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In this survey we discuss properties of specific methods of approximation that
belong to a family of greedy approximation methods (greedy algorithms). It is
now well understood that we need to study nonlinear sparse representations
in order to significantly increase our ability to process (compress, denoise,
etc.) large data sets. Sparse representations of a function are not only a
powerful analytic tool but they are utilized in many application areas such
as image/signal processing and numerical computation. The key to finding
sparse representations is the concept of m-term approximation of the target
function by the elements of a given system of functions (dictionary). The
fundamental question is how to construct good methods (algorithms) of ap-
proximation. Recent results have established that greedy-type algorithms are
suitable methods of nonlinear approximation in both m-term approximation
with regard to bases, and m-term approximation with regard to redundant
systems. It turns out that there is one fundamental principle that allows us
to build good algorithms, both for arbitrary redundant systems and for very
simple well-structured bases, such as the Haar basis. This principle is the use
of a greedy step in searching for a new element to be added to a given m-term
approximant.
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Preface

This section provides a general introduction. Each chapter has its own more
specific introduction. A generic problem of mathematical and numerical
analysis is to approximate a function f from a Banach space X in the norm
|| -]| of this space. There are two major approaches to this problem that lead
to two different branches of mathematical analysis. In approach (I) we begin
with an assumption of how an approximant should look. In other words, in
approach (I) we specify the form of an approximant. In approach (II) we
begin with an assumption on the information available about f. Here are
typical settings that fall into approach (I).

(Ta) An approximant comes from a given linear subspace L,, of dimension
n (algebraic polynomials of degree n — 1, trigonometric polynomials
of appropriate order, splines with n — 1 fixed knots).

(Ib) An approximant comes from a nonlinear set (rational functions; m-
term approximant with respect to a given system, splines with fixed
number of free knots).

The following are typical settings for approach (II).

(ITa) Information on f is given by a vector (f(z1),...,f(x,)), for some
given set (x1,...,z,) of points, or some set that we can choose de-
pending on the problem.

(ITb) The above setting (IIa) has a more general formulation with the func-
tionals f(x;) replaced by arbitrary linear functionals X;(f).

In this survey we mostly concentrate on approach (I). We will only touch
upon approach (II) in Section 2.9 in a discussion of compressed sensing. Ap-
proach (II) is the main issue for information-based complexity (see Traub,
Wasilkowski and Wozniakowski (1988)). A very important question in ap-
proach (I) is how to choose an appropriate form of approximants. This ques-
tion has been intensely studied in approximation theory, and resulted in the
invention of the concept of width. In 1936 A. N. Kolmogorov introduced the
following quantity (known as Kolmogorov’s width) for a compact F' C X:

dn(F, X) = iilfjsclellgaiengn | f —all,

where L,, is an n-dimensional linear subspace of X. The Kolmogorov width
d,(F, X) of a compact F'is an important characteristic of I’ that states that
the best we can achieve in approximating functions from F' by elements of
linear subspaces of dimension n is d,(F, X). Therefore, if one can find an
n-dimensional subspace L} and an approximation method A, : F' — L
such that, for any f € F,

Hf - An(f)” < (1 +€)dn(F7 X),
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then A, is an almost ideal approximation method for F' with respect to
the Kolmogorov width. Thus, the concept of width provides a very nice
theoretical way to compare optimal approximation methods. The major
drawback of this approach from a practical point of view is that, in order
to initialize a procedure of selection of L} and A,, we need to know the
function class F. In many contemporary practical problems we have no
idea which class to choose in place of F'.

There are two ways to overcome the above problem. The first one is to
return (in spirit) to the classical setting that goes back to Chebyshev and
Weierstrass. In this setting, we fix a priori the form of the approximant
(say, approximation by algebraic polynomials of degree n, as in the case of
Chebyshev and Weierstrass) and look for an approximation method that is
optimal, or near-optimal, for each individual function from X. For example,
the approximation method that picks the algebraic polynomial of degree n
of best approximation to f in X is an optimal method of approximation
by algebraic polynomials of degree n. However, such an obvious optimal
method of approximation may not be good from the perspective of practi-
cal implementation. This leads to the following natural setting. We specify
not only the form of the approximant, but also choose a specific method of
approximation (for instance, one known to be suitable for practical imple-
mentation). Now, we have a precise mathematical problem of studying the
efficiency of our specific method of approximation. We discuss this problem
in detail here. It turns out that a convenient and flexible way of measuring
the efficiency of a specific approximation method is to derive the corre-
sponding Lebesgue-type inequalities. Remember that we would like this
method to work for all functions; therefore, it should at least converge for
each f € X, and hence convergence is a fundamental theoretical problem.
In this survey we thoroughly discuss the problem of convergence for greedy
algorithms.

The second way to overcome the above-mentioned drawback of a method
based on the concept of width consists in weakening the a priori assumption
that f is an element of F'. Instead of looking for an approximation method
that is optimal (or near-optimal) for a given single class F', we look for
an approximation method that is near-optimal for each class from a given
collection F of classes. Such a method is called universal for F. Univer-
sal algorithms have been studied in approximation theory (see Temlyakov
(1988, 2003a)) and in learning theory (see, for instance, Temlyakov (2005¢)).
In this survey we do not further discuss universal algorithms, but refer the
reader to the survey of Temlyakov (2003a).

In this survey we discuss properties of specific methods of approximation
that belong to a family of greedy approximation methods (greedy algo-
rithms). Realizing approach (I) mentioned above, we need to specify the
form of the approximant. We use a concept of sparsity in dealing with
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this problem. It is now well understood that we need to study nonlinear
sparse representations in order to significantly increase our ability to pro-
cess (compress, denoise, etc.) large data sets. Sparse representations are not
only a powerful analytic tool but are used in many application areas, such
as image/signal processing and numerical computation. The key to finding
sparse representations is the concept of the m-term approximation of the
target function by the elements of a given system of functions: a dictionary.
Since the elements of the dictionary used in the m-term approximation are
allowed to depend on the function being approximated, this type of approx-
imation is very efficient when the approximants can be found. Thus, we
specify the form of our approximant as an m-term approximant with regard
to a given system of functions. It is clear that this method of approximation
is a particular case of nonlinear methods of approximation.

The past decade has seen great success in studying nonlinear approxima-
tion, motivated by numerous applications: see the surveys by DeVore (1998)
and Temlyakov (2003a). Nonlinear approximation is important in applica-
tions because of its concise representations and increased computational
efficiency. Two types of nonlinear approximation are frequently employed
in applications. Adaptive methods are used in PDE solvers, while m-term
approximation, considered here, is used in image/signal/data processing,
as well as in the design of neural networks. The fundamental question of
nonlinear approximation is how to devise good constructive methods, or
algorithms, of nonlinear approximation. This problem has two levels of
nonlinearity. The first level of nonlinearity is m-term approximation with
regard to bases. In this problem one can use the unique function expansion
with regard to a given basis to build an approximant. Nonlinearity enters
by looking for m-term approximants with terms (i.e., basis elements in the
approximant) allowed to depend on the given function. We discuss m-term
approximation with regard to bases in detail in Chapter 1. On the second
level of nonlinearity, we replace a basis by a more general system which is
not necessarily minimal, for example, a redundant system, or dictionary.
This setting is much more complicated than the bases case; however, there
is a solid justification of the importance of redundant systems in both the-
oretical questions and in practical applications: see, for instance, Schmidt
(1906), Huber (1985) and Donoho (2001). In Chapters 2 and 3 we dis-
cuss approximation by linear combinations of elements that are taken from
a redundant (overcomplete) system of elements. We give a brief discus-
sion of the question: Why do we need redundant systems? Answering this
question, we first mention three classical redundant systems that are used in
different areas of mathematics. Perhaps the first example of m-term approx-
imation with regard to a redundant dictionary was considered by Schmidt
(1906), who considered the approximation of functions f(z,y) of two vari-
ables by bilinear forms " ; u;(z)v;(y) in L2([0, 1]2). This problem is closely
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connected to properties of the integral operator J¢(g) := fol flz,y)g(y)dy
with kernel f(x,y).

Another example which is well known in statistics is the projection pur-
suit regression problem. We formulate the related setting in the language
of function theory. Given a bounded domain ©Q C R¢, the problem is to
approximate a given function f € Lo(€2) by a sum of ridge functions, i.e.,
by Z?:N"j(wj -x), for z,w; € R? j=1,...,m, where rj, j=1,...,m, are
univariate functions.

The third example is from signal processing. In signal processing the
most popular methods of approximation are wavelets and the system of
Gabor functions {gap(r — ¢) : gap(r) = care=b* g 0 e R, b e Ry}
The Gabor system gives more flexibility in constructing an approximant
but it is a redundant, not minimal, system. It also seems natural to use
redundant systems in modelling analysing elements for the visual system;
see the discussion in Donoho (2001).

Thus, in order to address the contemporary needs of approximation theory
and computational mathematics, a very general model of approximation
with regard to a redundant system, or dictionary, has been considered in
many recent papers. As such a model, we choose a Banach space X whose
elements are our target functions, and an approximating system which can
be any subset D of elements of this space such that the closure of spanD
coincides with X. We would like to have an algorithm to construct m-term
approximants that, at each step, adds only one new element from D and
keeps elements of D previously obtained. This requirement is an analogue of
on-line computation that is very desirable in practical algorithms. Clearly,
we are looking for good algorithms which, at least, converge for each target
function. It is not obvious that such an algorithm exists in a setting at the
above level of generality (X, D are arbitrary).

The fundamental question is how to construct good methods, or algo-
rithms, of approximation. Recent results have established that greedy-type
algorithms are suitable methods of nonlinear approximation, in both m-
term approximation with regard to bases, and m-term approximation with
regard to redundant systems. It turns out that there is one fundamental
principle that allows us to build good algorithms both for arbitrary redun-
dant systems and for very simple well-structured bases such as the Haar
basis. This principle is the use of a greedy step in searching for a new ele-
ment g.,,(f) € D to be added to a given m-term approximant, by which we
mean that g,,(f) € D should maximize a certain functional determined by
information from the previous steps of the algorithm. We obtain different
types of greedy algorithms by varying the above-mentioned functional and
also by using different ways of constructing the m-term approximant (i.e.,
choosing coefficients of the linear combination) from the previously found m
elements of the dictionary. In Chapters 2 and 3 we present different greedy-
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type algorithms, beginning with a very simple and very natural Pure Greedy
Algorithm in a Hilbert space, and ending with its rather complicated modi-
fications in a Banach space. The general goal of different modifications is to
prepare the corresponding greedy algorithms for practical implementation.
We discuss this issue in detail in Chapters 2 and 3.

It is known that in many numerical problems, users are satisfied with
a Hilbert space setting and do not consider a more general setting in a
Banach space. We now give one remark that justifies our interest in Banach
spaces. The first argument is an a priori argument that the spaces L, are
very natural, and should be studied along with the Lo-space. The second
argument is an a posteriori argument. The study of greedy approximation
in Banach spaces discovered that one very important characteristic of a
Banach space X that governs the behaviour of greedy approximations is
the modulus of smoothness p(u) of X (see Section 3.1 for details). It is
known that the spaces L,, 2 < p < oo have moduli of smoothness of the
same order u?. Thus, many results that are known for the Hilbert space
Lo, and were proved using the special structure of a Hilbert space, can be
generalized to the Banach spaces L,, 2 < p < oo. The new proofs use
only the geometry of the unit sphere of the space expressed in the form
p(u) < yu?.

The theory of greedy approximation is developing rapidly and results
are spread over hundreds of papers by different authors. There are several
surveys that discuss greedy approximation: see DeVore (1998), Temlyakov
(2003a), Konyagin and Temlyakov (2002), Wojtaszczyk (2002a) and Tem-
lyakov (2006b). There are no books on greedy approximation at present.
We decided to include in this survey proofs of the most important and
typical results. In the majority of cases these proofs are not technically
involved and allow the reader to understand a phenomenon much better
than merely stating results. We have tried to make the presentation of
ideas and techniques of greedy approximation sufficiently systematic to be
used in a graduate course on greedy approximation.

We will use C, C(p,d), Cp 4, etc., to denote various positive constants,
the indexes indicating dependence on other parameters. We will use the
following symbols for brevity. For two non-negative sequences a = {a,}>>
and b = {b,}°2,, the relation, or order inequality, a, < b, means that
there is a number C(a, b) such that, for all n, we have a,, < C(a,b) b,; and
the relation a, < b, means that a, < b, and b, < a,. Other notation is
defined in the text itself.
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CHAPTER ONE
Greedy approximation with respect to bases

1.1. Introduction

It is well known that in many problems it is very convenient to represent
a function by a series with respect to a given system of functions. For
example, in 1807 Fourier suggested representing a 2m-periodic function by
its series (now known as the Fourier series) with respect to the trigonometric
system. A very important feature of the trigonometric system that made it
attractive for the representation of periodic functions is orthogonality. For
an orthonormal system B := {b,}°2; of a Hilbert space H with an inner
product (-,-), one can construct a Fourier series of an element f in the
following way:

f’\' Z<f’ bn>bn (1.1.1)
n=1

If the system B is a basis for H, then the series in (1.1.1) converges to f in
H and (1.1.1) provides the unique representation

f = Z<f’ bn>bn (1'1'2)
n=1

of f with respect to B. This representation has nice approximative proper-
ties. By Parseval’s identity,

1£1? = ZI foba)l?, (1.1.3)

we obtain a convenient way to calculate, or estimate, the norm || f]|.
It is known that the partial sums

Sm(f:B) ==Y (f,bn)bn (1.1.4)

n=1

provide the best approximation, that is, deﬁning

E.(f,B) = 1nf ‘f by, (1.1.5)
to be the distance of f from the span{by,..., m}, we have
1f = Sm(f, B)|| = Em(f,B). (1.1.6)

Identities (1.1.3) and (1.1.6) are fundamental properties of Hilbert spaces
and their orthonormal bases. These properties make the theory of approx-
imation in H from the span{bi,..., by}, or linear approximation theory,
simple and convenient.
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The situation becomes more complicated when we replace a Hilbert space
H by a Banach space X. In a Banach space X we consider a Schauder
basis ¥ instead of an orthonormal basis B in H. In Section 1.2 we discuss
Schauder bases in detail. If ¥ := {¢,,}"2, is a Schauder basis for X, then
for any f € X there exists a unique representation

f= Z an(f)¥n
n=1

that converges in X.
Theorem 1.2.3 states that the partial sum operators S,,, defined by

S (£, 0) 1= an(f)tbn,
n=1

are uniformly bounded operators from X to X. In other words, there exists
a constant B such that, for any f € X and any m, we have

[Sm (f, W) < B £]-
This inequality implies the following analogue of (1.1.6): for any f € X,

1f = Sm(f, O < (B+1)En(f, V), (L.1.7)
where
m
Ep(f,¥) = inf ‘f =D catbnl-
{en} n=1
Inequality (1.1.7) shows that the S,,(f, ¥) provides near-best approxima-
tion from span{t1,...,%¥n}. Thus, if we are satisfied with near-best ap-

proximation instead of best approximation, then the linear approximation
theory with respect to Schauder bases becomes simple and convenient. The
partial sums Sy, (-, ¥) provide near-best approximation for any individual
element of X.

Motivated by computational issues, researchers became interested in non-
linear approximation with regard to a given system instead of linear approxi-
mation. For example, in the case of representation (1.1.2) in a Hilbert space,
one can take an approximant of the form

SA(f,B) =D (£, bu)bn, |A] =m,

neA

instead of an approximant Sy, (f, B) from an m-dimensional linear subspace.
Then the two approximants S,,(f,B) and Sx(f, B) have the same sparsity:
both are linear combinations of m basis elements. However, we can achieve
a better approximation error with Sy (f, B) than with S,,(f, B) if we choose
A in the right way. In the case of a Hilbert space and an orthonormal
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basis B, an optimal choice A,, of A is obvious: A,, is a set of m indices
with the biggest (in absolute value) coefficients (f, b,). Then, by Parseval’s
identity (1.1.3), we obtain

1f = San (£ B < [If = Sm(f, B)-

Also, it is clear that the Sy, (f, B) realizes the best m-term approximation
of f with regard to B,

lf = Sa,, (f,B)|| = om(f,B) == inf inf

. 1.1.8
A:|Al=m {cn} ( )

‘f - Z Cnbn
neA

The approximant Sy, (f,B) can be obtained as a realization of m itera-
tions of the following greedy approximation step. For a given f € H we
choose at a greedy step an index n; with the biggest |(f, b,,)|. At a greedy
approximation step we build a new element fi := f — (f, by, )bn, -

The identity (1.1.8) shows that the greedy approximation works perfectly
in nonlinear approximation in a Hilbert space with regard to an orthonormal
basis B.

This chapter is devoted to a systematic study of greedy approximation
in Banach spaces. In Section 1.2 we discuss the following natural question.
Equation (1.1.8) proves the existence of the best m-term approximant in
a Hilbert space with respect to an orthonormal basis. Further, we discuss
existence of the best m-term approximant in a Banach space with respect
to a Schauder basis. That discussion illustrates that the situation with
existence theorems is much more complex in Banach spaces than in Hilbert
spaces. We also give some sufficient conditions on a Schauder basis that
guarantee existence of the best m-term approximant. However, the problem
is far from being completely solved.

The central issue of this chapter is the following question. Which bases
are suitable for greedy approximation? Greedy approximation with regard
to a Schauder basis is defined in a similar way to the greedy approximation
with regard to an orthonormal basis (see above). The greedy algorithm
picks the terms with the biggest (in absolute value) coefficients from the
expansion

F = an(f)n, (1.1.9)
n=1

and gives a greedy approximant
G (f,0) = Sa, (£, ) = Y an(f)thn.
nelAm

Here, A,, is such that |A,,| = m and

. |
2, a1 gy el
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We note that we need some restrictions on the basis ¥ (see Sections 1.3
and 1.4 for a detailed discussion) in order to be able to run the greedy
algorithm for each f € X. It is sufficient to assume that ¥ is normalized.
We make this assumption for our further discussion in the Introduction.

An application of the greedy algorithm can also be seen as a rearrange-
ment of the series from (1.1.9) in a special way: according to the size of
coeflicients. Let

|an1‘ > ’an2| >

Then
G (%) = an;(f)n;-
j=1

Thus, the greedy approximant G,,(f, ¥) is a partial sum of the rearranged
series

> an, (f)n,- (1.1.10)
j=1

An immediate question with (1.1.10) is: When does this series converge?
The theory of convergence of rearranged series is a classical topic in analy-
sis. A series converges unconditionally if every rearrangement of this series
converges. A basis ¥ of a Banach space X is said to be an unconditional
basis if, for every f € X, its expansion (1.1.9) converges unconditionally.
For a set of indices A define

SA(f, ) == an(f)n.
neA

It is well known that if ¥ is unconditional then there exists a constant K
such that, for any A,

ISa(f, W)l < K £l (1.1.11)

This inequality is similar to ||.S,,(f, ¥)|| < B||f|| and implies an analogue of
(1.1.7):

1f = Salfs 0)| < (K +1)Ex(f, ), (1.1.12)
where
Ex(f, V) = {l?f} ‘f - chﬂ)n .

neA

Inequality (1.1.12) indicates that in the case of an unconditional basis ¥
it is sufficient for finding near-best m-term approximant to optimize only
over the sets of indices A. The greedy algorithm G,,(-,¥) gives a sim-
ple recipe for building A,,: pick the indices with biggest coefficients. In
Section 1.3 we discuss in detail when the above simple recipe provides a
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near-best m-term approximant. It turns out that the assumption that W is
merely unconditional does not guarantee that Gy, (-, V) provides a near-best
m-term approximation. We also discuss a new class of bases (greedy bases)
that has the property that G,,(f, ¥) provides a near-best m-term approxi-
mation for each f € X. We show that the class of greedy bases is a proper
subclass of the class of unconditional bases.

It follows from the definition of an unconditional basis that any rearrange-
ment of the series in (1.1.9) converges. It is known that it converges to f.
The rearrangement (1.1.10) is a specific rearrangement of (1.1.9). Clearly,
for an unconditional basis ¥, (1.1.10) converges to f. It turns out that un-
conditionality of ¥ is not a necessary condition for convergence of (1.1.10)
for each f € X. Bases that have the property of convergence of (1.1.10) for
each f € X are exactly the quasi-greedy bases (see Section 1.4).

Let us summarize our discussion of bases in Banach spaces. Schauder
bases are natural for convergence of Sp,(f, ¥) and convenient for linear ap-
proximation theory. Other classical bases, namely, unconditional bases, are
natural for convergence of all rearrangements of expansions. The needs of
nonlinear approximation, or, more specifically, the needs of greedy approx-
imation lead us to new concepts of bases: greedy bases and quasi-greedy
bases. The relations between these bases are the following:

{greedy bases} C {unconditional bases} C
{quasi-greedy bases} C {Schauder bases}.

All the inclusions C are proper inclusions. In this chapter we provide a jus-
tification of the importance of the new classes of bases. With a belief in the
importance of greedy bases and quasi-greedy bases, we discuss here the fol-
lowing natural questions. Could we weaken a rule of building Gy, (f, ¥) and
still have good approximation and convergence properties? We answer this
question in Sections 1.5 and 1.6. What can be said about classical systems,
say, the Haar system and the trigonometric system, in this regard? We
discuss this question in Sections 1.3 and 1.7. How to build the approxima-
tion theory (mostly, direct and inverse theorems) for m-term approximation
with regard to greedy-type bases? Section 1.8 is devoted to this question.

1.2. Schauder bases in Banach spaces

Schauder bases in Banach spaces are used to associate a sequence of numbers
with an element f € X: these are the coefficients of f with respect to a
basis. This helps in studying properties of a Banach space X. We begin with
some classical results on Schauder bases: see, for instance, Lindenstrauss
and Tzafriri (1977).

Definition 1.2.1. A sequence ¥ := {1,,}°° ; in a Banach space X is called
a Schauder basis of X (basis of X) if, for any f € X, there exists a unique
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sequence {an}>° = {an(f)}72 such that

f= Z anPnp.
n=1
Let .
So(f) =0, S(f) = Sm(f,¥) = > an(f)tbn.
n=1

For a fixed basis W, consider the following quantity:
I/l := sup [[Sm (f, ©) .
m

It is clear that, for any f € X we have
A< NFI < oo (1.2.1)

It is easy to see that || - || provides a norm on the linear space X. Denote
this new normed linear space by X?.

Proposition 1.2.2. The space X° is a Banach space.

Theorem 1.2.3. Let X be a Banach space with a Schauder basis ¥. Then
the operators S;, : X — X are bounded linear operators and

sup ||Sm|| < oo.
m

The proof of this theorem is based on the following fundamental theorem
of Banach.

Theorem 1.2.4. Let U, V be Banach spaces and T be a bounded linear
one-to-one operator from V to U. Then the inverse operator 7! is a
bounded linear operator from U to V.

We specify U = X, V = X®, and let T be the identity map. It follows
from (1.2.1) that T is a bounded operator from V to U. Thus, by Theo-
rem 1.2.4, T~! is also bounded. This means that there exists a constant C'
such that, for any f € X, we have ||f|| < C|/f||. This completes the proof
of Theorem 1.2.3.

The operators {5y, }o°_; are called the natural projections associated with
a basis U. The number sup,, ||.S,|| is called the basis constant of the basis W.
A basis whose basis constant is one is called a monotone basis. It is clear that
an orthonormal basis in a Hilbert space is a monotone basis. Every Schauder
basis ¥ is monotone with respect to the norm ||f| := sup,, ||Sm(f, ¥)|l,
which was already used above. Indeed, we have

I1Sm (Il = sup |Sn (S ()l = sup [ISu(HI < IF]-
n 1<n<m
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The above remark means that for any Schauder basis ¥ of X we can renorm
X (take X*) to make the basis ¥ monotone for a new norm.

Theorem 1.2.5. Let {z,}"2; be a sequence of elements in a Banach space
X. Then {z, }72; is a Schauder basis of X if and only if the following three
conditions hold.

(a) x, # 0 for all n.

(b) There is a constant K such that, for every choice of scalars {a;}°; and
integers n < m, we have

n m
E QT E QT
i=1 i=1

(c) The closed linear span of {z,}>%; coincides with X.

<K

We note that for a basis ¥ with the basis constant K, we have for any
feX

1f = Sm(f, ©)|| < (K 4 1) inf

{ex}

’f DI

k=1

Thus, the partial sums S,,(f, V) provide near-best approximation from
Span{'d]la s ﬂj)m}

Let a Banach space X, with a basis ¥ = {4} }72,, be given. In order
to understand the efficiency of an algorithm providing an m-term approx-
imation we compare its accuracy with the best-possible accuracy when an
approximant is a linear combination of m terms from W. We define the best
m-term approximation with regard to ¥ as follows:

= e

keA

nf

o) i= o, ¥)x = in

)

X

where the infimum is taken over coefficients ¢ and sets of indices A with
cardinality |A| = m. We note that in the above definition of o,,(f, ¥)x the
system ¥ may be any system of elements from X, not necessarily a basis
of X.

An immediate natural question is when the best m-term approximant
exists. This question is a more difficult problem than the corresponding
problem in the case of linear approximation. The problem of existence
of best m-term approximant with regard to a basis has not been studied
thoroughly. We present here some results in this direction.

Let us proceed to the approximation problem setting. Let a subset A C X
be given. For any f € X, let

A(f, 4) = d(f, A)x = inf |~ a
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denote the distance from f to A, or in other words the best approximation
error of f by elements from A in the norm of X. To illustrate some relevant
techniques in this direction, let us prove existence theorems in the following
two settings.

S1 Let X = L,(0,27), 1 < p < o0, or X = L(0,27) := C(0,27) be
the set of 2w-periodic functions. Consider A to be the set X, of all
complex trigonometric polynomials or ¥,,(R) of all real trigonometric
polynomials which have at most m non-zero coefficients:

Y 1= {t it = cheikm, #A < m},

keA
Ym(R) = {t it = Z ay, cos kx + Z bpsinkx, #HA + #Ay < m}
ke keAo

We will also use the following notation in this case:

Jm(f, T)X = d(f, Em)X
S2 Let X = L,(0,1), 1 < p < oo and let A be the set % of piecewise
constant functions with at most m — 1 break-points at (0, 1).

In the setting S2 we prove here the following existence theorem (see De-
Vore and Lorenz (1993), p. 363).

Theorem 1.2.6. For any f € L,(0,1), 1 < p < oo, there exists g € »s
such that

d(f, Z0)p = I1f = glp-
Proof. Fix the break-points 0 = yo < y1 < -+ < Ym—1 < Ym = 1, let

y = (Yo,--.,Ym), and let Sp(y) be the set of piecewise constant functions
with break-points y1, ..., ym—1. Further, let

h(fp= dnf I ~all,

From the definition of d(f, ¥5),, there exists a sequence y’ such that

e%(f)p — d(f, Efu)p
when ¢ — oo. Considering a subsequence of {y}, if necessary we can assume
that y* — y* for some y* € R™*!. Now we consider only those indices j
for which y}il =+ y}" Let A denote the corresponding set of indices. Take a
positive number e satisfying

. * *
€< rjrgg(yj —Yi_1)/3,

and consider ¢ such that

ly* =¥l < € where [lyllos = max yil. (1.2.2)
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By the existence theorem in the case of approximation by elements of a
subspace of finite dimension, for each y* there exists
m
TN i
g(fiy' ) => CiXlyi il
j=1

where xg denotes the characteristic function of a set F, with the property

1f = g(f, 5o = e (f)y-

For i satisfying (1.2.2) and j € A we have \c;| < C(f,€), which allows us to
assume (passing to a subsequence if necessary) the convergence

zligloc; =cj, JjEA
Consider
9(f,€) =D eixty;_ )
JEA
Let Uc(y) := U;(y; — €, 95 + €) and introduce G := [0, 1] \ Uc(y*). Then we
have

[ 15 =atrop = im [ 17— gyt < (s 550
G 1= Ja
Letting ¢ — 0, we complete the proof. O

We proceed now to the trigonometric case S1. We will give the proof in
the general d-variable case for 7¢ := 7 x --- x T (d times) because this
generality does not introduce any complication. The following theorem was
essentially proved in Baishanski (1983). The presented proof is taken from
Temlyakov (1998c¢).

Theorem 1.2.7. Let 1 < p < co. For any f € L,(T%) and any m € N,
there exists a trigonometric polynomial ¢,, of the form

tin(z) = cnel®"), (1.2.3)
n=1

such that
Um(fa Td)p = Hf - thp‘ (1‘2-4)

Proof. We prove this theorem by induction. Let us use the abbreviated
notation o, (f)p = om(f, T,

First step. Let m = 1. We assume o1(f), < ||f|lp, because in the case
o1(f)p = ||fllp the proof is trivial: we take t; = 0. We now prove that
polynomials of the form ce!(*%) with big |k| cannot provide approximation

with error close to o1(f),. This will allow us to restrict the search for an
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optimal approximant clei(k’l’x) to a finite number of k!, which in turn will
imply the existence.

We introduce a parameter N € N, which will be specified later on, and
consider the following polynomials:

Kn(w):= Y (1 - ‘Nk|>eik“, u €T, (1.2.5)

|k|<N

and
d
Kn(z) := HICN(CL'j), z=(z1,...,2q9) € T
j=1

The functions I are the Fejér kernels. These polynomials have the follow-
ing property (for (1.2.6) see Zygmund (1959, Chapter 3, Section 3)):

IKn|1 =1, N=1,2,.... (1.2.6)
Consider the operator
(Kn(9)(x) = (2m) | (@ =y)g(y) dy. (1.2.7)
Let
en(9) == llg = Kn(9)llp- (1.2.8)

It is known that for any f € L,(T%) we have ey — 0 as N — co. For fixed
N take any k € Z? such that ||k|lc > N. Consider g(z) = f(z) — celk?)
with some c. Using (1.2.5) and (1.2.6), we get on the one hand

KN (H)llp = 1EN(9lp < [l9]lp- (1.2.9)
On the other hand, we have
IEN (Ol = 1 fllp = 1Lf = KEn(Hllp = I fllp — en(f)- (1.2.10)

Therefore, combining (1.2.9) and (1.2.10) we obtain, for all k, ||k||cc > N,
and any c,

1f (2) = e ®D ) = [l —en(f). (1.2.11)
Making N big enough, we get
1fllp — en(f) = (IFllp + o1(f)p)/2- (1.2.12)
Relations (1.2.11) and (1.2.12) imply
— inf o i(k,z)
(= inf_ @) = @],

which completes the proof for m = 1, by the existence theorem in the case
of approximation by elements of a subspace of finite dimension.
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General step. Assume that Theorem 1.2.7 has already been proved for
m — 1. We prove it for m. If 0,,(f)p = om-1(f)p, we are done, by the
induction assumption. Let 0y, (f)p < om—1(f)p. The idea of the proof in
the general step is similar to that in the first step.

Take any k',..., k™. Assume [|&/||oc < |E™|l0cs 5 = 1,...,m — 1, and
|£™]|c > N. We prove that a polynomial with frequencies k!,..., k™ does
not provide good approximation. Take any numbers c1, ..., ¢;,, and consider

fm-1(z) Zce'””)

g(z) = fm,l(:n) — el ")

Then, replacing f by fi,—1, we get in the same way as above the estimate

m
70 - Yo 2 0atr)y - en(h), (12.13)
j=1 P
We remark here that the analogue to (1.2.10) looks as follows:

> om—1(f)p — If = Kn(f)llp
> om—1(f)p —en(f)-

Making N big enough, we derive from (1.2.13) that
m .

1nf Hf Z Cjei(kﬂgc) >7
j=1 P

where the infimum is taken over k7 satisfying the restriction ||k?| s < N for
all j =1,...,m. In order to complete the proof of Theorem 1.2.7, it remains
to remark that, by the existence theorem in the case of approximation by
elements of a subspace of finite dimension, the inside infimum can always
be replaced by minimum, and the outside infimum is taken over a finite set.
This completes the proof. O

(

KN (frn1)llp 2 om—1 (KN (f))p
(
(

7y = int

Cj J=

Concerning the problem of uniqueness of the best approximant, we will
only make a remark that shows that in the m-term nonlinear approximation
we can hardly expect the unicity. Let us consider problem S1 on best m-
term trigonometric approximation in a particular case X = Lg(0, 27). Take

n
— Z elkx )
k=1

Clearly, o1(f)2 = (n —1)'/2 and each e**, k = 1,...,n may serve as a best
approximant.
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We can prove the following existence theorem (see Temlyakov (2001a)) in
a similar way to the proof of Theorem 1.2.7.

Theorem 1.2.8. Let ¥ be a monotone basis of X. Then, for any x € X
and any m € N, there exist A, |Ay| < m, and {c] : i € A;;,} such that

Hf— Z ci i

1€Am

=on(f, V).

Here is one more existence theorem from Temlyakov (2001a).

Theorem 1.2.9. Let ¥ be a normalized (||¢x]| = 1, K = 1,...) Schauder
basis of X with the additional property that v converges weakly to 0.
Then, for any f € X, and any m € N, there exist A, |An,| < m, and
{c} :i € Ay, } such that

Hf— >

i€Am

=on(f, V).

Proof. The proof is a development of ideas from Baishanski (1983). In
order to sketch the idea of the proof, let us consider first the case m = 1.
Let

If — ci, ¥, || = o1(f, V), n— oco. (1.2.14)
If

liminf k,, < o0,
n—oo

then there exists k and a sequence {a, } such that
| f — anti|| — o1(f, ¥), n — occ. (1.2.15)

Using the fact that ¥ is a Schauder basis, we infer from (1.2.15) that the
sequence {a,} is bounded. Choosing a convergent subsequence of {a,}, we
construct an a such that

If = atpi|| = o1 (f, ©),
which proves existence in this case. Assume now that

lim k, = oo.

Let Fy be a norming (peak) functional for f: F¢(f) = ||f||, ||[Fr|| = 1. Then
f f f
1f = Vil 2 Fr(f = cr¥r,) = [ fIl = i Fr(¥r,)- (1.2.16)

Relation (1.2.14) implies boundedness of {cx,, }, and therefore, by weak con-
vergence to 0 of {1}, we get from (1.2.16) and (1.2.14) that

o1(f, %) = I £]-
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Thus we can take 0 as a best approximant. Let us now consider the general
case of m-term approximation. Let

m
fre=) iy, kY<K < <k,
Jj=1

be such that
1f = £ = om(f, V).

Then we have

] < M (1.2.17)
for all n,j with some constant M. Assume that we have
linrr_1>ioréf k} < oo, for some (possibly none) j =1,...,1 <m,
nlingo k} = oo, for some (possibly none) j =1+1,...,m.

Then, as in the case of m = 1 we find A, |A| <[, and a subsequence {ns}32,

such that
e = Y erthr =ty (1.2.18)
keA keA

Consider the norming functional Fy_,. We have from (1.2.17), (1.2.18) and
weak convergence of {¢} to 0 that

Fr_y(f" —y) — 0, ass— oo.
Thus
If =yl = Fr—y(f —y) = Fpy(f = f™ + /™ =)
SN =1l + [E—y(f™ = )| = om(f, 9),
as s — 00. This implies that
If =yl = om(f, ¥),
which completes the proof of Theorem 1.2.9. U]
The following observation is from Wojtaszczyk (2002b).

