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NONLINEAR APPROXIMATION WITH DICTIONARIES.
II. INVERSE ESTIMATES.

REMI GRIBONVAL AND MORTEN NIELSEN

ABSTRACT. In this paper, which is the sequel to [GN04a], we study inverse esti-
mates of the Bernstein type for nonlinear approximation with structured redun-
dant dictionaries in a Banach space. The main results are for blockwise incoherent
dictionaries in Hilbert spaces, which generalize the notion of joint block-diagonal
mutually incoherent bases introduced by Donoho and Huo. The Bernstein inequal-
ity obtained for such dictionaries is proved to be sharp, but it has an exponent
that does not match that of the corresponding Jackson inequality.

1. INTRODUCTION

Let X be a separable Banach space, and D = {gx,k > 1} a countable family of
unit vectors, ||gx||x = 1, which will be called a dictionary whenever it spans a dense
subspace of X. Our main purpose in this paper is to study the approximation
spaces Ay (D, X) associated with best m-term approximation. Let us recall the
definition of A (D, X). The (nonlinear) set of all linear combinations of at most m
elements from D is

Y (D) = { Z ek, Im C N, card(l,) < m, ¢ € (C}.

k€lm

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

m (f, D)y == inf — hi|, .
om (f, D)y i=, inf [|f =kl
The best m-term approximation spaces are defined as :

Ax(D,X) = {1 € XL agox) = I lx + | flaox) < o0

where |- | 40(p.x) = [{om(f, D) x }m>1ll,1/a is defined using the Lorentz (quasi)norm,
q

see e.g. [DLI3].
Stechkin, DeVore and Temlyakov have derived the following nice characterization
when the dictionary is an orthonormal basis in a Hilbert space.

Theorem 1.1 ([Steb5, DT96]). If B is an orthonormal basis in a Hilbert space H
then, for0 < 7= (a+1/2)"' <2 and 0 < ¢ < oo,

A (B, H) = K3(B,'H)
Key words and phrases. Nonlinear approximation, Bernstein inequality, mutually incoherent

bases.
1



(© 2006 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/s00365-005-0621-x

NONLINEAR APPROXIMATION WITH DICTIONARIES. II. INVERSE ESTIMATES. 2

with equivalent (quasi)norms, where
Kq(B, H) := {f € Ho |z = [{{fs 9k bzl < OO}~

In recent papers, similar results were obtained whenever B is an almost-greedy
basis in a general Banach space [GNO1, DKKT01, KP01], or a redundant system of
framelets in LP(R) [GNO4c]. The goal of this paper is to generalize Theorem 1.1 to
some redundant dictionaries. Based on examples in [GNO1, GN04b] we know that
we need to require some structure of D.

1.1. Direct estimates. In the prequel [GNO4a] to the present paper, we showed
that the ¢7-hilbertian property of D, with p > 1, is (almost) equivalent to the Jackson
embedding K7 (D, X) — A2(D, X) with 0 <7 = (a4 1/p)~" < p, where K}(D, X)
is a sparsity space introduced by DeVore and Temlyakov [DT96].

Definition 1.2. A dictionary D is (7-hilbertian if the operator T : {cx} = >, crgr
defined on the space ¢° of finite sequences ¢ = {c} extends to a continuous operator
from £ to X.

Moreover, we proved that if D is ¢{-hilbertian, p > 1, we have the representation
K7(D, X) = T¢] of the sparsity spaces for 0 < 7 < p with norm

(1.1) |fliczp) = minfllc[le : f = Tc}.
The latter representation is quite a bit simpler to handle than the general definition
of a sparsity space for an arbitrary dictionary, which can be found in [DT96, GN04a).

1.2. Inverse estimates. In this paper, we focus our attention on getting inverse
embeddings of the Bernstein type

(1.2) A%(D, X) < KI(D, X)

General results of approximation theory [DL93, Chap. 7] relate the embedding (1.2)
to a Bernstein inequality for K7 (D) with exponent o :

(1.3) ‘fm"CZ(D) <Cm® || fllx, m > 1, frn € (D).

1.3. Fragility of the inverse estimates. Based on examples in [GNO1] we know
that, in addition to the #}-hilbertian assumption, we need to require some structure
of D to get (1.3), and we may have to restrict our ambitions to proving a Bernstein
inequality with exponent a > 1/7 —1/p. Recently, Grochenig introduced the notion
of localized frames [Gro03, Gro04] and suggested that, in Hilbert spaces, localiza-
tion might be a sufficient condition to have a Bernstein inequality. In [GN04b] we
disproved this fact using a simple counter-example where the dictionary was a local-
ized union of two bases, and yet no Bernstein inequality could be satisfied for any
exponent 0 < a < oo. In contrast to this negative result which showed the general
fragility of Bernstein inequalities, we prove in this paper that blockwise incoherent
dictionaries in Hilbert spaces actually satisfy a somewhat robust Bernstein inequal-
ity, where the exponent « of the corresponding Jackson inequality is generally not
matched but is at most doubled.

