the
sparsity spaces IC; (D). The operator T below is the one defined in Section 3.1.

Proposition 3.

Assume D is Ef-hilbertian, withp > 1. Lett < pand 1 < q < oo. For all
[ € K{(D), there exists some ¢ € £ which realizes the sparsity norm, i.e., f = Tc¢ and
||c||ql = |f|[C5(D). Incasel < 1,9 < 00, ¢ = ¢ 4(f) is unique. Consequently

T = min Cllgt .6
|flKcz (D) - elleg (4.6)
and

KyD)=Tt; ={feX, e, f=) aglelg < oo
k

is a (quasi)Banach space which is continuously embedded in X.

Proof. By definition of IC; (D), for f € IC; (D) there exists finite sequences ¢,, n =
1,2, ... such that ”Cn”g[; < |f|/c5(p) + 1/nand ||f — Tecylly < 1/n. The sequence
{cn}n>11s bounded in E;, hence it is also bounded in £” where max(1,7) < r < p. As " is
areflexive Banach space, it is weakly compact and there exists a subsequence ¢,,, converging
weakly in £ to some ¢ € £". Applying Fatou’s lemma twice gives the estimate from above
llell e = | f] Kz (D)- From the weak convergence in ¢" and the continuity of 7 : £© — X
we get that T'c,,, converges weakly to Tc in X. As we already know its strong limit in X is
f, we obtain f = T ¢ which gives the estimate from below |f|;¢; D) < ||C||/g5, and (4.6) is
proved. Incase 1 < 7, g < oo, the Lorentz space Z; is strictly convex, and if ¢ 7#~ ¢ both
realize the sparsity norm, we get ||(¢c1 + co)/2||g5 < |f|]C;(D). As T((co+c1)/2) = f
this contradicts (4.6).
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The equality IC; (D) = TE; follows directly from (4.6). Then we observe that for
any f € IC;(D) and an associated sequence c, |f|]€(r](p) = ||c||4; > ”"”z‘l’ > C M flx

where the last inequality comes from the continuity of T : Ef — X. The conclusion is
reached using Remark 1 from the introduction. L]

4.3 Thresholding-Jackson Embedding

We can now prove Theorem 5. Some of the statements in Theorem 5 are almost trivial:
from (2.2) and (2.3) itis obvious that (4.1) =(4.2) =(4.3). Using the same technique as [18,
Proposition 4.1], we easily obtain (4.3)= (4.4) as follows:

Proof.  From the double embedding K (D) — A% (D) — X, 1 < (a + 1/p)~!, we
have || - |x < |- |;q(p). Thus we can check for [, C N of cardinality card(l,,,) = m,
I > rer, £8kllx < Cm'/™ which by Proposition 2 gives that D is £]-hilbertian. But as «
can be arbitrarily close to 0, T can be arbitrarily close to p and this gives the result. L]

So far we have proved that the Ef -hilbertian property of D is (almost) necessary for
any Jackson embedding to hold for all « > 0. Next we complete the proof of Theorem 5
by showing that (4.4) =(4.1). Notice that Theorem 6 is a bit stronger.

Theorem 6.
Foranyl < p <oo, 7 < p, 0 <q < o0, there is a constant C = C(z, q, p) such
that for any Ef -hilbertian dictionary D in any Banach space X, for all f € IC; (D)

1/ 7y < |||T|||Z»C|f|1c;(p) witht = (a +1/p)~"! (4.7)

where |||L|||§ denotes the operator norm of a continuous linear operator L : Y — X.