Remark 1.2.10. It is clear from the proof of Theorem 1.2.9 that the
condition of weak convergence of 1, to 0 can be replaced by the condition
y(1) — 0 for every y € Y. Here, Y C X* is such that, for all f € X,

Il =" sup |y(f)l-

yeY|lyl<1

Also, Wojtaszczyk (2002b) contains an example of an unconditional basis
U and an element f such that the best m-term approximation of f with
regard to ¥ does not exist.



GREEDY APPROXIMATION 255

1.3. Greedy bases

Let a Banach space X, with a basis ¥ = {¢}}32,, be given. We assume
that [[¢g]] > C > 0, k = 1,2,..., and consider the following theoretical
greedy algorithm. For a given element f € X we consider the expansion

f=Y clf, 0. (1.3.1)
k=1

For an element f € X we say that a permutation p of the positive integers
is decreasing if

ek, (f, ©)| > ey (f,9)] > -+, (1.3.2)

where p(j) = kj, for j = 1,2,..., and write p € D(f). If the inequalities are
strict in (1.3.2), then D(f) consists of only one permutation. We define the
mth greedy approximant of f, with respect to the basis ¥ corresponding to
a permutation p € D(f), by the formula

G (f) = Gm(f,0) := Gm(f, 0, p) = > _ i, (f, O,
j=1

We note that there is another natural greedy-type algorithm based on or-
dering ||cx(f, W)kl instead of ordering absolute values of coefficients. In
this case we do not need the restriction ||¢%| > C > 0, k = 1,2,.... Let
A (f) be a set of indices such that

min ||exp(f, ¥ > max ||cg(f, ¥ .
min oy (£ 00| 2 amase (£, )0

We define G;X (f, ¥) by the formula

GX(f.0) =Sy, (p) (£, ), where Sp(f):=Sp(f,¥):=_ cxl(f, V).
keE

It is clear that for a normalized basis (||vg|| = 1, &k = 1,2,...) the above
two greedy algorithms coincide. It is also clear that the above greedy al-
gorithm G:X (-, ¥) can be considered as a greedy algorithm G, (-, ¥), with
U= {¢Y/|| Ykl }52, being a normalized version of the W. Thus, we will
concentrate on studying the algorithm G, (-, ¥). In the above definition of
Gm (-, ¥) we impose an extra condition on a basis W: infy ||[¢k| > 0. This
restriction allows us to define G,,(f,¥) for all f € X. For the sake of
completeness we will also discuss the case

inf [y | = 0. (1.3.3)
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In this case we define the G,,,(f, ¥) in the same way as above, but only for
f of a special form:

F=> alf, O, [V]< oo (1.3.4)

key

The above algorithm G, (-, ¥) is a simple algorithm which describes the
theoretical scheme for m-term approximation of an element f. We call this
algorithm the Greedy Algorithm (GA). In order to understand the efficiency
of this algorithm we compare its accuracy with the best-possible accuracy
when an approximant is a linear combination of m terms from W. We define
the best m-term approximation error with respect to W as follows:

F=> Ckwk

keA

om(f) = om(f,¥)x := mf

Y

where the infimum is taken over coefficients ¢ and sets of indices A with
cardinality |A| = m. The best we can achieve with the algorithm G, is

If = Gm(f, ¥, p)llx = om(f, ¥)x,
or the slightly weaker

If = Gl f, ¥, p)llx < Gom(f,¥)x, (1.3.5)

for all elements f € X, and with a constant G = C(X, ¥) independent of
f and m. It was mentioned in the Introduction (see (1.1.8)) that, when
X = H is a Hilbert space and B is an orthonormal basis, we have

Let us begin our discussion with an important class of bases: wavelet-
type bases. For X = L,, we will write p instead of L,. Let H := {Hy}}2,
denote the Haar basis on [0, 1) normalized in Ly(0,1). We denote by H,, :=
{Hpp}32, the Haar basis ‘H renormalized in L,(0,1), which is defined as
follows: Hip, =1on [0,1) and, for k=2"+1,1=1,2,...,2", n=0,1,...,

Mr. g e|(20—2)27" 1 (20 —1)2 "),
Hypp=1<{ —2MP, gel2—1)271 21271,
0, otherwise.

We will use the following definition of the L,-equivalence of bases. We
say that U = {14 }?2, is Ly-equivalent to ® = {¢;}72, if for any finite set
A and any coeflicients ¢, k € A, we have

> k]| <[ Ck¢k

keA keA

Cl(p7\II,(I>) < 02 p7\I/ (I)

)1 ern

keA

p p
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with two positive constants C1(p, ¥, ®), Co(p, ¥, ®) which may depend on
p, ¥, and ®. For sufficient conditions on ¥ to be L,-equivalent to H, see
Frazier and Jawerth (1990) and DeVore, Konyagin and Temlyakov (1998).
In particular, it is known that all reasonable univariate wavelet-type bases
are L,-equivalent to H for 1 < p < co. We proved the following theorem in
Temlyakov (1998a).

Theorem 1.3.1. Let 1 < p < 0o and let a basis ¥ be L,-equivalent to
the Haar basis H. Then, for any f € L,(0,1), we have

If = GL(f, ©)llp < Cp, W)om(f, ¥)p
with a constant C'(p, V) independent of f and m.

By a simple renormalization argument we obtain the following version of
Theorem 1.3.1.

Theorem 1.3.1A. Let 1 < p < oo and let a basis ¥ be L,-equivalent to
the Haar basis H,. Then, for any f € L,(0,1) and any p € D(f), we have

||f - Gm(fv \I/> P)Hp < C(p7 \I/)O'm(f, \I/)P

with a constant C'(p, ¥) independent of f, p, and m.

We note that Temlyakov (1998a) also contains a generalization of The-
orem 1.3.1 to the multivariate Haar basis obtained by the multi-resolution
analysis procedure. These theorems motivated us to consider the general
setting of greedy approximation in Banach spaces. We concentrated on
studying bases which satisfy (1.3.5) for all individual functions. Defini-
tions 1.3.2-1.3.4, below, are from Konyagin and Temlyakov (1999a).

Definition 1.3.2. We call a basis ¥ a greedy basis if, for every f € X (in
the case infy, [|1%]| > 0) and for f of the form (1.3.4) (in the case infy, || Vx| =
0), there exists a permutation p € D(f) such that the inequality

If = Gm(f, ¥, p)llx < Gom(f, ¥)x (1.3.6)

holds with a constant independent of f, m.

Theorem 1.3.1A shows that each basis ¥ which is Lj-equivalent to the
univariate Haar basis H, is a greedy basis for L,(0,1), 1 < p < co. We
note that for a Hilbert space each orthonormal basis is a greedy basis with
a constant G = 1 (see (1.3.6)).

We now give the definitions of unconditional and democratic bases.

Definition 1.3.3. A basis ¥ = {¢;,}?°, of a Banach space X is said to
be unconditional if, for every choice of signs 6 = {0;}7°,, 0 = 1 or —1,
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k=1,2,..., the linear operator My defined by

My (Z @k¢k> = axbiy
k=1

k=1

is a bounded operator from X into X.

Definition 1.3.4. We say that a basis ¥ = {¢;,}7° is a democratic basis
for X if there exists a constant D := D(X, ¥) such that, for any two finite
sets of indices P and @ with the same cardinality |P| = |Q|, we have

> >
keP keQ

We proved in Konyagin and Temlyakov (1999a) the following theorem.

<D

Theorem 1.3.5. A basis is greedy if and only if it is unconditional and
democratic.

This theorem gives a characterization of greedy bases. Further investiga-
tions (Temlyakov 19985, Cohen, DeVore and Hochmuth 2000, Kerkyachar-
ian and Picard 2004, Gribonval and Nielsen 20015, Kamont and Temlyakov
2004) showed that the concept of greedy bases is very useful in direct and
inverse theorems of nonlinear approximation and also in applications in
statistics.

Let us make a remark on bases ¥ that satisfy condition (1.3.3). In this
case the greedy algorithm G, (-, V) is defined only for f of the form (1.3.4).
However, if U is a greedy basis, then by Theorem 1.3.5 it is democratic, and
therefore satisfies the condition infy ||¢k|| > 0. Thus, there are no greedy
bases satisfying (1.3.3).

An interesting generalization of m-term approximation was considered in
Cohen et al. (2000). Let W = {47} be a basis indexed by dyadic intervals.
Take an a and assign to each index set A the following measure:

Do(A) == |I]™
IeA

In the case @ = 0 we get ®o(A) = |A|. An analogue of best m-term approx-
imation is as follows:
F=Y e

IeA

inf inf
A®o (A)<m cr,IEA

p

A detailed study of this type of approximation (restricted approximation)
can be found in Cohen et al. (2000).

We now elaborate on the idea of assigning to each basis element v, a non-
negative weight wy. We discuss weight-greedy bases and prove a criterion
for weight-greedy bases similar to that for greedy bases.
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Let ¥ be a basis for X. As above, if inf, ||¢,|| > 0 then ¢,(f) — 0 as
n — oo, where

f= Z cn(f)n.
n=1

Then we can rearrange the coefficients {c,(f)} in the decreasing order

’Cm(f)‘ = ’an(f” EARRE

and define the mth greedy approximant as

Gm(f,\ll) = chk(f)¢nk (137)
k=1
In the case inf,, ||, | = 0 we define G,,,(f, ¥) by (1.3.7) for f of the form
F=Y"en(f)tn, |Y]<oo. (1.3.8)

ney

Let a weight sequence w = {w,}5°{, w, > 0, be given. For A C N, denote

n=1»
w(A) := ", cp Wn. For a positive real number v > 0 define

F=> buthn

neA

WF W) = inf
o (/: 1) (b} Aw(A)<v

Y

where A are finite.
We present results from Kerkyacharian, Picard and Temlyakov (2006).

Definition 1.3.6. We call a basis ¥ a weight-greedy basis (w-greedy ba-
sis) if for any f € X in the case inf,, ||¢),|| > 0 or for any f € X of the form
(1.3.8) in the case inf,, ||1,|| = 0, we have

If = Gl £ W) < Caoln (£ D),
where A,, is obtained from the representation
Gm(f, ) = Z cn(f)¥n,  |Am|=m.
T'LEA'm

Definition 1.3.7. We call a basis ¥ a weight-democratic basis (w-demo-
cratic basis) if, for any finite A, B C N such that w(A4) < w(B), we have

> tn >

neA neB

<Chp

Theorem 1.3.8. A basis VU is a w-greedy basis if and only if it is uncon-
ditional and w-democratic.

Proof. 1 We first prove the implication

unconditional + w-democratic = w-greedy.
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Let f be any function, or a function of the form (1.3.8) if inf, ||¢,| = 0.
Consider

G (f,0) =D enlf)on =: So(f).
new

We take any finite set P C N satisfying w(P) < w(Q). Then our assumption
wy, > 0, n € N implies that either P = @Q or @ \ P is non-empty. As in the

Introduction, let
F=> buthn.

nepP

Ep(f,¥) = mf

Then, by unconditionality of ¥, we have (see (1.1.12))

If = Sp(NHIl < (K +1DEPR(f, ). (1.3.9)

This (with P = @) completes the proof in the case O'w(Q)(f, V) = Eq(f, V).
Suppose that Uﬁ(Q)(f, U) < Eg(f,¥). Clearly, we may now consider only
those P that satisfy the following two conditions:

w(P) <w(Q) and Ep(f,¥) < EqQ(f,¥).
For P satisfying the above conditions we have Q \ P # (). We estimate
1F = SN < WIf = Sp(HI+ I1Sp(f) = Sa(H]l- (1.3.10)
We have
Sp(f) = Sq(f) = Sp\q(f) — So\p(f)- (1.3.11)
As for (1.3.9) we get
[1So\p(NIl < KEp(f,¥). (1.3.12)

It remains to estimate ||Sp\q(f)||. By unconditionality and w-democracy
in the case of a real Banach space X, we have

ISPl §2Kn1él1§<(cz|c"(f)‘ > (1.3.13)
neP\Q
<2KCp Ienln lea(DI| Y- || < CE)CpSoup ()]
neQ\P

In the case of a complex Banach space X the above inequalities hold with
2K replaced by 4K. Combining (1.3.9)—(1.3.13), we complete the proof of
part 1. U]
IT We now prove the implication

w-greedy =- unconditional + w-democratic.
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IIa We begin with the following one:

w-greedy = unconditional.
We will prove a slightly stronger statement.

Lemma 1.3.9. Let ¥ be a basis such that, for any f of the form (1.3.8),
we have

where

neA

Then ¥ is unconditional.

Proof. 1t is clear that it is sufficient to prove that there exists a constant
Cy such that, for any finite A and any f of the form (1.3.8), we have

ISA(HI < Coll£1-
Let f and A be given and A C [1, M]. Consider
far = S (f)-

Then | ful]l < Cg| f|l- We take a b > maxi<p<nr |cn(f)| and define a new
function

9= far = Sa(far) +5 D tn.

neA
Then
Gm(9: %) =b> by, m:=]A],
neA
and
Ex(9, %) < |[[fumll-
Thus,

[far = Sa(fa)ll = llg — Gm(g, O)|| < CEA(g, ) < C| full-
Therefore,
ISACON = 1Sa(fan)ll < Coll f1I- L]
ITb It remains to prove the implication
w-greedy = w-democratic.
First, let A, B C N, w(A) < w(B), be such that AN B = (). Consider
f= an—i-(l—i-e)zwn, e > 0.

neA neB
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Then
Gm(f, ) =(1+€ > tn, m:=|B|

neB

an’(He).

neB

and

EA(fJ \I]) <

Therefore, by the w-greedy assumption we get

> >

neA neB

Now let A, B be any finite subsets of N for which w(A) < w(B). Then,
using the unconditionality of ¥ proved in Ila and the above part of IIb, we

<C(l+e)

obtain
an<’2¢n+ > tn
neA neA\B neANB
<C|| Y | HE|D || SCifl D .
neB\A neB neB
This completes the proof of Theorem 1.3.8. U]

Theorems 1.3.5 and 1.3.8 show that greedy = unconditional + demo-
cratic. We now show that unconditionality does not imply democracy, and
vice versa.

Unconditionality does not imply democracy. This follows from prop-
erties of the multivariate Haar system H? = H x H defined as the tensor
product of the univariate Haar systems H (see (1.3.14) below).

Democracy does not imply unconditionality. Let X be the set of all
real sequences © = (1,2, ...) such that

N

S

n=1

2] x = sup
NeN

is finite. Clearly, X equipped with the norm || - || x is a Banach space. Let
v € X, k= 1,2,..., be defined as (¢), = 1 if n = k and (¢x), = 0
otherwise. Let Xy denote the subspace of X generated by the elements .
It is easy to see that {¢y} is a democratic basis in Xy. However, it is not
an unconditional basis, since

:m’
X

>t
k=1
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but

m

> (=D

k=1

We let H, := {Hyp}32, be the Haar basis ‘H renormalized in L,([0,1)).
We define the multivariate Haar basis Hg to be the tensor product of the

=1

X

univariate Haar bases: Hg i=Hp X -+ X Hyp;
Hup(z) = Hy, p(21) - Hyyp(xa), = (21,...,24), n=(n,...,nq).

Supports of functions Hy, ), are arbitrary dyadic parallelepipeds (intervals).
It is known (see Temlyakov (2002a)) that the tensor product structure of
the multivariate wavelet bases makes them universal for approximation of
anisotropic smoothness classes with different anisotropy. It is also known
that the study of such bases is more difficult than the study of the univariate
bases. In many cases we need to develop new techniques and in some cases
we encounter new phenomena. For instance, it turns out that the democratic
property does not hold for the multivariate Haar basis Hg for p # 2. The
following relation is known for 1 < p < oo:

sup 1f = G (s Hlp/om (f, H) = (logm)@=DIVERL 0 (1.3.14)
€Ly

The lower bound in (1.3.14) was proved by R. Hochmuth; the upper bound
in (1.3.14) was proved in the case d = 2, 4/3 < p < 4, and was conjectured
for all d, 1 < p < oo, in Temlyakov (1998b). The conjecture was proved in
Wojtaszczyk (2000).

Let us return to the problem of finding a near-best m-term approximant
of f € X with regard to a basis W. This problem consists of two subprob-
lems. First, we need to identify a set A,, of m indices that can be used in
achieving near-best m-term approximation of f. Second, we need to find
the coeflicients {cy}, k € Ap,, such that the approximant ), . cxty pro-
vides near-best approximation of f. It is clear from the properties of an
unconditional basis ¥ that, for any f € X and any A, we have (see (1.1.12))

f— Zcm

keA

< (C'in
{ex}

Hf = el V)

keA

Therefore, in the case of an unconditional basis ¥ the second subproblem
is easy: we can always choose the expansion coefficients cx(f, V), k € A.
Theorem 1.3.5 shows that if a basis ¥ is simultaneously unconditional and
democratic then the first subproblem is also easy: it follows from the def-
inition of greedy basis that the algorithm of choosing the m biggest in
absolute-value coefficients gives the set A,,.
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It would be very interesting to understand how we can find A,, in the
case when we only know that ¥ is unconditional. The following special
case of the above problem is of great interest: X = L,([0,1]%), d > 2, ¥ is
the multivariate Haar basis Hg, 1 < p < oo. It is known from Temlyakov
(1998b), Wojtaszczyk (2000) and Kamont and Temlyakov (2004) that the

function
St / t |3 1] )
P

neA neA
plays a very important role in estimates of the m-term greedy approximation
in terms of the best m-term approximation. For instance (see Temlyakov

(19985)),

/ inf
D A:| A=k

,u(m,Hg) = sup( sup
k<m \A:|A|=k

Lp
If = Gt (£, Hllp < C(p, ), Hy)om (f. Hy)p, 1 <p<oo. (1.3.15)
The following theorem gives, in particular, upper bounds for u(m, Hg).

Theorem 1.3.10. Let 1 < p < co. Then, for any A, |A| = m, we have for
2<p<o0

Z cnHyp

C’; 4mPmin |ep| <
’ ncA
neA

< C’Iidml/”(log m)" D) max ||,
p neA

and for 1 <p <2

3 mli/r( —h(p,d) <
pam P (logm) min [eq| <

Z cnHnp

< C’;ldml/p max |cp,
’ neA
neA

p

where h(p,d) := (d —1)|1/2 —1/p|.

Theorem 1.3.10 for d = 1, 1 < p < oo was proved in Temlyakov (1998a),
and for d = 2, 4/3 < p < 4 it was proved in Temlyakov (1998b). Theo-
rem 1.3.10 in the general case was proved in Wojtaszczyk (2000). It is known
(Temlyakov 2002¢) that the extra log factors in Theorem 1.3.10 are sharp.

Let ¥ be a normalized basis for L,([0,1)). For the space L,([0,1)%) we
define ¥¢:= ¥ x --- x ¥ (d times), and

Yn(z) = Yp, (1) -+ Yny(za), forz=(z1,...,24), n=(n1,...,nq9).

In Kerkyacharian et al. (2006) we proved the following theorem using a
proof whose structure is similar to that from Wojtaszczyk (2000).

Theorem 1.3.11. Let 1 < p < oo and let ¥ be a greedy basis for
L,([0,1)). Then, for any A, |A| =m, we have for 2 < p < oo

Z cnYn

C5 mMPmin |en| <
neA
neA

p;

< Cg}dml/p(log m)" P9 max ||,
p neA
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and for 1 <p <2

T oml/P( —h(p.d) 1 <
pam P (logm) min || <

Z cnn

< CS P max |eq,
’ neA
neA

p

where h(p,d) := (d —1)|1/2 —1/p|.

Inequality (1.3.15) was extended in Wojtaszczyk (2000) to a normalized
unconditional basis ¥ for X instead of Hg for L,([0,1)%). Therefore, as a

corollary of Theorem 1.3.11 we obtain the following inequality for a greedy
basis ¥ (for L,([0,1)))

1f = Gre(f, 9D, < C(0, d, p)(logm)" P Ve, (f,99),, 1 <p< oo

(1.3.16)
1.4. Quasi-greedy and almost greedy bases
In Section 1.3 we imposed the condition
i]%f |kl > 0 (1.4.1)

on a basis ¥, to define G,,(f, ¥) for all f € X. We noticed that in the
case of a greedy basis this condition is always satisfied. In this section we
assume that (1.4.1) is satisfied.

Let us discuss the question of weakening the requirement that a basis be
a greedy basis. We begin with a concept of quasi-greedy basis that was
introduced in Konyagin and Temlyakov (1999a).

Definition 1.4.1. We call a basis ¥ a quasi-greedy basis if, for every
f € X and every permutation p € D(f), we have

1Gm(f5 ¥, )l x < Cllfllx (1.4.2)

with a constant C' independent of f, m, and p.

It is clear that (1.4.2) is weaker then (1.3.6). Wojtaszczyk (2000) proved
the following theorem.

Theorem 1.4.2. A basis V¥ is quasi-greedy if and only if, for any f € X
and any p € D(f), we have

If = Gm(f, ¥, p)[| =0 asm — oc. (1.4.3)

Theorem 1.4.2 allows us to use (1.4.3) as an equivalent definition of a
quasi-greedy basis. We give one more equivalent definition of a quasi-greedy
basis.

Definition 1.4.3. We say that a basis ¥ is quasi-greedy if there exists a
constant Cg such that, for any f € X and any finite set of indices A having
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the property
. . 1.4.4
gg£|ck(f)| > Iiléﬁ(‘ck(f)’v (1.4.4)

we have
1Sa(f, ©)[| < Coll fI- (1.4.5)

It is clear that for elements f with the unique decreasing rearrangement
of coefficients (#D(f) = 1), inequalities (1.4.2) and (1.4.5) are equivalent.
By slightly modifying the coefficients and using the continuity argument we
deduce that (1.4.2) and (1.4.5) are equivalent for general f.

We now continue a discussion from Section 1.3 of relations between the
following concepts: greedy basis, unconditional basis, democratic basis, and
quasi-greedy basis. Theorem 1.3.5 states that greedy = wunconditional +
democratic. 1t is clear from the definition of quasi-greedy basis that an
unconditional basis is always a quasi-greedy basis. We now give an example
from Konyagin and Temlyakov (1999a) of a basis that is quasi-greedy and
democratic (even superdemocratic) and is not an unconditional basis.

It is clear that an unconditional and democratic basis W satisfies the
following inequality:

> Okt

keP

< Dg

> ert

ke@

, (1.4.6)

for any two finite sets P and @, |P| = |Q|, and any choices of signs 0 = £1,
ke P,and ¢, = £1, k € Q.

Definition 1.4.4. We say that a basis ¥ is a superdemocratic basis if it
satisfies (1.4.6).

Theorem 1.3.5 implies that a greedy basis is a superdemocratic one. Now
we will construct an example of a superdemocratic quasi-greedy basis which
is not an unconditional basis, and therefore, by Theorem 1.3.5, is not a
greedy basis.

Let X be the set of all real sequences = = (z1, z2,...) € Iy such that

N
n=1

[[[ly = sup
NeN

is finite. Clearly, X equipped with the norm

- 1l = max([] - Iz, [ - []1)

is a Banach space. Let ¥y € X, k = 1,2,..., be defined as (¢x), = 1 if
n =k and (¢y), = 0 otherwise. Let X denote the subspace of X generated
by the elements 1. It is easy to see that ¥ = {1} is a democratic basis in
Xo. Moreover, it is superdemocratic: for any ki, ..., k,, and for any choice
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of signs,
Vm < |y || < 2v/m. (1.4.7)
j=1
Indeed, we have
>t | =vm,
j=1 2
D E || <D 1/Vi<2vm,
j=1 1 =1
and (1.4.7) follows. However, ¥ is not an unconditional basis since, for
m > 2,
S/ VE| = 31k = logim
k=1 k=1
but
Z(—l)kwk/\/g" = y/logm.
k=1

We now prove that the basis ¥ constructed above is a quasi-greedy basis.
Assume || f|| = 1. Then, by definition of || - | we have

> le(HIP <1, (1.4.8)
k=1

and for any M

M
> a(HETV <1 (1.4.9)
k=1
It is clear that for any A we have
ISA(F, ©) [y < [l < 1. (1.4.10)

We now estimate || Sa(f, ¥)||1. Let A be any finite set of indices satisfying
(1.4.4), and let

o = min |c(f)].

If & = 0, then Sp(f, V) = f and (1.4.5) holds. Therefore consider a > 0,
and, for any N, let

AT(N):={keA:k> N}, AT(N):={keA: k< N}
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By Holder’s inequality we have, for any IV,

2/3 1/3
3 |ck<f>\k1/2g( > |Ck<f>|3/2> (Zk3/2> (L411)

keAT(N) kEAT(N) k>N

2/3
v (X PRl ) < @N)

keA+(N)

Choose N, := [@~2] + 1. Then, for any M < N, we have by (1.4.9) that

M
Yo DR < D (R Yoo alHE?
k=1

keA— (M) k¢ A= (M), k<M

< +

M
<l+a) kP <142aMP <1 (1412)
k=1

For M > N, we get using (1.4.11) and (1.4.12)

Yoo < Y aEA e Y a1 <
keA— (M) keA—(Na) keEAT(Nq)
Thus

[SA(f, )|l < C,

which completes the proof.

The above example and Theorem 1.3.5 show that a quasi-greedy basis
is not necessarily a greedy basis. Further results on quasi-greedy bases
can be found in Wojtaszczyk (2000) and Dilworth, Kalton, Kutzarova and
Temlyakov (2003).

The above discussion shows that a quasi-greedy basis is not necessarily
an unconditional basis. However, quasi-greedy bases have some properties
that are close to those of unconditional bases. We formulate two of them
(see, for instance, Konyagin and Temlyakov (2002)).

Lemma 1.4.5. Let ¥ be a quasi-greedy basis. Then, for any two finite
sets of indices A C B and coefficients 0 < t < |a;| < 1, j € B, we have

> ajib > azy

jeA jeB

< CO(X,¥,t)

It will be convenient to define the quasi-greedy constant K to be the least
constant such that

G (DI < KIIfIl and [If = Gu(N)Il < K[ f]l,  feX.
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Lemma 1.4.6. Suppose V is a quasi-greedy basis with a quasi-greedy
constant K. Then, for any real numbers a; and any finite set of indices P,

we have
> > aji >

Jjer JjeEP Jjer

<

2\—1 __
(4K%)™" min |a;| < 2K max aj|

We note that the mth greedy approximant G,,(x, V) changes if we renor-
malize the basis ¥ (replace it by a basis {\,¥,}). This gives us more flex-
ibility in adjusting a given basis ¥ for greedy approximation. Let us make
one observation from Konyagin and Temlyakov (2003a) along these lines.

Proposition 1.4.7. Let U = {4, }°°; be a normalized basis for a Banach
space X. Then the basis {e,}22 4, e, := 2", n = 1,2,... is a quasi-greedy
basis in X.

We proceed to an intermediate concept of almost greedy basis. This con-
cept was introduced and studied in Dilworth et al. (2003). Let

oo
=" cn(f)v
k=1
We define the following expansional best m-term approximation of f:

nlf) = on(£.0) = int £~ S cu(yi|

ASAl= koA

It is clear that
om(f, ¥) < am(f, ¥).

It is also clear that for an unconditional basis ¥ we have
F(f, ) < Cop(f, ).

Definition 1.4.8. We call a basis ¥ an almost greedy basis if, for every
f € X, there exists a permutation p € D(f) such that we have the inequality

1f = Gl £, p)lx < Cm(f, W), (1.4.13)
with a constant independent of f and m.

The following proposition follows from the proof of Theorem 3.3 of Dil-
worth et al. (2003) (see Theorem 1.4.10 below).

Proposition 1.4.9. If ¥ is an almost greedy basis then (1.4.13) holds for
any permutation p € D(f).

The following characterization of almost greedy bases was obtained in
Dilworth et al. (2003).
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Theorem 1.4.10. Suppose V is a basis of a Banach space. The following
are equivalent.

A W is almost greedy.
B VU is quasi-greedy and democratic.

C For any (respectively, every) A > 1 there is a constant C' = C) such
that

In order to give the reader an idea of relations between ¢ and ¢ we present
an estimate for &, (f, ¥) in terms of o,,(f, ¥) for a quasi-greedy basis W.
For a basis ¥ we define the fundamental function

©(m) := sup Zwk )

lAl<mllpea

We also need the following function:

¢(m) ;= inf Z@bk .

Al=
Al=mlli A

The following inequality was obtained in Dilworth et al. (2003).

Theorem 1.4.11. Let ¥ be a quasi-greedy basis. Then, for any m and r
there exists a set F, |[E| < m + r such that

(r+1)

In Section 1.3, in addition to bases ¥ satisfying (1.4.1), we discussed a
more general case that included bases satisfying (1.3.3). In the latter case
we defined the greedy algorithm G, (f, ¥) for functions f of the form (1.3.4).
We gave a definition of a greedy basis in the general case, which included
those bases satisfying (1.3.3). However, the characterization of greedy bases
given by Theorem 1.3.5 excluded bases satisfying (1.3.3). We note that a
similar attempt to include bases ¥ satisfying (1.3.3) into the consideration
of quasi-greedy bases does not work. Indeed, let ¥ be a normalized un-
conditional basis and consider a renormalized basis W' := {1} := k™3¢ }.
Clearly, ¥’ is also an unconditional basis, and therefore inequality (1.4.2) is
satisfied for any f of the form (1.3.4). However, for the function

Fi=) k=) kg,
k=1 k=1

we cannot apply the algorithm G, (-, ¥/) because the expansion coefficients
are not bounded.

I — Su(f.0)] < 0(1 i (f”””)am<f, w).
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1.5. Weak Greedy Algorithms with respect to bases

The greedy approximant G,,(f, ¥) considered in Sections 1.3 and 1.4 was
defined to be the sum

Z cr; (f, W),
=1

of the expansion terms with the m biggest coefficients in absolute value (see
(1.3.2)). In this section we discuss a more flexible way to construct a greedy
approximant. The rule for choosing the expansion terms for approximation
will be weaker than in the greedy algorithm G,,(-, ¥). Instead of taking m
terms with the biggest coefficients we now take m terms with near-biggest
coefficients. We proceed to a formal definition of the Weak Greedy Algo-
rithm with regard to a basis W. We assume here that ¥ satisfies (1.4.1).

Let t € (0, 1] be a fixed parameter. For a given basis ¥ and a given f € X,
let A,,,(t) be any set of m indices such that

. )| > \j 1.5.1
Ry I DI 5 o

and define
Gio(f) == Gh(f,0) = > a(f, U)e.

k€Am (t)

We call it the Weak Greedy Algorithm (WGA) with the weakness sequence
{t} (the weakness parameter t). We note that the WGA with regard to
a basis was introduced in the very first paper (see Temlyakov (1998a)) on
greedy bases. It is clear that GL (f, W) = G, (f, ¥). It is also clear that, in
the case t < 1, we have more flexibility in building a weak greedy approx-
imant GL,(f, ¥) than in building G,,(f, ¥): it is one advantage of a weak
greedy approximant G, (f, ¥). The question is: How much does this flexi-
bility affect efficiency of the algorithm? Surprisingly, it turns out that the
effect is minimal: it is only reflected in a multiplicative constant (see below).

We begin our discussion with the case when ¥ is a greedy basis. It was
proved in Temlyakov (1998a) that, when X = L,, 1 < p < oo, and V¥ is the
Haar system H, normalized in L,, we have

If = Gu(f. Hp)llz, < Clp,t)om(f, Hp)i,, (1.5.2)

for any f € L,. It was noted in Konyagin and Temlyakov (2002) that the
proof of (1.5.2) from Temlyakov (1998a) works for any greedy basis, not
merely the Haar system 7#,. Thus, we have the following result.

Theorem 1.5.1. For any greedy basis ¥ of a Banach space X, and any
t € (0,1], we have

If = Go(f, 9)llx < C(¥, )om(f, ¥)x, (1.5.3)
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for each f € X.

We now consider the Weak Greedy Algorithm with regard to a quasi-
greedy basis W. It was proved in Konyagin and Temlyakov (2002) that the
weak greedy approximant has properties similar to the greedy approximant.

Theorem 1.5.2. Let U be a quasi-greedy basis. Then, for a fixed t € (0, 1]
and any m, we have for any f € X

IG5 (£, D) < CO)IfI. (1.5.4)

The following theorem from Konyagin and Temlyakov (2002) is essentially
due to Wojtaszczyk (2000).

Theorem 1.5.3. Let U be a quasi-greedy basis for a Banach space X.
Then, for any fixed ¢ € (0, 1], we have for each f € X that

Gt (f,¥) — f asm — oco.

Let us now proceed to an almost greedy basis W. The following result
was established in Konyagin and Temlyakov (2002).

Theorem 1.5.4. Let ¥ be an almost greedy basis. Then, for ¢ € (0, 1] we
have for any m

If = Go(f. D) < C()am(f, D). (1.5.5)

Proof. We drop V¥ from the notation for the sake of brevity. Take any
€ > 0 and find P, |P| = m such that

1f = Sp(N)Il < om(f) +e
Let Q := Ay, (t) with A,,(t) from the definition of G%,(f). Then

1f = GO < ILf = SpHI +1Sp(f) = Sa(H)I- (1.5.6)
We have
Sp(f) = Sq(f) = Spq(f) — So\p(f)- (1.5.7)
Let us first estimate ||[Sg\p(f)||. Denote f1 := f — Sp(f). Then
So\p(f) = Sq\p(f1)-
Next,
oin lee(f)l = min lex(£)] = minfex(f)]
2 tmexcfo(f)] 2 tmax fex(fi)] = ¢ max [ew(f1)-
Thus Q \ P = A, (t) for f; with n:=|Q \ P|. By Theorem 1.5.2 we have

1S\p (DIl < CL@®)][ f1]l- (1.5.8)
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We now estimate [|Sp\q(f)||. From the definition of @ we easily derive

t <b, h = , b:= mi . 1.5.9
at<b, where a:= max |e(f) o lex(£)] (1.5.9)
By Lemma 1.4.6 (see Lemma 2.1 from Dilworth et al. (2003)),
ISpo(NIl <2Ka| > (1.5.10)
keP\Q
and (see Lemma 2.2 from Dilworth et al. (2003))
1Saup (Al = K2 37 | (15.11)

keQ\P

By Theorem 1.4.10 an almost greedy basis is a democratic basis. Thus we

obtain
> >

keEP\Q keQ\P
Combining (1.5.6)—(1.5.12) we obtain (1.5.5). Theorem 1.5.4 is proved. [l

<D

. (1.5.12)

We now discuss the stability of the greedy-type property of a basis. Let
0<a< X Mk <b< oo, k=12...and for a basis ¥ = {¢} consider
U = {\r}. The following theorem is from Konyagin and Temlyakov
(2002). We note that the case for quasi-greedy bases was proved in Woj-
taszczyk (2000).