The structure of the paper is as follows. In Section 2 we study dictionaries in
finite dimensional Hilbert spaces, and obtain our first main result: a Bernstein
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inequality which is related to the coherence of the dictionary. For dictionaries that
are the union of two orthonormal bases, the coherence coincide with the notion of
mutual coherence of the bases introduced by Donoho and Huo [DHO1]. We provide
an example to show that the exponent of the obtained Bernstein inequality —which
does not match that of the corresponding Jackson inequality— is sharp in the sense
that it cannot be generally improved.

In Section 3 we consider the class of decomposable dictionaries in (possibly infinite
dimensional) Banach spaces and prove that a “global” Bernstein inequality can be
obtained by proving “blockwise” Bernstein inequalities. We combine this with the
results of the first section to prove a Bernstein inequality for blockwise incoherent
dictionaries in Hilbert spaces. Using results on Grassmannian frames, we show that
this Bernstein estimate is valid for dictionaries that can be highly redundant. More
classical examples include pairs of jointly block-diagonal mutually incoherent bases
such as the (Meyer-Lemarié wavelets, real bi-sinusoids) example of Donoho and Huo
[DHO1] or simply the (Haar,Walsh) dictionary.

In the final part of the paper (Section 4) we apply the results to get two-sided
embeddings between the approximation classes and function spaces that measure
smoothness in terms of a mixture of Besov spaces and spaces related to the Wiener
algebra.

2. INCOHERENT DICTIONARIES IN FINITE DIMENSION

In this section we will prove a Bernstein inequality for dictionaries in X a finite
dimensional Hilbert space. In finite dimension, all norms are equivalent so the
important result in this Bernstein inequality will be that the constant C' in Eq. (1.3)
only depends on the separation factor of the dictionary, which needs not depend on
the dimension of the Hilbert space.

The notion of separation factor of a dictionary is motivated by the concept of
mutual incoherence between orthonormal bases which was introduced by Donoho
and Huo in [DHO1]: consider By = {gi}i, and By = {gi}7_, two orthonormal
bases of the same Hilbert space H of dimension N. It is not difficult to check (see
[DHO1, Lemma VII.2]) that M (By, By) := maxy, |{gt, ¢?)| > 1/v/N. Two such bases
are said to be most mutually incoherent if M(By,By) = 1/v/N. The prime example
is the basis pair (B1, B2)=(Spikes,Sinusoids).

For a general dictionary D in a Hilbert space H (not necessarily finite dimensional)
the coherence is defined [GN03, DE03] as

(2.1) M(D) = max (g, 91)| -

It naturally generalizes the measure of mutual coherence M(By,By) to dictionaries
that are not necessarily the union of two orthonormal bases.
When H is of finite dimension N we define the separation factor

(2.2) S(D) := M(D)VN.

Clearly, if D is an orthonormal basis, then S(D) = 0, and if one can extract at least
one orthonormal basis B from D, then M (D) > 1/v/N and S(D) > 1. We will say
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that D is perfectly incoherent if S(D) = 1. We can now formulate the following
Bernstein inequality which is the first main result of this paper.

Theorem 2.1. Let D be a dictionary in a finite dimensional Hilbert space H of
dimension N, and assume that D contains an orthonormal basis B. For any 0 <
T < 2, the Bernstein inequality for ICT(D) holds with exponent o = 2(1/7 —1/2):

‘fm‘lC;(D) <Cm" HfWZ”’H7 m>1, fn, € Em(D)a
where

(2.3) C < max (\/5 (25(1)))2/7‘1).

Moreover, the exponent o = 2(1/7—1/2) is sharp for the class of perfectly incoherent
dictionaries.

Note that the sharpness of Theorem 2.1 only means that among the class of
perfectly incoherent dictionaries, there is a subfamily for which the estimate cannot
be improved. It does not rule out that some other family of particular perfectly
incoherent dictionaries satisfy an estimate with an improved exponent. The proof
of Theorem 2.1 will appear at the end of this section. First we need a few lemmas.
The first lemma is an almost trivial remark, but it will be quite useful later.