Proof. LetO<t=(a+1/p) ' <p,qge(0,00]and f € IC; (D). By Proposition 3
we can take ¢ € 6; such that f = T¢ and ||c||[; = |f|;¢;(p). Let {c,,} the best m-term
approximants to ¢ from the canonical basis B of the sequence space £;: ¢y, is obtained by
thresholding ¢ = {ci}x>1 to keep its m largest coefficients. Let f, (r, {c;}, D) := Tey,
[where {c;} is a decreasing rearrangement of ¢, see Equation (2.1)]. Form > 1,

|f = fun (. {c}} . D) | x = ITe = Temllx < |||T|||§‘lpam(c, B

and || fllx < |||T|||2(,, ||c||(11). From standard results (see e.g., [14]) we get
1

lellg + | {onte. By} |, = Clellg
q
where C = C(t, ¢, p). Eventually we obtain
1/ 7y < |||T|||flpc lelles = |||T|||Z;C|f|;<:;m) : O

Remark 9. When Dis only £!-hilbertian, we loose the representation of IC; (D) (Proposi-
tion 3) because the weak compactness argument breaks down. Indeed, we have essentially
no other description of IC{(D) than the fact that it is the closure of the convex hull of
{£g, g € D} (cf. Example 1 in the next section). It does not seem possible to extend
Theorem 6 to p = 1.
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Notice that the Jackson embedding provided by Theorem 6 is strong: not only does
it show that the best m-term error decays like O(m~%) (this would be the standard Jackson
inequality), indeed there is a “thresholding algorithm” that takes as input an (adaptive)
sparse representation ¢ of f € IC; (D) and provides the rate of approximation

<m™|flgzpy.  m=1,  t=@+1/p".
X

m
Hf = ckgmn

k=1

The above inequality is not a standard Jackson inequality, we will denote it a thresholding-
Jackson inequality. The rate of Chebyshev or best m-term approximation could be even
larger, we would need an inverse estimate (a Bernstein-type embedding) to eliminate this
possibility. This will be discussed in a forthcoming article [19].

4.4 Geometry of X Versus Structure of the Dictionary

Let us now compare the Jackson embedding lines obtained so far, i.e., the lines given
by (3.3) and (4.7), respectively. The goal is always to use the best possible Jackson estimate,
which ensures the fastest convergence of the approximation algorithm. The examples below
will show that it depends on the particular situation which line, (3.3) or (4.7), provides the
best Jackson estimate. This of course implies that we need both estimates depending on
the situation.

First we consider the case where the Chebyshev—Jackson line (3.3) “beats” the
thresholding-Jackson line (4.7) for t < 1. Later we will consider the opposite situation.
We have the following example.

Example 1. Let X be a Banach space with Pg(X) > 1 [e.g., a Hilbert space H with
Pg(H) = 2] and D a dictionary with at least one accumulation point g [e.g., such as con-
structed for the proof of the theorem in Section 3.3]. Combining Lemma 1 and Proposition 3
we see that Py(D, X) = 1. Thus, in this case the Chebyshev—Jackson embedding line is
strictly better than the thresholding-Jackson one for 1/t > 1. Moreover, for 1/t < 1, no
Jackson type embedding makes sense as | - [iz(p) is only a semi-(quasi) norm.

The leftmost graph in Figure 2 illustrates a situation similar to that of Example 1,
with the only difference that the graph depicts the case where 1 < Py(D, X) < Py(X).
The thresholding-Jackson embedding line is valid for a larger range of values of 1/t than
the Chebyshev—Jackson one, but the latter is stronger on its range of validity. The opposite
situation, where the thresholding-Jackson embedding line is better than the Chebyshev—
Jackson one throughout its domain, is also possible. This particular situation is illustrated
on the rightmost graph in Figure 2, and an explicit example will be given in Section 5 (see
Example 2).