Theorem 1.5.5. Let a basis ¥ have one of the following properties:

(1) greedy,
(2) almost greedy,

(3) quasi-greedy.
Then the basis U* has the same property.
Proof. Let f € X and

=Yl = er(HAS Mt
B k

Consider

G, 0%) = > (ear(HAH) Mt

k€Am

Then, using A € [a,b] and the definition of the G,,(f, ¥), we obtain

min (/)] > @ min o ()N 2 @ max ()N 2 5 max ()]
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Therefore, the set A,, can be interpreted as a A,,(t) with ¢ = a/b with
regard to the basis W. It remains to apply the corresponding results for
Gt (f,¥): (1.5.3) in case (1), (1.5.4) in case (3), and (1.5.5) in case (2).
This completes the proof of Theorem 1.5.5. U]

Kamont and Temlyakov (2004) studied the following modification of the
above weak-type greedy algorithm as a way to further weaken restriction
(1.5.1). We call this modification the Weak Greedy Algorithm (WGA) with
a weakness sequence 7 = {t;}. Let a weakness sequence 7 := {t;}32,
tr € 10,1], k =1,... be given. We define the WGA by induction. We take
an element f € X, and at the first step we let

Al(T) = {nl}v GI(L \I/) = Cn1wn17

with any n; satisfying

eny] > 11 max e,

where we write ¢, := ¢, (f, V) for brevity. Assume we have already defined

na(£0) =GR (W) = Y et

nEAm—1 (T)

Then, at the mth step we define

Am(T) = Amfl(T) U {HM}v G;m(fa \Ij) = Gv)fz’T(fv \Il) = Z cn¥n,

nEA'm(T)
with any n,, ¢ An,—1(7) satisfying

|en,,| > tm max eyl
n&Np,—1(7

Thus, for f € X the WGA builds a rearrangement of a subsequence of
the expansion (1.3.1). If ¥ is an unconditional basis then we also have the
limit G (f, V) — f*. It is clear that in this case f* = f if and only if
the sequence {n};2, contains indices of all non-zero c,(f, V). We say that
the WGA corresponding to W and 7 is convergent if, for any realization
GT,(f,¥), we have

If = GL(f,¥)]| =0 asm — oo,

for all f € X.
We formulate here only one theorem from Kamont and Temlyakov (2004).

Theorem 1.5.6. Let 2 < p < oo, d > 1 and let ¥ be a normalized
unconditional basis in L,([0,1]%). Let 7 = {t, : n > 1} be a weakness
sequence. Then the WGA corresponding to ¥ and 7 converges if and only
if 7 &1,
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1.6. Thresholding and minimal systems

In this section we briefly discuss some further generalizations. Here, we
assume that X is a quasi-Banach space and replace a basis by a complete
minimal system. In addition, we consider the Weak Thresholding Algorithm
and prove that its convergence is equivalent to convergence of the Weak
Greedy Algorithm (see Proposition 1.6.3). Thresholding algorithms are very
useful in statistics (see, for instance, Donoho and Johnstone (1994)).

Let X be a quasi-Banach space (real or complex) with the quasi-norm ||-||
such that for all x,y € X we have ||z +y| < a(||z|+]y|) and ||tz|| = |t]]|z].
It is well known (see Kalton, Beck and Roberts (1984, Lemma 1.1)) that
there is a p, 0 < p < 1, such that

D EEE> feal?) (16.1)

Let {e,} C X be a complete minimal system in X with the conjugate
(dual) system {e}} C X* (e} (en) =1, e (ex) =0, k # n). We assume that

sup,, ||eX || < oo. This implies that for each z € X we have
lim e} (z) =0. (1.6.2)
n—oo

Any element z € X has a formal expansion
x> en(T)en, (1.6.3)
n

and various types of convergence of the series (1.6.3) can be studied. In this
section we deal with greedy-type approximations with regard to the system
{en}. We note that in this section we use the notation = and {e,} for an
element and for a system, respectively, differing from the notation f and W
used in previous sections, to emphasize that we are now in a more general
setting. It will be convenient for us to define a unique ‘greedy ordering’ in
this section. For any x € X we define the greedy ordering for x as the map
p: N — N for which {j : €j(z) # 0} C p(N), and such that, if j < k, then
either |e;(j)(a:)| > ]e;(k)(x)\ or |e;(j)(:v)| = |e;(k)(x)] and p(j) < p(k). The
mth greedy approximation is given by

m

Gm(z) == Gz, {en}) = Ze;;(j) (T)ep(j)-

Jj=1

The system {e,} is a quasi-greedy system (Konyagin and Temlyakov
1999a) if there exists a constant C' such that ||Gp,(z)|| < C||z| for all z € X
and m € N. Wojtaszczyk (2000) proved that these are precisely the systems
for which lim,,—,oo Gy (x) = x for all z. If, as in Section 1.4, a quasi-greedy
system {e,} is a basis, then we say that {e,} is a quasi-greedy basis. As we
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mentioned above, it is clear that any unconditional basis is a quasi-greedy
basis. We note that there are conditional quasi-greedy bases {e,} in some
Banach spaces. Hence, for such a basis {e,} there exists a permutation
of {e,} which forms a quasi-greedy system but not a basis. This remark
justifies the study of the class of quasi-greedy systems rather than the class
of quasi-greedy bases.

Greedy approximations are close to thresholding approximations (some-
times they are called thresholding greedy approximations). Thresholding
approximations are defined by

Te(z) := Z ei(x)ej, €>0.

.
e (@)|>e

Clearly, for any € > 0 there exists an m such that T, (x) = Gy, (z). Therefore,
if {e,} is a quasi-greedy system then

Ve e X lin% Te(z) = . (1.6.4)

Conversely, following the Remark from Wojtaszczyk (2000, pp. 296-297), it
is easy to show that condition (1.6.4) implies that {e,} is a quasi-greedy
system.

As in Section 1.5, one can define the Weak Thresholding Approximation.
Fix t € (0,1). For e > 0 let

Dy () :={j : te < |ej(x)] < e}
The Weak Thresholding Approximations are defined as all possible sums

Tep(z)= Y ei@)e+ Y ei(x)e;,

e} (z)[>e jeD

where D C Dy (x). We say that the Weak Thresholding Algorithm con-
verges for x € X, and write z € WT{e, }(t) if, for any D(e) C Dy,

lg% Te,D(e) ($) = Z.
It is clear that the above relation is equivalent to

lim sup ||z —T¢p(x)| =0.

=0 DCDy (x)
We proved in Konyagin and Temlyakov (2003a) (see Theorem 1.6.1 below)
that the set WT{e, }(t) does not depend on t € (0,1). Therefore, we can
drop t from the notation: WT{e,} = WT{e,}(t).

It turns out that the Weak Thresholding Algorithm has more regularity
than the Thresholding Algorithm: we will see that the set WT{e,, } is linear.
On the other hand, by ‘weakening’ the Thresholding Algorithm (making
convergence stronger), we do not narrow the convergence set too much. It
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is known that for many natural classes of sets Y C X the convergence of
Te(z) to x for all x € Y is equivalent to the condition ¥ C WT{e,}. In
particular, it can be derived from Wojtaszczyk (2000, Proposition 3) that
the above two conditions are equivalent for Y = X.

We suppose that X and {e,, } satisfy the conditions stated in the beginning
of this section. The following two theorems were proved in Konyagin and
Temlyakov (2003a).

Theorem 1.6.1. Let ¢,t' € (0,1), z € X. Then the following conditions
are equivalent.

(1) lim._,g SUPpCD, . (z) ||Te,D(l‘) - 1’” =0.
(2) lime_o Te(z) = = and

lim sup =0. (1.6.5)

=0 DCDy c(w)

(3) lime—oTe(z) = = and

li_r% _sup Z ajej(x)e;|| = 0. (1.6.6)
laj|<1(j€Dy,e(x)) JED; ()
(4) limeo Te(z) = x and
lim sup bjejl| = 0. (1.6.7)
O01b; |<e(jiler (@)[2e) Z

jile; (@)|>e
(5) lime_o SUPpCD, ,(x) |Te p(x) — || = 0.
So, the set WT{e, }(t) defined above is indeed independent of t € (0, 1).
Theorem 1.6.2. The set WT{e,} is linear.

Let us discuss relations between the Weak Thresholding Algorithm T¢ p(x)
and the Weak Greedy Algorithm G, (x). We define G!, (z) with regard to a
minimal system {e,} in the same way as it was defined for a basis ¥. For a
given system {e,} and ¢ € (0, 1], we denote for x € X and m € N by W, (t)
any set of m indices such that

i * > ¢ *(2)], 1.6.8
Somin lej(z)| > B e ()] (1.6.8)
and define
Gl (@) = Gy, {end) = S (@) = . ei@e;.
JEWm (¢)

It is clear that for any ¢ € (0,1] and any D C Dy (x) there exist m and
W (t) satisfying (1.6.8) such that

T p(x) = Sy, (@)- (1.6.9)
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Thus the convergence GL, (x) — z as m — oo implies the convergence
Tep(x) — x as € — 0 for any t € (0,1]. We will now prove (see Konyagin
and Temlyakov (2003a, Proposition 2.2)) that for ¢ € (0,1) the inverse is
also true.

Proposition 1.6.3. Let ¢t € (0,1) and x € X. Then the following two
conditions are equivalent:

lim sup [T p(z)—z| =0, (1.6.10)
=0 DCDy o (x)
lim ||GL,(z) — 2| =0, (1.6.11)

for any realization G, (z).

Proof. The implication (1.6.11) = (1.6.10) is simple and follows from the
remark following (1.6.9). We prove that (1.6.10) = (1.6.11). Let

€m = max |ef(z)].
jeéwm(w' i@

Clearly €,, — 0 as m — oco. We have

Gl (2) = Tae,, (x) + > €f(a)e;, (1.6.12)
J€Dm

with D,, having the following property: for any j € D,,,
tem < |€j(7)] < 2€m.

Thus, by condition (5) from Theorem 1.6.1, for ¢ = ¢/2 we obtain (1.6.11).
Proposition 1.6.3 is now proved. U]

Proposition 1.6.3 and Theorem 1.6.1 imply that the convergence set of the
Weak Greedy Algorithm G () does not depend on ¢ € (0,1) and coincides
with WT{e,}. By Theorem 1.6.2 this set is a linear set.

Let us make a comment on the case ¢t = 1 that is not covered by Propo-
sition 1.6.3. It is clear that T.(x) = G, (x) with some m, and therefore
Gm(z) — x as m — oo implies T, (z) — x as e — 0. It is also not difficult to
understand that, in general, T.(x) — x as € — 0 does not imply G,,(z) — x
as m — oo. This can be done, for instance, by considering the trigonometric
system in the space Ly, p # 2, and using the Rudin-Shapiro polynomials
(see Temlyakov (1998¢)). However, if, for the trigonometric system, we put
the Fourier coefficients with equal absolute values in a natural order (say,
lexicographic), then, in the case 1 < p < oo, by Riesz’s theorem we obtain
convergence of G,,(f) from convergence of T.(f). Results from Konyagin
and Skopina (2001) show that the situation is different for p = 1. In this
case the natural order does not help to derive convergence of Gy, (f) from
convergence of T¢(f).
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1.7. Greedy approximation with respect to the
trigonometric system

The first results (see Theorem 1.3.1) on greedy approximation with regard
to bases showed that the Haar basis and other bases similar to it are very
well designed for greedy approximation. In this section we discuss another
classical system, namely, the trigonometric system from the point of view of
greedy approximation. It is well known that the trigonometric system is not
an unconditional basis for L, p # 2. Therefore, by Theorem 1.3.5 it is not
a greedy basis for L,, p # 2. In this section we mostly discuss convergence
properties of the Weak Greedy Algorithm with regard to the trigonometric
system. It is a non-trivial problem. We will demonstrate how it relates to
some deep results in harmonic and functional analysis.

Consider a periodic function f € L,(T%), 1 < p < oo, (Leo(T?) = C(T?)),
defined on the d-dimensional torus T¢. Let a number m € N and a number
t € (0,1] be given, and let A,, be a set of k € Z? with the properties

uin [£(0) = ¢ max [f(). M| =m (L7.1)

m

where

~

k) = @m [ pa)e o) d
Td
is a Fourier coefficient of f. We define

Gio(f) = Gl (£, T = Sa, () = Y flk)e ™),

k€Am

and call it an mth weak greedy approximant of f with regard to the trigono-
metric system 79 := {el®?)}, ., T := T1. We write G, (f) = GL.(f)
and call it an mth greedy approximant. Clearly, an mth weak greedy ap-
proximant and even an mth greedy approximant may not be unique. In
this section we do not impose any extra restrictions on A,, in addition to
(1.7.1). Thus, theorems formulated below hold for any choice of A,, satisfy-
ing (1.7.1), or, in other words, for any realization G%,(f) of the weak greedy
approximation.

We will discuss in detail only results concerning convergence of the WGA
with regard to the trigonometric system. T. W. Korner (1996), answering a
question raised by Carleson and Coifman, constructed a function from Lo (T)
and then, in Koérner (1999), a continuous function such that {G,,(f,7)}
diverges almost everywhere. It was proved in Temlyakov (1998¢) for p # 2,
and in Cordoba and Fernandez (1998) for p < 2, that there exists an f €
L,(T) such that {G),(f,7)} does not converge in L,. It was remarked
in Temlyakov (2003a) that the method from Temlyakov (1998¢) gives a
little more.
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(1) There exists a continuous function f such that {G,,(f,7)} does not
converge in L,(T) for any p > 2.

(2) There exists a function f that belongs to any L,(T), p < 2, such that
{Gm(f,T)} does not converge in measure.

Thus the above negative results show that the condition f € Lp(']I‘d), p #
2, does not guarantee convergence of {Gp,(f,7)} in the Lp-norm. The
main goal of this section is to complement the survey of Temlyakov (2003a)
by recent results in the following setting: find an additional (to f € Ly)
condition on f to guarantee that ||f — Gp(f,7)||, — 0 as m — oo. In
Konyagin and Temlyakov (2003b) we proved the following theorem.

Theorem 1.7.1. Let f € L,(T%), 2 < p < oo, and let ¢ > p' :=p/(p—1).
Assume that f satisfies the condition

S 1F 17 = o0/
|k|>n
where |k| := max;<j<q|k;j|. Then we have
Tim £~ G (£, T, = 0.
It was proved in Konyagin and Temlyakov (2003b6) that Theorem 1.7.1
is sharp.
Proposition 1.7.2. For each 2 < p < oo there exists f € L,(T¢) such that
|f (k) = O([k[~0 17D,
and the sequence {G,,(f)} diverges in L,.
Let us make some comments. For a given set A denote

f— chei(k,m) . SA(f) = Z ]E(k)ei(k,x)_

kel p keA

Ex (f)p . ckillggl\

Define a special domain
Qn) == {k : [k| < n*/9}.

Remark 1.7.3. Theorem 1.7.1 implies that if f € L,, 2 <p < oo, and
Eqy(f)2 = o(n'/P~1/2),

then G, (f) — f in L.

Remark 1.7.4. The proof of Proposition 1.7.2 (see Konyagin and Tem-
lyakov (2003b)) implies that there is an f € L,(T?) such that

Equu(f)oe = O(n'/77112)
and {G,,(f)} diverges in Ly, 2 < p < o0.
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We note that Remark 1.7.3 can also be obtained from some general in-
equalities for ||f — GL,(f)|l,- As in the above general definition of best
m-term approximation, we define the best m-term approximation with re-
gard to 7T

om(f)p == om(/f, ’Td)p = inf

kJ GZd,Cj

m

=3 PIRICED

j=1

p

The following inequality was proved in Temlyakov (1998¢) for ¢ = 1 and in
Konyagin and Temlyakov (2003b) for general ¢.

Theorem 1.7.5. For each f € L,(T?) and any 0 < ¢ < 1 we have

If = GL(Plp < @+ 2+ 1/)m" oy (f)y, 1<p<oo,  (1.7.2)
where h(p) :=[1/2 —1/p|.

It was proved in Temlyakov (1998¢) that the inequality (1.7.2) is sharp:
there is a positive absolute constant C such that, for each m and 1 < p < oo,
there exists a function f # 0 with the property

1G]l = C" P f]],. (1.7.3)

The above inequality (1.7.3) shows that the trigonometric system is not a
quasi-greedy basis for L,, p # 2. We formulate one more inequality from
Konyagin and Temlyakov (2003b).

Theorem 1.7.6. Let 2 < p < co. Then, for any f € L,(T?) and any Q,
|Q| < m, we have

I1f = GL(Pllp < I1f = Sa(Hllp + B+ 1/)(2m)"®) Eg(£),.

We present some results from Konyagin and Temlyakov (2003b) that
are formulated in terms of the Fourier coefficients. For f € Li(T9) let
{f(k(1))};2, denote the decreasing rearrangement of {f(k)},cza, i.e.,

|f (k)] = [ (R(2)] > - .
Let a,(f) := | f(k(n))|.

Theorem 1.7.7. Let 2 < p < oo and let a decreasing sequence {A,}2°
satisfy the condition

Ap =o(nP™1) asn — oo.

Then, for any f € L,(T?) with the property a,(f) < A, n =1,2,..., we
have

i |1f = Gh(f)llp = 0.
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We also proved in Konyagin and Temlyakov (2003b) that, for any decreas-
ing sequence {A,} satisfying
lim sup A,n' =17 > 0,
n—oo
there exists a function f € L, such that a,(f) < A,, n = 1,..., whose
sequence {G,(f)} of greedy approximants is divergent in L.

In Konyagin and Temlyakov (2003b) we proved a necessary and sufficient
condition on the majorant {A,} to guarantee, under the assumption that f
is a continuous function, the uniform convergence of greedy approximants
to a function f.

Theorem 1.7.8. Let a decreasing sequence {A4,,}5° ; satisfy the condition
(Ax):
Z A, =0(1) as M — oc.
M<n<eM

Then, for any f € C(T) with the property a,(f) < A,, n = 1,2,..., we
have

Tim |f = G4 (£, )l = 0.

The condition (Ax) is very close to the convergence of the series ) Ap;
if the condition (A ) holds then we have

N
ZAn = o(log,(N)), as N — oo,
n=1

where a function log, (u) is defined to be bounded for v < 0 and to satisfy
log, (u) = log, (logu) + 1 for u > 0. The function log, (u) grows more slowly
than any iterated logarithmic function.

The condition (As) in Theorem 1.7.8 is sharp.

Theorem 1.7.9. Assume that a decreasing sequence {A,}°°; does not
satisfy the condition (As). Then there exists a function f € C(T) with the
property a,(f) < A,, n=1,2,..., and such that we have

limsup || f = Gm(f,T)|loc >0

m—00

for some realization G, (f, 7).

In Konyagin and Temlyakov (2005) we concentrated on imposing ex-
tra conditions in the following form. We assume that for some sequence
{M(m)}, M(m) > m, we have

1Grrmy(f) = G (f)llp — 0 as m — oo.

When p is an even number, or p = 0o, we found, in Konyagin and Temlyakov
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(2005), necessary and sufficient conditions on the growth of the sequence
{M(m)} to provide convergence || f — G (f)|l, — 0 as m — oo. We proved
the following theorem in Konyagin and Temlyakov (2005).

Theorem 1.7.10. Let p = 2¢, ¢ € N, be an even integer, 6 > 0. Assume
that f € L,(T) and there exists a sequence of positive integers M (m) >
m!+9 such that

|G (f) = Garm) (f)llp — 0 as m — oo.
Then we have

||Gm(f)_f||p_>0 as m — oQ.

In Konyagin and Temlyakov (2005) we proved that the condition M (m) >
m!*9 cannot be replaced by the condition M (m) > m!*o(),

Theorem 1.7.11. For any p € (2,00) there exists a function f € L,(T)
with an L, (T)-divergent sequence {G,,(f)} of greedy approximations with
the following property. For any sequence {M (m)} such that m < M(m) <
mite) | we have

1Grrm)(f) = Gm(f)llp — 0, as m — oo.

In Konyagin and Temlyakov (2005) we also considered the case p = oo,
and proved necessary and sufficient conditions for convergence of greedy
approximations in the uniform norm. For a mapping o : W — W we let oy
denote its k-fold iteration: ay := o ay_1.

Theorem 1.7.12. Let a : N — N be strictly increasing. Then the follow-
ing conditions are equivalent.

(a) For some k € N and for any sufficiently large m € N, we have the
inequality ag(m) > e™.

(b) If f € C(T) and
|Gagm)(f) = Gm(f)|| o =0, asm — oo,

then
Hf - Gm(f)Hoo — 0 asm — oo.

In order to illustrate the techniques used in the proofs of the above results
we discuss some inequalities that were used in proving Theorems 1.7.10 and
1.7.12. The reader will also see from the further discussion a connection to
some deep results in harmonic analysis. The general style of these inequali-
ties is as follows. A function that has a sparse representation with regard to
the trigonometric system cannot be approximated in L, by functions with
small Fourier coefficients. We begin our discussion with some concepts in-
troduced in Konyagin and Temlyakov (2005) that are useful in proving such
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inequalities. The following new characteristic of a Banach space L, plays
an important role in such inequalities. We introduce some more notation.
Let A be a finite subset of Z%. We let |A| denote its cardinality and let 7 (A)
be the span of {e!(**)}, . Denote

Em(T) = UA:\A|§mT(A)‘
For fe L, Fe€Ly,1<p<oo,p =p/(p—1), we write

(F, f) = /11‘01 Ffdu, dp:=2n)"%dz.

Definition 1.7.13. Let A be a finite subset of Z% and 1 < p < o0o. We
call a set A" := A'(p,v), v € (0,1], a (p,7y)-dual to A if, for any f € T (A),
there exists F' € 7 (A’) such that ||F|ly =1 and (F, f) > 7| fl|,-

Let D(A,p,~) denote the set of all (p,v)-dual sets A’. The following
function is important for us:

v(m,p,7vy) := sup inf |\
A:|A|l=m A ED(Apy)

We note that in a particular case p = 2q, ¢ € N we have
v(m,p,1) < mP~L. (1.7.4)

This follows immediately from the form of the norming functional F' for
fe Ly

F = (D fllp " (1.7.5)

In Konyagin and Temlyakov (2005) we used the quantity v(m, p,~y) in greedy
approximation. We first prove a lemma.

Lemma 1.7.14. Let 2 < p < oo. For any h € £,,,(7) and any g € L, we
have

12+ gllp = Al = v(m, 2, 1) P I{g(R) e

Proof. Let h € T(A) with |A] = m and let A’ € D(A,p,v). Then, using
the Definition 1.7.13 we find F'(h,v) € 7 (A’) such that

[F(h )y =1 and  (F(h,v),h) =[]l
We have
(F'(h,v),h) = (F(h,v), b+ g) — (F(h,7),9) < [[h+gllp + KF(h,7),9)|.
Next,

(E (), 9)| < I{E (B, ) () Hley I{G () e -
Using F'(h,v) € T(A’) and the Hausdorff-Young theorem (Zygmund 1959,
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Chapter 12, Section 1.2), we obtain

HE () ) Hlew < AT I{E () (R)} e,

< [NVRIE (R )l = (AP

We now combine the above inequalities and use the definition of v(m, p, 7).

O

Definition 1.7.15. Let X be a finite-dimensional subspace of L,,, 1 < p <
0o. We call a subspace Y C Ly a (p,v)-dual to X, v € (0,1], if for any
f € X there exists F' € Y such that ||F||,, =1 and (F, f) > 7| fl[p-

As above, let D(X,p,~) denote the set of all (p,v)-dual subspaces Y.
Consider the following function:
w(m,p,vy) ==  sup inf dimY.
X:dim X=m Y E€D(X,p,7)
We begin our discussion with a particular case: p = 2q, ¢ € N. Let X be
given and let ey, ..., e, form a basis of X. Using the Holder inequality for
n functions f1,..., fn € Ly, we have

/\fl---mdu <l M fallo:

Setting f; = \ej\p/, n =p — 1, we deduce that any function of the form

m m
[Tlei™, kieN, Y ki=p-1,
i=1 i=1

belongs to L,y. It now follows from (1.7.5) that

w(m,p,1) <mP~', p=2¢, qeN. (1.7.6)

There is a general theory of the uniform approximation property (UAP)
which provides some estimates for w(m, p,v) and v(m,p,~). We give some
definitions from this theory. For a given subspace X of L,, dim X = m,
and a constant K > 1, let k,(X, K) be the smallest k such that there is an
operator Ix : Ly, — Ly, with Ix(f) = f for f € X, |[Ix|r,~1, < K, and
rank Ix < k. Define

kp(m,K):= sup ky(X, K),
X:dim X=m
and let us discuss how kj(m, K) can be used in estimating w(m,p,~y). Con-
sider the dual operator Iy to Ix. Then [[I%| ,—~z, < K and rank I} <
kp(m,K). Let f € X, dimX = m, and let Fy be the norming functional
for f. Define

F= I (Fp) /|1 (Fp) -
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Then, for any f € X,
(f Ix(Fy)) = (Ix(f), Fy) = {f, Fr) = | fllp

and
1 (Fp)llpy < K
imply
(f.F) = K7 fllp-
Therefore

w(m,p, K1) < ky(m, K). (1.7.7)

We note that the behaviour of functions w(m,p,v) and ky(m, K) may be
very different. Bourgain (1992) proved that, for any p € (1,00), p # 2, the
function k,(m, K) grows faster than any polynomial in m. The estimate
(1.7.6) shows that, in the particular case p = 2q, ¢ € N, the growth of
w(m, p,7) is at most polynomial. This means that we cannot expect to
obtain accurate estimates for w(m,p, K~1) using inequality (1.7.7). We
give one more application of the UAP in the style of Lemma 1.7.14.

Lemma 1.7.16. Let 2 <p < oo. For any h € ¥£,,(7) and any g € L, we
have

b+ gllp = KAl — ky(m, K)2lg]lo. (1.7.8)
b+ gllp > K2|1Ally — kyp(m, K)[{30) e (1.7.9)

Proof. Let h € T(A), |A] =m. Take X = 7 (A) and consider the operator
Ix provided by the UAP. Let 41, ..., form an orthonormal basis for the
range Y of the operator Ix. Then M < ky(m, K). Let

M

Ix (%) =3 .

J=1

Then the property |Ix||z,—z, < K implies

Mo\ | |
<Z \cﬁfl?) = | Ix (D) 2 < [11x (¢F)]), < K.

j=1

Consider along with the operator I'x, the new operator,
A= (2m)7@ / T IxT_;dt,
Td
where T; is the shift operator: T;(f) = f(- +t). Then
. M . M ~ .
A = Y chom) [ 0oy = (30 )

j=1 j=1
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Let

‘We have
M

IS ;( 1 ) (ﬁ B0OR) < Ko

Also, A\ = 1 for kK € A. For the operator A we have
JAlLy—z, <K and (Al pepe < KM,

Therefore
[A(h +g)ll, < Klh+gllp
and
1A(h+ g)llp = [[All, — KM g]l2.

This proves the first inequality.
Consider the operator B := A?. Then

B(h)=h, heT(A), |Blr,—-z1, <K

and
IB(f)lloo < K*M|I{f(k)}len-
Now, on the one hand
IB(h+ g)llp < K2(lh+ gllp,
and on the other hand
IB(h+9)llp = I+ B(g)llp = 17l — K*M{g(k)}lewe-

This proves inequality (1.7.9). U
Theorem 1.7.17. For any h € ¥,,(7) and any g € L, we have

1h+ glloo > K |R]loo — e“FI™2g]2,

17+ gllso = K2 [IRfloc — e“™ [ {a(R)} e

Proof. This theorem is a direct corollary of Lemma 1.7.16 and the known
estimate

koo(m, K) < eCK)m
(see Figiel, Johnson and Schechtman (1988)). O

As we have already mentioned, k,(m, K) increases faster than any poly-
nomial. In Konyagin and Temlyakov (2005) we improved inequality (1.7.8)
by using other arguments.
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Lemma 1.7.18. Let 2 < p < oo. For any h € ¥,,(7) and any g € L, we
have

7+ gllh > 277~ [Allp — 2m? 2|52 g3 (1.7.10)

We mention two inequalities from Konyagin and Temlyakov (2003b) in
the style of the inequalities in Lemmas 1.7.14-1.7.18.

Lemma 1.7.19. Let 2 < p < oo and h € Ly, ||h]|, # 0. Then, for any
g € L, we have

1Rllp < 1k + gllp + (1Rll2p—2/[1211p)P " lgll2-

Lemma 1.7.20. Let h € ¥,,(7), ||h|lloo = 1. Then, for any function g
such that ||gl2 < +(4mm)~™/2, we have

17+ glloc = 1/4.

We proceed to estimate v(m,p,v) and w(m,p,7) for p € [2,00). In the
special case of even p, we have by (1.7.4) and (1.7.6) that

v(m,p,1) <mP~', w(m,p,1) < mP .
The following bound was proved in Konyagin and Temlyakov (2005).
Lemma 1.7.21. Let 2 < p < oo, and let « := p/2 — [p/2]. Then we have

o(m,p,7) < meeNm 4L

1.8. Greedy-type bases; direct and inverse theorems

Theorem 1.3.1 points out the importance of bases L,-equivalent to the Haar
basis. We will now discuss necessary and sufficient conditions for f to
have a prescribed decay of {0, (f, ¥)} under the assumption that ¥ is L,-
equivalent to the Haar basis H, 1 < p < co. We will express these conditions
in terms of coefficients {c,(f)} of the expansion

F=Y"calf)tn:
n=1

The direct theorems of approximation theory provide bounds of approxi-
mation error (in our case o, (f, ¥)) in terms of smoothness properties of a
function f. These theorems are also known under the name of Jackson-type
inequalities. The inverse theorems of approximation theory (also known as
Bernstein-type inequalities) provide some smoothness properties of a func-
tion f from the sequence of approximation errors (in our case {on,(f, V)}).
It is well understood in approximation theory (see Petrushev (1988), De-
Vore and Lorenz (1993) and DeVore (1998)) how the Jackson-type and
Bernstein-type inequalities can be used in order to characterize the corre-
sponding approximation spaces. In the case of our interest, when we study
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best m-term approximation with regard to bases that are L,-equivalent to
the Haar basis, the theory of Jackson and Bernstein inequalities has been
developed in Cohen et al. (2000). It was used in Cohen et al. (2000) for
a description of approximation spaces defined in terms of {o,,(f, ¥)}. We
want to point out that in the special case of bases that are L,-equivalent
to the Haar basis (and also for some more general bases) there exists a
simple direct way to describe the approximation spaces defined in terms of
{om(f,¥)} (Temlyakov 19985, Kamont and Temlyakov 2004, Kerkyachar-
ian and Picard 2004). We present results from Temlyakov (1998b) here. The
following lemma from Temlyakov (1998a) (see Lemmas 3.1 and 3.2) plays
the key role in this consideration.

Lemma 1.8.1. Let a basis ¥ be Lj,-equivalent to H,, 1 < p < co. Then,
for any finite A and a < |¢,| < b, n € A, we have

Z cn¥n

nen

Ci(p, W)a(|A)'? < < Calp, W)b(|A]) /P (1.8.1)

P

We note that the results that follow use only the assumption that ¥ is a
greedy basis satisfying (1.8.1). We formulate a general statement and then
consider several important particular examples of the rate of decrease of
{om(f,¥),}. We begin by introducing some notation. For a sequence & =
{er}32, of positive numbers monotonically decreasing to zero (we write £ €
MDP), we define inductively a sequence {Ns}32, of non-negative integers:

No =0, and Ny is the smallest integer satisfying (1.8.2)
en, < 27°, ds := max(Ngpq1 — N, 1).
We are going to consider the following examples of sequences.
Example 1.8.1. Takee¢y=1lande,=k"",7r>0,k=1,2,.... Then
Ny =27 and dg = 2s/7
Example 1.8.2. Fix 0 < b < 1 and take ¢, = 2_kb, k=0,1,2,.... Then
Ny=s""+0(1) and d, = s"/"71
Let f € L,. Rearrange the sequence ||c,(f)¢n]|p in decreasing order,
ey (F)¥nillp = [leny (F)¥ngllp = -+
and define
ar(f,p) = llcn, (F)nllp-

We now give some inequalities for ai(f,p) and o,,(f, ¥),. We will use the
abbreviations oy, (f)p := om(f, V), and oo(f)p = || fllp-
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Lemma 1.8.2. For any two positive integers N < M we have

ant(£,p) < Cp, W)on (£p(M — N) /7.
Proof. By Theorem 1.3.1 we have, for all m,

1f = GL(f, W)llp < Cp, W)om(f)y-

Hence, and by definition of G%,, we get
M

k=N-+1
Next, we have for k € (N, M],

chk(f)"‘/’nk”p > ey () ¥npllp = anme (f,p),

and by Lemma 1.8.1 we obtain

J = < Cp, ¥)(on(f)p + om(f)p)- (1.8.3)

p

an(f,p)(M — N)'/P < C(p, W).J. (1.8.4)
Relations (1.8.3) and (1.8.4) imply the conclusion of Lemma 1.8.2. O
Lemma 1.8.3. For any sequence my < mj < meo < --- of non-negative

integers we have

Ums( < C pv Zaml f7 ml+1 ) /p‘

Proof. We have

o0

Om, (f)p < Z g ([)Un, || < Z Z Cny (f)m
k>ms p I=s"ke(m;,miy1] p
Hence, using Lemma 1.8.1,
O—mg( < C pv Zaml f7 ml+1 ) /p,
as required. U]

Theorem 1.8.4. Assume a given sequence £ € MDP satisfies the condi-
tions

en, > C127°, ds+1 < Codg, s=0,1,2,....
Then we have the equivalence
on(f)p < en == an,(f,p) < 27%d; 1P

Proof. We first prove =. If Ngi1 > N, then we use Lemma 1.8.2 with
M = Ngq1 and N = Ng,

an, . (f,p) < C(p, W)an, (£)pds P < Op, ©)27° " (ds11/Co) VP,
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which implies the statement of Theorem 1.8.4 in this case. Let Ngi1 =
Ng=---= Ns_j > Ns_;j_1. The assumption ey, > C127° combined with
the definition of Ng: ey, < 27°% imply that 7 < C5. Then, from the above
case we get

an,_,(f,p) <27 (dg_j) P,
and therefore
an,, (f.p) < 275 H(dogr) 2.

The implication = has been proved.
We now prove the inverse statement <. Using Lemma 1.8.3, we get

o o0
on(Fp <D _an (f,p) (N — N)VP <Y 27 <270 e,
l=s

l=s

and for n € [Ng, Ngt1)

Un(f)p < on, (f)p < GNS(f)p 27K 6N5+1(f)p < €n(f)p' o
Corollary 1.8.5. Theorem 1.8.4 applied to Examples 1.8.1 and 1.8.2 gives

the following relations:
Om(f)p < (M+1)7" = an(f,p) <n VP, (1.8.5)
om(f)p < 2 e an(f,p) < 9= p(1=1/0)/p, (1.8.6)

Remark 1.8.6. Making use of Lemmas 1.8.2 and 1.8.3 we can prove a
version of Corollary 1.8.5 with the sign < replaced by <.

Theorem 1.8.4 and Corollary 1.8.5 are in the spirit of the classical Jackson—
Bernstein direct and inverse theorems in linear approximation theory, where
conditions of the form

En(f)p < €p, Or HEn(f)p/anloo <0 (1.8.7)

are imposed on the corresponding sequences of approximating characteris-
tics. It is well known (see DeVore (1998)) that, in studying many questions
of approximation theory, it is convenient to consider, along with the restric-
tion (1.8.7), its following generalization:

HEn(f)p/ﬁnnlq < o0. (1.8.8)

Lemmas 1.8.2 and 1.8.3 are also useful in handling this more general case.
For instance, in the particular case of Example 1.8.1 we get the following
statement.