Lemma 2.2. Let D be a dictionary in a finite dimensional Hilbert space H of
dimension N, and assume that D contains an orthonormal basis B. For any 0 <
T < 2 we have for all f € H

(2.4) | Flicry < NY77V2) Fllw
Proof. Because B C D is an orthonormal system, we have the trivial estimate
| fliczoy < | fliczy < NYTV2| [

Lemma 2.3. Let D be a dictionary in a Hilbert space H. For m > 1 and any
fm = D er,, argr with card(l,) < m, we have

(2.5) (L+M(D)(L—m) Y lal* < | fI3:
kelm

Proof. We develop the expression || f[|2, = (f, f), using the fact that |{(gk, )| <
M(D), k #1, to get

AP = > lawl> = M(D) Y lawlla] +M(D) Y fal”

kel,, kJleln, k€lm
> (1+M(D)) Y |axl* = M(D)(D_ |ax])®
kel keln,
> (1 M) Y farl? — M(D) (m (Y Jaef)?)
k€l k€l
> (1+M(D)1-m) > |axl
kel

We combine the lemmas to get the following result.
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Corollary 2.4. Let D be a dictionary in a Hilbert space H. For any 0 < 7 < 2,
A>1,m<1+(AM(D))™" and any frn € X,,(D) we have the inequality

A -
(2.6) | frnlcz 0y < N1 m T2 £l

Proof. Consider f,, € ¥,,(D) and write it as fo, = >, argr with card(l,) < m.
By Lemma 2.3, if m < 14 (AM (D))" then (3, ax*)/? < /A/(A=1)|| |- By

the Bernstein inequality for finite sequences we get

‘fm‘K;’('D) < (Z ‘ak‘T)l/T < ml/‘rfl/Q(Z ’ak’2)1/2
Im Im

< VA =Dm T fle.
O

Proof of Theorem 2.1. Consider f,, € %,,(D). Corollary 2.4 proves the Bernstein
inequality with exponent 1/7 —1/2 (and a fortiori with exponent o = 2(1/7 —1/2))
and constant /A/(A—1) when 1 < m < 1+ (AM(D))~!. There remains to get
a similar estimate for m > 1+ (AM(D))~!. From Lemma 2.2 we get |f|cr(p) <
NYT=12| £l Since S(D) = M(D)V/'N, it follows that if m > 14 (AM(D))~! >

VN
m, then

[fnliczmy < AS(D)Y ™ m® VT2 £
So for all m, the Bernstein inequality holds with exponent o« = 2(1/7 — 1/2) and

constant
C(D) := min max (, [ A (AS(D))Q/H)
A>1 A—1’

Taking A = 2 yields the estimate (2.3).

To prove that the exponent o = 2(1/7 —1/2) is sharp for 1 < 7 < 2, we will build
perfectly incoherent dictionaries D in H := CV with N = P? and P an arbitrary
large integer P, and exhibit an element ey € Yop_1(Dy) with

leoliczpy = 22717 (2P — 12072 £y,

For this we let Dy := {6,}"-) be the Dirac basis for H and let Dy := {e, }) - be
the orthonormal Fourier basis for H. One easily checks that M(D; UD,) = 1/v/N.
We recall the identity

P-1 P-1
(27) Zékp — Z Cr.p = O,
k=0 k=0

which is a consequence of the fact that the “Dirac comb” is invariant under the
Fourier transform. We form the dictionary D = D; U (Dy\{ep}) with M (D) =
1/V/N = 1/P. From (2.7) we get

P-1

P—1
€0 = E Ok-p — g €L.p,
k=0

k=1
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so eg € Yop_1(D). Now consider an arbitrary expansion ey = Ziv:_ol ck5k+Zf\Sl de;
of eg in D. By the Holder inequality we have, with 1 <7 <2 and 1/7+ 1/7" =1,

1 = |{eg,e0)| < Z lck|[(Ok, eo)| < <Z |Ck‘7)1/r ‘ (Z |<5k’eo>|7,>
= <Z |Ck|T> o NYT-M(D) = <Z |Ck‘T>1/T CNIYT L L2
g k

thus |eg|xcr(p) > NV771/2 = p21/7=1/2) " The same result holds for 7 = 1. It follows
that we have found eg € Yop_1(D) which satisfies

1/

leolkz(py) > 27%(2P — 1)%[|eo||x;

with o = 2(1/7 — 1/2). O

3. DECOMPOSABLE DICTIONARIES

So far, we have obtained Bernstein inequalities for incoherent dictionaries in finite
dimensional Hilbert spaces. In Theorem 2.1, what is important is rather the upper
estimate (2.3) of the constant in the Bernstein inequality than the inequality itself.
Indeed, in finite dimension all norms are equivalent but with equivalence bounds
that generally depend on the dimension (see Lemma 2.2). In this section, we will
use the results obtained so far to get a Bernstein inequality and a corresponding
Bernstein type embedding with blockwise incoherent dictionaries in infinite
dimensional Hilbert spaces.