5. Examples of Hilbertian Dictionaries

In this section we will consider the Ef -hilbertian property of several classical types
of redundant dictionaries, first in L? spaces, and then in other classical functional spaces
(Besov spaces BZ (L' (R)), modulation spaces ME(R)). We refer the reader to [21, Chap-
ters 11-12] for the basic definition and properties of weighted modulation spaces M5 (R)
with a-moderate weight w(x, y). For the trivial weight w = 1, we denote M? (R) instead
of M%(R). For the definition of Besov spaces we refer to [40].
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FIGURE 2 Comparison of the thresholding-Jackson embedding line and the Chebyshev-Jackson one. The
leftmost graph depicts a situation where the thresholding-Jackson embedding is valid for a larger range of values
of 1/t than the Chebyshev—Jackson one, but the latter is stronger on its range of validity. The rightmost corresponds
to the opposite situation, where the thresholding-Jackson embedding line is better than the Chebyshev—Jackson
one throughout its domain of validity.

At the end of the example (Section 5.5) we study the situation where the dictionary
D is obtained by taking the union of two smaller (and possibly classical) Zf -hilbertian
dictionaries. This leads to new bigger non-classical sparsity spaces for which there is a
Jackson embedding.

5.1 Interpolation of Hilbertian Dictionaries

First we consider two general lemmas that will make it easier to check the £”-hilbertian
property for many well-known dictionaries in classical functional spaces. For notational
convenience, whenever we write IC; (D, X), we always assume implicitly that D has been
normalized in X. Lemma 2 deals with wavelet-type dictionaries in L?(£2) where Q2 is
some o -finite measure space. Lemma 2 will be used with time-frequency dictionaries in
modulation spaces M5 (R).

Lemma 2.

Let1 <r < ocoand D = {gi, k € N} an {}-hilbertian (normalized) dictionary in
X = L (), and assume that every gy, is in L' (). Suppose that for every 1 < p < r there
is some constant C = C(p) such that for every g, with 6, , = (1 —1/p)/(1 —1/r),

1-6,.,
lgxll gy = CligkllLrc - (5.1

Then D (properly normalized in LP (2)) is £P -hilbertianin L? () for 1 < p < r. Moreover,
if || < oo and D has dense span in L" (2), then D has dense span in LP(2), 1 < p <r.

Proof. By assumption, T is continuous from £ to L"(2). Then, as D (normalized
in L1()) is £'-hilbertian in L' (), T is also continuous from the weighted space N (w)
to L1(Q) , where wy = || gxll L(@)- Hence T is continuous from the interpolation space
(' (w), £")g,,.p to the interpolation space (L' (), L"(Q))s, ., = LP(RQ) (for details on
the real method of interpolation, we refer to [12, Chapter 7]). By Stein’s theorem on
interpolation of weighted £7 spaces [1, p. 213], T is thus continuous from £7 (w!=%») to
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LP (), hence for some constant C' = C'(p) < oo

Z 8k

Cf——m——
— llekllir

IA

' {Ck/llgklle(sz)}||lp(w1—er,p)

LP(S)
C/

IA

1-6,.p
fer (Neell gy Mgl )}, = €Clltelen -

The denseness claim follows from standard arguments using Holder’s inequality and the
fact that, e.g., the continuous functions are dense in both L"(£2) and L? (£2). L]

Modulation spaces are better suited than L? spaces when we consider nonlinear
approximation properties of time-frequency dictionaries. The family of modulation spaces
ML (R), fora given -moderate weight w, is an interpolation family [1, 15, 21]. As aresult,
we can copy the proof of Lemma 2 to get an analogue result where L? (2) is replaced with
ME(R).

Lemma 3.

Let1 <r < ocoand D = {gi, k € N} an {{-hilbertian (normalized) dictionary in
X = M}, (R), and assume that every gi is in Mi) (R). Suppose that for every 1 < p <r
there is some constant C = C(p) such that for every gi, with 6, , = (1 —1/p)/(1 —1/r),

1-06y,
I8kl iy < Cllgilg e - (5.2)

Then D (properly normalized in MPE®R)) is an €P-hilbertian dictionary in MP@®), 1 <
p<r.

In Sections 5.2-5.4 we check the assumptions of these lemmas on classical dictio-
naries and apply Theorem 6.