Theorem 1.8.7. Let 1 < p < oo and 0 < g < co. Then, for any positive
r we have the equivalence relation

Zam(f)gmrq_l <o = Zan(f,p)qn’"q_lﬂ/p < 0.

n
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Remark 1.8.8. The condition
> an(f,p)in TP < o0

n

with ¢ = 3 := (r + 1/p)~! takes a very simple form:

S anl£,0)? =Y llea()tallf < oo. (1.8.9)

n

In the case ¥ = H,,, condition (1.8.9) is equivalent to f being in Besov space
Bg(Lg).

Corollary 1.8.9. Theorem 1.8.7 implies the following relation:
Zam(f, H)gmrﬁ_1 <oo <= fe€ Bj(Lp),

where 3 := (r+1/p)~L.

The statement similar to Corollary 1.8.9 for free-knot spline approxima-
tion was proved in Petrushev (1988). Corollary 1.8.9 and further results in
this direction can be found in DeVore and Popov (1988) and DeVore, Jaw-
erth and Popov (1992). We want to remark here that conditions in terms
of a,(f,p) are convenient in applications. For instance, relation (1.8.5) can
be rewritten using the idea of thresholding. For a given f € L, denote

T(e) := #{a(f,p) : ar(f,p) = €}.
Then (1.8.5) is equivalent to

on(f)p < (m+1)7" = T(e) < e H/PT

For further results in this direction see DeVore (1998), Cohen et al. (2000)
and Oswald (2001).

The above direct and inverse Theorem 1.8.7 that holds for greedy bases
satisfying (1.8.1) was extended in Kerkyacharian and Picard (2004) to the
case of quasi-greedy bases satisfying (1.8.1). Kerkyacharian and Picard
(2004) say that a basis ¥ of a Banach space X has the p-Temlyakov property
if there exists 0 < C' < oo such that, for any finite set of indices A, we have

Z cn¥n
neA

oy

< 1/p, 8.
I € (max feal ) A (1.8.10)

Now let -
F="ewlf)n
=1
and
|Ck1| > ‘CkQ‘ >
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be a decreasing reordering of the coefficients. The following result is from
Kerkyacharian and Picard (2004).

Theorem 1.8.10. Let ¥ be a quasi-greedy basis.

(1) If ¥ has the p-Temlyakov property (1.8.10), then for any 0 < r < oo,
0 < g < 0o we have

ZO’m(f, ‘I/)g(mrq—l <00 = Z |Ckn(f)|anq—1+q/p < 0.
m n

(1.8.11)
(2) If (1.8.11) holds with some r > 0, then ¥ has the p-Temlyakov property
(1.8.10).

We note that property (1.8.10) implies that ¥ is democratic. There-
fore, by Theorem 1.4.10 a quasi-greedy basis satisfying (1.8.10) is an almost
greedy basis. The basis Hg is not a democratic basis for L,, p # 2, d > 1.
So, we cannot apply the above results in this case. Some direct and inverse
theorems for ’Hg are obtained in Kamont and Temlyakov (2004).

1.9. Some further results

We begin our discussion with the case of X = L,, p=1o0r p=o00 and ¥ =
'Hg. It turns out that efficiency of greedy algorithms Gm(-,Hg), p=1,00,
drops down dramatically compared with the case 1 < p < co. We formulate
a result from Temlyakov (1998b).

Theorem 1.9.1. Let p=1 or p = co. Then we have for each f € L,

If = G f, HDlp < Bm+ Dom(f, HY)p.

The extra factor (3m + 1) cannot be replaced by a factor ¢(m) such that
c¢(m)/m — 0 as m — oo.

This particular result indicates that there are problems with greedy ap-
proximation in L; and in C with regard to the Haar basis. We note that, as
is proved in Oswald (2001), the extra factor 3m+1 is the best-possible extra
factor in Theorem 1.9.1. The greedy-type bases have nice properties and
they are important in nonlinear m-term approximation. Therefore, one of
the new directions of research in functional analysis and in approximation
theory is to understand which Banach spaces may have such bases. Another
direction is to understand in which Banach spaces some classical bases are of
greedy type. Some results in this direction can be derived immediately from
known results on Banach spaces that have unconditional bases, and from
the characterization Theorem 1.3.5. For instance, it is well known that the
spaces L1 and C do not have unconditional bases. Therefore, Theorem 1.3.5
implies that there is no greedy basis in L; and in C.
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It was proved in Dilworth, Kutzarova and Wojtaszczyk (2002) that the
Haar basis H; is not a quasi-greedy basis for L;. We saw in Section 1.6
that the use of the Weak Greedy Algorithm has some advantages over the
Greedy Algorithm. Theorem 1.6.2 states that the convergence set WT{e,, }
of the WGA is linear for any t € (0, 1), while the convergence set may not
be linear for the Greedy Algorithm. Recently, Gogyan (2006) proved that,
for any ¢t € (0,1) and for any f € L;i(0, 1), there exists a realization of the
WGA with respect to the Haar basis that converges to f in L.

It was proved in Dilworth et al. (2002) that there exists an increasing
sequence of integers {n;} such that the lacunary Haar system {H;nj i l=
1,...,2",5 = 1,2,...} is a quasi-greedy basis for its linear span in L.
Gogyan (2005) proved that the above property holds if either {n;} is a
sequence of all even numbers or {n;} is a sequence of all odd numbers. We
also note that the space L1(0,1) has a quasi-greedy basis (Dilworth, Kalton
and Kutzarova 2003). The reader can find further results on existence (and
non-existence) of quasi-greedy and almost greedy bases in Dilworth et al.
(2003). In particular, it is proved in Dilworth et al. (2003) that C[0, 1] does
not have quasi-greedy bases.

We pointed out in Section 1.7 that the trigonometric system is not a quasi-
greedy basis for Ly, p # 2. The question of when (and for which weights w)
the trigonometric system forms a quasi-greedy basis for a weighted space
L,(w) was studied in Nielsen (2006). The author proved that this can
happen only for p = 2 and, whenever the system forms a quasi-greedy
basis, the basis must be a Riesz basis.

Theorem 1.3.1A shows that, in the case when a basis ¥ is L,-equivalent
to the Haar basis Hj, 1 < p < oo, the Greedy Algorithm G,,(f, ¥) provides
near-best approximation for each individual function f € L,,. For a function
class F' C X, let

om(F, W) x := sup o (F, V) x,
fEF

Gm(F,V)x :=sup [|f — Gn(f, V)] x.
fer

Obviously, if G, (-, ¥) provides near-best approximation for each individual
function, then it provides near-best approximation for each function class F":

Gm(F, 0)x < Com(F,T)x.

In Section 1.7 we pointed out that the trigonometric system is not a
quasi-greedy basis for L,, p # 2 (see (1.7.3)). Thus, the trigonomet-
ric system is not a greedy basis for L,, p # 2, and for some functions
f €Ly, p#2, Gp(f,T), does not provide near-best approximation. How-
ever, it was proved in Temlyakov (1998¢) that in many cases the algorithm
Gm (-, T) is optimal for a given class of functions. The reader can find further
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results on oy, (F, T%), and G, (F, T?), for different classes F' in DeVore and
Temlyakov (1995) and Temlyakov (1998¢, 2000a, 2002a).

Consideration of approximation in a function class leads to a concept of
the optimal (best) basis for a given class. The first results for best ba-
sis approximation were given by Kashin (1985), who showed that, for any
orthonormal basis ¥ and any 0 < o < 1, we have

om(Lipa, W), > cm™“, (1.9.1)

where the constant ¢ depends only on «. It follows from this that any of
the standard wavelet or Fourier bases are best for the Lipschitz classes,
when the approximation is carried out in Ly and the competition is held
over all orthonormal bases. The estimate (1.9.1) rests on some fundamental
estimates for the best basis approximation of finite-dimensional hypercubes
using orthonormal bases.

The problem of best basis selection was studied in Coifman and Wicker-
hauser (1992). Donoho (1993, 1997) also studied the problem of best bases
for a function class F'. He calls a basis ¥ from a collection B best for F' if

Um(Fa \IJ)X = O(m_a)a m — 00,
and no other basis ¥’ from B satisfies
Un(Fv \III)X = O(n_ﬁ)v n—oo,

for a value of 8 > «. Donoho has shown that in some cases it is possible
to determine a best basis (in the above sense) for the class F' by intrinsic
properties of how the class gets represented with respect to the basis. In
Donoho’s analysis (as was the case for Kashin as well) the space X is Lo (or
equivalently any Hilbert space), and the competition for a best basis takes
place over all complete orthonormal systems (i.e., B consists of all complete
orthonormal bases for Lg).

In DeVore, Petrova and Temlyakov (2003) we continued to study the
problem of optimal basis selection with regard to natural collections of bases.
We worked on the following problem in this direction. We say that a function
class F' is aligned to the basis U if, whenever f = > axt)y is in F, then

ZakwkEF for any |ay| <clax|, k=1,2,...,

where ¢ > 0 is a fixed constant. We pointed out in DeVore et al. (2003)
that the results from Kashin (1985) and Donoho (1993) imply the following
result.

Theorem 1.9.2. Let ® be an orthonormal basis for a Hilbert space H
and let F' be a function class aligned with ® such that, for some a > 0,
B € R, we have

lim sup m®(log m)P o, (F, ®) > 0.

m—00
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Then, for any orthonormal basis B we have

lim sup m®(logm)’ o, (F, B) > 0.
m—0oQ
We have obtained in DeVore et al. (2003) a generalization of this impor-
tant result in the following direction. We replaced the Hilbert space with
the Banach space and also widened the search for optimal basis selection
from the collection of orthonormal bases to the collection of unconditional
bases. Here is the corresponding theorem from DeVore et al. (2003).

Theorem 1.9.3. Let ¥ be a normalized unconditional basis for X with
the property
> i

JEA

X

for some p > 0. Assume that the function class F is aligned with ¥, and
for some o > 0, 8 € R we have

lim sup m®(log m) o, (F, ¥) > 0.

m—0o0
Then, for any unconditional basis B we have
lim sup m®(log m)**?,,(F, B) > 0. (1.9.2)
m—0o0

Theorem 1.9.3 is weaker than Theorem 1.9.2 in the sense that we have
an extra factor (logm)® in (1.9.2). Recently, Bednorz (2006) proved Theo-
rem 1.9.3 with (1.9.2) replaced by (1.9.3):

lim sup m®(log m)’ oy (F, B) > 0. (1.9.3)
m—00

The following nonlinear analogues of the Kolmogorov widths and the
ortho-widths (see, for instance, Temlyakov (1989a)) were considered in
Temlyakov (2000a, 2002a, 2003a). Let a function class F' and a Banach
space X be given. Assume that, on the basis of some additional informa-
tion, we know that our basis for m-term approximation should satisfy some
structural properties, for instance, it has to be orthogonal. Let B be a
collection of bases satisfying a given property.

I Define an analogue of the Kolmogorov width

o-m(Fa IB)X = \IIIIg]‘B ]Scugo-m(fv \II)X
S

IT Define an analogue of the orthowidth

Ym(F,B)x == gé]f%sgelg |f = Gn(f,9)]x.
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In the papers cited above some results were obtained when B = O, the
set of orthonormal bases, and F' is either a multivariate smoothness class of
an anisotropic Sobolev—Nikol’skii kind, or a class of functions with bounded
mixed derivatives.

We conclude this section with a very recent result from Wojtaszczyk
(2006). Theorem 1.3.1 says that the univariate Haar basis H is a greedy
basis for L, := Lpy([0,1]), 1 < p < oo. The spaces L, are examples
of rearrangement-invariant spaces. Let us recall that a rearrangement-
invariant space of functions defined on [0, 1] is a Banach space X with norm
| - || whose elements are measurable (in the sense of Lebesgue) functions
defined on [0, 1] satisfying the following conditions.

(1) If f € X and g is a measurable function such that |g(z)| < |f(x)]
almost everywhere, then g € X and |[|g|| < || f]l-

(2) If f € X and ¢ has the same distribution as f, i.e., for all A,
measure({x € [0,1] : f(z) < A}) = measure({z € [0,1] : g(z) < A}),
then g € X and lgl| = | fI.
The following result was proved in Wojtaszczyk (2006).

Theorem 1.9.4. Let X be a rearrangement-invariant space on [0,1]. If
the Haar system normalized in X is a greedy basis for X, then X = L,([0, 1])
with some 1 < p < oco.

It is a very interesting result that singles out the L,-spaces with 1 < p< oo
from the collection of rearrangement-invariant spaces. Theorem 1.9.4 em-
phasizes the importance of the L,-spaces in the theory of greedy approxi-
mation.

1.10. Systems L,-equivalent to ‘H

In the previous sections of this chapter we have presented elements of a
general theory of greedy-type bases. In this section we concentrate on con-
struction of greedy bases and related bases that are useful in approximation
of functions in the Ly,-norm. Theorem 1.3.1 indicates importance of bases
that are L,-equivalent to the Haar basis ‘H. It says that such bases are
greedy bases for L,, 1 < p < oo. Theorem 1.3.1 addresses the case of
L,([0,1]). The same proof works for the L,(R). In this section we will
give some sufficient conditions on a system of functions in order to be L,-
equivalent to the Haar basis. It is more convenient to give these conditions
in the case of L,(R). These results are a part of general Littlewood-Paley
theory. We begin in this section by introducing various forms of Littlewood—
Paley theory for systems of functions. From the univariate wavelet 1,
we can construct efficient bases for Lo(R) and other function spaces by
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dilation and shifts (see, for instance, DeVore (1998)). For example, the
functions

ik = 252028 —j), 4 ke,

form a stable basis (orthogonal basis in the case of an orthogonal wavelet 1))
for La(R).

It is convenient to use a different indexing for the functions ;. Let
D := D(R) denote the set of dyadic intervals. Each such interval I is of the
form I = [j27% (5 + 1)27%]. We define

Vri=ik, I =1[27% (G +1)275. (1.10.1)

Thus the basis {1« };rez is the same as {1} rep(w)-

We consider in this section systems of functions {n(I,-)}rep defined on R.
If 1 < p < oo, we say that a family of real-valued functions n(I,-), I € D,
satisfies the strong Littlewood—Paley property for p if, for any finite sequence
(cr) of real numbers, we have

Z CIU(L )

IeD

1/2
(1.10.2)

e H (gcma, )

with constants of equivalency depending at most on p. Here and later we
use the notation A < B to mean that there are two constants Ci,Cs > 0
such that

p

C1A < B < (CA.

We shall indicate what the constants depend on (in the case of (1.10.2) they
may depend on p).

Here is a useful remark concerning (1.10.2). From the validity of (1.10.2)
for finite sequences, we can deduce its validity for infinite sequences by a
limiting argument. For example, if (¢7)7ep is an infinite sequence for which
the sum on the left-hand side of (1.10.2) converges in L,(R) with respect to
some ordering of the I € D, then the right-hand side of (1.10.2) will converge
with respect to the same ordering and the right-hand side of (1.10.2) will
be less than a multiple of the left. Likewise, we can reverse the roles of the
left- and right-hand sides. Similar remarks hold for other statements such
as (1.10.2).

We use strong Littlewood—Paley inequality to differentiate (1.10.2) from
other possible forms of Littlewood—Paley inequalities. For example, the
Littlewood—Paley inequalities for the complex exponentials take a different
form (see Zygmund (1959, Chapter XV)). Another point of interest in our
considerations is the following:

Z 0177(17 )

1eD

(1.10.3)

()

p
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We use the notation y for the characteristic function of [0, 1] and y; for its
Ls(R)-normalized, shifted dilates given by (1.10.1) (with ¢ = x).

The two forms (1.10.2) and (1.10.3) are equivalent under very mild condi-
tions on the functions n(I, -). To see this, we shall use the Hardy-Littlewood
maximal operator, which is defined for a locally integrable function g on
R by

Myla) i=sup - [ 1ot ay
73z | S

with the supremum taken over all intervals J that contain x. It is well known
that M is a bounded operator on L,(R) for all 1 < p < co. The Fefferman—
Stein inequality (Fefferman and Stein 1972) bounds the mapping M on
sequences of functions. We shall only need the following special case of this
inequality, which says that for any functions n(/,-) and constants cy, I € D,
we have for 1 < p < oo,

()"

with an absolute constant A.
Consider now as an example the equivalence of (1.10.2). If the functions
n(I,-), I € D, satisty

: (1.10.4)
p

<a|(Seema ->>2)1/2

IeD

In(l,z)] < CMxi(z), xr(zr) <CMn(Il,z), for almost all z € R,
(1.10.5)
then, using (1.10.4), we see that (1.10.2) holds if and only if (1.10.3) holds.
The first inequality in (1.10.5) is a decay condition on n(Z, -). For example, if
n(I,-) is given by the normalized, shifted dilates of the function v, n(1,-) =
7, then the first inequality in (1.10.5) holds whenever

[v(x)| < Clmax(1, |z[)]™*, for almost all z € R,

with A > 1. The second condition in (1.10.5) is extremely mild. For exam-
ple, it is always satisfied when the family n(I,-) is generated by the shifted
dilates of a non-zero function .

Suppose that we have in hand two families n(I,-), u(I,-), I € D(R). We
shall use the notation {n(I,)}rep < {u(l,-)}rep if there is a constant
C > 0 such that

Z CIn(I’ )

1eD

<C
p

(1.10.6)

Z CIN(L )

1eD

p

holds for all finite sequences (cy)rep with C' independent of the sequence. If

{n(L,)}1rep < A{n(,)} e and {u(L, )} rep < {n(l,-)}1ep, then we write
{n(I,")}rep = {p(I,-)}1ep and say that these systems are Ly-equivalent.
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Given two families n(I,-),u(I,-), I € D(R), we define the operator T
which maps p(I, ) into n(1,-) for all I € D, and we extend 7' to finite linear
combinations of the p(I,-) by linearity. Then (1.10.6) holds if and only if
T is a bounded operator with respect to the Ly-norm, and {u(I,-)}rep <
{n(1,-)}1ep holds if and only if T has a bounded inverse with respect to
the L,-norm.

The strong Littlewood-Paley inequalities (1.10.3) are the same as the L,-
equivalence {n(I,-)} ~ {H;}. We begin with a presentation of sufficient
conditions in order that {n(I,-)} < {Hr}. Let &, I € D, denote the centre
of the dyadic interval I. We shall assume in this section that n(I,-), I € D,
is a family of univariate functions that satisfy the following assumptions.

A1 There is an € > 0, and a constant C such that, for all ¢ € R and all
J € D, we have
[n(J, &5+ t1T))] < Col T2+ [e]) 71

A2 Thereis an € > 0 and a constant Cy and a partition of [—1/2,1/2] into
intervals Jp,. .., J,, that are dyadic with respect to [—1/2,1/2], such
that, for any J € D, any j € Z, and any t1,ts in the interior of the
same interval Ji, k =1,..., m, we have

In(1, &7+ 31|+ talJ]) = n(J, &5 + j | + t2| J]))|
< Col I[P+ )7t — 1]
A3 For any J € D, we have

/Rn(J, ) da = 0.

When 7(J,-) = 1  for a function 1), it is enough to check these assump-
tions for J = [0, 1], i.e., for the function ¢ alone. They follow for all other
dyadic intervals J by dilation and translation.

Condition Al is a standard decay assumption and A3 is the zero moment
condition. Condition A2 requires that the functions 7n(I,-) be piecewise
in Lipe.

Let T be the linear operator which satisfies

T<Z c1H1> =Y em(,-) (1.10.7)

IeD 1eD

for each finite linear combination ) ;. crHy of the Hy. We wish to show

that
HT(Z C]H[) ZC[H]
IeD

IeD
for each such sum. From this it would follow that T" extends (by continuity)
to a bounded operator on all of L,(R) and therefore {n(I,-)} < {Hr}.

<C
P

p
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We can expand 7(/J,-) into its Haar decomposition. Let

I, J) ::/Rn(J,x)HI(:I:)d:c, (1.10.8)

so that
n(J,) =Y A, J)H.
IeD

It follows that

T(Z cJHJ> =Y > AU J)esH. (1.10.9)

JeD IeD JeD
Thus the mapping T is tied to the bi-infinite matrix A := (A(Z,J))r jep,
which maps the sequence ¢ := (¢;) to the sequence
(cf) == Ac.

One approach to proving Littlewood—Paley inequalities is to show that
the matrix A decays sufficiently fast away from the diagonal (see Frazier
and Jawerth (1990, Section 3)). Following Frazier and Jawerth (1990), we
say that a matrix A = (a(I,J))r jep is almost diagonal if, for some € > 0,
we have

la(I,J)| < Cw(l,J), (1.10.10)
with

._ & =& N\ ) I (2

In DeVore et al. (1998) we used the following special case of a theorem
of Frazier and Jawerth (1990, Theorem 3.3), concerning almost diagonal
operators.

Theorem 1.10.1. If (a(I,J))r,jep is an almost diagonal matrix, then the
operator A defined by

A(Z cJHJ> =Y > a(l,J)e,H; (1.10.12)

JeD 1€D JeD

is bounded on L,(R) for each 1 < p < oc.
In DeVore et al. (1998) we proved the following theorems.

Theorem 1.10.2. If n(1,-), I € D, satisfy assumptions A1-A3, then the
operator 1" defined by (1.10.7) is bounded from L,(R) into itself for each
1<p<oo.

Corollary 1.10.3. If n(I,-), I € D, satisfy assumptions A1-A3, then
{n(l, }1ep < {Hr1}1eD-
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We can use a duality argument to give sufficient conditions that the oper-
ator T of (1.10.7) is boundedly invertible. For this, we assume that n(Z,-),
I € D, is a family of functions for which there is a dual family n*(Z,-),
I € D, that satisfies

n(I,),n*(J,")) =d(I,J), I,JeD.

Theorem 1.10.4. If the functions n*(I,-), I € D, satisfy assumptions
A1-A3, then {HI}IGD < {T](I, '}IGD'

Theorem 1.10.5. If the systems of functions {n(I,-)}rep, {n*(I,-)}iep,
satisfy assumptions A1-A3, then the system {n(I,-)}rep is L,-equivalent
to the Haar system {H}rep for 1 < p < 0.

It is known from different results (see DeVore et al. (1992), DeVore (1998),
Temlyakov (2003a)) that wavelets are well designed for nonlinear approx-
imation. We present here one general result in this direction. We fix
p € (1,00) and consider in L,([0,1]%) a basis ¥ := {¢;};ep indexed by
dyadic intervals I of [0,1]¢, I = I} x - -+ x I, I; is a dyadic interval of [0, 1],
j = 1,...,d, which satisfies certain properties. Set L, := L,(2) with a
normalized Lebesgue measure on 2, || = 1. First of all we assume that,
forall 1 < ¢,p < oo and I € D, where D := D([0,1]%) is the set of all dyadic
intervals of [0,1]%, we have

1l = [leprllg I[P/, (1.10.13)

with constants independent of I. This property can be easily checked for a
given basis.

Next, assume that for any s = (s1,...,sq) € Z%, s;>0,j=1,...,d, and
any {cs}, we have for 1 < p < o0

> e

IeDg

p

= > llerpll?, (1.10.14)

P IeD,

where
Ds:={I=0Lx---xIgeD:|;|=27% j=1,...,d}.

This assumption allows us to estimate the L,-norm of a dyadic block in
terms of Fourier coefficients.

The third assumption is that ¥ is a basis satisfying the following version
(weak form) of the Littlewood—Paley inequality, as follows. Let 1 < p < oo
and let f € L, have the expansion

fF=>fror
I
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We assume that

~lim Hf— > > frer|| =0, (1.10.15)
T Hi o0 $;<pyg=1,...d I€Ds p
and
2\ 1/2
171l = H(Z > frtn ) (1.10.16)
s 'IeDs p

Let p € 7, pj >0,j=1,...,d. Denote by ¥(u) the subspace of polyno-

mials of the form
v=" >, ) et

SJSM]J:l??d IeDs

We now define a function class. Let R = (Ry,...,Rq), R; >0,j=1,...,d,

and
g(R) := < > R;1> _1.

j:
For any natural number [, define
V(R 1) :=¥(n), wi =[g(R)I/R;], j=1,...,d

We define the class H, f(\I/) as the set of functions f € L, representable in
the form

F=3"t, teWwRID), |t <2 9R0
=1

We proved in Temlyakov (2002a) the following theorem.

Theorem 1.10.6. Let 1 < ¢,p < oo and g(R) > (1/¢ — 1/p)+. Then, for
V¥ satisfying (1.10.13)—(1.10.16), we have

sup ||f — Grr(f, )|, < m—9P.
feHf(v)

In the periodic case the basis U% := U x - - - x U can be used in place of ¥
in Theorem 1.10.6. We define the system U := {U;} in the univariate case.
Denote

Uf(z) =) e = 7 n=0L2...,
k=0

U:k(:v) = ei2%U:(:B —27k2™™), k=0,1,...,2" -1,

Un_k(x) = e7i2n‘TUn+(—:E +27k27™), k=0,1,...,2" — 1.
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We normalize the system of functions {Un+ o Uy i} in Lo and enumerate it
by dyadic intervals. We write

U(x) =270} (z) with T=[(k+1/2)27" (k+1)27"),
Up(x) =220, (z) with I=[k27", (k+1/2)27"),
and
Upp,1y(x) :== 1.
Wojtaszczyk (1997) proved that U is an unconditional basis of L,, 1 <

p < oo. It is well known that H(f(Ud) is equivalent to the standard
anisotropic multivariate periodic Holder-Nikol’skii classes NHY. We de-
fine these classes in the following way (see Nikol’skii (1975)). The class
NHf, R = (Ry,...,Ry) and 1 < p < o0, is the set of periodic functions
f € Ly([0,27]9) such that, for each I; = [Rj] + 1, j = 1,...,d, the following
relations hold:

li,g . .
”pr S 17 ”Atj ijP S |t|Rja J= 17 cee 7da (11017)

where Ai’j is the [th difference with step t in the variable z;. For d = 1,
N Hf coincides with the standard Holder class H;,?. Theorem 1.10.6 gives
the following result.

Theorem 1.10.7. Let 1 < ¢q,p < oo; then for R such that g(R) > (1/q —
1/p)+, we have

sup ||f — Go? (f,UD], < m™9.
fENHE

We also proved in Temlyakov (2002a) that the basis U? is an optimal
orthonormal basis for approximation of classes NH, f‘ in Ly:

om(NHE, 0), < 0, (NHE, UY), < m™90) (1.10.18)

for 1 <g<o0,2<p<oo,g(R)>(1/qg—1/p)s+. Here O is a collection of
orthonormal bases. It is important to note that Theorem 1.10.7 guarantees
that the estimate in (1.10.18) can be realized by greedy algorithm Gl (-,U%)
with regard to U?. Another important feature of (1.10.18) is that the basis
U? is optimal (in the sense of order) for each class N Hf independently
of R = (Ry,...,Ry) and ¢. This property is known as universality for
a collection of classes (in the above case, the collection {NHZE}). Further
discussion of this important issue can be found in Temlyakov (2002a, 2003a).
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CHAPTER TWO
Greedy approximation with respect to dictionaries:
Hilbert spaces

2.1. Introduction

We discuss greedy approximation with regard to redundant systems in this
chapter. Greedy approximation is a special form of nonlinear approxima-
tion. The basic idea behind nonlinear approximation is that the elements
used in the approximation do not come from a fixed linear space but are
allowed to depend on the function being approximated. The standard prob-
lem in this regard is the problem of m-term approximation, where one fixes a
basis and aims to approximate a target function f by a linear combination
of m terms of the basis. We discussed this problem in detail in Chap-
ter 1. When the basis is a wavelet basis or a basis of other waveforms, then
this type of approximation is the starting point for compression algorithms.
An important feature of approximation using a basis

U= {Yphpey

of a Banach space X is that each function f € X has a unique representation

o

=Y c(f)vw, (2.1.1)

k=1

and we can identify f with the set of its coefficients {cx(f)}32,. The problem
of m-term approximation with regard to a basis has been studied thoroughly
and rather complete results have been established (see Chapter 1). In par-
ticular, it was established that the greedy-type algorithm which forms a sum
of m terms with the largest ||cx(f)¥r||x out of expansion (2.1.1) realizes in
many cases near-best m-term approximation for function classes (DeVore
et al. 1992) and even for individual functions (see Chapter 1).

Recently, there has emerged another more complicated form of nonlin-
ear approximation, which we call highly nonlinear approximation. It takes
many forms but has the basic ingredient that a basis is replaced by a larger
system of functions that is usually redundant. We call such systems dic-
tionaries. On the one hand, redundancy offers much promise for greater
efficiency in terms of the approximation rate, but on the other hand gives
rise to highly non-trivial theoretical and practical problems. The problem
of characterizing approximation rate for a given function or function class
is now much more substantial and results are quite fragmentary. However,
such results are very important for understanding what this new type of
approximation offers. Perhaps the first example of this type was considered
by Schmidt (1906), who studied the approximation of functions f(z,y) of
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two variables by bilinear forms,

Z ui(z)vi(y)

in Ly([0,1]?). This problem is closely connected with properties of the
integral operator
/ f(z,y)g

with kernel f(z,y). Schmidt (1906) gave an expansion (known as the
Schmidt expansion)

ZS] (J£)oj(@);(y),

7=1
where {s;(Jf)} is a non-increasing sequence of singular numbers of J¢, i.e.,
sj(Jy) == )\j(J]’?Jf)l/z, where {\;(A)} is the sequence of eigenvalues of an
operator A, and J7 is the adjoint operator to Jy. The two sequences {¢;(z)}

and {9;(y)} form orthonormal sequences of eigenfunctions of the operators
J fJ]"E and J]”Z J, respectively. He also proved that

Hf(wy Z (Jp)os ()i (y)

J=1

m
= X U;\T)U
uJ,UJEL2, j* Hf y ]; J( ) ](y)

It was understood later that the above best bilinear approximation can
be realized by the following greedy algorithm. Assume c¢;, u;(z), v;(y),
llujllz, = l|lvjlle, =1, 5 =1,...,m — 1, have been constructed after m — 1
steps of the algorithm. At the mth step we choose ¢, um(x), vim(y),
lumllz, = [[vmllL, = 1, to minimize

Hf(:n, ) - écjw)vj )

We call this type of algorithm the Pure Greedy Algorithm (PGA) (see the
general definition below).

Another problem of this type which is well known in statistics is the pro-
jection pursuit regression problem, mentioned in the Preface. The problem
is to approximate in Ly a given function f € Lo by a sum of ridge functions,
i.e., by

Lo

Lo

Lo

m
er(wj x),  T,wj eRY j=1,...,m,
j=1
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where 7, j = 1,...,m, are univariate functions. The following greedy-
type algorithm (projection pursuit) was proposed in Friedman and Stuetzle
(1981) to solve this problem. Assume functions rq,...,7 ,—1 and vectors
w1, ...,wm—1 have been determined after m — 1 steps of algorithm. Choose
at the mth step a unit vector w,, and a function r;,, to minimize the error

Hﬂ@-f}ﬂ%%)

J=1

Lo

This is one more example of a Pure Greedy Algorithm. The Pure Greedy
Algorithm and some other versions of greedy-type algorithms have recently
been intensively studied: see Barron (1993), Donahue, Gurvits, Darken and
Sontag (1997), Davis, Mallat and Avellaneda (1997), DeVore and Temlyakov
(1996, 1997), Dubinin (1997), Huber (1985), Jones (1987, 1992), Konya-
gin and Temlyakov (1999b), Livshitz (2006, 2007a, 2007b), Livshitz and
Temlyakov (2001, 2003) and Temlyakov (1999, 20006, 20025, 2003b). There
are several survey papers that discuss greedy approximation with regard
to redundant systems: see DeVore (1998) and Temlyakov (2003a, 2006a).
In this chapter we discuss along with the PGA some of its modifications
which are more suitable for implementation. This new type of greedy algo-
rithms will be termed Weak Greedy Algorithms.

In order to orient the reader we recall some notation and definitions from
the theory of greedy algorithms. Let H be a real Hilbert space with an inner
product (-,-) and the norm |z|| := (z,z)'/?. We say a set D of functions
(elements) from H is a dictionary if each g € D has norm one (||g|| = 1) and
the closure of spanD is equal to H. Sometimes it will be convenient for us
also to consider the symmetrized dictionary D* := {+g : g € D}. In DeVore
and Temlyakov (1996) we studied the following two greedy algorithms. If
f € H,welet g=g(f) € D be the element from D which maximizes |(f, g)]|
(we make an additional assumption that a maximizer exists) and define

G(f):=G(f,D) = (f.9)9 (2.1.2)
and
R(f) == R(f,D) == f — G(f).

Pure Greedy Algorithm (PGA). We define fy := Ro(f) := Ro(f,D) :=
fand Go(f) := Go(f,D) := 0. Then, for each m > 1, we inductively define

Gm(f) = Gm(fa D) = Gmfl(f) + G(Rmfl(f))a
fm = R (f) == R (f, D) := [ — Gu(f) = R(Bm-1(f))-

We note that the Pure Greedy Algorithm is known under the name Match-
ing Pursuit in signal processing (see, for instance, Mallat and Zhang (1993)).
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If Hy is a finite-dimensional subspace of H, we let Py, be the orthogonal
projector from H onto Hy. That is, Py, (f) is the best approximation to f
from Hy.

Orthogonal Greedy Algorithm (OGA). We define f§ := R§
RY(f,D) := f and G§(f) = G§(f,D) := 0. Then, for each m >
inductively define
Hyp := Hm(f) := span{g(R5(f)), .., 9(Ry, 1 (f))},
Go(f) = Go.(f,D) == Pu, (f),
fm = Bo.(f) == R, (f, D) :== f = GL.(f)

We remark that for each f we have

1l < 11 = Gi(fn-1, D)II- (2.1.3)

In Section 1.5 we realized that the Weak Greedy Algorithms with regard
to bases work as well as the corresponding Greedy Algorithms. In this chap-
ter we study similar modifications of the Pure Greedy Algorithm (PGA) and
the Orthogonal Greedy Algorithm (OGA), which we call, respectively, the
Weak Greedy Algorithm (WGA) and the Weak Orthogonal Greedy Algo-
rithm (WOGA). We now give the corresponding definitions from Temlyakov
(20000). Let a sequence 7 = {tx}32, 0 <t < 1, be given.

Weak Greedy Algorithm (WGA). We define fJ := f. Then, for each
m > 1 we have the following inductive definition.

(f)
1,

(1) I, € D is any element satisfying
|<fm 1790m>’ 2 tm Sup’< m—1 g)’

geD
(2) _f’:):L 1 <m 17s0m> Pm-
(3) GT fv ij la(p]
7j=1

We note that, for a particular case t, = t, k = 1,2,..., this algorithm
was considered in Jones (1987). Thus, the WGA is a generalization of the
PGA making it easier to construct an element ], at the mth greedy step.
We point out that the WGA contains, in addition to the first (greedy) step,
the second step (see (2) and (3) in the above definition) where we update
an approximant by adding an orthogonal projection of the residual f] _;
onto ¢],. Therefore, the WGA provides for each f € H an expansion into
a series (greedy expansion)

f ZC] QOJ, Cj f) = <f‘77——15g0;>
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In general it is not an orthogonal expansion but it has some similar prop-
erties. The coeflicients ¢;(f) of an expansion are obtained by the Fourier
formulas with f replaced by the residuals f7_;. It is easy to see that

LFml? = N fmall® = lem (F)F2.