In the paper [DH01], Donoho and Huo considered pairs of bases with the so-called
joint block diagonal structure and the notion of blockwise mutual coherence of the
bases. As an example of such pairs of bases, they considered in H = L?[0, 2n) the
pair (Meyer-Lemarié wavelets, real bi-sinusoids), see [DHO1, Section IX]. We will
see more examples in Section 4. Here we are interested in a notion that should
generalize the joint block diagonal structure of pairs of bases to dictionaries that are
not the union of two bases. Considering the notion of decomposable dictionary
in a general Banach space X, we obtain the second main result of this paper: we
reduce the problem of obtaining a Bernstein inequality for decomposable dictionaries
to proving “blockwise” Bernstein inequalities with a uniformly bounded constant.
Combining this with our first main result from Section 2, we obtain in Section 3.2 a
Bernstein inequality for decomposable dictionaries in a Hilbert space that are also
uniformly incoherent.

We have the following definition.

Definition 3.1. A dictionary D in a Banach space X is decomposable if one can
write D = (J ; D; and decompose X as a direct sum X = +;X; where for each j,
D; is a dictionary for the subspace X;, and the projection P; onto X; exists as a
bounded linear operator on X. Thus, for any f € X, we have f = >_ ;B f. We will

refer to (Dj, Xj)j as a decomposition of D.

We will consider particular decompositions of decomposable dictionaries.
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Definition 3.2. A decomposition (Dj, Xj)j of a dictionary D in a Banach space X
is p-besselian if there exists B < oo such that

1/p
(3.1) vfex,  (MIPSI) T < Bl
J
The decomposition is p-hilbertian if there exists A > 0 such that
1/p
(3:2) viex,  Alfllx < (SIEE) "
J

If D admits a decomposition that is simultaneously p-besselian and p-hilbertian it
is said to be p-decomposable.

3.1. Bernstein inequalities. In Section 4 we will consider some examples of de-
composable dictionaries, but let us immediately state the main result: in any dictio-
nary that admits a p-besselian decomposition, it is necessary and sufficient to prove
the Bernstein inequality blockwise with a uniform constant.

Theorem 3.3. Assume (Dj,Xj)j is a p-besselian decomposition of a dictionary D

in X. Let 0 <17 <panda> 1/ —1/p. The “global” Bernstein inequality for
KZI(D) with exponent o

(33) |fm|ICI(D) S Cm® ||fm||X7 m Z 17fm € Zm(lj)

holds if, and only if, there is a uniform constant C' (independent of j) for which the
Bernstein inequalities

(34) |fm|lC;(Dj) S Cm* ||fm||X7 m Z 1,Vj, fm € Em(Dj)a
hold.

Proof. The fact that (3.3) implies (3.4) follows from the equality | f|xz(p,) = | f|xz(p)
for any j and f € X,. For a general decomposable dictionary, this equality can be
proved using the fact that P; : X — X is a bounded operator, but we need arguments
based on the original topological definition of the sparsity spaces [DT96, GN04a).
For the sake of simplicity, we give a shorter proof assuming that the expression of
the sparsity norm (1.1) holds, for D as well as D;. As D; C D we have |f|ir(p) <
| flicz(p,;), let us now prove the converse inequality. By definition we can find ¢
with f = Tc and ||| = |f|kz(p) (remember that 7" is the synthesis operator, see
e.g. Definition 1.2). Restricting ¢ to the indices of elements of D;, we get ¢ with
el < |le|le- and Te = P;Tc = P;f = f, and obtain the inequality.

We prove that (3.4) implies (3.3) as follows. For f,, € ¥,,(D) we can write
fm = >2; Pjfm (where the sum is finite over j € J with card(J) < o00), with
Pjfm € X, (D;) and Y _;m; = m. By the Holder inequality we get from (3.4), for
s := p/7 and with the usual notation 1/s+1/s' =1

D APl < CT Y mST P fully
J J

™ {m3 gl 1Pyl

IN

o8’ s
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As o > 1/7—1/p, we can check that ars’ > 1, and it follows that ¢! < (7. Hence
we have |[{m§7 ]|, = [I{m;}; 1550 < [{my b lI57 = me" as wellas [[{[[P; fmll% } |, =
I{ ||P]fm||X}j = H{HPmeHX}j”ZP < B" || fml||y which follows from the p-besselian
property of the decomposition. At this point we have the inequality

D P fulks,) < 7B fullx

J

T
/7s

and we conclude using the inequality |fyn |t py < 225 [P finlicr (D) O

3.2. (Highly redundant) blockwise incoherent dictionaries. The pair of bases
(Meyer-Lemarié wavelets, real bi-sinusoids) in H = L?[0,27) is an example of 2-
decomposable dictionary with a particular structure : each piece D; of the decom-
position is an incoherent dictionary in X;. In this section, we will see that there
exists highly redundant similarly blockwise incoherent dictionaries, and we will show
that it is possible to combine Theorems 2.1 and 3.3 to get a Bernstein embedding
even for these highly redundant dictionaries.