5.2 Wavelet Type Systems in L” (R%)

Consider D a (bi)orthogonal wavelet basis [5, 6, 30] or a (tight) wavelet frame [35,
34, 8] for L2(R%)

W) =202 (2f'x - k) . l<t<L, jeZkeZ.

As ||1p]‘f,k||L,,(Rd) = 2J40/2=1P) ||y (ga), one can check, for 1 < p < oo,

l 1_02.])
Hl/’li ‘1—92,17 — 2Jd(1/2=1/p) H‘MHI_QZW _ ||1ﬂ “Ll(Rd) Hwef ‘
J.k LI(RY) L1(Rd) ||w£||LI’(Rd) J.k LP(RY) s
. 1-6 . .
50 (5.1) holds with C(p) = max{_, [¥“], (Hg’ /¥l Lrw). Thus Lemma 2 applies with

r = 2, and we get that such systems are £”-hilbertian in LP(Rd) forany 1 < p <2.

One needs to check in each case whether the L? (R¢) normalized system is actually
dense in L”(R?). This may be a highly nontrivial question in the frame case, see e.g.,
[31, Chapter 4]. The (bi)orthogonal wavelet systems are dense in L” (R, 1 < p < o0,
assuming mild decay of the generators [41, 33].
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For D a (bi)orthogonal wavelet system normalized in L” (R?), Proposition 3 together
with Theorem 6 shows that

K;(D, LP(Rd)> S THD),  t=(+1/p,  1<p=2,

and if D and its dual system have sufficient smoothness and vanishing moments it is known
(see, e.g., [10]) that KT (D, L? (R?)) can be identified with the Besov space BY* (LT (R%))
fort = (a+1/p)~ L.

Remark 10. For wavelet like systems, one can sometimes extend the result obtained
from Lemma 2 and show that such systems are Zf -hilbertian in L?(R?) for 1 < p < 00
using the special structure of the functions and the theory of Calderén—Zygmund operators,
see [20, Theorem 4.11].

The following example shows that wavelet systems give an illustration of the rightmost
graph on Figure 2.

Example 2. Consider a normalized basis 13 of MRA wavelets (with isotropic dilation) in
X = LP(RY), 1 < p < oo. It is known that the power-type of LP(R%) is Pg(LP(Rd)) =
min{2, p} [29]. Moreover, it can be verified that B is £P-hilbertian (1 < p < 2) or
Ef—hilbertian (2 < p < 00), hence Ps(B, X) =p,1 < p < o0.

* Forl < p <2wehave Py(B, X) = p = Py(X).
* For2 < p < oo, this gives Py(B, X) = p > 2 = Py (X).

Hence for all 1 < p < oo, the thresholding-Jackson embedding line for dictionaries of this
type is givenby o = 1/t — 1/p forall 0 < t < p. For 2 < p < oo the thresholding-
Jackson embedding line is strictly better than the Chebyshev—Jackson embedding line,
which corresponds exactly to the rightmost graph on Figure 2.

5.3 Gabor Frames in L”(R) and M? (R)

Not all interesting dictionaries live in L”: in the following we concentrate on time-
frequency dictionaries, for which the natural function spaces are rather the modulation
spaces. We consider the £7-hilbertian property of such dictionaries, both in L?(R) and in
the modulation spaces M? (R) with the trivial weight w = 1.

A Gabor dictionary D consists of the functions g, , (x) 1= g(x —na)e , n,m €
Z. Provided that g is an appropriate “window” function and @, b > 0 appropriate lattice
parameters (see, e.g., [6, 21, 3]), D is a frame in Lz(R) = MZ(R). It satisfies the relations
lgnmllLr® = lgllLr®) and [ gn.mllmrr ) = llgllarr®),for0 < p < oo. Hence, assuming
thatg € L I{RYNM'R), Dis simultaneously (quasi)normalized in all L?(R) and M? (R).
Moreover, as a frame, D is E%-hilbertian in L2(R) = M?%(R), hence we can apply Lemma 2
and Lemma 3 to get the following results

2immbx

Proposition 4.