We prove convergence of greedy expansion (see, for instance, Theorem 2.2.4
below), and therefore, from the above equality, we get for this expansion an
analogue of the Parseval formula for orthogonal expansions:

12 =D e (HIP.
j=1

Weak Orthogonal Greedy Algorithm (WOGA). We define f;"" := f,

UTi= f7, and ¢ = @], where f7, ] are are given in the above defini-
tion of the WGA. Then, for each m > 2 we have the following inductive
definition.

(1) ¢m’ € D is any element satisfying

[{(frnsts @) = tmsup [(f271, )]

geD
(2) Gw (f,D) := Pyz (f), where HJ :=span(p]",...,¢om ).
(3) = =G (f,D).

It is clear that G7, and G7)” in the case t;, = 1, k = 1,2,..., coincide with
the PGA G, and the OGA GY,, respectively. It is also clear that the WGA
and the WOGA are more ready for implementation than the PGA and the
OGA. The WOGA has the same greedy step as the WGA and differs in
the construction of a linear combination of ¢1,...,¢n. In the WOGA we
do our best to construct an approximant out of H,, := span(¢1,...,omn):
we take an orthogonal projection onto H,,. Clearly, in this way we lose a
property of the WGA to build an expansion into a series in the case of the
WOGA. However, this modification pays off in the sense of improving the
convergence rate of approximation. To see this, compare Theorems 2.3.5
and 2.3.6.

There is one more greedy-type algorithm that works well for functions
from the convex hull of DF, where D* := {£g : g € D}.

For a general dictionary D we define the class of functions

A?(DjM)::{feH:f:chwk, wy, € D, #A < oo, Z|ck]§M}

keA keA

and we define A; (D, M) to be the closure (in H) of A§(D, M). Furthermore,
we define A; (D) to be the union of the classes A (D, M) over all M > 0.
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For f € A1(D), we define the norm

| fla D)

to be the smallest M such that f € A;(D, M).
For M = 1 we denote A;(D) := A;1(D,1). We proceed to discuss the
relaxed type of greedy algorithms. We begin with the simplest one.

Relaxed Greedy Algorithm (RGA). Let f) := Ry(f) := R{(f,D) :== f
and G§(f) == Gi(f,D) := 0. For m = 1, we define G(f) := G1(f,D) :=
Gi(f) and f{ := R{(f) := R{(f,D) := Ryi(f). For a function h € H, let
g = g(h) denote the function from D¥ which maximizes (h,g) (we assume
the existence of such an element). Then, for each m > 2 we inductively

define

Gl =Gl 2) o= (1= 2 )G a(h +

mg
fin = RBo(f) = R, (f, D) := f = G (f).

There are several modifications of the Relaxed Greedy Algorithm (see, for
instance, Barron (1993) and DeVore and Temlyakov (1996)). Before giving
the definition of the Weak Relaxed Greedy Algorithm (WRGA), we make
one remark which helps to motivate the corresponding definition. Assume
Gm—1 € A1(D) is an approximant to f € A;(D) obtained at the (m — 1)th
step. The major idea of relaxation in greedy algorithms is to look for an
approximant at the mth step of the form G,, := (1 —a)Gp_1 +ag, g € DT,
0 < a < 1. This form guarantees that G,,, € A;(D). Thus we are looking for
co-convex approximants. The best we can do at the mth step is to achieve

b= b If = (1= 0)Gu + ag)]|

(Rp-1(f)),

Let f, ;= f —Gp,n=1,...,m. It is clear that for a given g € D* we have
nf [| frn—1 —alg - Gr-D)II> = | fm=1ll> = (fm—-1,9 — Gm=1)%lg — Gm—1lI"2,
and this infimum is attained for

a(g9) = (fm-1,9 — Gm-1)|lg — Gm71||_2.

Next, it is not difficult to derive from the definition of A;(D) and from our
assumption on existence of a maximizer that, for any h € H and u € A;(D),
there exists g € D* such that

(h,g) > (h,u). (2.1.4)

Taking h = f,,_1 and v = f, we get from (2.1.4) that there exists g,, € D*
such that

<fm717.gm - Gm71> > <fmflaf - Gmfl> = ||fm71H2- (215)
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This implies in particular that we get for gy,

Hgm - Gmle > ||fmfl|| (216)
and 0 < a(gpm) < 1. Thus,

1
Sy < || fm—al? = 7 Sup (fm-1,9 — Gm-1)*.
geDE

We now give the definition of the WRGA for f € A;(D).

Weak Relaxed Greedy Algorithm (WRGA). We define fj := f and
Gy := 0. Then, for each m > 1 we have the following inductive definition.

(1) ¢m € DT is any element satisfying

(fm—1s0m — Gm-1) = tml| frn 1]l (2.1.7)
(2) G = Gm(f, D) = (1 = Bn)Gim-1 + B,
B = tm(l +itz)_1 for m > 1.
k=1
(3) fm = f — Gn.

2.2. Convergence

We begin this section with convergence of the Weak Orthogonal Greedy Al-
gorithm (WOGA). The following theorem was proved in Temlyakov (20005).

Theorem 2.2.1. Assume
o0
> =00 (2.2.1)
k=1

Then, for any dictionary D and any f € H, we have for the WOGA

lim |27 = 0. (2.2.2)

m—0o0
Remark 2.2.2. It is easy to see that if D = B, an orthonormal basis, the
assumption (2.2.1) is also necessary for convergence (2.2.2) for all f.
Proof of Theorem 2.2.1. Let f € H and let 7", 03", ... be as given in the
definition of the WOGA. Let
H, := H] =span(p]",...,0%7).

It is clear that H, C H,11, and therefore {Pp, (f)} converges to some
function v. The following Lemma 2.2.3 says that v = f and completes the
proof of Theorem 2.2.1. O
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Lemma 2.2.3. Assume that (2.2.1) is satisfied. Then, if {f]}°°_, or
{fm7}55_, converges, it converges to zero.

Proof of Lemma 2.2.3. We prove this lemma by contradiction. Let us
consider first the case of {f7 }5°_;. Assume f] — u # 0 as m — oo. It is
clear that

sup [(u, g)| > 26
geD

with some § > 0. Therefore, there exists N such that, for all m > N, we
have

Sup\( gy > 0.
g€D

From the definition of the WGA we get for all m > N

m
Il = I = [ frns omd P < USRI =62 ) 8,

k=N+1

which contradicts (2.2.1).

We now proceed to the case { fm’ }°°_;. Assume fn;" — u # 0 as m — oo.
Then, as in the above proof, there ex1st 6 > 0 and N such that, for all
m > N, we have

sup [(fm7, 9)| = 0.
g€D

Next, as in (2.1.3) we have

2 m
S WDl = (sup AT o)) < ISP =% 3 i

ge k=N+1

which contradicts the divergence of >, t2. U

Theorem 2.2.1 and Remark 2.2.2 show that (2.2.1) is a necessary and
sufficient condition on weakness sequence 7 = {t;} in order that the WOGA
converges for each f and all D. Condition (2.2.1) can be rewritten as 7 ¢
l5. It turns out that the convergence of the PGA is more delicate. We
now proceed to the corresponding results. The following theorem gives a
criterion of convergence in a special case of monotone weakness sequences
{tx}. Sufficiency was proved in Temlyakov (2000b) and necessity in Livshitz
and Temlyakov (2001).

Theorem 2.2.4. In the class of monotone sequences 7 = {t3}32,, 1 >
t1 >ty > --- >0, the condition

~~

i ?’“ (2.2.3)

k=1
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is necessary and sufficient for convergence of the Weak Greedy Algorithm
for each f and all Hilbert spaces H and dictionaries D.

Remark 2.2.5. We note that the sufficiency part of Theorem 2.2.4 (see
Temlyakov (2000b)) does not need the monotonicity of 7.

Proof of sufficiency condition in Theorem 2.2.4. This proof (see Temlyakov
(20000)) is a refinement of the original proof of Jones (1987). The following
lemma, Lemma 2.2.6, combined with Lemma 2.2.3, implies sufficiency in
Theorem 2.2.4. L]

Lemma 2.2.6. Assume (2.2.3) is satisfied. Then {f] }°>°_; converges.

Proof of Lemma 2.2.6. 1t is easy to derive from the definition of the WGA
the following two relations:

= Z j— 17(70] (10]7 (224)
£l = 1117~ Z [T (2.2.5)
7j=1

Let aj := [(f]_1,¢])]. We get from (2.2.5) that

> a < |IfI% (2.2.6)
Jj=1

We take any two indices n < m and consider
L = frl2 = W7 = WP =208 = frs )
Let
Onm = {fr — fos fo) |-

Using (2.2.4) and the definition of the WGA, we obtain, for all n < m and
all m such that t,,4+1 # 0,

m+1

nm— Z ‘f] 1790]>H<fm790] am+1 ZG‘J (227)

j=n+1
U

We now need a property of £s-sequences.

Lemma 2.2.7. Assume y; >0,j=1,2,..., and

o0 t o0
k § 2
k=1 j=1
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Then

lim —Zyj =0.

n—oo In =1

Proof. Let P(1):={n € N:t, # 0}. Consider a series

3 Z”;: Z vi- (2.2.8)

We shall prove that this series converges. It is clear that convergence of this
series together with the assumption 72, tx/k = oo imply the statement of
Lemma 2.2.7.

We use the following known fact. If {y;}32, € £5 then {n~" di—1Yitne €
ly (see Zygmund (1959, Chapter 1, Sectlon 9)). By the Cauchy inequality,
we have

= e (54 (S5 )

neP(r) n=1
This completes the proof of Lemma 2.2.7. UJ
Relation (2.2.7) and Lemma 2.2.7 imply that

lim max#] , =0.
m—oo N<m n,m

It remains to use the following simple lemma.

Lemma 2.2.8. In a Banach space X, let a sequence {x,}°, be given,
such that, for any k, [, we have

2
|z — 2ll” = Yk — g1 + Dpe s
where {y,}>°, is a convergent sequence of real numbers and the real se-
quence vy satisfies the property

lim max |[dy,| = 0.
l—o00 l

Then {z,}32, converges.

The necessary condition in Theorem 2.2.4 was proved in Livshitz and
Temlyakov (2001). We do not present it here.

Theorem 2.2.4 solves the problem of convergence of the WGA in the
case of monotone weakness sequences. We now consider the case of general
weakness sequences. In Theorem 2.2.4 we reduced the proof of convergence
of the WGA with weakness sequence 7 to some properties of f2-sequences
with regard to 7. The sufficiency part of Theorem 2.2.4 was derived from
the following two statements.
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Proposition 2.2.9. Let 7 be such that, for any {a;}?2, € £, a; > 0,
j=1,2,..., we have
n
linrriioréf an Z a;/t, = 0.
j=1
Then, for any H, D, and f € H we have

lim | f7]] = 0.
m—0o0

Proposition 2.2.10. If 7 satisfies condition (2.2.3) then 7 satisfies the
assumption of Proposition 2.2.9.

We proved in Temlyakov (2002b) a criterion on 7 for convergence of the
WGA. Let us introduce some notation. We define by V the class of sequences
x={xp}2, 25 >0, k=1,2,..., with the following property: there exists
a sequence 0 = gg < g1 < --- that may depend on x such that

o 25
— Ags

< o0 (2.2.9)

and
o0 qds
270 a4 < o0, (2.2.10)
s=1 k=1

where Ags := qs — qs_1.

Remark 2.2.11. It is clear from this definition that, if x € V and for
some N and ¢, we have 0 <y < cxg, k> N, then y € V.

Theorem 2.2.12. The condition 7 ¢ V is necessary and sufficient for
convergence of all realizations of the Weak Greedy Algorithm with weakness
sequence 7 for each f and all Hilbert spaces H and dictionaries D.

The proof of the sufficiency part of Theorem 2.2.12 is a refinement of
the corresponding proof of Theorem 2.2.4. The study of the behaviour
of sequences a, 2?21 a; for {aj}?‘;l € ly,a; >0,7=1,2,..., plays an
important role in both proofs. It turns out that the class V appears naturally
in the study of the above-mentioned sequences. We proved the following
theorem in Temlyakov (2002b).

Theorem 2.2.13. The following two conditions are equivalent:

TEV, (2.2.11)

n
¥{a;}521 € 2, a; 20, liminfa, > a/tn =0. (2.2.12)
j=1
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Theorem 2.2.12 solves the problem of convergence of the WGA in a very
general situation. The sufficiency part of Theorem 2.2.12 guarantees that,
whenever 7 ¢ V, the WGA converges for each f and all D. The necessity
part of Theorem 2.2.12 states that, if 7 € V), then there exist an element
f and a dictionary D such that some realization GJ,(f,D) of the WGA
does not converge to f. However, Theorem 2.2.12 leaves open the following
interesting and important problem. Let a dictionary D C H be given. Find
necessary and sufficient conditions on a weakness sequence 7 in order that
GT.(f,D) — f for each f € H. The corresponding open problems for special
dictionaries are formulated in Temlyakov (2003a, pp. 78, 81). They concern
the following two classical dictionaries:

Iy == {u(z)v(y) s u,v € L2([0,1]),  [[ull2 = [lv]2 =1},
and
Ry :={g(z) =r(w-z):[gll2 =1},

where r is a univariate function and w-x is the scalar product of z, ||z|s, < 1,
and a unit vector w € R2.

2.3. Rate of convergence
2.8.1. Upper bounds for approximation by general dictionaries

We shall discuss here approximation from a general dictionary D. We begin
with a discussion of the approximation properties of the Relaxed Greedy
Algorithm. The result we give below in Theorem 2.3.2 is from DeVore
and Temlyakov (1996), and can be found in the paper of Jones (1992) in
a different form. We begin with the following elementary lemma about
numerical sequences.

Lemma 2.3.1. If A> 0 and {a,};2; is a sequence of non-negative num-
bers satisfying a; < A and

2 A
am < am—1— —am-1+—, m=23,..., (2.3.1)
m m
then
A
m

Proof. The proof is by induction. Suppose we have
A

am—1 <
m m—1

for some m > 2. Then, from our assumption (2.3.1) we have

< A 1_3 _|_£_A i_¥+i <é Il
= m m2 " \m (m—-1m m2) " m
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If f € A9(D), then f = Zj c;g;, for some g; € D and with Zj lej] < 1.
Since the functions g; all have norm one, it follows that

A1 <> leslllglh < 1.
j

Since the functions g € D have norm one, it follows that G (f

) =
has norm at most one. By induction, we find that |G}, (f)| < 1,

G1(f) also
m > 1.

Theorem 2.3.2. For the Relaxed Greedy Algorithm we have, for each
f € A1(D), the estimate

If =GRl <

Proof. We use the abbreviation r,, = G}, (f) and g = g(R],_1(f))-
From the definition of r,,, we have

. om>1 (2.3.3)

E&

2 1
1f = rmll? = 1 = rm—1? + = (f = rm—t,7m=1 = gm) + 5 [7m—1 — gml|*.
m m
(2.3.4)
The last term on the right-hand side of (2.3.4) does not exceed 4/m?. For
the middle term, we have

<f —Tm—1,Tm—1 — gm> = inf <f —Tm—1,Tm—1 — 9>

geD+
= inf —I'm—-1y"m-1 —
¢elf{11(73)<f Fm=1,Tm-1 = ¢)
< <f —Tm—1,T"m—-1 — f> = _”f - 7’m—1||2-

We substitute this in (2.3.4) to obtain

2 4
I =rml? < (1= 2 )= rmalP 4 S (239)

Thus the theorem follows from Lemma 2.3.1 with A=4 and a,, := || f—rn||*

We now turn our discussion to the approximation properties of the Pure
Greedy Algorithm and the Orthogonal Greedy Algorithm.

We shall need the following simple known lemma (see, for example, De-
Vore and Temlyakov (1996)).

Lemma 2.3.3. Let {a,,}5°_; be a sequence of non-negative numbers sat-
isfying the inequalities

ar <A, amy1 <ap(l—ap/A), m=12,....

Then we have for each m
am < A/m.
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Proof. The proof is by induction on m. For m = 1 the statement is true
by assumption. We assume a,, < A/m and prove that a,,+1 < A/(m + 1).
If a;pr1 = 0 this statement is obvious. Assume therefore that a,,1q1 > 0.
Then we have

4ty 2 ap (1= an/A) 7 > ay! (14 am/A) = a,! + A1 > (m+1)A7"
which implies a1 < A/(m+1) . O

We now want to estimate the decrease in error provided by one step of
the Pure Greedy Algorithm. Let D be an arbitrary dictionary. If f € H
and

p(f) = (f9(N/IL (2.3.6)

where as before g(f) € DT satisfies

(f,9(f) = Sup, (f,9),

then
R(f)? = |If =GO =121 = p(£)?). (2.3.7)

The larger p(f), the better the decrease of the error in the step of the Pure
Greedy Algorithm. The following lemma estimates p(f) from below.

Lemma 2.3.4. If f € A (D, M), then

p(f) =z lFII/M. (2.3.8)

Proof. It is sufficient to prove (2.3.8) for f € A{(D, M) since the general
result follows from this by taking limits. We can write f = > cxgx, where
this sum has a finite number of terms and g € D and Y |cx| < M. Hence,

LA = 1) = (1D enan) = D exdfgn) < Mp(DIIf,
and (2.3.8) follows. O
The following theorem was proved in DeVore and Temlyakov (1996).

Theorem 2.3.5. Let D be an arbitrary dictionary in H. Then, for each
f € Ai(D, M) we have

If = G (£, D) < Mm~5.

Proof. 1t is enough to prove the theorem for f € A;(D,1); the general

result then follows by rescaling. We shall use the abbreviated notation
fm = R (f) for the residual. Let

am = | full® = 1f = Gu(£, D), m=0,1,..., fo:=F,
and define the sequence {b,,}>°_, by
by :=1, bm+1 = bm+p(fm)Hfm||7 m=0,1,....
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Since fimt1 := fm + p(fm)|l finllg(fm), we obtain by induction that
fmGAl(D,bm), mzo,l,...,

and consequently we have the following relations for m =0,1,...:

Amt1 = @y (1 — p(fm)2)7 (2.3.9)
b1 = b + p(fm)as’, (2.3.10)
p(fm) = al/?p-1. (2.3.11)

The last two relations give
b1 = b (1 + p(fm)ay,*byt) < bm(1+ p(fim)?). (23.12)
Combining this inequality with (2.3.9) we find
mi1bmt1 < ambm (1= p(fm)?),
which in turn implies for all m
ambm < agbo = || f]|* < 1. (2.3.13)
Further, using (2.3.9) and (2.3.11) we get
m+1 = am(1 = p(fn)?) < am(1 — am/by,).
Since b, < by41, this gives
an+1b;2rl < anb, 2(1 — anb,?).
2
amb 2 <m™L. (2.3.14)
Relations (2.3.13) and (2.3.14) imply

Applying Lemma 2.3.3 to the sequence (a,,b,,) we obtain

a2, = (ambm)?amb,2 <m™1.

In other words,
| fmll = ap)? < m=Y8,

which proves the theorem. O

The next theorem (DeVore and Temlyakov 1996) estimates the error in
approximation by the Orthogonal Greedy Algorithm.

Theorem 2.3.6. Let D be an arbitrary dictionary in H. Then, for each
f € Ai(D, M) we have

If = G, (£, D) < Mm~"/2.

Proof. The proof of this theorem is similar to the proof of Theorem 2.3.5
but technically even simpler. We can again assume that M = 1. We let
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fo := R% (f) be the residual in the Orthogonal Greedy Algorithm. Then,
from the definition of Orthogonal Greedy Algorithm, we have

[l < 1 = Gi(fm DI (2.3.15)
From (2.3.7), we obtain

a1 < UFRIPA = p(f2)?). (2.3.16)

By the definition of the Orthogonal Greedy Algorithm, G¢,(f) = Py, f and
hence f2 = f — G%(f) is orthogonal to G2,(f). Using this as in the proof
of Lemma 2.3.4, we obtain

£l = (Fs £) < p(F) Il
Hence,
p(frn) = 1l
Using this inequality in (2.3.16), we find

£ < IR IPQ = 11£20%)

In order to complete the proof it remains to apply Lemma 2.3.3 with A =1
and a,, = || f2]>. O

2.8.2. Upper estimates for weak-type greedy algorithms

We begin this subsection with an error estimate for the Weak Orthogonal
Greedy Algorithm. The following theorem from Temlyakov (20000) is a
generalization of Theorem 2.3.6.

Theorem 2.3.7. Let D be an arbitrary dictionary in H. Then, for each
f € Ai(D, M) we have

m —1/2
I - el <ar(14308)
k=1
We now turn to the Weak Relaxed Greedy Algorithms. The following
theorem from Temlyakov (2000b) shows that the WRGA performs on the
A1 (D, M) similar to the WOGA. We note that the approximation step of
building the G,,(f, D) in the WRGA is simpler than the corresponding step
of building the Gy (f, D) in the WOGA.

Theorem 2.3.8. Let D be an arbitrary dictionary in H. Then, for each
f € A1(D, M) we have for the Weak Relaxed Greedy Algorithm

m —-1/2
IS~ Gul£.D)] < zM(1 +Zt§> .

k=1
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We now proceed to the Weak Greedy Algorithm. The construction of an
approximant G, (f,D) in the WGA is the simplest out of the three types
of algorithms (WGA, WOGA, WRGA) discussed here. We pointed out
above that the WGA provides for each f € H an expansion into a series
that satisfies an analogue of the Parseval formula. The following theorem
from Temlyakov (20000) gives the upper bounds for the residual || f; || of the
WGA that are not as good as in Theorems 2.3.7 and 2.3.8 for the WOGA
and WRGA, respectively. The next theorem, Theorem 2.3.10, shows that
the bound (2.3.17) is sharp in a certain sense.

Theorem 2.3.9. Let D be an arbitrary dictionary in H. Assume 7 :=
{tr}72, is a non-increasing sequence. Then, for f € A;(D, M) we have

—tm/2(24+tm)
> (2.3.17)

If - G D) < M<1 'y

k=1
In a particular case 7 = {t}, (tx = ¢, k =1,2,...), (2.3.17) gives

If = GL(F,D)|| < M(1+mt?)~/U+20 0 <t <. (2.3.18)
This estimate implies the inequality

If = GL(£. D) < Coltm™ ||y o). (2:3.19)

with the exponent at approaching 0 linearly in ¢. We proved in Livshitz and
Temlyakov (2003) that this exponent cannot decrease to 0 at a slower rate
than linear.

Theorem 2.3.10. There exists an absolute constant b > 0 such that, for
any t > 0, we can find a dictionary D; and a function f; € A;(D;) such that,
for some realization Gt (f;, D;) of the Weak Greedy Algorithm, we have

lim inf [|f; — G, (i, Do) |m™ /| fel aymy) > 0. (2.3.20)

Remark 2.3.11. The estimate (2.3.18) implies that for small ¢ the pa-
rameter a in (2.3.19) can be taken close to 1/4. The proof from Livshitz
and Temlyakov (2003) implies that the parameter b in (2.3.20) can be taken
close to (In2)~1.

We now discuss some further results on the rate of convergence of the
PGA and related results on greedy expansions. Theorem 2.3.5 states that
for a general dictionary D the Pure Greedy Algorithm provides the estimate

1f = G (£ D) < [ flaspym™°.

The above estimate was improved a little in Konyagin and Temlyakov
(19990) to

If = Gu(f. D)|| < 4] f] 4y 0ym /%%
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We now discuss recent progress on the following open problem (Temlyakov
2003a, p. 65, Open Problem 3.1). This problem is a central theoretical
problem in greedy approximation in Hilbert spaces.

Open problem. Find the order of decay of the sequence
v(m):= sup  (|f = Gu(£, D4l p))s
f,'D,{Gm}( Ay (D))

where the supremum is taken over all dictionaries D, all elements f €
Ai(D) \ {0} and all possible choices of {G,}.

Recently, the known upper bounds in approximation by the Pure Greedy
Algorithm were improved in Sil'nichenko (2004). Sil’nichenko proved the
estimate

~(m) < Cm™ 259,

where s is a solution from [1, 1.5] of the equation

(1+:c)2iz(2+x> kT
1+=x x

Numerical calculations of s (see Sil’nichenko (2004)) give
s
2(2+s)

The technique used in Sil’'nichenko (2004) is a further development of a
method from Konyagin and Temlyakov (1999b).
There is also some progress in the lower estimates. The estimate

y(m) > Cm~27,

= 0.182--- > 11/62.

with a positive constant C', was proved in Livshitz and Temlyakov (2003).
For previous lower estimates see Temlyakov (2003a, p. 59). Very recently
Livshitz (2007b), using the technique from Livshitz and Temlyakov (2003),
proved the following lower estimate:

y(m) > Cm 0189, (2.3.21)

We mentioned above that the PGA and its generalization the Weak
Greedy Algorithm (WGA) give, for every element f € H, a convergent
expansion in a series with respect to a dictionary D. We discuss a further
generalization of the WGA that also provides a convergent expansion. We
consider here a generalization of the WGA obtained by introducing to it
a tuning parameter b € (0, 1] (see Temlyakov (2007a)). Let a sequence
T ={tr}32,, 0 <t <1, and a parameter b € (0,1] be given. We define the
Weak Greedy Algorithm with parameter b as follows.

Weak Greedy Algorithm with parameter b (WGA(b)). We define
fo b= f. Then, for each m > 1 we have the following inductive definition.
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(1) o € D is any element satisfying

\b , b
[l om)] =t sup [(f72 1, )]
geD

’b — )b T,b ,b ,b

(2) m = fe = 01 m Yom -
m

T,b 7,0 T,b

(3) G (f,D) =0 (7%, 07)e]"
j=1

We note that the WGA(b) can be seen as a realization of the Approximate
Greedy Algorithm studied in Gribonval and Nielsen (2001a) and Galatenko
and Livshitz (2003, 2005).

We point out that the WGA(b), like the WGA, contains, in addition to the
first (greedy) step, the second step (see (2) and (3) in the above definition)
where we update an approximant by adding an orthogonal projection of the
residual f;’lil onto o5 multiplied by b. The WGA(b), therefore, provides,
for each f € H, an expansion into a series (greedy expansion):

> "eNer o) = bl er").
j=1

We begin with a convergence result from Temlyakov (2007a).

Theorem 2.3.12. Let 7 ¢ V. Then the WGA(b) with b € (0, 1] converges
for each f and all Hilbert spaces H and dictionaries D.

Theorem 2.3.12 is an extension of the corresponding result for the WGA
(see Theorem 2.2.12).

We proved in Temlyakov (2007a) the following convergence rate of the
WGA(D).

Theorem 2.3.13. Let D be an arbitrary dictionary in H. Assume 7 :=
{tr}72, is a non-increasing sequence and b € (0,1]. Then, for f € A;(D)
we have

If = GIM(F. D) < (1 I (2.3.22)
k=1

) —(2=b)tm/2(24+(2—b)tm)

This theorem is an extension of the corresponding result for the WGA
(see Theorem 2.3.9). In the particular case tx, =1, k =1,2,..., we get the
following rate of convergence:

el n —r(b) L 2—b
I = GRGDI < Cn®, 1) = 2t

We note that r(1) = 1/6 and r(b) — 1/4 as b — 0. Thus we can offer the
following observation. At each step of the Pure Greedy Algorithm we can
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choose a fixed fraction of the optimal coefficient for that step instead of the
optimal coefficient itself. Surprisingly, this leads to better upper estimates
than those known for the Pure Greedy Algorithm.

2.4. Greedy algorithms for systems that are not dictionaries

In this section we discuss greedy algorithms with regard to a system G that
is not a dictionary. Here, we will discuss a variant of the RGA that is a
generalization of the version of the RGA suggested by Barron (1993). Let
H be a real Hilbert space and let G := {g} be a system of elements g € H
such that ||g|| < Cy. Usually, in the theory of greedy algorithms we consider
approximation with regard to a dictionary D. One of the properties of a
dictionary D is that the closure of spanD is equal to H. In this section
we do not assume that the system G is a dictionary. In particular, we do
not assume that the closure of spanG is H. This setting is motivated by
applications in learning theory (see Section 2.8). We present here results
from Temlyakov (2005d). Let G* := {£g : g € G} denote the symmetrized
system G, and let 6 > 0.

RGA(0) with respect to G. For f € H we define fy := f, Gp := Go(f) :=
0. Then, for each n > 1 we have the following inductive definition.

(1) ¢, € GF is an element satisfying (we assume existence)

<fn—17 @n) = ma)i(<fn—17 g>
geg

(2) Grn = Gu(f) == (1 e

Let A1(G) denote the closure in H of the convex hull of G*. Then, for
f € H there exists a unique element f’ € A;(G) such that

d(f, A @) = lf = fII<If —ol, &€ Ai(G). (2.4.1)

In analysis of the RGA(#) we will use the following simple lemma (see
DeVore and Temlyakov (1996) and Lemma 2.3.1 above for a variant of this
lemma). Our analysis is similar to that of DeVore and Temlyakov (1996)
and Lee, Bartlett and Williamson (1996).

0
>Gn—1 + msanv fn = f - Gy

Lemma 2.4.1. Let a sequence {a,} 2, of non-negative numbers satisfy
the relations (with 8 > 1, B > 0)

n
ap < ——ap—1+

“n+p (n+ )%
Then, for all n,
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Proof. Setting A := B/(3 — 1), we obtain by induction
A n B A A(B—-1) B

angn—1+ﬁn+ﬁ+(n+ﬂ)2 —n+ﬂ_(n+ﬂ)(n—1+ﬂ)+(n+ﬂ)2.

Taking into account the inequality

AB-1)  _AB-1)_ B
(n+B)n—1+0) ~ (n+6)* (n+p5)?*
we complete the proof. Ul

Theorem 2.4.2. For § > 1 there exists a constant C'(#) such that, for
any f € H, we have

1all® < d(f, AL(G))7r + CO)(IIF]| + Co)*n".
Proof. From the definition of G,, and f, we get, setting o :=

fn = f_Gn = (1 _a)fn—l "‘a(f_()on)

0
n+60’

and

1fall? = (1= a)?|| fumr[” +20(1 = @) { fa1, f = pn) + ®|Lf — @ul”. (24.2)
It is known and easy to check that for any h € H we have

sup (h,g) = sup (h,¢). (2.4.3)
gegGE P€A1(G)

Denote [’ as above and set f* := f — f’. Using (2.4.3) and the definition of
©n, we obtain from (2.4.2)
1£all? < (1= @2 faill? + 20(1 = ) {fa1, f = ) + || f = pull?
= (1= ) ([ fa1l® = all fa-1l? + 20 fa1, ) = | f*]?)
+a(l = Q)| f*+ ®(lf = enll?
< (1= )|l farll® + all FP + [ f = enll”
This implies

fall® = 1F712 < (1= @)(lfar* = IF71%) + @2 (1] + Co)*.

Setting a, := || full?>—||f*||?, 3 := 0, and applying Lemma 2.4.1, we complete
the proof. O

Theorem 2.4.3. For 6 > 1/2 there exists a constant C' := C(6, Cp) such
that, for any f € H, we have

If" = Gu(H)I? < C/n.

Proof. 1f f € A;1(G) then the statement of Theorem 2.4.3 follows from
known results (see Barron (1993) and Theorem 2.3.2). If d(f, A1(G)) > 0,
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then property (2.4.1) implies that, for any ¢ € A1(G), we have

(f",o—f) <0 (2.4.4)
It follows from the definition of f,, that

0 0
fn = <1 - M)fnl + m(f - ‘Pn)'

We set f] := f, — f*. Then, we get from the above representation

’_ v
Jn = (1_n+0>

We note that f], = f' — G, (f). Let us estimate

! 9 !
Joo1t m(f — ¥n).

2 : oY\
15202 = el (1= 55 ) (245)
20 0 y y 6?2 , 9
(1 ) = o)+ el =l
Next,
<f7/1717fl _SOn> = <f1/171 +f*7f/ _Spn> - <f*7f/_90n>
:<fn—17f,_90n>+<f*7()0n_f/>' (246)
First, we prove that
(fa-1, ' — o) <0. (2.4.7)
It easily follows from f' € A;(G) that
(fa-1, ') < max(fu_1,9). (2.4.8)
geg

By the definition of ¢,, we get
max<fn_17 g> = <fn—17 §0n> (249)
geg*

Thus, (2.4.7) follows from (2.4.8) and (2.4.9).
Secondly, we note that (2.4.4) implies

(f*5on—f) <0. (2.4.10)
Therefore, by (2.4.6), (2.4.7), and (2.4.10) we obtain
(frz1, f' = n) <0. (2.4.11)

Substitution of (2.4.11) in (2.4.5) gives

20 02
Il < rrf;_1\\2(1 0 9) * rap P+ 17 = el (2412)
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Using bounds ||f} _1|| < Cp and || f" — ¢n|| < 2C), we find

26
15207 < Uzl (1= 225) + 5630+ 07

We note that
20 20

nt 8 nt2s
We now apply Lemma 2.4.1 with a,, = || f4]|?, 8 = 26, and get
1f2l? < C(8, Co)/n. (2.4.13)
This completes the proof. L]

1—

2.5. Saturation property of greedy-type algorithms

In this section we shall give an example from DeVore and Temlyakov (1996)
which shows that replacing a dictionary B given by an orthogonal basis by
a non-orthogonal redundant dictionary D may damage the efficiency of the
Pure Greedy Algorithm. The dictionary D in our example differs from the
dictionary B by the one addition of the element g for a certain suitably
chosen function g.

Let B := {hj}32, be an orthonormal basis in a Hilbert space H. Consider
the following element:

g = Ahy + Ahy + aAY " (k(k+ 1))k, (2.5.1)
k>3
with
A:=(33/89)/2 and a:=(23/11)Y/2
Then ||g|| = 1. We define the dictionary D := B U {g}.
Theorem 2.5.1. For the function
J=h1+ he,

we have

If = Gm(AII = m™2 m >4

Proof. We shall examine the steps of the Pure Greedy Algorithm applied
to the function f = hy + ho. We shall use the abbreviated notation f,, :=
Ry (f) := f — Gp(f) for the residual at step m.

First step. We have
(f,g)=24>1, |(fihe)| <1, k=1,2,....

This implies
Gl(fa D) = <fag>g7
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and
fi=F=(f,9)9 = (1=24%)(h1 + ha) — 224y (k(k+ 1)) *hy.
k>3
Second step. We have
(fi,0) =0, {(fi,hx) = (1—2A4%), k=1,2, (fi,hs) =—ad?37 2
Comparing (fi, h1) and |(f1, h3)| we get
[(f1, ha)| = (23/89)(33/23)"/2 > 23/89 = 1 — 2A% = (f1, h1).
This implies that the second approximation G1(f1, D) is (f1, hs)hs and
fo=fi = (fi,ha)hg = (1 = 24%)(hy + hg) — 2aA Y (k(k + 1))/ hy.
k>4
Third step. We have
(f2,9) = —(f1, hs)(hs, 9) = (A/2)(23/89),
(fo,hn) = (f2,h2) = 1 — 24 = 23/89,
(fa, hy) = —aA%571/2 = —(23/89)(99/115)1/2.
Therefore, the third approximation should be (f2, h1)hy or (fa, ha)hs. Let
us take the first of these so that
f3 = fa— (fa, h1)ha.
Fourth step. It is clear that for all £ # 1 we have

(f3,hi) = (fa; hu)-

This equality and the calculations from the third step show that it is suffi-
cient to compare (fs, ho) and (fs,g) . We have

This means that
fa=f3—(fs, ho)hy = —2aA%> "(k(k +1))"?hy,. (2.5.2)
k>4
mth step (m > 4). We prove by induction that for all m > 4 we have
fn = =204 (k(k+ 1))y, (2.5.3)
k>m

For m = 4 this relation follows from (2.5.2). We assume we have proved
(2.5.3) for some m and derive that (2.5.3) also holds true for m + 1. To
find f,,4+1, we only have to compare the two inner products: (f,, hy,) and
(fm,9g). We have

|<fma hm>‘ = QCLAQ(m(m + 1))—1/2’
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and
[(fm,9)| = 22> A Z (k(k+1))"! =2a243m™ 1.

k>m

Since

(1{fms @)1/ 1(Frns B} )? = (aA)*(1 +1/m) < 345/356 < 1,
we have that

(s @) < [(fms Bam)|, M > 4.