Definition 3.4. A dictionary D in a Hilbert space H is blockwise incoherent if
there exists a constant S and a 2-besselian decomposition (Dj, X j)j of D where for
all j, D; contains an orthonormal basis B; of X;, N; := dimX,; < oo and M(D;) <
S/y/Nj. The separation factor S(D) is the infimum of the constant S over all
admissible decompositions. We say that D is blockwise perfectly incoherent if

S(D) = 1.

Blockwise incoherent dictionaries that are simple pairs of bases have a rather low
redundancy, and they form tight frames. It is however possible to have highly re-
dundant dictionaries that are not frames but are still blockwise perfectly incoherent.
We will use the following Theorem to build examples of such dictionaries. We refer
to [CCKS97, SH02] for a proof of Theorem 3.5.

Theorem 3.5. Let N; = 271 j > 0 and consider H; = R™i. There exists a tight
frame D; in 'H; consisting of the union of 22 = N; /2 orthonormal bases for H;, such
that for any pair u,v € D;,u # v: |(u,v)| € {0, N]-_1/2}.

For N; =27, 5 >0 and H; = CYi, one can find a tight frame D; in H; consisting
of the union of N; + 1 orthonormal bases for H;, again with the perfect separation
property: u,v € Dj,u # v = [(u,v)| € {O,Nflﬂ}.

The frames from Theorem 3.5 are called Grassmannian frames due to the fact
that their construction is closely related to the Grassmannian packing problem, see
[SHO2]. In the complex case, D; can be a union of N; + 1 maximally mutually
incoherent orthonormal bases for H; = C"7, in which case D; is of size N;(N; + 1)
and the frame bound is N; + 1. For the real case, the size of D, can be as high
as N?/2 with a frame bound N;/2. Now it is easy to build a highly redundant
blockwise perfectly incoherent dictionary in H = ¢*(N).

Example 3.6. We consider the orthogonal direct sum (*(N) = @7, X; with

X; = R?"" and take a Grassmannian frame D; for X; given by Theorem 3.5.
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By construction, the dictionary D = U2, D; is decomposable and each piece is per-
fectly incoherent, but we notice that D is far from being a frame. There cannot be
any upper frame bound for D since the upper frame bound for D; is 2/. Clearly,

there is an analog example with X; = Cc?. U

For blockwise incoherent dictionaries in a Hilbert space ‘H, a Bernstein inequality
holds by Theorem 3.3 together with Theorem 2.1, because the upper bound (2.3)
on the constant of the Bernstein inequality does not depend on j. A Bernstein type
embedding follows using standard results of approximation theory [DL93, Chap. 7].

Theorem 3.7. Consider D a blockwise incoherent dictionary in H. Then for 0 <
T <2 and 0 < g < oo we have the Bernstein embedding

(3.5) AY(D) — (H,/c:(p))

with v =1/1 —1/2.
Proof. The Bernstein inequality

|fnlczmy < Cm* | fally,  m =1, fu € Zin(D),

with exponent o = 2(1/7 — 1/2) implies [DL93, Chap. 7] that, for 0 < v < « and
0 < g < o0, there is a continuous embedding

(3.6) Aj(D) — (H,KX(D))

where the right hand side is an interpolation space (for details on the real method of
interpolation, we refer to [DL93, Chap. 7] and [BS88]). Takingy=1/7—1/2 = /2
yields the result. O
It should be noted that it is an open problem whether we have the “natural” in-
terpolation result (H, ICZ(D))UM = KJ(D) with 1/n = (1/2+1/7)/2 = 1/2+~/2
for incoherent decomposable dictionaries. If this interpolation result is true, we can
identify the Bernstein embeddings A}(D) — KJ(D) with the line v = 2(1/n —1/2).
One can check that the natural interpolation result holds true for the family of
localized frames, see [Gro04] for the definition.