Let D a Gabor frame normalized in L*(R), with window g € LY(R) N M'(R). Let
0<t<2and0 < g < oo. We have, with equivalent norms, for all p > 1 such that
T<p<2

K: (D, L”(R)) — K (D, MP(R)) — K} (D, MZ(]R)> - K} (D, LZ(R)) .



© 2004 Springer. This is the author version of an article published in a Springer journal. The original publication is
available at springerlink.com with DOI: 10.1007/s00041-004-8003-5

Nonlinear Approximation with Dictionaries 1. Direct Estimates 67

It follows that
K;(D, LZ(R)) s 7;“(1), LP(R)), a=1/t—1/p.
and
K;(D, LZ(R)) < 7;“(2), MP(]R)), a=1/t—1/p.

Notice that for the extremal cases of Proposition 4, correspondingto p = land p = 2,
we have IC} (D, L*(R)) ¢ M'(R) and IC% (D, L (R)) = M?(R) = L*(R), respectively.

For a general a-moderate weight w and an arbitrary window g, Lemma 3 cannot be
applied directly since it is not clear whether we have the estimate (5.2) for the dictionary D
normalized in M,% (R). In the following section we deal with this situation, assuming that
the window g has more structure.

5.4 Gabor Banach Frames in M} (R), 1 < p < o0

Proposition 4 can be extended and becomes more interesting for Gabor frames with a
bit more structure. Let D = {g, m, n, m € Z} a Gabor frame generated by a “nice” window
function g and with small enough lattice parameters a, b. From the atomic decomposition
theory for ML (R) (see [21, Section 12.2.] for details), D constitutes a Banach frame
for Mﬁf,v that is to say there exist a dual window function g that generates a dual Gabor
frame D = {g,.m, n,m € Z} such that for all ®-moderate weights w and 1 < p < oo
I W agz gy = IS, B wWnmbnm ller With wy u = w(an, bm). Moreover, for I < p < oo
the Gabor expansion f = Y (f, 8n.m)8&nm converges unconditionally in the norm of
MPE(R) for every [ € MPE(R), and the synthesis operator T'¢ = Zn’m Cn.m&n.m 18 bounded
from €7 (w) to ML [21, Theorem 12.2.4], hence D (normalized in M%) is £7-hilbertian .

By the Gabor expansion, we have M (R) — KI(D, MYP) for Gabor Banach frames
and 1 < 7 < p < oo. The converse embedding, I (D, Mp) — M (R), follows by
Proposition 3: we expand each f € KI(D, M}) as f = Yomn Cmn8mn/l1gn,mll pgp With
llcller = | f] Ki(D.MD)> and then use the boundedness of the synthesis operator T to obtain
I fllmz < licller. So Theorem 6 recovers [22, Proposition 3] as a corollary:

Proposition 5.
Let D a Gabor Banach frame, then for all a-moderate weights wand1 < 17 < p < 09,

ML [R) = KZ (D, MD) — T (D, M}), a=1/t—1/p
where the first equality is with equivalent norms.

5.5 Union of Dictionaries

To conclude this section on examples, let us mention a simple and straightforward
corollary of Proposition 3.

Corollary 1.
Assume D1 and D, are both Zf—hilbertian dictionaries, with p > 1. Let0 <7 < p
and 1 < g < oo. Then forD =D UD,

KL(D, X) = KL(Dy, X) + KL(D2, X) .
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Thus, whenever the individual sparsity spaces IC; (Dy) and IC; (Dy) do not coincide, we
gain by using the redundant dictionary D = D; U D; in the sense that the domain(s) 7,
Cg and .A;‘ for which there is a direct estimate are strictly enlarged.