This proves (2.5.3) with m replaced by m + 1.
From (2.5.3), we obtain

If = Gu(f. DIl = | fmll = 2aA?m™ "2 > m™V2 m > 4. O

2.6. Lebesgue-type inequalities for greedy approximation

Lebesgue proved the following inequality: for any 2m-periodic continuous
function f we have

1 = SulPlloe < <4 gt lnn) Enlf)oe. (2.6.)

where S,,(f) is the nth partial sum of the Fourier series of f and E,(f)co is
the error of the best approximation of f by the trigonometric polynomials
of order n in the uniform norm || - ||oo. The inequality (2.6.1) relates the
error of a particular method (.S,) of approximation by the trigonometric
polynomials of order n to the best-possible error E,(f)s of approximation
by the trigonometric polynomials of order n. By a Lebesgue-type inequality
we mean an inequality that provides an upper estimate for the error of a
particular method of approximation of f by elements of a special form,
say, form A, by the best-possible approximation of f by elements of the
form A. In the case of approximation with regard to bases (or minimal
systems), the Lebesgue-type inequalities are known both in linear and in
nonlinear settings (see Chapter 1 and surveys by Konyagin and Temlyakov
(2002) and Temlyakov (2003a)). It would be very interesting to prove the
Lebesgue-type inequalities for redundant systems (dictionaries). However,
there are substantial difficulties.

We begin our discussion with the Pure Greedy Algorithm (PGA). It is
natural to compare performance of the PGA with the best m-term approx-
imation with regard to a dictionary D. We let %,,,(D) denote the collection
of all functions (elements) in H which can be expressed as a linear combi-
nation of at most m elements of D. Thus, each function s € %,,,(D) can be
written in the form

s:chg, ACD, #A<m,
geA
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where the ¢4 are real or complex numbers. In some cases, it may be possible
to write an element from ¥,,(D) in this form in more than one way. The
space X, (D) is not linear: the sum of two functions from ¥, (D) is generally
not in %,,(D).

For a function f € H we define its best m-term approximation error:

om(f) == om(f,D) := seglnf(D) If —sll.

It seems there is no hope of proving a non-trivial Lebesgue-type inequality
for the PGA in the case of an arbitrary dictionary D. This pessimism
is based on the following result from DeVore and Temlyakov (1996) (see
Section 2.5).

Let B := {hy}32,; be an orthonormal basis in a Hilbert space H. Consider
the following element:

g = Ahy + Ahg + aAY " (k(k + 1))k,
k>3
with
A:=(33/89)"/2 and a:=(23/11)"/2.

Then ||g|] = 1. We define the dictionary D = B U {g}. It was proved in
DeVore and Temlyakov (1996) (see Section 2.5 above) that, for the function

f = hi+ ha,

we have

If = Gm(£, D) =2m 2 m >4,

It is clear that oo(f, D) = 0.

Therefore, we look for conditions on a dictionary D that allow us to prove
Lebesgue-type inequalities. The condition D = B, an orthonormal basis for
H, guarantees that

1B (f, B)|| = om(f, B)-

This is an ideal situation. The results that we will discuss here concern the
case when we replace an orthonormal basis B by a dictionary that is, in a
certain sense, not far from an orthonormal basis.

Let us begin with results from Donoho, Elad and Temlyakov (2007) that
are close to results from Temlyakov (1999). We give a definition of a
A-quasi-orthogonal dictionary with depth D. When D = oo this defini-
tion coincides with the definition of a A-quasi-orthogonal dictionary from
Temlyakov (1999).

Definition 2.6.1. Wesay D is a A-quasi-orthogonal dictionary with depth
D if, for any n € [1, D] and any g; € D, i = 1,...,n, there exists a collection
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p;j€D,j=1,...,J,J <N := I, with the properties
gi € Xy :=span(¢1,...,05), i=1,...,n,
and for any f € X; we have

N> N2 7.
Jpax [(fye5)| = NZE

Remark 2.6.2. It is clear that an orthonormal dictionary is a 1-quasi-
orthogonal dictionary.

The following theorem for D = oo was established in Temlyakov (1999).
It is pointed out in Donoho et al. (2007) that the proof from Temlyakov
(1999) also works in the case D < oo, and gives the following result.

Theorem 2.6.3. Let a given dictionary D be A-quasi-orthogonal with
depth D, and let 0 < » < (2A\)~! be a real number. Then, for any f
such that

om(f,D)<m™, m=12,...,D,
we have
[fmll = [If = Gu(f,D)|| < C(r,\)m™", m € [1,D/2].

In this section we consider dictionaries that have become popular in signal

processing. Denote
M(D):= sup [(g,h)],
g#h;g,h€D

the coherence parameter of a dictionary D. For an orthonormal basis B we
have M (B) = 0. It is clear that the smaller M (D), the more D resembles
an orthonormal basis. However, we should note that in the case M (D) > 0
the D can be a redundant dictionary. We showed in Donoho et al. (2007)
(see Proposition 2.1) that a dictionary with coherence M := M(D) is a
(1 + 40)-quasi-orthogonal dictionary with depth §/M, for any § € (0,1/7].
Therefore, Theorem 2.6.3 applies to M-coherent dictionaries. We proved in
Donoho et al. (2007) a general Lebesgue-type inequality for the PGA with
regard to an M-coherent dictionary.

Theorem 2.6.4. Let a dictionary D have the mutual coherence M =
M (D). Then, for any S < 1/(2M) we have the following inequality:

I£s1” < 21l fll(os(f. D) + 5MS||f])- (2.6.2)

As a direct corollary of this theorem we obtain the following inequality
for functions f that allow an S-sparse representation in D (og(f) = 0):

Ifs]l < (10MS) 2| £].

Inequality (2.6.2) is the first Lebesgue-type inequality for the PGA in the
case of incoherent dictionary D.



332 V. N. TEMLYAKOV

We now proceed to a discussion of the Orthogonal Greedy Algorithm
(OGA). It is clear from the definition of the OGA that at each step we have
(see (2.1.3))

£l < W ll? = 1 Fors (£ DI

We noted in Donoho et al. (2007) that the use of this inequality instead of
the equality

1fmll® = 1 fim1ll® = (-1, 9(frn1)) P,

which holds for the PGA, allows us to prove an analogue of Theorem 2.6.3
for the OGA. The proof repeats the corresponding proof from Temlyakov
(1999). We formulate this as a remark.

Remark 2.6.5. Theorem 2.6.3 holds for the OGA instead of the PGA
(for || f2 || instead of || fun||)-

The first general Lebesgue-type inequality for the OGA for the M-coher-
ent dictionary was obtained in Gilbert, Muthukrishnan and Strauss (2003).
They proved that

1721l < 8m! 20, (f) for m < 1/(32M).

The constants in this inequality were improved in Tropp (2004) (see also
Donoho, Elad and Temlyakov (2006)):

1720 < (1 +6m) %0, (f) for m < 1/(3M). (2.6.3)
We proved in Donoho et al. (2007) an analogue of (2.6.2) for the OGA.

Theorem 2.6.6. Let a dictionary D have the mutual coherence M =
M (D). Then, for any S < 1/(2M) we have the following inequalities:

1£817 < 20l 2Nl (os-r(fR) + 3MS|IfLIl), 0<k<S. (2.6.4)

Inequality (2.6.4) can be used to improve (2.6.3) for small m. We proved
in Donoho et al. (2007) the following inequality.

Theorem 2.6.7. Let a dictionary D have the mutual coherence M =
M (D). Assume m < 0.05M~2/3. Then, for [ > 1 satisfying 2! < logm we
have

1
||f;:1(2l_1)“ < 6m” om(f)-

Corollary 2.6.8. Let a dictionary D have the mutual coherence M =
M (D). Assume m < 0.05M~%/3. Then we have

Hf[(;nlogm] H < 24Jm(f) (265)

Inequality (2.6.5) is an almost perfect Lebesgue-type inequality. It has the
following two deficiencies. First, clearly we would like to replace [m logm]
by m or Cm in the number of iterations of the OGA. However, this is a
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minor drawback of (2.6.5). Second, as is stated in Corollary 2.6.8, inequality
(2.6.5) holds for only a small number of iterations: m < 0.05M~2/3. Tt
would be interesting to know if we can push the limit from M~2/3 to a
natural limit of M1,

The above results show that the smaller the coherence parameter M (D),
the better the performance of the OGA. In particular, (2.6.3) implies that if
[ is S-sparse with respect to D (o5(f, D) = 0), then f§ = 0, provided that
S < 1/(3M). This means that the OGA exactly recovers S-sparse elements
with respect to the M-coherent dictionary D if S < 1/(3M). This is a very
nice property of M-coherent dictionaries, which is important in applications
(see Donoho et al. (2006) for a discussion). Therefore, it is very desirable
to build dictionaries with a small coherent parameter M (D). A rigorous
setting in this regard is the following. Let H = R? and let the cardinality
of D be equal to N (|D| = N). Find

N,d):= inf M(D
o(N.d):= inf M(D)

and describe the Grassmannian dictionaries for which M (D) = ¢(N,d),
|D| = N.

In a special case when D is assumed to be a frame, the dictionaries
(frames) described above are known as Grassmannian frames. The theory
of Grassmannian frames is a beautiful mathematical theory that has con-
nections to areas such as spherical codes, algebraic geometry, graph theory,
and sphere packings (see Stromberg and Heath (2003)). Some fundamental
problems of this theory are still open. For instance, it is known that in the
case of frames we have

(2.6.6)

. 1/2
cﬁrame(JV7 d) > ( N d)>

d(N — 1

However, it is not known for which pairs (IV,d) we have equality in (2.6.6).

2.7. Some further remarks

In the Preface we mentioned two classical examples of redundant dictionaries:
I := {u(z1)v(z2) : (w1, 22) € [0, 1%, ||ull 0,1 = [0l Loop) = 1}
Ro:={r(w-z): 2,0 €RY, |lzll, <1, Jwlle, = 1, 7w 2)lpypg = 1}-

The reader can find detailed discussion of the m-term approximation with
regard to these dictionaries in the survey of Temlyakov (2003a). The dictio-
nary Ils is a very interesting example from the point of view of greedy ap-
proximation. As mentioned in the Preface, we have for each f € Lo([0,1]?)

— GmJ, H2)llLy(j0,12) = Om\Js H2)15([0,1]2), .
1f = G (f, L) (f, 1L2) (2.7.1)
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for the PGA. This means that the Il is ideally designed for greedy ap-
proximation. Clearly, all the general results of this chapter apply in the
case D = Il,. Surprisingly, we do not quite understand how to use specific
properties of I, in greedy approximation. For instance (see the end of Sec-
tion 2.2), there has been no progress on the following open problem (see
Temlyakov (2003a), p.78). Find the necessary and sufficient conditions on
a weakness sequence 7 to guarantee convergence of the WGA with regard
to Iy for each f € Ly([0, 1]?).
We note that the Schmidt expansion formula for f € Lo([0,1]?),

flar,ma) = s;(J5)dj(x1)v;(2),

j=1

points out the importance of the sequence {s;(J¢)} of singular numbers of
the integral operator Jy associated with f. There is an extensive literature
devoted to estimating s;(Jr) and o, (f,12) (in different norms) in terms of
smoothness of f. We mention some of the papers: Fredholm (1903), Weyl
(1911), Hille and Tamarkin (1931), Smithies (1937), Birman and Solomyak
(1977), Cochran (1977) and Temlyakov (198954, 1990, 19924, 19925, 1993b).
For a further discussion see the survey of Temlyakov (2003a).

The dictionary R is not as good as Il for greedy approximation. There
are some weaker analogues of (2.7.1) for greedy approximation with regard
to Ra (see Maiorov, Oskolkov and Temlyakov (2002)). However, as in the
case of Ily, we do not know how to use specific features of Ry in greedy
approximation. There has also been no progress on an open problem (see
Temlyakov (2003a, p. 81)), similar to the one mentioned above, on conver-
gence of the WGA with regard to Ra.

We now proceed to a discussion of some recent results on simultaneous
greedy approximation. A new ingredient of the papers of Lutoborski and
Temlyakov (2003), Leviatan and Temlyakov (2005, 2006) and Temlyakov
(2004) is the move from approximating a single element f, to simultaneous
approximation of a set of elements f,...,f". We will give a descrip-
tion of some results from Lutoborski and Temlyakov (2003), Leviatan and
Temlyakov (2006) and Temlyakov (2004). The main purpose of the above
papers is to construct greedy-type expansions,

o0
fim S i) = fin e, (2.7.2)
j=1
for a given finite set of elements f 1, ey fN , simultaneously with the same

sequence {p;} for all f& i = 1,...,N. The first result in this direction
was obtained in Lutoborski and Temlyakov (2003). The Vector Greedy
Algorithms that are designed for the purpose of constructing mth greedy
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approximants, simultaneously for a given finite number of elements, were
introduced and studied in Lutoborski and Temlyakov (2003).

Vector Weak Greedy Algorithm (VWGA). Let a vector of elements
fite H,i=1,...,N be given. We write f“” := f%. Then, for each m > 1
we have the followmg inductive definition.

(1) Let ¢,y € D be any element satisfying

max [( Fo T oo >t mgxsupK 207 9. (2.7.3)
g€eD
(2) JhoT = fhvT (T TV o i =1,...,N.
m
(3) GuT(f.,D) = (i, ;T i=1,...,N.
7j=1

It was proved in Lutoborski and Temlyakov (2003) that the VWGA con-
verges for 7 ¢ V. Therefore the VWGA with 7 ¢ V provides the convergent
expansions

o0
=> bg, g €D,
=1
with the property
o0
I£P =) pi?, i=1,...,N.
j=1

The following estimate of the rate of convergence of the VWGA was obtained
in Lutoborski and Temlyakov (2003).

Theorem 2.7.1. Let D be an arbitrary dictionary in H. Assume 7 :=
{te}izy, te =t, k=1,..., 0 <t < 1. Then, for any vector of elements
Y N fie Ay(D),i=1,...,N, we have

t2
ZH]‘”“H2 <1+m

Comparing Theorem 2.3.9 with 7 = {¢} with Theorem 2.7.1, we see that
the exponent t/(2N + t) of decay is seriously affected by the number N of
simultaneously approximated elements. Also, simultaneous approximation
brings an extra factor, NV SN = N. In Leviatan and Temlyakov (2006)
we improve the exponent of decay, replacing t/(2N +t) by t/(2N'/? + ),
and we get the worse constant N2 instead of N. Here is the corresponding
theorem from Leviatan and Temlyakov (2006).

—t/(2N+t) aN 42t
) N 2N+t |
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Theorem 2.7.2. Let D be an arbitrary dictionary in H. Assume 7 :=

{te}i2, is a non-increasing sequence. Then, for any vector of elements
Lo N ffe AY(D),i=1,...,N, we have

2N1/2+tm
St < (14 300)

In addition to the VWGA the following two modifications of the VWGA
were considered in Leviatan and Temlyakov (2006). The modifications differ
from the VWGA only in the first step. In the first step of the Simultaneous
Weak Greedy Algorithm 1 (SWGAL1), we have the following.

(1)[SWGA1] We look for any gin'” € D satisfying

1/2
<Z‘ fm 1’@817— |2> >t maxsup](fm lag>’7 fm 1 _f15117.

geD

(2.7.4)
The first step of the Simultaneous Weak Greedy Algorithm 2 (SWGA2) is
then as follows.

(1)[SWGA2] We look for any 32T € D satisfying

2 2 12 l ; 2 12 ] 1,52,T
(E (et i ) ZthHP(E [(fra-1:9)| > v Sme =I5
i=1

geD
(2.7.5)
Clearly, any ¢,, satisfying (2.7.3) or (2.7.5) also satisfies (2.7.4). Thus, any
upper estimate for the SWGA1 yields an upper estimate for both the VWGA
and the SWGA2. It was proved in Leviatan and Temlyakov (2006) that
Theorem 2.7.2 holds for both variants of the Simultaneous Weak Greedy
Algorithm.

We proved in Temlyakov (2004) the following estimate that improves
the estimates in Theorems 2.7.1 and 2.7.2. It combines good features of
estimates from Theorems 2.7.1 and 2.7.2. We proved in Temlyakov (2004)
an estimate with the exponent t/(2N'/2 + t) from Theorem 2.7.2 and with
the constant N as in Theorem 2.7.1. Let s stand for either v or sl or s2.

Theorem 2.7.3. Let D be an arbitrary dictionary in H. Assume 7 :=
{te}zeys te = t € (0,1], K = 1,2,.... Then, for any vector of elements
Lo N ffe AY(D),i=1,...,N, we have

N =t
. 1 oN1/24¢

2 2
Sofie < N (14 et )

i=1
Theorem 2.7.4. Let D be an arbitrary dictionary in H. Assume 7 :=
{tx}32, is a non-increasing sequence. Then, for any vector of elements
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' N ffe AY(D),i=1,...,N, we have

al ML\ N
Sl <en(N ey )T
i=1

k=1
with an absolute constant C' = /¢ < 3.

Let us make some comments on proofs of Theorems 2.7.1-2.7.4. The
proof of Theorem 2.7.1 from Lutoborski and Temlyakov (2003) is a modifi-
cation of the proof of Theorem 2.3.9 from Temlyakov (200056) to the vector
case. This proof does not use Theorem 2.3.9. The proof of Theorem 2.7.2
from Leviatan and Temlyakov (2006) directly uses Theorem 2.3.9. In Levi-
atan and Temlyakov (2006) we interpret a simultaneous approximation of
fY ..., f~ in H with respect to D as an approximation of F' = (f!,..., fV)
in Hy := H x --- x H with respect to a special dictionary Dy C Hy built
from D. The proof of Theorems 2.7.3 and 2.7.4 is more like the proof of
Theorem 2.7.1. It is a modification of the proof of Theorem 2.3.9.

2.8. Application of greedy algorithms in learning theory

We discuss in this section some mathematical aspects of supervised learning
theory. Supervised learning, or learning from examples, refers to a process
that builds on the base of available data of inputs x; and outputs y;, i =
1,...,m, a function that best represents the relation between the inputs
x € X and the corresponding outputs y € Y. The central question is how
well this function estimates the outputs for general inputs. This is a big
area of research both in non-parametric statistics and in learning theory.

A standard mathematical framework for the setting of the above learning
problem is the following (Cucker and Smale 2001, Poggio and Smale 2003,
DeVore, Kerkyacharian, Picard and Temlyakov 2004, 2006, Konyagin and
Temlyakov 2004, 2007, Temlyakov 2005¢, 2005d, 2006d). Let X C R
Y C R be Borel sets, and let p be a Borel probability measure on Z = X xY.
For f: X — Y define the error

E(f) = /Z (f(z) - y)2dp.

Consider p(y|z), the conditional (with respect to z) probability measure
on Y, and px, the marginal probability measure on X (for S C X, px(S) =
p(SxY)). Here we consider only bounded sets Y and, therefore, there exists
a regular conditional probability p(:|x). Define f,(x) to be the conditional
expectation of y with respect to measure p(-|x). The function f, is known
in statistics as the regression function of p. It is clear that if f, € La(px)
then it minimizes the error £(f) over all f € La(px): E(f,) < E(f), f €
La(px ). Thus, in the sense of error £(-), the regression function f, is optimal
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to describe the relation between inputs z € X and outputs y € Y. Now,

our goal is to find an estimator f,, given data z = ((x1,¥1),- -, (Tm,Ym))
that approximates f, well with high probability. We assume that (z;,y;),
i =1,...,m are independent and distributed according to p. We note that

it is easy to see that, for any f € La(px),
Ef) = £(Fp) = IF = FollLagon)

The fundamental problem of learning theory is how to build a good es-
timator. It is well known in statistics that the following way of building
fz provides a near-optimal estimator in many cases. First, choose the right
hypothesis space ‘H. Second, construct f, € H as the empirical optimum
(least squares estimator). We explain this in more detail. We define

fan = arg ;réi?g E(f),

where
m

Ea(f) = — D (fla1) —m)?
i=1

is the empirical error (risk) of f. This f, % is called the empirical optimum
or the Least Squares Estimator (LSE). Clearly, a crucial role in this approach
is played by a choice of the hypothesis space H. In other words, we need to
begin our construction of an estimator with a decision on what should be
the form of the estimator. In this section we discuss only the case relevant
to the use of nonlinear approximation, in particular, greedy approximation
in such a construction. We want to construct a good estimator that will
provide high accuracy and that will be practically implementable. We will
discuss a realization of this plan in several stages. We begin with results on
accuracy. We will give a presentation in a rather general form of nonlinear
approximation.

Let D(n,q) := {gl"}fi"'l, n € N, N, <n? q>1, be a system of bounded
functions defined on X. We will consider a sequence {D(n, q)}>2 of such
systems. In building an estimator, based on D(n,q), we are going to use
n-term approximations with regard to D(n, q):

Ga:=Y _agl, |A=n. (2.8.1)
leA

A standard assumption that we make in supervised learning theory is that
ly] < M almost surely. This implies that we always assume that |f,| < M.
Denoting || f|p(x) := supgex |f(x)|, we rewrite the above assumption in
the form | f,|lpx) < M. It is clear that with such an assumption it is
natural to restrict our search to estimators f, satisfying the same inequality
| fzllB(x) < M. Now, in learning theory there are two standard ways to go.
In the first approach, (I), we are looking for an estimator of the form (2.8.1)
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with an extra condition
1GAllBx) < M. (2.8.2)

In the second approach, (II), we take an approximant G of the form (2.8.1)
and truncate it, i.e., consider Th;(Gp), where Thy is a truncation operator:
Ty (u) = w if |u| < M and Th(u) = M signu if |u| > M. Then automati-
cally [|[Tam(Ga)llpx) < M.

Let us look in more detail at the hypothesis spaces generated in the above
two cases. In case (I) we use the following compacts in B(X) as a source of
estimators:

Fo(q) :== {f 1IN C LN A =n, f =) ag Il < M}-
IEA

An important feature of F,(q) is that it is a collection of sparse (at most
n terms) estimators. An important drawback is that it may not be easy to
check if (2.8.2) is satisfied for a particular G of the form (2.8.1).

In case (II) we use the following sets in B(X) as a source of estimators:

Fi@ = {£:30 0N LN =g =T (T aat )}

leA

An obvious good feature of F'(¢) is that by definition we have IfllBxy <M
for any f from F! (q). An important drawback is that ! (¢) has (in general)
a rather complex structure. In particular, applying the truncation operator
Ty to Gy we lose (in general) the sparseness property of Gy .

Now, when we have specified our hypothesis spaces, we can look for an
existing theory that provides the corresponding error bounds. The gen-
eral theory is well developed in case (I). We will use a variant of such a
general theory developed in Temlyakov (2005¢). This theory is based on
the following property of compacts F,(q), formulated in terms of covering
numbers:

N(Fu(q), ¢, B(X)) < (1+2M/e)"n". (2.8.3)

We now formulate the corresponding results from Temlyakov (2005¢). For
a compact © in a Banach space B we let N(©,¢€, B) denote the covering
number, that is, the minimal number of balls of radius e, with centres in
O, needed to cover ©. Let a and b be two positive numbers. Consider a
collection K(a,b) of compact subsets K,, in B(X) that are contained in the
M-ball of B(X) and satisfy the following covering numbers condition:

N(K,, e, B(X)) < (a(1 +1/e))™n", n=1,2,.... (2.8.4)

The following theorem was proved in Temlyakov (2005¢). We begin with
the definition of our estimator. As above, let K := K(a,b) be a collection of
compacts K, in B(X) satisfying (2.8.4).
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We take a parameter A > 1 and consider the following Penalized Least
Squares Estimator (PLSE):

ff = ff(’c) = fZ,Kn(z)a
with

n(z) := arg min <5z(fz7Kj) +

1<j<m

Ajlnm>

For a set L of a Banach space B, let
d(©,L)p :=sup inf ||f — ¢ B.
feo g€l

Theorem 2.8.1. For K := {K,,}°2, satisfying (2.8.4) and M > 0, there
exists Ag := Ag(a,b, M) such that, for any A > Ap and any p such that
ly| < M a.s., we have

4Aj lnm)

||f;4 - fPH%Q(,Dx) < hin <3d(fp’Kj)%2(pX) + m

1<j<m
with probability > 1 — m ¢4,

It is clear from (2.8.3) and from the definition of F,,(¢) that we can apply
Theorem 2.8.1 to the sequence of compacts {F},(q)} and obtain the following
error bound with probability > 1 — m—¢(M)4;

4A71
Jm> (2.8.5)

m

152 = Dol < i (3d<fp, Fy@) o +

We note that inequality (2.8.5) is the Lebesgue-type inequality (see Sec-
tion 2.6). Indeed, on the left-hand side of (2.8.5) we have an error of a par-
ticular estimator £ built as the PLSE and on the right-hand side of (2.8.5)
we have d(f,, Fj(q))1,(py): the best error that we can get using estimators
from Fj(q), j =1,2,.... We recall that by construction fAe Fro) ()

Let us now discuss an application of the theory from Temlyakov (2005c¢)
in case (II). We cannot apply that theory directly to the sequence of sets
{FT(q)} because we do not know if these sets satisfy the covering number
condition (2.8.4). However, we can modify the sets FI(q) to make them
satisfy condition (2.8.4). Let ¢ > 0 and define

FT(q,¢) ::{f 1 3G = chgf,A C [1, Ny], |A] = n,
leA

1GallBx) < Canf, f = TM(GA)}
with some fixed Co > 1. Then, using the inequality
T (fi(x) — Tar(fa(2))] < [fi(z) — fo(2)], forz € X,
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it is easy to get that
N(F!(g.¢),&, B(X)) < (2C5(1 +1/€))"n(@t".

Therefore, (2.8.4) is satisfied with a = 2C5 and b = ¢ 4+ ¢. We note that,
from a practical point of view, an extra restriction |G ||px) < Can® is not
a big constraint.

The above estimators (built as the PLSE) are very good from the theo-
retical point of view. Their error bounds satisfy Lebesgue-type inequalities.
However, they are not good from the point of view of implementation. For
example, there is no simple algorithm to find f, r, ;) because Fy,(q) is a
union of (]\ZL ") M-balls of n-dimensional subspaces. Thus, finding an exact
LSE [, F,(q) 1s practically impossible. We now use a remark from Temlyakov
(2005¢) that allows us to build an approximate LSE with good approxima-
tion error. We proceed to the definition of the Penalized Approximate Least
Squares Estimator (PALSE) (see Temlyakov (2005¢)). Let ¢ := {d;m}}],
be a sequence of non-negative numbers. We define f, 5k, as an estimator
satisfying the relation

gz(fz,é,Kj) < gz(fzj(j) + 5',m- (286)

In other words, f,s K, is an approximation to the least squares estimator

fZ,Kj .
Next, we take a parameter A > 1 and define the Penalized Approximate
Least Squares Estimator (PALSE)

A A
fZ,[S = Z,(S(IC) = fz767Kn(z)’

with

n(z) = arg min <5z(fz,§,Kj) +

Ajlnm
1<j<m ’
The theory developed in Temlyakov (2005¢) gives the following error esti-
mate.

Theorem 2.8.2. Under the assumptions of Theorem 2.8.1 we have

4A751n
A . jlnm
”fz,5 - fPH%Q(pX) < lgglm(?’d(fp,Kj)%z(px) + o + 2(5j,m>7

with probability > 1 — m—c¢(M)A4,

We point out here that the approximate least squares estimator f, s K;
approximates the least squares estimator f, x; in the sense that &, ( fy,s, Kj)—
E4(f2,k;) is small, and not in the sense that || f, 5k, — fa, K, | is small. The-
orem 2.8.2 guarantees a good error bound for any penalized estimator built
from {f,sx;} satisfying (2.8.6). We will use greedy algorithms in building
an approximate estimator. We now present results from Temlyakov (2005d).
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We will need more specific compacts F'(n,q) and will impose some restric-
tions on g;'. We assume that ||g;'|| px) < Cj for all n and I. We consider
the following compacts instead of F),(q):

F(”aQ) = {f :3dAC [17Nn]7 ’A’ = nvf = chgzl7z‘cl’ < 1}'
leA leA

Then we have ||f|lpx) < C1 for any f € F(n,q) and [|f||px) < M if
M > Cy. Let z = (21,---,2m), zi = (x;,y;), be given. Consider the
following system of vectors in R™:

vi= (g (x1), - gl (@m)), 1€ [1,N].
We equip the R” with the norm |[v[| := (m~" 31", v?)"/2. Then
17! < 11971l scx) < Ci-

Consider the system G := {vj’l}fijl in H = R™ with the norm || - || defined
above. Finding the estimator

fz,F(j,q) = chglja Z |Cl| <1, |A| =7J AC [17Nj]’
leA leA

is equivalent to finding best j-term approximant of y € R™ from the A;(G)
in the space H. We apply the RGA(f) from Section 2.4 with § = 2 with
respect to G to y and find, after j steps, an approximant

vl = Zalvj’l, Z la;| <1, |A’] =4, ANC (1, N;],
leN leN’

such that
ly — o7 ||> < d(y, A1(G))* + Cj ™", C=C(M,Cy).
We define an estimator

fz = .]Ez,F(j,q) = Z alglj'

leN
Then f, € F(j,q) and
gz(fz,F(j,q)) < gz(fz,F(j,q)) + Cjil-

We let § := {Cj~'}72,, and define for A > 1

f£§ = fZ’F(n(Z)vq)’
with

' R Ajlnm
n(z) = arg i <5z(fz,F(j,q)) += )
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By Theorem 2.8.2 we have for A > Ay(M)

. . 4AjInm
175 = FollTp(py) <, min <3d(fp,F(J,Q))2 +—

T 1<i<m

- 2Cj—1> (2.8.7)

with probability > 1 — m ()4,
In particular, (2.8.7) means that the estimator f/; is an estimator that
provides the error

2r
Inm\ +2r
A 2
126 = FollLo(ox) < (m>

for f, such that d(fp, F'(§,4))1.(px) < 5~ 7 < 1/2. We note that the
estimator ff(; is based on the greedy algorithm and it can easily be imple-
mented. 7

We now describe an application of greedy algorithm in learning theory
from Barron, Cohen, Dahmen and DeVore (2005). In this application one
can use the Orthogonal Greedy Algorithm or the following variant of the
Relaxed Greedy Algorithm.

Let oy := 0 and vy, :== 1 —2/m, m > 2. We set fo := f, Gp := 0 and
inductively define two sequences {3, }5°_1, {@m }oo_; as follows:

my ¥Fm = i - mef .
(Brms ©m) mgﬁgaﬁpﬂf (a 1+ B9)||

Then we set

fm = fm—l - /Bm@ma Gm = Gm-1+ ﬂm%pm

For systems D(n, q) the following estimator is considered in Barron et al.
(2005). As above, let z = (21,...,2m), 2zi = (zi,yi), be given. Consider the
following system of vectors in R™:

= (gl (x1),. ., 9] (zm)), 1€ [1,Ny].

We equip the R™ with the norm |jv|| := (m~!' 31", v?)1/2 and normalize
the above system of vectors. Denote the new system of vectors by G;. Now
we apply either the OGA or the version of the RGA defined above to the
vector y € R with respect to the system G;. As in the case discussed above

of the system G, we obtain an estimator f;. Next, we look for the penalized
estimator built from the estimators {f;} in the following way. Let

Ajl
+Jogm>.
m

n(z) := arg min (EZ(TM(fj))

1<j<m

Define
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Assuming that the systems D(n, q) are normalized in Ly(px ), Barron et al.
(2005) proved the following error estimate.

Theorem 2.8.3. There exists Ag(M) such that for A > Ay we have the
following bound for the expectation of the error:

B(lfp = flLaox) < min (C(A, M, q)jlogm/m (2.8.8)

hespgllfp(m)(szp = B2, ox) T B (i) /9))-

Let us make a comparison of (2.8.8) with (2.8.7). First of all, (2.8.8) gives

an error bound for the expectation and (2.8.7) gives an error bound with

high probability. In this sense (2.8.7) is better than (2.8.8). However, the

condition ||g;*|| p(x) < C1 imposed on the systems D(n, q) in order to obtain
(2.8.7) is more restrictive than the corresponding assumption for (2.8.8).

2.9. A remark on compressed sensing

Recently, compressed sensing (compressive sampling) has attracted a lot of
attention from both mathematicians and computer scientists. Compressed
sensing refers to a problem of economical recovery of an unknown vector
u € R™ from the information provided by linear measurements (u,p;),
p; € R™ j = 1,...,n. The goal is to design an algorithm that finds
(approximates) u from the information y = ((u, ¢1), ..., (u, pn)) € R™. The
crucial step here is to build a sensing set of vectors p; € R™, j =1,...,n
that is good for all vectors u € R™. Clearly, the terms economical and good
should be clarified in a mathematical setting of the problem. A natural
variant of such a setting, which we discuss here, uses the concept of sparsity.
We call a vector u € R™ k-sparse if it has at most k& non-zero coordinates.
Now, for a given pair (m,n) we want to understand what is the biggest
sparsity k(m,n) such that there exists a set of vectors p; € R™, j =1,...,n
and economical algorithm A mapping y into R in such a way that, for any
u of sparsity k(m,n), one would have an exact recovery A(u) = u. In other
words, we want to describe matrices ® with rows ¢; € R™, 7 = 1,...,n,
such that there exists an economical algorithm of solving the following sparse
recovery problem.

The sparse recovery problem can be stated as the problem of finding the
sparsest vector u? := u}(y) € R™:

min ||v|lg subject to v =y, (Py)

where ||v|lp := |supp(v)|. D. Donoho and co-authors (see, for instance,
Chen, Donoho and Saunders (2001), Donoho et al. (2006) and the history
therein) have suggested an economical algorithm (Basis Pursuit) and have
begun a systematic study of the following question. For which measure-
ment matrices ® should the highly non-convex combinatorial optimization
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problem (Py) be equivalent to its convex relaxation problem
min |[v]|; subject to Pv =y, (Py)

where ||v]|; denotes the ¢1-norm of the vector v € R™?7 Denote the solution
to (P1) by Ag(y). It is known that the problem (P;) can be solved by linear
programming techniques. The ¢;-minimization algorithm Ag from (P;) is
an economical algorithm that we consider in this section. It is known (see,
for instance, Donoho et al. (2006)) that for M-coherent matrices ® we have
u$ (Pu) = Agp(Pu) = u, provided u is k-sparse with k < (1+1/M)/2. This
allows us to build rather simple deterministic matrices ® with k(m,n) <
n'/2 and recover Ag from (P;) with the £;-minimization algorithm.

Recent progress (see surveys by Candes (2006) and DeVore (2006)) in
compressed sensing has resulted in proving the existence of matrices ® with
k(m,n) = n/log(m/n), which is substantially larger than n'/2. We proceed
to a detailed discussion of these recent results.