1/2,q

v/aq

3.3. Jackson inequalities. We notice that a general blockwise incoherent dictio-
nary in H need not be ¢3-hilbertian. This can, e.g., be verified for the dictionaries
from Example 3.6. We cannot apply [GN04a, Th. 3.2] to get a Jackson inequality for
such dictionaries. However, there are interesting ¢2-hilbertian blockwise incoherent
dictionaries. For example, a finite union of suitable orthonormal bases for H—such
as the dictionary corresponding to one of the bases pairs (Meyer-Lemarié wavelet,
real bi-sinusoids) in H = L?[0, 27) or (Haar system,Walsh system) in H = L?[0,1)-
are clearly ¢2-hilbertian. For such #3-hilbertian dictionaries we do have the Jackson
estimate. Let us state this as a Corollary to Theorem 3.7 (and of [GN04a, Th. 3.2]).

Corollary 3.8. Consider D a blockwise incoherent dictionary in H. Suppose that
D is also (3-hilbertian. Then for 0 <7 < 2 and 0 < q < 0o we have the continuous
embeddings

(3.7) Kq(D) — Ag(D) — (H,KL(D))
with o = 1/7 —1/2.

1/2,q
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3.4. Comparison of the embedding “lines” for AZ(D). In the case where we
have both a Jackson and a Bernstein embedding for A7 (D), it turns out that there is
a “gap” between the embeddings, due to the fact that the exponents a = 1/7—1/2
in the Jackson inequality and o = 2(1/7 — 1/2) in the Bernstein inequality do not
match up.

The Jackson inequality correspond to the line &« = 1/7—1/2. This means precisely
that if f “has sparsity” 7, then is can be approximated with the rate « = 1/7—1/2.
Let us prove that, for a p-decomposable dictionary, the Jackson embedding line
a =1/ —1/p is the best possible “point by point”.

Theorem 3.9. Let D be a p-decomposable dictionary in X. Assume the Jackson
type embedding K7 (D) — A% (D) holds for some 0 < 7 < p, some 0 < ¢ < 0o and
some o > 0. Then a < 1/7 —1/p.

Proof. Fix g; € D; a sequence of dictionary vectors. For any ¢ = {¢;} € 7 we
can consider f(¢) := > ;¢jg5: by the p-hilbertian property of the decomposition,
the series is seen to be unconditionally convergent in X.

The result will follow from the inequality o,,(c,B)p < Bon(f(c), D), with B
the canonical basis in /7. To prove this inequality, we proceed first as in the proof
that (3.4) implies (3.3). For f,, € ¥,,(D) we can write (as a finite sum over j € J
with card(J) < m) fu = 32; Pjfm, with Pify, € 5,,,(D;), >, m; = m. By the
p-besselian property of the decomposition, it follows that

B f(d) = full% = D llesgs = Pifullx = D les” = om(e, B,
J J¢J
Taking the infimum over f,, € ,,(D) we get o,,,(c, B)w < Boy,(f(c), D).
Let us now prove the Theorem. By assumption we have for some C' < oo and
all f e X: on(f, D)X < |flag@m™ < C|flx;@ym ™ for m > 1. Specializing to
f = f(c) we get for all ¢ € * and m > 1:

om(e,B),, < Bon(f(c), D), < BC|f(c)lkzmym™™ < BC|lelgm™.

It follows that (] — A% (B,¢") = (1, with 1/n = o+ 1/p, and this is known to be
possible only if 7 < n, i.e. if « <1/7 —1/p. 0

The Bernstein inequality for blockwise incoherent dictionaries “essentially” cor-
responds to the line o = 2(1/7 — 1/2), and Theorem 2.1 shows that the exponent
a = 2(1/7 — 1/2) cannot be generally improved. So, it is just in the nature of the
problem that the lines do generally have different slopes, and A7 (D) just cannot be
exactly characterized in terms of sparsity spaces for arbitrary blockwise incoherent
dictionaries.

4. EXAMPLES

We have already seen that examples of blockwise incoherent dictionaries can be
built in an abstract framework by concatenating pairs of perfectly incoherent bases in
finite dimensional Hilbert spaces. In particular, many examples can be built based
on sub-dictionaries of Grassmannian frames (see Example 3.6). In this section,
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however, we are interested in more “concrete” examples where the dictionaries are
built from classical systems used in harmonic analysis.

First we consider the example of the (Haar-Walsh) dictionary on L?[0,1). In or-
der to enlighten the (partial) characterization of A%(D) given by Corollary 3.8, we
try to give some characterization of the sparsity spaces KZ(D) in terms of classical
smoothness spaces. With this aim, we consider the (Dirichlet wavelet,trigonometric
system) and show that the sparsity spaces are related to the Wiener algebra and
Besov spaces on the interval. We conclude the section by some examples of block-
wise incoherent dictionaries on L?*(R) that we obtain by “patching” dictionaries on
L?0,1).

4.1. Haar-Walsh dictionary on L?[0,1). The prime example of blockwise per-
fectly incoherent dictionary in L?[0, 1) is given by the (Haar,Walsh) pair.