Consider, for example, the case of D; a wavelet basis and D; a local Fourier ba-
sis [4, 9] in X = L*(R). The individual sparsity spaces are, respectively Ki(Dy, X) =
BY(L*(R)) = A% (D1, X) and KI(D,, X) = M*(R) = A% (D>, X) [22, Theorem 2]. In
this particular case, we have K (D1 U Dy, X)) = BX(LT(R)) + M (R).

6. Conclusion

We have introduced and studied approximation classes associated with m-term thresh-
olding and Chebychev approximation, respectively, with elements from a (possibly redun-
dant) dictionary in a Banach space. The Chebyshev approximation class has been shown to
be a linear (quasi)normed space, and the classes have been compared to the “benchmark”
approximation class associated with the best m-term approximation. Different types of
Jackson embedding results (direct estimates) of sparsity spaces into approximation classes
have been studied in detail. We have considered three types of direct theorems, and how
they are related. A completely general (and thus weak) estimate that applies to any situation
has been derived, the second type of result is based on the geometry of the Banach space,
while the third type of Jackson embedding relies on hilbertian properties of the dictionary.
From the hilbertian property of a dictionary, we have also derived a simple representation
of the sparsity spaces. Many examples are given with dictionaries in L? and modulation
spaces, and we have demonstrated how to apply the general theory to recover several well
known results on nonlinear approximation with wavelet, local Fourier, and Gabor systems,
respectively.

However, we should stress that the main attraction of the theory is not that it can
recover already known results, but that it provides us with direct estimates for many new
function classes that are often “bigger” than the classical smoothness spaces. One problem
not addressed in this article, is how to obtain a complete characterization of the different
approximation classes in the spirit of Theorem 1. To get a similar characterization, as the one
given by Theorem 1, we need a Bernstein embedding of the type Ag (D, X) — K4(D, X)
for suitable values of « and t. The problem of obtaining such an embedding is well known
to be closely related to deriving an inverse (or Bernstein) inequality. We should also note
that a complete characterization of the other types of approximation classes considered in
this article can be obtaining by proving weaker (and non-classical) embeddings of the type
77D, X) = K (D, X) or Cg (D, X) — K (D, X).

Examples in [18] show that a Bernstein inequality cannot hold unless the dictionary is
very well structured. The problem of obtaining Bernstein estimates for structured redundant
dictionaries is studied in detail in a forthcoming article [19] by the authors.

7. Appendix: Lorentz Spaces

In this appendix we recall the definition of the Lorentz (quasi)norms for 0 < 7 < oo
and g € (0, oo]:
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00 g\ /4
[m]/r|a:”|]
= "mll .0
Ham Yy ”z; = m = (7.1

m=1
SUp;,eN ml/r

lan, |, q =00,
where {a;} denotes a decreasing rearrangement of {at}, i.e., la;| > la; | forall k > 1.
Forl<g<t<oo,|- ||g5 is a norm for the Lorentz space

by = {{Ck} el < oo] .

Notice that || - [z = || - [l¢r. It can be verified [29, Definition 2.b.8] that for 1 < 7 < ¢, the
quasi-norm || - || ¢z can be replaced by an equivalent norm on Z;. In such a case we always
assume that we use the norm on £ instead of the quantity defined by (7.1). For all values
of 7, g, the Lorentz spaces £; are (quasi)normed Banach spaces and satisfy the continuous
embedding E;ll — K(Z provided that 7] < 12 or 1o = 11 with g1 < ¢». Itis useful to notice
(see e.g., [12, Chapter 6]) that the €7 norm of a sequence can be estimated as

oo 1/q
~ Z <2j/f|a;j|)q , 0<g<o
ltamdaill; < 1\ (7.2)
suijOZj/Tm;jl, q=00.
Acknowledgments

The authors would like to thank Ronald A. DeVore for introducing us to most of the
problems discussed in this article. We would also like to thank Hans G. Feichtinger and
Karlheinz Grochenig for discussions about modulation spaces while the first author visited
the Gabor workshop, and Ole Christensen for helping us make some connections between
our results and Banach frames.