We begin with results from Donoho (2006). Donoho formulated the fol-
lowing three properties of matrices ® with fo-normalized columns, and
proved the existence of matrices satisfying these conditions. Let T be a
subset of indices from [1,m]. Let &7 denote a matrix consisting of columns
of ® with indices from T

CS1 The minimal singular value of ®7 is > 77 > 0 uniformly in 7', satis-
fying |T'| < pn/logm.

CS2 Let Wr denote the range of ®p. Assume that for any T satisfying
|T| < pn/logm, we have

1/2

[wlly = nenZwll2,  Vw € Wr, 172 > 0.

CS3 Denote T¢ := {j}7L) \T. For any T, |T| < pn/logm and for any
w € Wy, we have for any v satisfying ®pecv = w

olley ey = m3(log(m/n)) 2wl 13 > 0.

It is proved in Donoho (2006) that if ® satisfies CS1-CS3, then there
exists pp > 0 such that u$(Pu) = Ag(Pu) = u provided |suppu| <
pon/ logm. Analysis in Donoho (2006) relates the compressed sensing prob-
lem to the problem of estimating the Kolmogorov widths and their dual,
the Gel’fand widths.

We give the corresponding definitions. For a compact F C R™, the
Kolmogorov width is given by

F = inf inf —
dn(F, p) Lot < S0P B 1f = allp,

where L, is a linear subspace of R™ and || - ||, denotes the f,-norm. The
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Gel’fand width is defined by

(F by) = inf sup ],
Vo feFNV,

where the infimum is taken over linear subspaces V,, with dimension > m—n.

It is well known that the Kolmogorov and the Gel’fand widths are related

by the duality formula. For instance, when F' = B)" is a unit £)-ball in R™

and 1 < ¢q,p < 0o, we have

dn(BIT)nafq) = dn(BZL’Ep’)v p/ = p/(p - 1) (291)
In the particular case p = 2, ¢ = oo of our interest, (2.9.1) gives
dn (B3 ls) = d"(BY", {2). (2.9.2)

It has been established in approximation theory (see Kashin (1977) and
Garnaev and Gluskin (1984)) that
dn(BY', L) < C((1 + log(m/n))/m) /2 (2.9.3)

In other words, it was proved (see (2.9.3) and (2.9.2)) that for any pair (m, n)
there exists a subspace V,, dimV,, > m — n such that, for any x € V,,, we
have

lzll2 < C((1 + log(m/n))/n)"/?|1z]|1. (2.9.4)

It was understood in Donoho (2006) that properties of the null space
N(®) := {z : Pz = 0} of a measurement matrix ® play an important role
in the compressed sensing problem. Donoho (2006) introduced the following
two characteristics of ® formulated in terms of N (®):

w(®,F):= sup |z|2
z€FNN(®)

and

v(®,T):= sup |zrl/lz|:,
zEN(P)

where 27 is a restriction of x onto T: (z7); = x; for j € T and (x7); =0
otherwise. He proved that if ® obeys the following two conditions,

v(®@,T)<m, [T|<pin/logm, (A1)
w(®, BY*) < no((logm)/n)*/?, (A2)
then for any v € B" we have
lu — Aa(@u)ll2 < C((logm)/n)"/?.

We now proceed to the contribution of E. Candes, J. Romberg and T. Tao
published in a series of papers (see Candes and Tao (2005)). They intro-
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duced the following Restricted Isometry Property (RIP) of a sensing ma-
trix ®: dg < 1 is the S-restricted isometry constant of ® if it is the smallest
quantity such that

(1= ds)llell < @73 < (1 +85)llc]3

for all subsets 7" with |T| < S and all coefficient sequences {c;}jer. Candes
and Tao (2005) proved that if dog + d35 < 1, then for S-sparse u we have
Agp(Pu) = u (recovery by ¢;-minimization is exact). They also proved
existence of sensing matrices ® obeying the condition dog + d35 < 1 for
large values of sparsity S =< n/log(m/n). For a positive number a denote

V) = min v — wl|1.
Ua( )1 wERm:|supp(w)|§aH Hl

Candes, Romberg and Tao (2006) proved that if d3g + 345 < 2, then
|u — Ag(Pu)|ls < CS™V205(u);. (2.9.5)

We note that properties of the RIP-type matrices have already been em-
ployed in Kashin (1977) (see Kashin and Temlyakov (2007) for further dis-
cussion) for the widths estimation. The inequality (2.9.3) with an extra
factor (14 logm/n) was established in Kashin (1977). The proof in Kashin
(1977) is based on properties of a random matrix ¢ with elements +1//n.

Further investigation of the compressed sensing problem was conducted
by Cohen, Dahmen and DeVore (2007). They proved that if ® satisfies the
RIP of order 2k with d9 < 6 < 1/3, then

2+ 25
Ju = Ag(@u) | < Tz0n(u):. (2.9.6)

The above inequality is the Lebesgue-type inequality (see Section 2.6) for the
approximation method v — Ag(Pu). In Cohen et al. (2007) the inequality
(2.9.6) was called instance optimality. In the proof of (2.9.6) the authors
used the following property (null space property) of matrices ® satisfying
the RIP of order 3k/2: for any € N (®) and any T with |T'| < k, we have

[z]l1 < Cllzre]ls. (2.9.7)

The null space property (2.9.7) is closely related to the property (A1) from
Donoho (2006). The proof of (2.9.6) from Cohen et al. (2007) gives an
inequality similar to (2.9.6) under the assumption that ® has the null space
property (2.9.7) with C < 2.

We now discuss results of Kashin and Temlyakov (2007). We say that a
measurement matrix ® has a Strong Compressed Sensing Property (SCSP)
if, for any v € R™, we have

lu — Ag(Pu)||z < Ck™ Y204 (u)1, (2.9.8)
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for k < n/log(m/n). We define a Weak Compressed Sensing Property
(WCSP) by replacing (2.9.8) by the weaker inequality

lu — Ag(Pu)l|z < Ck™Y2||ul|;. (2.9.9)

We say that ® satisfies the Width Property (WP) if (2.9.4) holds for the null
space NV (®). The main result of the paper Kashin and Temlyakov (2007)
states that the above three properties of ® are equivalent. We proceed to a
detailed discussion of results from Kashin and Temlyakov (2007).

We mentioned above that it is known that, for any pair (m,n), n < m,
there exists a subspace I' C R™ with dimI' > m — n such that

|zl2 < Cn~Y2(n(em/n))?||z|1, Va el. (2.9.10)

We will discuss some properties of subspaces I' satisfying (2.9.10) that
are useful in compressed sensing. Let

S := S(m,n) := C *n(In(em/n))~".
For = (z1,...,2m) € R™, define supp(z) := {j : ; # 0}.

Lemma 2.9.1. Let T satisfy (2.9.10) and « € I". Then either x = 0 or
|supp(z)| > S(m,n).

Proof. Assume x # 0. Then ||z||; > 0. Denote A := supp(z). We have

1/2
Izl = lwj| < [A]V? (Z vajIQ) < [A[Y2 (|- (2.9.11)

jEA jeA
Using (2.9.10), we get from (2.9.11)
lzll1 < [A[Y2S(m,n) 2|1
Thus
[A] = S(m,n). O
Lemma 2.9.2. Let I' satisfy (2.9.10) and let 2 # 0, € T'. Then, for any
A such that |A| < S(m,n)/4,
> lagl < a2
JEA
Proof. As in (2.9.11),
D lagl < [AM2S(myn) TV el < [l /2 O
JEA
Lemma 2.9.3. Let I" satisfy (2.9.10). Suppose u € R™ is sparse with
| supp(u)| < S(m,n)/4. Then, for any v =u+z, z € ', z # 0,

[vlln > [Jullr-
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Proof. Let A := supp(u). Then

oy = > Josl =D luyj+ 2] + >l

JE[1,m] JEA jEA
> fuil =l 4+ gl = llull + el =2 |-
jeA jeA JEA jeA

By Lemma 2.9.2,

lll =2 [aj] > 0. o
jeA

Lemma 2.9.3 guarantees that the following algorithm, known as the Ba-
sis Pursuit (see Ag defined above), will find a sparse u exactly, provided
| supp(u)| < S(m,n)/4:

ur := u + argmin ||u + x||;.
zel
Theorem 2.9.4. Let I' satisfy (2.9.10). Then, for any v € R™ and o/
such that ||u/|1 < JJully, v — v €T,
lu = u'll < dos/16(u)1, (2.9.12)
lu = ulla < (5/16)" 205 /16(u)1- (2.9.13)

Proof. 1t is given that uw — ' € T'. Thus, (2.9.13) follows from (2.9.12) and
(2.9.10). We now prove (2.9.12). Let A, |A| = [S/16], be the set of indices
of coordinates of u that are largest in absolute value. Let up denote the
restriction of u onto this set, i.e., (up); = u; for j € A and (up); = 0 for
j ¢ A, and let u™ := u — up. Then

as16(w)1 = o (W = [lu—ualr = [[u*1. (2.9.14)
We have
lu =/l < (1w = u)all + [l (w =) .
Next,
(=) My < Y+ (1)
Using ||u/||1 < |Jull1, we obtain
@) = laMl = (el = ull = eyl + luall < (1 = o")a ]l
Therefore,

A A
1) < s+ (= u)alh
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and
[ — /||y < 2[|(u = u)ally + 2]u®]s. (2.9.15)

Using the fact u — v’ € ', we estimate
1w =)l < JA2) (= a)allz < JAP2 w12
< A2V lu— || (2.9.16)

Our assumption on |A| guarantees that |A|'/2571/2 < 1/4. Using this and
substituting (2.9.16) into (2.9.15), we obtain

lu —u'llx < flu—2'[]1/2 + 2lut |1,

which gives (2.9.12):

lu =l < 4flu?]s. O

Corollary 2.9.5. Let I satisfy (2.9.10). Then, for any u € R™,
lu —uplly < 4og/16(u)1, (2.9.17)
lu —urlla < (S/16)"?05/16(w)1. (2.9.18)

Proposition 2.9.6. Let I' be such that (2.9.9) holds with up instead of
Agp(Pu) and k = n/In(em/n). Then I' satisfies (2.9.10).

Proof. Let u € I'. Then ur = 0, and we get from (2.9.9)
lull2 < C(n/(em/n)) =" ul|r. u

Theorem 2.9.7. The following three properties of ® are equivalent: the
Strong Compressed Sensing Property, the Weak Compressed Sensing Prop-
erty, and the Width Property.

Proof. Tt is obvious that SCSP = WCSP. Corollary 2.9.5 with I' = N/ (®)
implies that WP = SCSP. Proposition 2.9.6 with I' = N(®) implies that
WCSP = WP. Thus the three properties are equivalent. UJ

The result (2.9.5) of Candes et al. (2006) states that the RIP with
S =< n/log(m/n) implies the SCSP. Therefore, by Theorem 2.9.7 it implies
the WP.

We note that there are very interesting results on greedy approximation
in compressed sensing. We do not discuss these results here, and refer
the reader to two of them: Tropp and Gilbert (2005) and Needell and
Vershynin (2007).
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CHAPTER THREE
Greedy approximation with respect to dictionaries:
Banach spaces

3.1. Introduction

In this chapter we make a step from Hilbert spaces to more general Banach
spaces. Let X be a Banach space with norm || - |. We say that a set
of elements (functions) D from X is a dictionary, respectively, symmetric
dictionary, if each g € D has norm bounded by one (||g|| < 1),

g €D implies —g € D,

and the closure of spanD is X. We denote the closure (in X) of the convex
hull of D by A;(D). We introduce a new norm, associated with a dictionary
D, in the dual space X* by the formula

|Fllp:=supF(g), FeX"
geD

In this chapter we will study greedy algorithms with regard to D. For a
non-zero element f € X we let Fy denote a norming (peak) functional for f:

1Esll =1, Fe(f) =[£Il

The existence of such a functional is guaranteed by Hahn—Banach theorem.

We begin with a generalization of the Pure Greedy Algorithm. The greedy
step of the PGA can be interpreted in two ways. First, we look at the mth
step for an element ¢,, € D and a number )\, satisfying

[ fm—1 — Amem|lg :gie%f,/\Hfm_l — Aglla- (3.1.1)
Second, we look for an element ¢, € D such that
<fm71a90m> = Sup<fmflag>' (312)
g€D

In a Hilbert space both versions (3.1.1) and (3.1.2) resulted in the same
PGA. In a general Banach space the corresponding versions of (3.1.1) and
(3.1.2) lead to different greedy algorithms. The Banach space version of
(3.1.1) is straightforward: instead of the Hilbert norm || - ||z in (3.1.1) we
use the Banach norm || - || x. This results in the following greedy algorithm
(see Temlyakov (2003a)).

X-Greedy Algorithm (XGA). We define fy := f, Gy := 0. Then, for
each m > 1 we have the following inductive definition.

(1) @m € D, A € R are such that (we assume existence)

I frit = Ampllx = inf fins = gl (3.1.3)
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(2) Define
fm = fm—1 — Am®m, G = Gm—1 + Anm.

The second version of the PGA in a Banach space is based on the concept
of a norming (peak) functional. We note that in a Hilbert space a norming
functional Fy acts as follows:

Fy(g) = (f/IIf1l; 9)-

Thus, (3.1.2) can be rewritten in terms of the norming functional Fy | as

Fy,_, (pm) = sup Fy,,_, (g). (3.1.4)
g€D

This observation leads to the class of dual greedy algorithms. We define
the Weak Dual Greedy Algorithm with weakness 7 (WDGA(7)) (see Dil-
worth, Kutzarova and Temlyakov (2002) and Temlyakov (2003a)) that is a
generalization of the Weak Greedy Algorithm.

Weak Dual Greedy Algorithm (WDGA(7)). Let 7:= {t,,}5° 1, tm €
[0, 1], be a weakness sequence. We define fy := f. Then, for each m > 1 we
have the following inductive definition.

(1) ¢m € D is any element satisfying

Ffpoi(0m) 2 tml| F,o_y D (3.1.5)
(2) Define a,, as

| frn—1 = am@ml|l = min || frn—1 — apm||.
a€eR

(3) Let
fm = fm-1— AmPm-

Let us make a remark that justifies the idea of the dual greedy algorithms
in terms of real analysis. We consider here approximation in uniformly
smooth Banach spaces. For a Banach space X we define the modulus of
smoothness

1
)= sup (el + o = ) - 1).
llzll=llyll=1

The uniformly smooth Banach space is the one with the property
lim p(u)/u = 0.
u—0

It is easy to see that for any Banach space X its modulus of smoothness
p(u) is an even convex function satisfying the inequalities

max(0,u — 1) < p(u) <wu, u € (0,00).
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We note that from the definition of modulus of smoothness we get the
following inequality.

Lemma 3.1.1. Let x # 0. Then
0 < 12+ uyll - 2]l — wFi(y) < 2laloCulyl/|2])- (3.1.6)
Proof. We have
[z +uyll = Fo(z + uy) = ||z + wFu(y).

This proves the first inequality. Next, from the definition of modulus of
smoothness it follows that

2+ uyll + llz — uyl < 2[[z[|(1 + p(ullyll/llz]))- (3.1.7)
Also,
lo = uyll > Fu(z — uy) = |z — uFy(y). (3.1.8)
Combining (3.1.7) and (3.1.8), we obtain
2+ uyll < =] + uFy(y) + 2[ =l p(ullyll/=]])-
This proves the second inequality. L]

Proposition 3.1.2. Let X be a uniformly smooth Banach space. Then,
for any x # 0 and y we have

Falo) = (gl ol ) 0) = o+ wll = el (319)

Proof. The equality (3.1.9) follows from (3.1.6) and the property that, for
a uniformly smooth Banach space, lim, o p(u)/u = 0. O

Proposition 3.1.2 shows that in the WDGA we are looking for an element
©m € D that provides a big derivative of the quantity || fi,—1 + ugl||. Thus,
we have two classes of greedy algorithms in Banach spaces. The first one
is based on a greedy step of the form (3.1.3). We call this class the class
of X-greedy algorithms. The second one is based on a greedy step of the
form (3.1.5). We call this class the class of dual greedy algorithms. A very
important feature of the dual greedy algorithms is that they can be modified
into a weak form. The term ‘weak’ in the definition of the WDGA means
that, at the greedy step (3.1.5), we do not aim for the optimal element of
the dictionary which realizes the corresponding supremum but are satisfied
with a weaker property than being optimal. The obvious reason for this
is that we do not know, in general, that the optimal one exists. Another,
practical reason is that the weaker the assumption, the easier it is satisfied
and, therefore, it is easier to realize in practice.

The greedy algorithms defined above (XGA, WDGA) are the generaliza-
tions of the PGA and the WGA, studied in Chapter 2, to the case of Banach



354 V. N. TEMLYAKOV

spaces. The results of Chapter 2 show that the PGA is not the most efficient
greedy algorithm for approximation of elements of A;(D). It was mentioned
in Chapter 2 (see Livshitz and Temlyakov (2003) for the proof) that there
exist a dictionary D, a positive constant C', and an element f € A;(D) such
that, for the PGA,

| fnll > Cm 027, (3.1.10)

We note that even before the lower estimate (3.1.10) was proved, researchers
began looking for other greedy algorithms that provide a good rate of ap-
proximation of functions from A; (D). Two different ideas have been used
at this step. The first idea was that of relaxation: see Jones (1992), Barron
(1993), DeVore and Temlyakov (1996) and Temlyakov (2000b). The corre-
sponding algorithms (for example, the WRGA, studied in Chapter 2) were
designed for approximation of functions from A;(D). These algorithms do
not provide an expansion into a series but they have other good features.
It was established (see Theorem 2.3.8) for the WRGA with 7 = {1} in a
Hilbert space that, for f € A;1(D),

Ifmll < Cm~V2,

Also, for the WRGA we always have G,, € A1(D). The latter property,
clearly, limits the applicability of the WRGA to the A;(D).

The second idea was the idea of building the best approximant from the
span(¢1, ..., ¢m) instead of the use of only one element ¢, for an update
of the approximant. This idea was realized in the Weak Orthogonal Greedy
Algorithm (see Chapter 2) in the case of a Hilbert space and in the Weak
Chebyshev Greedy Algorithm (WCGA) (see Temlyakov (20010)) in the case
of a Banach space.

The realization of both ideas resulted in the construction of algorithms
(the WRGA and WCGA) that are good for approximation of functions
from A;(D). We present results on the WCGA in Section 3.2 and results
on the WRGA in Section 3.3. The WCGA has the following advantage
over the WRGA. It will be proved in Section 3.2 that the WCGA (under
some assumptions on the weakness sequence 7) converges for each f € X
in any uniformly smooth Banach space. The WRGA is simpler than the
WCGA in the sense of computational complexity. However, the WRGA
has limited applicability. It converges only for elements of the closure of
the convex hull of a dictionary. In Sections 3.4 and 3.5 we study algorithms
that combine good features of both algorithms the WRGA and the WCGA.
In the construction of such algorithms we use different forms of relaxation.

The Weak Greedy Algorithm with Free Relaxation (WGAFR) (Tem-
lyakov 2006¢), studied in Section 3.4, is the most powerful of the versions
considered here. We prove convergence of the WGAFR in Theorem 3.4.3.
This theorem is the same as the corresponding convergence result for the
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WCGA (see Theorem 3.2.4). The results on the rate of convergence for
the WGAFR and the WCGA are also the same (see Theorem 3.4.4 and
Theorem 3.2.12). Thus, the WGAFR performs in the same way as the
WCGA from the point of view of convergence and rate of convergence, and
outperforms the WCGA in terms of computational complexity.

In the WGAFR we are optimizing over two parameters w and A at each
step of the algorithm. In other words we are looking for the best approxi-
mation from a two-dimensional linear subspace at each step. In the other
version of the weak relaxed greedy algorithms (see the GAWR), considered
in Section 3.5, we approximate from a one-dimensional linear subspace at
each step of the algorithm. This makes computational complexity of these
algorithms very close to that of the PGA. The analysis of the GAWR ver-
sion turns out to be more complicated than the analysis of the WGAFR.
Also, the results obtained for the GAWR are not as general as in the case
of the WGAFR. For instance, we present results on the GAWR only in the
case 7 = {t}, when the weakness parameter ¢ is the same for all steps.

The XGA and WDGA have a good feature that distinguishes them from
all relaxed greedy algorithms, and also from the WCGA. For an element
f € X they provide an expansion into a series,

F~Ye(fgilf), g eD, ¢(f)>0, j=12..., (3.1.11)
j=1
such that
Gm =Y _¢i(Ngi(f); fm=1—GCnm.
j=1

In Section 3.7 we discuss other greedy algorithms that provide the expansion
(3.1.11).

All the algorithms studied in Sections 3.2—-3.7 belong to the class of dual
greedy algorithms. Results obtained in Sections 3.2-3.7 confirm that dual
greedy algorithms provide powerful methods of nonlinear approximation.
In Section 3.8 we present some results on the X-greedy algorithms. These
results are similar to those for the dual greedy algorithms.

The algorithms studied in Sections 3.2-3.8 are very general approximation
methods that work well in an arbitrary uniformly smooth Banach space X
for any dictionary D. This motivates an attempt, made in Section 3.9, to
modify these theoretical approximation methods in a direction of practical
applicability. In Section 3.9 we illustrate this idea by modifying the WCGA.
We note that Section 3.6 is also devoted to modification of greedy algorithms
in order to make them more practically feasible. The main idea of Section 3.6
is to replace the most difficult (expensive) step of an algorithm, namely the
greedy step, by a thresholding step.
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In Section 3.10 we give an example of how the greedy algorithms can be
used in constructing deterministic cubature formulas with error estimates
similar to those for the Monte Carlo Method.

As a typical example of a uniformly smooth Banach space we will use a
space Ly, 1 < p < oco. It is well known (see, for instance, Donahue et al.
(1997, Lemma B.1)) that in the case X = L,, 1 < p < 0o we have

plu) <uP/p if 1<p<2 and p(u) <(p—1u?/2 if 2<p<oo.

(3.1.12)
It is also known (see Lindenstrauss and Tzafriri (1977, p. 63)) that, for any
X with dim X = oo, we have

p(u) > (1+u*)/? 1,
and for every X, dim X > 2,
p(u) > Cu®, C > 0.

This limits the power-type modulus of smoothness of non-trivial Banach
spaces to the case 1 < g < 2.

3.2. The Weak Chebyshev Greedy Algorithm

Let 7 := {t;}32, be a given weakness sequence of non-negative numbers
tr <1, k=1,.... We define first the Weak Chebyshev Greedy Algorithm
(WCGA) (see Temlyakov (2001b)) that is a generalization for Banach spaces
of the Weak Orthogonal Greedy Algorithm.

Weak Chebyshev Greedy Algorithm (WCGA). We define f§ :=
fo" == f. Then, for each m > 1 we have the following inductive defini-
tion.

(1) ¢S, := om € D is any element satisfying
Fre  (#m) 2 tml|Fre_ |lp-
(2) Define
Dy, := @y, = span{@f}i,,
and define G¢, := G35, to be the best approximant to f from ®,,.
(3) Let
fo = 5T = f = G
Remark 3.2.1. It follows from the definition of the WCGA that the se-
quence {||fS ]|} is a non-increasing sequence.

We proceed to a theorem on convergence of the WCGA. In the formulation
of this theorem we need a special sequence which is defined for a given
modulus of smoothness p(u) and a given 7 = {t,}7°,.
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Definition 3.2.2. Let p(u) be an even convex function on (—oo, 00) with
the property: p(2) > 1 and

lim p(u)/u = 0.

u—0

Forany 7 = {t;}72,,0 < t; <1,and 0 < 0 < 1/2 we define &, := &n(p, 7,0)
as a number u satisfying the equation

p(u) = Otu. (3.2.1)
Remark 3.2.3. Assumptions on p(u) imply that the function
S(u) = plu)fu, w0, s(0)=0,

is a continuous increasing function on [0, 00) with s(2) > 1/2. Thus (3.2.1)
has a unique solution &,, = s~1(6t,,) such that 0 < &, < 2.

The following theorem from Temlyakov (2001b) gives a sufficient condition
for convergence of the WCGA.

Theorem 3.2.4. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u). Assume that a sequence 7 := {t;}7° satisfies the
condition: for any 6 > 0 we have

> tmém(p, 7,0) = .
m=1

Then, for any f € X we have
lim | f57]] = 0.
m—0o0

Corollary 3.2.5. Let a Banach space X have modulus of smoothness p(u)
of power type 1 < ¢ < 2, that is, p(u) < yu?. Assume that

oo

Yt =00, p=—to. (3.2.2)

qg—1

m=1

Then the WCGA converges for any f € X.

Proof. Denote p?(u) := yu?. Then
p(u)/u < p?(u)/u,

and therefore for any 6 > 0 we have

Em(p? T, 0) Z gm(pq> T, 0)
For p? we get from the definition of &, that

Em(p?,7,0) = (Bt /)T 1.
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Thus (3.2.2) implies that

S 70 2 S b7 0) < 3010, = .
m=1 m=1 m=1

It remains to apply Theorem 3.2.4. 0

The following theorem from Temlyakov (2001b) gives the rate of conver-
gence of the WCGA for f in A;(D).

Theorem 3.2.6. Let X be a uniformly smooth Banach space with modu-
lus of smoothness p(u) < yu?, 1 < ¢ < 2. Then, for a sequence 7 := {t;}32,,
try <1,k=1,2,..., we have for any f € A;(D) that

m —1/p
< p —_ 1

with a constant C(q,~y) which may depend only on ¢ and ~.

1
m

We will use the following two simple and well-known lemmas in the proof
of the above two theorems.

Lemma 3.2.7. Let X be a uniformly smooth Banach space and let L be
a finite-dimensional subspace of X. For any f € X \ L, let f;, denote the
best approximant of f from L. Then we have

Frf,(¢) =0
for any ¢ € L.
Proof. Let us assume the contrary: there is a ¢ € L such that ||¢|| = 1 and

Fy . (¢) =8> 0.
For any A we have from the definition of p(u) that

A
17 = fu =211 = st ol <207 = (140251 ) 329
-7l

Next

If = FL+ Al > Fpp, (F = f+20) = |f = ful + A8 (3.2.4)
Combining (3.2.3) and (3.2.4) we get
e B A8 A
If = fo=20ll <IIf fL||<1 Al +2p(”f_fLH>>. (3.2.5)

Taking into account that p(u) = o(u), we find X' > 0 such that

L AB N
<1 07— 7o +2'O<Hf—fLH)> <t
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Then (3.2.5) gives
If = fo=XNol <IIf = ful,

which contradicts the assumption that f; € L is the best approximant of f.
O

Lemma 3.2.8. For any bounded linear functional F' and any dictionary
D, we have

|Fllp:=sup F(g) = sup F(f).
geD f€AL(D)

Proof. The inequality

sup F(g) < sup F(f)
9€D feA1(D)

is obvious. We prove the opposite inequality. Take any f € A;(D). Then,
for any € > 0 there exist ¢{,...,g% € D and numbers af,...,a% such that
a; >0,a] +---+ay <1and

N
7= Yt <
i=1
Thus
N
F() < IFle+ (X ai ) < Il +sup Fio),
i=1 gD
which proves Lemma 3.2.8. ]

We will also need one more lemma from Temlyakov (20015).

Lemma 3.2.9. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Take a number € > 0 and two elements f, f€ from X
such that

If = fll<e  f/A(e) € Ai(D),

with some number A(e) > 0. Then we have

€ A
I < 15t (1= Mm@ (1= ) 20 ) )
>0 I fon ol

form=1,2,....

Proof. We have for any A

C C C C C )\
1y = MGGl 15t Al < 20175 (1 T p(H p H)>, (3.2.6)
m—1
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and by (1) from the definition of the WCGA and Lemma 3.2.8 we get

Fre () = tmsup Fre  (g)
g€eD

=tm sup Fre (¢) > tmAe) " Fre_ (f9).
$€A1(D)
By Lemma 3.2.7 we obtain
Fre (f)=Fp (f+[—f)>Fp (f)—e
= Fpe [(fm1) —e= Il —e
Thus, as in (3.2.5) we get from (3.2.6)

1l < Il fr 1 — Al (3.2.7)
< || fr-sll int (1 — AtmA(e) ™! (1 - 6) n QP(A»
A0 1l Lfal
which proves the lemma. UJ

Proof of Theorem 3.2.4. The definition of the WCGA implies that {|| f5,||}

is a non-increasing sequence. Therefore we have
. en
lim || f7[] = a.
m—0o0

We prove that o = 0 by contradiction. Assume to the contrary that o > 0.
Then, for any m we have

[l = e
We set € = /2 and find f€ such that
If = fll <e and  f/A(e) € Au(D),
with some A(e). Then, by Lemma 3.2.9 we get
Ll < 1 101 = M A) /2 + 20(A ).

«

Let us specify 6 := FA and take \ = a&,,(p, 7,0). Then we obtain

[l < 1 fm—1 (1 = 20808m).

The assumption

00
Z tmgm =00
m=1

implies that

lfoll — 0 asm — oo.

We have a contradiction, which proves the theorem. UJ
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Proof of Theorem 3.2.6. By Lemma 3.2.9 with e = 0 and A(e) = 1, we
have for f € A;(D) that

by q
Fell < 15|l inf (1 — A + 27(0) ) 3.2.8
” H H 1” A>0 Hfmfln ( )

Choose A from the equation
1 A a
L2
2 1l

1

L _ 1 —
A=l (dy) Tt

which implies that

Let
Ag:=2(4) =1

Using the notation p := %, we get from (3.2.8)

1

TARSI| (1 - 2Atm> 71— A,

Raising both sides of this inequality to the power p and taking into account
the inequality 2" < x for r > 1, 0 < x < 1, we obtain

1fmll? < (-t lP (L= 5l fraa [P/ Aq)-

By an analogue of Lemma 2.3.3 (see Temlyakov (20005, Lemma 3.1)), using
the estimate || f||? <1 < A, we get

m
FAEPAE +th)
which implies

m ~1/p
1fell < Cla) (1 ; Zﬂi) .
n=1

Theorem 3.2.6 is now proved. L]

Remark 3.2.10. Theorem 3.2.6 also holds for a slightly modified version
of the WCGA, the WCGA(1), for which at step (1) we require

F (1) (©5n ef1 )) >t frn C(l

e D (3.2.9)
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This statement follows from the fact that, in the proof of Theorem 3.2.6,
the relation

Fre  (¢5,) > tmsup Fre  (g)
geD

was used only to get (3.2.9).
Proposition 3.2.11. Condition (3.2.2) in Corollary 3.2.5 is sharp.
Proof. Let 1 < ¢ < 2. Consider X = {,. It is known (Lindenstrauss and

Tzafriri 1977, p. 67) that {,, 1 < ¢ < 2, is a uniformly smooth Banach space

with modulus of smoothness p(u) of power type ¢q. Denote p := - and

q—1
take any {tx}7°, 0 < ¢ < 1, such that

o0
D < . (3.2.10)
k=1

Choose D as a standard basis {e;}72,, e; :== (0,...,0,1,0,...), for £;. Con-
sider the following realization of the WCGA for

1 1
f= (1,tf’1,t§’1,...>.

First of all, (3.2.10) guarantees that f € ¢,. Next, it is well known that FY
can be identified as

© 1/p
Ff:(l,tl,tg,...)/(l—i-th) Egp.
k=1

At the first step of the WCGA we pick 1 = es and get

1

ff=(1,o,t5j,...).

We continue with f replaced by f; and so on. After m steps we get

1
o = (1,0,...,0,15,3;;1,...).
It is clear that for all m we have || f7,|l¢, > 1. O

The following variant of Theorem 3.2.6 (see Temlyakov (2006¢)) follows
from Lemma 3.2.9.

Theorem 3.2.12. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yu?, 1 < ¢ < 2. Take a number € > 0 and two
elements f, f€ from X such that

If = fll<e  f/A(e) € Ai(D),
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with some number A(e) > 0. Then we have (p :=¢q/(q¢— 1))
m ~1/p
1wl < max<2e, C(q,7)(A(e) +¢) <1 + Zti) > (3.2.11)
k=1

3.3. Relaxation; co-convex approximation

In this section we study a generalization for Banach spaces of relaxed greedy
algorithms considered in Chapter 2. We present here results from Temlyakov
(20010). Let 7 := {t;}?2, be a given weakness sequence of numbers ¢ €
0,1, k=1,....

Weak Relaxed Greedy Algorithm (WRGA). We define f§ := f;7 =
f and G := G{" := 0. Then, for each m > 1 we have the following
inductive definition.
(1) ¢ = ¢ € D is any element satisfying
Fyr (o = Glum) Z tmsup Fyr - (9 — G, q).
g€eD

(2) Find 0 < Ay, <1 such that

£ = (U= M) Gy + Amgi)l| = L 1F = (L= NGy +Ach)

and define
G, =G =1 —MNp)Gl_ 1+ Anpr,-
(3) Let
fri= 137 = f = G
Remark 3.3.1. It follows from the definition of the WRGA that the se-

quence {||f},||} is a non-increasing sequence.

We call the WRGA relazed because at the mth step of the algorithm we
use a linear combination (convex combination) of the previous approximant
Gr._, and a new element ] . The relaxation parameter A,, in the WRGA

is chosen at the mth step depending on f. We prove here the analogues of
Theorems 3.2.4 and 3.2.6 for the Weak Relaxed Greedy Algorithm.

Theorem 3.3.2. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u). Assume that a sequence 7 := {t;}7° satisfies the
condition: for any 6 > 0 we have

Z tm{m(ﬂ:'ra 9) = Q.
m=1

Then, for any f € A1(D) we have

lim | f77]] = 0.
m—00
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Theorem 3.3.3. Let X be a uniformly smooth Banach space with modu-
lus of smoothness p(u) < yu?, 1 < ¢ < 2. Then, for a sequence 7 := {t;}32,
tr <1,k=1,2,..., we have for any f € A;(D) that

m -1/p
1l < cl<q,v><1 n D,g) e 1
k=1

with a constant C4(q,~y) which may depend only on ¢ and ~.

Proof of Theorems 3.3.2 and 3.3.3. This proof is similar to the proof of The-
orems 3.2.4 and 3.2.6. Instead of Lemma 3.2.9 we use the following lemma.