Example 4.1. Let By = {h,}>2, be the Haar system on [0, 1) with the standard or-
dering, and let By, = {W,,}5°, be the Walsh system on [0, 1) with the Paley ordering,
see e.g. [GES91]. Then D = By UByy is a 2-decomposable dictionary in X = L?[0, 1)
with Xo = span{1} and for j > 1, X; = span{h,}> .} , = span{W,}> .} ,. with
D; = Bpu,; U By, where By, is the set of Haar functions at scale j, By, the
set of Walsh functions at “frequency” indices [2771,27 — 1]. We have Ny = 1 and
N; = dim(X;) = 2771, j > 1. One can check, see e.g. [GESI1], |(h,w)| = Nj_l/2 for
any Haar wavelet h and Walsh function w in the space X, i.e. By ; and Byy; are
maximally mutually incoherent.

Corollary 4.2. For D = By U By the union of the Haar and Walsh orthonormal
bases in H = L*[0,1], and 0 < 7 < 2 the embeddings (3.7) hold true.

4.2. Dirichlet wavelets and trigonometric system. The Haar and Walsh sys-
tems both consist of only piecewise continuous functions, which may be a problem
when analyzing very smooth functions. A smooth analogue is given by the (Meyer-
Lemarié wavelets, real bi-sinusoids) example of Donoho and Huo [DHO1], but let us
consider here a similar example, given by the trigonometric system and the “Dirich-
let wavelet” [Woj97, Tem99, Tem00]. Define e,, : t — €™ m € Z. For j > 0 and
k=0,1,...,2 — 1, we define

(4.1) U (t) = W0t — k27)
with
20+l
(4.2) Uio(t) =272 3" en(t)
m=27

The system {eo} U{W,x, j >0, k =0,1,...,2/ — 1} is an orthonormal basis for
H?(0,1), see [W0j97], and can easily be extended to an orthonormal basis for L?(0, 1)
using {¥;x(x), j >0, k=0,1,...,2 —1}.

Example 4.3. Consider By = {em }m>0 and Bp = {eo} U {¥; 1 }j>0%, the trigono-
metric and “Dirichlet wavelet” orthonormal bases for H?(0,1), respectively. Let
D = Br U Bp: it is easily seen to be 2-decomposable in H*(0,1) = &,;X;, where
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X_1 = span(e), and X; = Span(em)72:;12;1 = span(\l’jﬁ)ij:’ol, j > 0. We have
N; =dim(X,) =27, j > 0. As above one easily checks that the dictionary D; in X
is perfectly incoherent. The reader can check that the result has a straightforward

extension to L?(0,1).

As D = By U Bp forms an incoherent dictionary in H?(0,1) (resp. in L?(0,1))
consisting of smooth atoms we have the Corollary:

Corollary 4.4. For D = Br U Bp the union of the trigonometric and “Dirichlet
wavelet” orthonormal bases in H = H*(0,1) (resp. in L*(0,1)), and 0 < 7 < 2 the
embeddings (3.7) hold true.

Next we will (partially) characterize the sparsity spaces K7(Br U Bp) in terms
of classical smoothness spaces. First, let us verify that it is possible to completely
characterize the Besov space B;(L”[0,1)) using the Dirichlet wavelet. We need the
following Lemma, which we have included for the sake of completeness.

Lemma 4.5. Let P; be the projection defined on L?[0,1) for j >0 by

P

j(Zamem(t)) = ) amen(t).

mez 27 <|m|<2i+1

Then, for1 <p<oo,0<qg<oo ands >0

[e.e]

1/p
Flsguriony = (Z[zﬁupjfup]q)

§=0
where the constants in the equivalence may depend on p,q, s.

Proof. Let ¢ € C*(R) with supp(¢) C {€: 7/2 < [§] < 27} such that 3, #(277¢) =
1 for £ # 0. Define ®;(t) = >, .5 #(2rm277)e,,,(t). Then by definition (see [Tri83])

oo

1/p
Be(aon) = (Z[zsfucbj . f||p1q) |

j=1

f

Notice that [|[® * f||, = ||Fof]l, and using the support restriction imposed on ¢
and the fact that the P;’s are uniformly bounded on L?[0, 1) by the Riesz projection
theorem, we have for 7 > 1,

1P fllp = [P [(Rj1 + Pjs2) * flllp < ClH (s + Pjisa) * fllp,
and conversely for j > 0,
1)z % fllp = [|Pj2 # [(Pif + Pipa) flllp < CNPf + Piga) fllp,

where uniform boundedness of the convolution operators induced by the ®;’s follows
by using the Hormander-Mihlin multiplier theorem. Using these two estimates we
reach the wanted conclusion. 0