References

[1] Bennett, C. and Sharpley, R. (1988). Interpolation of Operators, Academic Press Inc., Boston, MA.

[2] Cohen, A., Dahmen, W., Daubechies, I., and DeVore, R. (2001). Tree approximation and optimal encoding.
Appl. Comput. Harmon. Anal., 11(2), 192-226. doi:10.1006/acha.2001.0336.

[3] Christensen, O. (2003). An introduction to frames and Riesz bases (Applied Numerical Harmonic Analysis),
Birkhauser, MA.

[4] Coifman, R.R. and Meyer, Y. (1991). Remarques sur 1’analyse de Fourier a fenétre, Comptes-Rendus Acad.
Sci. Paris (A), 312, 259-261. C. R. Acad. Sci. Paris (Sér. I), 312, 259-261.

[S] Cohen, A. (1992). Biorthogonal wavelets, in Wavelets: A Tutorial in Theory and Applications, Chui, C.K.,
Ed., Vol. 2, 123-152, Academic Press, Boston, MA.

[6] Daubechies, I. (1992). Ten Lectures on Wavelets, Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA.

[7] Devore, R.A. (1998). Nonlinear approximation, in Acta Numerica, 1998, 7:51-150, Cambridge University
Press, Cambridge.



© 2004 Springer. This is the author version of an article published in a Springer journal. The original publication is
available at springerlink.com with DOI: 10.1007/s00041-004-8003-5

70 Rémi Gribonval and Morten Nielsen

[8] Daubechies, 1., Han, B., Ron, A., and Shen, Z. (2001). Framelets: MRA-based constructions of wavelet
frames, Appl. Comput. Harmon. Anal..

[9]1 Daubechies, I., Jaffard, S., and Journé, J.L. (1991). A simple Wilson orthonormal basis with exponential
decay, SIAM J. Math. Anal., 22, 554-572.

[10] DeVore, R.A., Jawerth, B., and Popov, V. (1992). Compression of wavelet decompositions, Am. J. Math.,
114(4), 737-785.

[11] Dilworth, S.J., Kalton, N.J., Kutzarova, D., and Temlyakov, V.N. (2003). The thresholding greedy algorithm,
greedy bases, and duality, Contr. Approx., 19(4), 575-597.

[12] Devore, R.A. and Lorentz, G.G. (1993). Constructive Approximation, Springer-Verlag, Berlin.

[13] Davis, G., Mallat, S., and Avellaneda, M. (1997). Adaptive greedy approximations, Constr. Approx., 13(1),
57-98.

[14] Devore, R.A. and Temlyakov, V.N. (1996). Some remarks on greedy algorithms, Adv. Comput. Math.,
5(2-3), 173-187.

[15] Feichtinger, H.G. (1983). Modulation spaces on locally compact abelian groups, Technical report, University
of Vienna.

[16] Friedman, J.H. and Tukey, J.W. (1974). A projection pursuit algorithm for exploratory data analysis, [EEE
Trans. on Computers, C-23, 881-889.

[17] Golubov, B., Efimov, A., and Skvortsov, V. (1991). Walsh Series and Transforms, Theory and Applications,
Translated from the 1987 Russian original by W.R. Wade, Kluwer Academic Publishers Group, Dordrecht.

[18] Gribonval, R. and Nielsen, M. (2001). Some remarks on nonlinear approximation with Schauder bases,
East J. Approx., 1(3), 267-285.

[19] Gribonval, R. and Nielsen, M. (2002). Nonlinear approximation with dictionaries, II, Inverse estimates,
Technical report, Aalborg University, Dept of Mathematics, Frederik Bajers Vej 7G, 9220 Aalborg East,
Denmark.

[20] Gribonval, R. and Nielsen, M. (2003). On approximation with spline generated framelets, to appear in
Constr. Approx..

[21] Grochenig, K. (2001). Foundations of Time-Frequency Analysis (Applied Numerical and Harmonic Anal-
ysis), Birkhauser, MA.

[22] Grochenig, K. and Samarah, S. (2000). Nonlinear approximation with local fourier bases, Constr. Approx.,
16(3), 317-332.

[23] Huber, P.J. (1985). Projection pursuit, Ann. Statist., 13(2), 435-475.

[24] Jones, L.K. (1987). On a conjecture of Huber concerning the convergence of PP-regression, Ann. Statist.,
15, 880-882.

[25] Jones, L.K. (1992). A simple lemma on greedy approximation in Hilbert space and convergence rates for
projection pursuit regression and neural network training, Ann. Statist., 20(1), 608-613.

[26] Jones, L.K. (1997). The computational intractability of training sigmoidal neural networks, IEEE Trans.
Inform. Theory, 43(1), 167-173.

[27] Kerkyacharian, K. and Picard, D. (2001). Entropy, universal coding, approximation and bases properties,
Technical Report Preprint No. 663, Universities Paris 6 and 7.

[28] Konyagin, S.V. and Temlyakov, V.N. (1999). A remark on greedy approximation in Banach spaces, East J.
Approx., 5(3), 365-379.

[29] Lindenstrauss, J. and Tzafriri, L. (1979). Classical Banach Spaces II, Springer-Verlag.
[30] Mallat, S. (1998). A Wavelet Tour of Signal Processing, Academic Press.

[31] Meyer, Y. (1992). Wavelets and Operators, Cambridge University Press, Cambridge, translated from the
1990 french original by Salinger, D.H., Ed.

[32] Pisier, G. (1981). Remarques sur un résultat non publi¢ de B. Maurey, in Seminar on Functional Analysis,
1980-1981, pages Exp. No. V, 13. Ecole Polytech., Palaiseau.

[33] Pompe, W. (2002). Unconditional biorthogonal wavelet bases in L? (Rd), Collog. Math., 92(1), 19-34.

[34] Ron, A. and Shen, Z. (1997). Affine systems in Lz(Rd), II: Dual systems, J. Fourier Anal. Appl., 3(5),
618-637. Dedicated to the memory of Richard J. Duffin.

[35] Ron, A. and Shen, Z. (1997). Affine systems in Lz(Rd): the analysis of the analysis operator, J. Funct.
Anal., 148(2), 408-447.

[36] Samarah, S. (1998). Approximation theory and modulation spaces, PhD. thesis, University of Connecticut.



© 2004 Springer. This is the author version of an article published in a Springer journal. The original publication is
available at springerlink.com with DOI: 10.1007/s00041-004-8003-5

[37]
[38]
[39]
[40]
[41]
[42]

Nonlinear Approximation with Dictionaries 1. Direct Estimates 71

Stechkin, S.B. (1955). On absolute convergence of orthogonal series, Dok. Akad. Nauk SSSR, 102, 37-40.
Temlyakov, V.N. (2001). Greedy algorithms in Banach spaces, Adv. Comput. Math., 14(3), 177-292.
Temlyakov, V.N. (2003). Nonlinear methods of approximation, Found. Comput. Math., 3(1), 33-107.
Triebel, H. (1983). Theory of Function Spaces, Birkhéduser Verlag, Basel.

Wojtaszczyk, P. (1999). Wavelets as unconditional bases in L, (R), J. Fourier Anal. Appl., 5(1), 73-85.

Wojtaszczyk, P. (2000). Greedy algorithm for general biorthogonal systems, J. Approx. Theory, 107(2),
293-314.

Received March 05, 2002
Revision received October 14, 2002

IRISA-INRIA, Campus de Beaulieu, F-35042 Rennes cedex, France
e-mail: remi.gribonval @inria.fr

Department of Mathematical Sciences, Aalborg University, Fredrik Bajers vej 7G,
DK-9200 Aalborg East, Denmark
e-mail: mnielsen@math.auc.dk