Using Lemma 4.5 we can easily get the following characterization.
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Corollary 4.6. For the Dirichlet wavelet system defined by (4.1) and (4.2), which
is normalized in L*(0,1), and for any 1 < p < oo,

271

q/p\ 1/a
. (22”“/2 (X (w0l + 1 T0R)) )

k=0

/5

Proof. A consequence of Wojtaszczyk’s result [Wojo97] is the fact that, uniformly in
Js

1P, fll, = 270721/ ( S %;;»V’) |
k=0

where f denotes the orthogonal projection onto span{ex}r>o of f. From th(g iso-
morphism between H?(0,1) and LP(0,1), see [Woj97] we have || P; f|l, < (||P; |5 +

HPj?Hg)l/p and the conclusion follows using Lemma 4.5. O

Remark 4.7. For 1 < p < o0, as ||V, |, < 270/271/P) Corollary 4.6 shows that for
the basis BY, of Dirichlet wavelets normalized in L? we have

|flBe@r)) < | lkzsey, a=1/7=1/p. O

As the trigonometric system By is simultaneously normalized in L?(0, 1) for all p,
we know [GNO4c, Cor. 1] that, with a = 1/7 — 1/p,

K:(BT U 8%7 Lp[07 1)) = ’C:(BTa Lp[ov 1)) + K:(Bf)u Lp[ov 1))
= KI(Br,L"[0,1)) + B (L7[0,1)).

The sparsity space K7 (Br, LP[0, 1)) is exactly the range of the Fourier transform on
(™(Z), so a prominent special case is K}(Br, L?[0,1)) = W (Z), the Wiener algebra.

In Corollary 4.4, we have to consider the case p = 2, thus we get two sided em-
beddings between the approximation classes and (interpolation of) sparsity spaces.
On the Jackson side, we have to consider

K2 (Br U Bp) = K7(Br) + B (LT[0, 1))
with & = 1/7 — 1/2. The norm in such a space is characterized by
- = ] f — T ([T
|f|’C7—(BTUBD) geggl(%[o’l)) |f g|]C_,.(BT) + |g|BT(L [0,1))

= emrto) |f = glicz sy + 19182 (L7 10,1))-

Although the norm on KZ(Br U Bp) is given explicitly, one would like a more
straightforward alternative expression for this norm. However, more information
about CT(Br) and B*(L7(0,1)) NKIZ(Br) is needed in order to derive such a charac-
terization, and we leave this as a challenge for the reader. Another open question is
how to characterize the interpolation spaces (L?[0,1), KZ(Br U BY, LP[0, 1))) It
is unlikely that this interpolation family can be expressed in terms of any classmal
function spaces.
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4.3. Examples on L*(R): patching dictionaries for L?[0,1). Based on examples
of blockwise incoherent dictionaries in L?[0, 1), there is a simple construction on
L*(R). Indeed, for any 1 < p < oo, we can construct a p-decomposable dictionary
in X = LP(R) as follows.

Example 4.8. Let P, be the projection given by P, f(z) = Xnn+1)(z)f(x). Clearly

LP(R) = —i—nPan(R),
1/p
1l = (Z IIPnf||Z> |

nez
and as dictionary D, in P,L*(R) we can take any (perfectly) incoherent dictionary
such as the (Haar,Walsh) system or the (Dirichlet wavelet, trigonometric) system
on [0,1) translated to [n,n + 1). The resulting dictionary D = U, D,, is blockwise
(perfectly) incoherent.

This example can easily be refined by using smooth projections associated with a
uniform partition of R, see [AWW92]. Dictionaries associated with such a smooth
partition can then be created using Wickerhauser’s method to construct smooth
localized bases [Wic93].

5. CONCLUSION

We have studied Bernstein inequalities for some classes of redundant dictionaries
in a Banach space. For dictionaries in a Hilbert space, that are blockwise incoher-
ent, we have derived an explicit sharp Bernstein inequality. Using examples based
on Grassmannian frames we have shown that the Bernstein inequality is valid even
for some highly redundant dictionaries. For 2-hilbertian blockwise incoherent dic-
tionaries in a Hilbert space, we have both a sharp Bernstein and a sharp Jackson
inequality. The exponents of the inequalities do not match so one cannot quite
get a complete characterization of the associated approximation spaces, but only a
two-sided embedding of the approximation spaces. It is in the nature of the approx-
imation space that it cannot be exactly characterized in terms of sparsity spaces in
this case, and by combining two mutually incoherent bases, one gets an approxi-
mation space that is strictly larger than the sum of the individual approximation
spaces.
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