Lemma 3.3.4. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Then, for any f € A;(D) we have

2
BT < T inf (1= Mg+ 20— ) ), m=1,2,....
N < 18 int (1= 3+ 20( e ) ) =2

Proof. We have
f = F = (1= An) Gy + Amh) = fram1 — Ao, — Grost)
and

|| = inf T _ T .
£ = 0 7 = A = G

As for (3.2.6), we have for any A
1= A = G )l + [ a1 + MA@ — Gl

Ml — GT
gznf;_ln(up( ”S"ﬁ}rlﬁ—l’)). (3.3.1)

Next we get for A > 0
11+ A(h — Gl
> Fpr (f1 + Mo — Gra1))
= fomall + Ay (o = Grit) Z [l + At sup Fyr (9= Grn1)
g

= fmoall + At sup Fyr - (6= Gj, 1) = [ fpoall + Al Sl
¢€A1(D

applying Lemma 3.2.8 for the last inequality. Using the trivial estimate
ller, — Gr. 1]l < 2, we obtain

A
17y — Al — :n_l)Hsuf;_lu(l—xtmm(ujf_l‘)), (3.3.2)

from (3.3.1), which proves Lemma 3.3.4. O
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The remaining part of the proof uses inequality (3.3.2) in the same way
relation (3.2.7) was used in the proof of Theorems 3.2.4 and 3.2.6. The only
additional difficulty here is that we are optimizing over 0 < A\ < 1. However,
it is easy to check that the corresponding A chosen in a similar way always
satisfies the restriction 0 < A < 1. In the proof of Theorem 3.3.2 we choose
0 = «/8 and A\ = a&,(p,7,0)/2, and in the proof of Theorem 3.3.3 we
choose X from the equation

1 —
St = 212N fua 7. O

Remark 3.3.5. Theorems 3.3.2 and 3.3.3 hold for a slightly modified ver-
sion of the WRGA, the WRGA(1), for which at step (1) we require

Foo (o) = Gh) = tull 2] (33.3)

This follows from the observation that in the proof of Lemma 3.3.4 we
used the inequality from step (1) of the WRGA only to derive (3.3.3). It is
clear from Lemma 3.2.8 that in the case of approximation of f € A;(D), the
requirement (3.3.3) is weaker and easier to check than step (1) of the WRGA.

3.4. Free relaxation

Both of the above algorithms, the WCGA and the WRGA, use the func-
tional Fy, , in a search for the mth element ¢,, from the dictionary to be
used in approximation. The construction of the approximant in the WRGA
is different from the construction in the WCGA. In the WCGA we build the
approximant Gf, so as to maximally use the approximation power of the
elements ©1,...,¢m. The WRGA by its definition is designed for approxi-
mation of functions from A; (D). In building the approximant in the WRGA
we keep the property G|, € A1(D). As we mentioned in Section 3.3 the re-
laxation parameter A, in the WRGA is chosen at the mth step depending
on f. The following modification of the above idea of relaxation in greedy
approximation will be studied in this section (see Temlyakov (2006¢)).

Weak Greedy Algorithm with Free Relaxation (WGAFR). Let 7 :=
{tm}°_ 4, tm € [0,1], be a weakness sequence. We define fp := f and
Gp := 0. Then, for each m > 1 we have the following inductive definition.

(1) ¢m € D is any element satisfying
Ffpy (om) 2 tml| Y, [ D-
(2) Find w,, and A, such that
1 = (A = wim)Gm-1 + Ampm) | = mE [|f = (1 = w)Gm-1 + Apm)||
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and define
G = (1 = wm)Gm-1 + Am@m.
(3) Let
fm=f—Gn.
We begin with the following analogue of Lemma 3.2.9.

Lemma 3.4.1. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Take a number € > 0 and two elements f, f€ from X
such that

If = fll <e  f/Ale) € Au(D),
with some number A(e) > €. Then we have for the WGAFR

. 5
- mot|linf (1= MpA(e) ™1 - Wt /))
1l < 11 IH,\20<1 AmA(e) (1 ufm_n\)“p(ufm_lu))

form=1,2,....
Proof. By the definition of f,,,
I£nll < 0 [lft + Gt = gl

As in the arguments in the proof of Lemma 3.2.9, we use the inequality
Il frm—1 +wGm-1 = Aom|l + | frn—1 — wGm—1 + Aon|| (3.4.1)
<2/ fm—1l(X + p(lwGm—1 = Apml| /|| frm—11D)),
and estimate for A > 0
[ frne1 — wGm—1 + Aoml| > Fy,, o (fm—1 — wGm—1 + Apm)

> | frm—all = F (WGm—1) + At sup Fy, . (9).
ge

By Lemma 3.2.8, we continue:

= ”fm—lH - Ffm71 (me—l) + Aty sup Ffmfl (¢)
¢€A1(D)

> || fm-1ll = Fp,, y(wGm1) + Xt Ae) " Fy, ., ()
2> || fm-1ll = Fppy (WGm—1) + M A(e) ™ (Fy,,_, (f) = €)-
We set w* := M, A(e)~! and obtain

1fm—1 = W Gt + Apmll = | fm—tll + M A() T (| fnall — €).  (3.4.2)
Combining (3.4.1) and (3.4.2) we get

| fmll < it 0 (1= At A() ™ (1 = €/l frn— )
+ 2p([w*Gmr = A/l fmna 1))-
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We now estimate
[0 Gy = Aom | < WG]l + A
Next,
[Gmall = 1f = fnall < 201 < 2017°) + €) < 2(A(e) +€).
Thus, under assumption A(e) > € we get
W |G-t || < 2Mt (A(e) +€)/A(e) < 4.
Finally,
|w*Gr—1 — Apm|| < BA.
This completes the proof of Lemma 3.4.1. Ll

Remark 3.4.2. It follows from the definition of the WGAFR that the
sequence {||fm||} is a non-increasing sequence.

We now prove a convergence theorem for an arbitrary uniformly smooth
Banach space. Modulus of smoothness p(u) of a uniformly smooth Banach
space is an even convex function such that p(0) = 0 and lim, ¢ p(u)/u =
0. The function s(u) := p(u)/u, s(0) := 0, associated with p(u), is a
continuous increasing function on [0,00). Therefore, the inverse function
s71(+) is well defined.

Theorem 3.4.3. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u). Assume that a sequence 7 := {t;}7°, satisfies the
following condition. For any 6 > 0 we have

Z tms H(Oty) = co. (3.4.3)

Then, for any f € X we have for the WGAFR
i fn) = 0.

Proof. By Remark 3.4.2, {||fn]|} is a non-increasing sequence. Therefore
we have

lim | fm]| = 5.

m—00

We prove that § = 0 by contradiction. Assume the contrary, that 5 > 0.
Then, for any m we have

[ fmll = -
We set e = (/2 and find f€ such that

If = fl<e and  f/A(e) € Ai(D),
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with some A(€) > e. Then, by Lemma 3.4.1 we get
1fmll < [l | fnf (1= X A(€) ™1 /2 +2p(5M/5)).-

Let us specify 6 := 3/(40A(¢)) and take A = Bs~!(0t,,)/5. Then we obtain
1 fll < I fm=1ll (1 = 20tms™" (0tm)).

The assumption
o
Z tims H(Bty,) = oo
m=1

implies that

| fml — 0 asm — oo.
We have a contradiction, which proves the theorem. O

Theorem 3.4.4. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yuf, 1 < ¢ < 2. Take a number ¢ > 0 and two
elements f, f€ from X such that

If =rll<e  f/Ale) € Au(D),
with some number A(e) > 0. Then we have for the WGAFR

Il < (26,00 7) (4c0) + ) (1+ gt’;)_w), pi=afla—1).

Proof. It is clear that it suffices to consider the case A(e) > e. Other-
wise, ||fmll < |IfIl < [If€ll + € < 2. Also, assume ||fn,|| > 2¢ (otherwise
Theorem 3.4.4 trivially holds). Then, by Remark 3.4.2, we have for all
k=0,1,...,m that ||fx]| > 2¢. By Lemma 3.4.1 we obtain

. _ 5 0 \?
I < Ul (1= Mt 2+ 20 (2) ).

Choose A from the equation
which implies that
1

M :2< 5\ )‘1
4A(e) ~ \san)

A= ”fk:—1||#5_q%1(8%4(6))—q%1t13—1_
Define
Ay = 4(87)‘1711511%1.
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Using the notation p := %7, we get from (3.4.4)

A il fe—a P
1 fell < 1 fr—ll (1 - 411/1?5) = [|fe—1ll (1 - m>

Raising both sides of this inequality to the power p and taking into account
the inequality " < x for r > 1, 0 < x < 1, we obtain

tszlep)

1P < il (1 - 5020

By an analogue of Lemma 2.3.3 (see Temlyakov (20006, Lemma 3.1)), using
the estimates || f|| < A(e) + € and A, > 1, we get

m -1
Il < As(at + 7 (1+37)
k=1

which implies

m —1/p
Il < Claa@+a(1+34)
k=1

Theorem 3.4.4 is proved. L]

3.5. Fixed relaxation

In this section we consider a relaxed greedy algorithm with relaxation pre-
scribed in advance. Let a sequence r := {ri}?2,, m € [0, 1), of relaxation
parameters be given. Then, at each step of our new algorithm we build the
mth approximant of the form G, = (1 —7,,)Gm—1+ Apm,. With an approx-
imant of this form we are not limited to approximation of functions from
A1(D) as in the WRGA. In this section we study the Greedy Algorithm
with Weakness parameter ¢ and Relaxation r (GAWR(¢,r)). In addition to
the acronym GAWR(t,r) we will use the abbreviated acronym GAWR for
the name of this algorithm. We give a general definition of the algorithm in
the case of a weakness sequence 7. We present in this section results from
Temlyakov (2006¢).

GAWR(7,r). Let 7 := {t,,}5°_, tm € (0,1], be a weakness sequence
and let r = {rp}>_;, 7y € [0,1), be a relaxation sequence. We define
fo:= f and Gg := 0. Then, for each m > 1 we have the following inductive
definition.

(1) ¢m € D is any element satisfying

Ffm—l(gpm) > thFfm—l HD
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(2) Find A, > 0 such that
1 = (@ = rm) Gt + Amm)|| = 0f [|f = (1 = rim)Gim1 + Apm)|

and define
Gm =1 —=7)Gn-1+ An@m.
(3) Let
fm = f — Gn.
In the case 7 = {t} we write ¢ instead of 7 in the notation. We note that
in the case r, = 0, k = 1,..., when there is no relaxation the GAWR(r, 0)

coincides with the Weak Dual Greedy Algorithm. We now proceed to the
GAWR. We begin with an analogue of Lemma 3.2.9.

Lemma 3.5.1. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Take a number € > 0 and two elements f, f€ from X
such that

If = fl<e  f/Ale) € Au(D),
with some number A(e) > 0. Then we have for the GAWR(¢,r)

[ fmll < W fmall(V = 7 (1 = €/[] frnal])
+ 2p((rm([Lf Il + A(e) /1)) /(A = ) fm—a[)),  m =1,2,....

Theorem 3.5.2. Let a sequence r satisfy the conditions

o

Zrk:oo, r. —» 0 ask — oo.

k=1
Then the GAWR(t,r) converges in any uniformly smooth Banach space for
each f € X and for all dictionaries D.

Proof.  We prove this theorem in two steps.

I First, we prove that liminf,, .o || fim|]| = 0. The proof goes by contradic-
tion. We want to prove that liminf,, . || fm| = 0. Assume the contrary.
Then there exists K and 8 > 0 such that we have for all £ > K that
Il fc]l > 6. By Lemma 3.5.1, for m > K

1l < el (17 (1= 5 ) 22U ADIDY),

We choose € := (/2. Using the assumption that X is uniformly smooth and
the assumption rp, — 0 as £k — oo, we find N > K such that for m > N

we have
rm([[f]l + A(e)/¢)
20( (1—rm)B > < /4




GREEDY APPROXIMATION 371

Then, for m > N,
Hfm” < Hfm—l“(l _rm/4)'

The assumption -, 7y = oo implies that ||fm,| — 0 as m — oco. The
obtained contradiction to the assumption § > 0 completes the proof of
part L.

IT Secondly, we prove that limy, . || fm| = 0. Using the assumption r; — 0
as k — oo, we find Ny such that for & > N7 we have r, < 1/2. For such k
we obtain from Lemma 3.5.1

1kl =€ < (U =re)([[frmrll =€) + 2ka1Hp< D ) (3.5.1)
[ fe—1

with B := 2(||f|| + A(e)/t). Denote ay := ||fx—1]| — €. We note that from
the definition of fj it follows that

apy1 < ag + il ). (3.5.2)

Using the fact that the function p(u)/u is monotone increasing on [0, 00),
we obtain from (3.5.1) for a; > 0

| fre—1]l Bry,
ag 1§ak(1rk+2 p
* ay | fr—1l

<a (1 —_— 2p<izk> ) (3.5.3)

We now introduce an auxiliary sequence {by} of positive numbers that is
defined by the equation

2p(Bry/by) = 1}

The property p(u)/u — 0 as u — 0 implies by — 0 as k — oo. Inequality
(3.5.3) guarantees that for k& > Nj such that ap > by, we have agy1 < ag.
Let

U:={k:k> Ny, ap>bg}.
If the set U is finite then we get
lizris;p ap < klingo b = 0.
This implies
limsup || fn]] < €.

m—0o0

Consider the case when U is infinite. We note that part I of the proof
implies that there is a subsequence {k;} such that a;;, <0, j = 1,2,....
This means that

U= U;.il[l]7n]]u
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with the property nj_1 <l; —1. For k ¢ U, k > N; we have
ar < b. (3.5.4)

For k € [l;,n;], we have by (3.5.2) and the monotonicity property of ay,
when k € [lj,n;], that

ar, < ay; < a1+l fll < b1+l ] (3.5.5)
By (3.5.4) and (3.5.5) we obtain

limsupar <0 = limsup || fm| <e.

k—oo m—00

Taking into account that € > 0 is arbitrary, we complete the proof. UJ

We now proceed to results on the rate of approximation. We will need
the following technical lemma (see Temlyakov (1999, 2006¢)).

Lemma 3.5.3. Let a sequence {a,}5° ; have the following property. For,
given positive numbers a < v < 1, A > a1, we have, for all n > 2,

an < ap—1+An—1)"7 (3.5.6)
If for some v > 2 we have
a, > Av™?,
then
ay+1 < ay(1—7v/v). (3.5.7)
Then there exists a constant C'(«a, ) such that, for all n = 1,2, ..., we have

an < C(a,y)An™ .

Theorem 3.5.4. Let X be a uniformly smooth Banach space with modu-
lus of smoothness p(u) < yu?, 1 < ¢ < 2. Let r := {2/(k+2)}32,. Consider
the GAWR(t,r). For a pair of functions f, f€, satisfying

If=fll <e f/A(e) € Ai(D),
we have

£l < €+ Cla,Uf] + Ale) /tym™ 1.
Proof. By Lemma 3.5.1 we obtain

Wil =€ < (=) Ul = ) + Cvllfes] (”(”f |+ Ae)/ “)q. (3.5.8)

[ fr—1ll

Consider, as in the proof of Theorem 3.5.2, the sequence a,, := || fn—1| — €.
We plan to apply Lemma 3.5.3 to the sequence {a,}. Weset «:=1—-1/q <
1/2. The parameters 7 € (a, 1] and A will be chosen later. We note that
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Therefore, condition (3.5.6) of Lemma 3.5.3 is satisfied with A > 2||f||. Let
ap > Ak™“. Then, by (3.5.8) we get

a1 < ap(l =i+ Cy(r( £l + Ale) /1) /ar)?

2 Cy(IfI[ + Ale)/1)729 k™
Sa’“<1_k+2+ A (k;+2)Q>'

Setting A := max(2||f||, 2(2CY)/9(|| f|| + A(e)/t)), we obtain

3
< 1—— ).
<1 55

Thus condition (3.5.7) of Lemma 3.5.3 is satisfied with v = 3/4. Applying
Lemma 3.5.3 we obtain

1 fmll < €+ Cla, MIFI + Ale) /tym ™ 1/, 0

We conclude this section by the following remark. The algorithms GAWR
and WGAFR are both dual-type greedy algorithms. The first steps are
similar for both algorithms: we use the norming functional Fy, | in the
search for an element ¢,,. The WGAFR provides more freedom than the
GAWR does in choosing good coefficients w,,, and \,. This results in
more flexibility in choosing the weakness sequence 7 = {t,,}. For instance,
condition (3.4.3) of Theorem 3.4.3 is satisfied if 7 = {t}, ¢t € (0,1] for
any uniformly smooth Banach space. In the case p(u) < yuf, 1 < ¢ < 2,
condition (3.4.3) is satisfied if

o0
Y th =00, pi=gq/(g—1).
m=1

3.6. Thresholding algorithms

We begin with a remark on computational complexity of greedy algorithms.
The main point of Section 3.4 is in proving that relaxation allows us to build
greedy algorithms (see the WGAFR) that are computationally simpler than
the WCGA and perform as well as the WCGA. We note that the WCGA
and the WGAFR differ in the second step of the algorithm. However, the
most computationally involved step of all greedy algorithms is the greedy
step (the first step of the algorithm). One of the goals of relaxation was to
get rid of the assumption f € A;(D) (as in the WRGA). All relaxed greedy
algorithms from Sections 3.4 and 3.5 are applicable to (and converge for)
any f € X. We want to point out that the information f € A;(D) allows
us to simplify substantially the greedy step of the algorithm. It is remarked
in Section 3.2 (see Remark 3.2.10) that we can replace the first step of the
WCGA by the following search criterion:

Ff i (om) 2 tmll fn—1l|- (3.6.1)
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A similar remark (see Section 3.3, Remark 3.3.5) holds for the WRGA.
The requirement (3.6.1) is weaker than the requirement of the greedy step
of the WCGA. However, Theorem 3.2.6 holds for this modification of the
WCGA. Relation (3.6.1) is a threshold-type inequality and can be checked
more easily than the greedy inequality.

We now consider two algorithms defined and studied in Temlyakov (2006¢)
with a different type of thresholding. These algorithms work for any f € X.
We begin with the Dual Greedy Algorithm with Relaxation and Threshold-
ing (DGART).

DGART. We define fy := f and Gy := 0. Then, for a given parameter
0 € (0,1/2] we have the following inductive definition for m > 1.

(1) ¢m € D is any element satisfying
Fy.  (om) >0 (3.6.2)
If there is no ¢, € D satisfying (3.6.2) then we stop.
(2) Find w,, and A, such that
I = (= wm)Gm1 + Amipm)[| = inf |lf = (1 = w)Grm1 + Apm)|

and define
Grm = (1 = wn)Gm-1 + Am@m.
(3) Let
fm = f —Gn.
If || fi]| < 6]|f]| then we stop, otherwise we proceed to the (m + 1)th
iteration.

The following algorithm is a thresholding-type modification of the WCGA.
This modification can be applied to any f € X.

Chebyshev Greedy Algorithm with Thresholding (CGAT). For
a given parameter § € (0,1/2], we conduct instead of the greedy step
of the WCGA the following thresholding step: find ¢,, € D such that
Fy. (¢m) > 6. Choosing such a ¢y, if one exists, we apply steps (2) and
(3) of the WCGA. If such ¢, does not exist, then we stop. We also stop if
[ fmll < 0l £1I-

Theorem 3.6.1. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yuf, 1 < ¢ < 2. Take a number € > 0 and two
elements f, f¢ from X such that

If = fll<e f/A(e) € Ai(D),
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with some number A(e) > 0. Then the DGART (CGAT) will stop after
m < C(y)dPIn(1/0), p:=q/(q — 1), iterations with

1 fmll < €+ SA(e).

Proof. We begin with the error bound. For both algorithms, the DGART
and the CGAT, our stopping criterion guarantees that either ||Fy |p < 6
or |[fm| < 4] f]l. In the latter case the required bound follows from simple
inequalities:

I < e+ 175 < e+ Ale).

Thus, assume that ||Fy,, ||p < ¢ holds. In the case of the CGAT we apply
Lemma 3.2.7 with L = span(ep1, ..., o) and obtain

1finll = Ep(fin) = Fpn(f) < €+ Fp, () < e+ [ Fp,,[[pA(€) < e+ A(e).

For the DGART we apply Lemma 3.2.7 with f,,—; and L = span(G.,—1, pm),
and get

Hme = Ffm(fm) = Ffm(fm—l) = Ffm(f)
< e+ Fp, (f9) < e+ | F lpA() < e+ GA).

This proves the required bound.
We now proceed to the bound of m. We prove the bound for both algo-
rithms simultaneously. We note that for the DGART

| frll = 1\H£ | fe—1 +wGr_1 — M| < ig% | fe—1 — Apxl|-

We write for all k <m, A >0
[fe—1 = Apwll + [ fe—1 + Al < 2 fp-1 |1+ (M ([ feal])- (3.6.3)
Next,
[ fri—1 + Aeill = Fp, (fi—1 + Apr) = || fo—all + Ad. (3.6.4)
Combining (3.6.3) with (3.6.4), we obtain

< i — < i — 7).
I/l < Il fer — Agull < /{g%(”fk—l” A6+ 2| fr—1 M [ fre—1)?)
(3.6.5)
Solving the equation dz/2 = 2vz9 we get x; = (6/(4y))/(@1). Setting
A := z1]| fr—1|| we obtain
[l < M fe-all(V = b21/2) = [ fr—a | (1 = c(7)87).
Thus,
£l < AL = e(v)aP) .

By the stopping condition || f,|| < d||f||, we deduce that m < n, where n is
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the smallest integer for which
(1 —¢(7)d")" < 0.
This implies
m < C(v)d PIn(1/6). O
We proceed to one more thresholding-type algorithm (see Temlyakov
(2005a)). Keeping in mind possible applications of this algorithm, we do
not assume that a dictionary D is symmetric: g € D implies —g € D. To
indicate this we use the notation DT for such a dictionary. We do not as-
sume that elements of a dictionary DT are normalized (||g|| = 1 if g € DT)

and assume only that ||g|| < 1if g € DT. By A;(D") we denote the closure
of the convex hull of DT. Let € = {€,}°% 1, €, >0, n=1,2,....

n=1»
Incremental Algorithm with schedule € (IA(€)). Let f € A;(DV).

Denote fé’e = f and Gé’e := 0. Then, for each m > 1 we have the following
inductive definition.

(1) ¢t € DT is any element satisfying
Ff:;il(ﬁpi}f —f) = —€m.
(2) Define
GUe = (1= 1/m)GY | + o m.
(3) Let
fig =1 -G

We note that, as in Lemma 3.2.8, we have for any bounded linear func-
tional F and any DT

sup F'(g) = sup F(f).
geD+ J€AL(DT)

Therefore, for any F and any f € Ay (D"),

sup F(g) > F(f).
geD+t

This guarantees existence of ¢, .

Theorem 3.6.2. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yu?, 1 < ¢ < 2. Define

€n ::K1’Yl/qn71/p, p:q_%, n=12,....

Then, for any f € A;(D") we have
I fie) < CE )Y Im~ P, m=1,2....
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Proof. We will use the abbreviated notation f,, := ff;f, Om = gofi,f, G =
Gy . Writing
fm = fm—l - (Som - Gm—l)/mv

we immediately obtain the trivial estimate

[ fmll < ([ frn—ll +2/m. (3.6.6)
Since
fm = A =1/m)fm-1— (pm — f)/m
= (1 =1/m)(fim—1 — (m — f)/(m = 1)), (3.6.7)
we obtain
Hfm—l - ((Pm - f)/(m - 1)” (3'6'8>

< | fn-all (1 + 2p2((m = )| fin-al) ™) + €m(m — 1),

in a similar way to (3.6.5). Using the definition of €,, and the assumption
p(u) < yul, we make the following observation. There exists a constant

C(K) such that, if
| fnall > CE DY (m —1)7177, (3.6.9)
then
20(2((m = 1)l fon-1) 1) + em(m = Dllfrn1l)™" < 1/(4m),  (3.6.10)
and therefore, by (3.6.7) and (3.6.8),
[fmll < (1 =3/(dm))[[ fm-1l- (3.6.11)

Taking into account (3.6.6), we apply Lemma 3.5.3 to the sequence a,, =
| full, n = 1,2,... with « = 1/p, 8 = 3/4, and complete the proof of
Theorem 3.6.2. L]

3.7. Greedy expansions

3.7.1. Introduction

From the definition of a dictionary it follows that any element f € X can be
approximated arbitrarily well by finite linear combinations of the dictionary
elements. The primary goal of this section is to study representations of an
element f € X by a series

fNZCj(f)gj(f)a gj(f)ED, Cj(f)>07 J=12.... (371)
j=1

In building the representation (3.7.1) we should construct two sequences:
{9;(f)}521 and {c;(f)}52;. In this section the construction of {g;(f)}32,
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will be based on ideas used in greedy-type nonlinear approximation (greedy-
type algorithms). This justifies the use of the term greedy expansion for
(3.7.1) considered in the section. The construction of {g;(f)}72; is, clearly,
the most important and difficult part in building the representation (3.7.1).
On the basis of the contemporary theory of nonlinear approximation with
respect to redundant dictionaries, we may conclude that the method of using
a norming functional in greedy steps of an algorithm is the most productive
in approximation in Banach spaces. This method was utilized in the Weak
Chebyshev Greedy Algorithm and in the Weak Dual Greedy Algorithm. We
use this same method in new algorithms considered in this section. A new
qualitative result of this section establishes that we have a lot of flexibility
in constructing a sequence of coefficients {c;(f)}52;.

Denote

rp(f) = sup|| Fyllp = supsup Fy (g).
Fy Fy geD

We note that, in general, a norming functional Fy is not unique. This is
why we take sup F; Over all norming functionals of f in the definition of
rp(f). It is known that in the case of uniformly smooth Banach spaces (our
primary object here) the norming functional Fy is unique. In such a case
we do not need supp, in the definition of rp(f): we have rp(f) = [|Fy|p.

We begin with a description of a general scheme that provides an expan-
sion for a given element f. Later, specifying this general scheme, we will
obtain different methods of expansion.

Dual-Based Expansion (DBE). Let ¢t € (0,1] and f # 0. Denote fy := f.
Assume {f; ;”;01 C X, {goj};n;ll C D and a set of coefficients {cj};n;ll of
expansion have already been constructed. If f,,_1 = 0 then we stop (set
¢; = 0,7 =m,m+1,... in the expansion) and get f = Z;”:_ll cijp;. If
fm—1 # 0 then we conduct the following two steps.

(1) Choose ¢, € D such that

Sup Ffmfl((pm) Z tT‘D(fmfl).
Ffm—l

(2) Define
fm = fm—l — Cm®¥Pm,;

where ¢,,, > 0 is a coeflicient either prescribed in advance or chosen
from a concrete approximation procedure.

We call the series

f~Y e (3.7.2)
j=1
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the Dual-Based Expansion of f with coefficients ¢;(f) := ¢;, 7 = 1,2,...
with respect to D.
Denote

Sm(f, D) = Z CiPj.
7=1

Then it is clear that
fm = f - Sm(f7D)

We prove some convergence results for the DBE in Sections 3.7.2 and 3.7.3.
In Section 3.7.3 we consider a variant of the Dual-Based Expansion with co-
efficients chosen by a certain simple rule. The rule depends on two numerical
parameters, ¢ € (0,1] (the weakness parameter from the definition of the
DBE) and b € (0,1) (the tuning parameter of the approximation method).
The rule also depends on a majorant g of the modulus of smoothness of the
Banach space X.

Dual Greedy Algorithm with parameters (¢,b, u) (DGA(t, b, pn)).
Let X be a uniformly smooth Banach space with modulus of smoothness
p(u), and let p(u) be a continuous majorant of p(u): p(u) < p(u), u €
[0,00). For parameters ¢ € (0,1], b € (0, 1] we define sequences {fi,}oo_y,
{om o1, {em}oo_; inductively. Let fo := f. If for m > 1 f,,,—1 = 0 then
we set f; = 0 for j > m and stop. If f,,,_1 # 0 then we conduct the following
three steps.

(1) Take any ¢, € D such that

Fy, i (om) 2 tro(fm-1)- (3.7.3)

(2) Choose ¢, > 0 from the equation

b
[ fm—llplem/ || fm—all) = %cmrp(fm_1)- (3.7.4)
(3) Define
fm = fm—1— CmPm- (375)

In Section 3.7.3 we prove the following convergence result.

Theorem 3.7.1. Let X be a uniformly smooth Banach space with the
modulus of smoothness p(u) and let p(u) be a continuous majorant of p(u)
with the property p(u)/u | 0 as u — +0. Then, for any t € (0,1] and
be (0,1), the DGA(t, b, i) converges for each dictionary D and all f € X.

The following result from Section 3.7.3 gives the rate of convergence.
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Theorem 3.7.2. Assume X has a modulus of smoothness p(u) < ~yu?,
€ (1,2]. Denote pu(u) = yu?. Then, for any dictionary D and any f €
A1(D), the rate of convergence of the DGA(t, b, 1) is given by

_ t(1-0b) q
||me S C(t7b)77q)m p(1+t<1ib))7 pi=——
3.7.2. Convergence of the Dual-Based Ezxpansion
We begin with the following lemma.

Lemma 3.7.3. Let f € X. Assume that the coefficients {c;}32; of the
expansion

oo m
F~Y e, f = F = cio;
j=1

=1

are non-negative and satisfy the following two conditions:

Zc]rp fi—1) < o0, (3.7.6)

7j=1
ch = 0. (3.7.7)
j=1

Then
liminf || f,,|| = 0. (3.7.8)

Proof. The proof of this lemma is similar to the proof of Lemma 1 from
Ganichev and Kalton (2003). Denote s, := >"_; ¢;. Then (3.7.7) implies
(see Bary (1961, p. 904)) that

ch/sn = 00. (3.7.9)
n=1

Using (3.7.6), we get

anrp fn—1)en/sn = chrp fn-1)

Thus, by (3.7.9),
liminf s,7p(frn-1) =0,

and also (sp—1 < sp)

liminf s,rp(fn) = 0.
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Let
lim s, rp(fn,) = 0. (3.7.10)
k—o0

Consider {Fy, }. The unit sphere in the dual X* is weakly” compact (see
Habala, Héjek and Zizler (1996, p. 45)). Let {F;}°,, F; = anki be a
w*-convergent subsequence. Denote
F :=w" — lim F;.
1— 00
We will complete the proof of Lemma 3.7.3 by contradiction. We assume
that (3.7.8) does not hold, that is, there exist « > 0 and N € N such that

[fmll = @, m >N, (3.7.11)

and will thence derive a contradiction.
We begin by deducing from (3.7.11) that F' # 0. Indeed, we have

F(f) = lim F;(f), (3.7.12)

and

ng; Nk,
F(f)=F <fnki + ZCj%‘) = 1o, | X ¢iFilg) = @ = sng D (fg,);
j=1 j=1

(3.7.13)
for big i. Relations (3.7.12), (3.7.13) and (3.7.10) imply that F(f) > a,
and hence F' # 0. This implies that there exist g € D for which F(g) > 0.
However,

F(g) = lim Fi(g) < lim rp(fn, ) = 0.

1—00 i—00

We have a contradiction, which completes the proof of Lemma 3.7.3. Ll

In the paper Temlyakov (2007b) we pushed to the extreme the flexibility
of choice of the coefficients ¢;(f) in (3.7.1). We made these coefficients inde-
pendent of an element f € X. Surprisingly, for properly chosen coefficients
we obtained results for the corresponding dual greedy expansion similar to
the above Theorems 3.7.1 and 3.7.2. Even more surprisingly, we obtained
similar results for the corresponding X-greedy expansions. We proceed to
the formulation of these results. Let C := {¢;,}05_; be a fixed sequence of
positive numbers. We restrict ourselves to positive numbers because of the
symmetry of the dictionary D.

X-Greedy Algorithm with coefficients C (XGA(C)). We define fy :=
f, Go := 0. Then, for each m > 1 we have the following inductive definition.

(1) ¢m € D is such that (assuming existence)

| frn—1 — cm@mllx = inf || frm—1 — cmgllx-
g€D
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(2) Let
fm = fm—1 — cm®m, G = Gp—1 + CPm-

Dual Greedy Algorithm, weakness 7, coefficients C (DGA(1,C)).
Let 7 := {tm}2_;, tm € [0, 1], be a weakness sequence. We define fy := f,
G := 0. Then, for each m > 1 we have the following inductive definition.

(1) ¢m € D is any element satisfying
Ffpi(m) 2 tml| Y, [|-
(2) Define
fm = fm—l — CmPm, Gm =Gyt + CmPm-

In the case 7 = {t}, t € (0,1], we write ¢ instead of 7 in the notation.
The first result on convergence properties of the DGA(t,C) was obtained in
Temlyakov (2007a). We prove it here.

Theorem 3.7.4. Let X be a uniformly smooth Banach space with the
modulus of smoothness p(u). Assume C = {c;}32; is such that ¢; > 0,
j=1,2,...,

o0
E Cj = 00,
j=1

and for any y > 0,

Zp(ij) < 00. (3.7.14)
j=1

Then, for the DGA(t,C) we have
liminf || f,|| = 0. (3.7.15)

Proof. The proof is by contradiction. Assume (3.7.15) does not hold. Then
Ja > 0 and dN € N such that, for all m > N,

1l > @ > 0.
From the definition of the modulus of smoothness we have
1ot = caall + [ amt + capull < 20 factll(1 + plen/ | fasl)-  (3.7.16)
Using the definition of ¢y,
Fpoy (0a) 2 trp(far), (3.7.17)
we get
| famt + conll = Fpo_y (faot + can) (3.7.18)
= [l fa-1ll + cnFp, i (on) = [[fu1ll + entrp(fa-1)-
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Combining (3.7.16) and (3.7.18), we get

I full = I fn-1—cnnll < | faall(1+2p(cn/ || fr-1l])) —cntrp(fn-1). (3.7.19)
We note that by Remark 3.2.3

Vn-slp(en/ I faall) < aplenfa), n> N.
Therefore, by the assumption (3.7.14)

> lfatllo(en/ || faall) < oo (3.7.20)
n=1

This and (3.7.19) imply

S earplfut) <1° 1<Hf\|+22||fn loten1faal)) < o0

n=1 n=1

It remains to apply Lemma 3.7.3 to complete the proof. Ul

In Temlyakov (2007b) we proved an analogue of Theorem 3.7.4 for the
XGA(C) and improved upon the convergence in Theorem 3.7.4 in the case of
uniformly smooth Banach spaces with power-type modulus of smoothness.
Under an extra assumption on C we replaced liminf by lim. Here is the
corresponding result from Temlyakov (2007b).

Theorem 3.7.5. Let C € {; \ {1 be a monotone sequence. Then the
DGA(t,C) and the XGA(C) converge for each dictionary and all f € X
in any uniformly smooth Banach space X with modulus of smoothness
p(u) < quf, g € (1,2].

In Temlyakov (2007b) we also addressed a question of rate of approxima-
tion for f € A1(D). We proved the following theorem.

Theorem 3.7.6. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < ~u?, ¢ € (1,2]. We set s := (1 + 1/q)/2
and C; = {k7°}32,. Then the DGA(t,Cs) and XGA(Cs) (for this algo-
rithm ¢ = 1) converge for f € A;(D) with the following rate: for any
€ (O7t(1 - 8))>
[fml < C(r,t,q,7)m™".

In the case t = 1, Theorem 3.7.6 provides the rate of convergence m
for f € A1(D) with r arbitrarily close to (1 —1/¢)/2. Theorem 3.7.2 pro-
vides a similar rate of convergence. It would be interesting to know if the
rate m~(1=1/9)/2 ig the best that can be achieved in greedy expansions (for
each D, any f € Ai(D), and any X with p(u) < yuf, ¢ € (1,2]). We
note that there are greedy approximation methods that provide an error
bound of the order m'/9~1 for f € A;(D) (see Temlyakov (2003a, 2006c)

—-T
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for recent results). However, these approximation methods do not provide
an expansion.

3.7.3. A modification of the Weak Dual Greedy Algorithm

We begin this subsection with a proof of Theorem 3.7.1. Here we give a
definition of the DGA(7,b, u), 7 = {tx}32, tx € (0,1] that coincides with
the definition of the DGA(t, b, 1) from Section 3.7.1 in the case 7 = {t}.
Dual Greedy Algorithm with parameters (7,b, u) (DGA(T,b, pn)).
Let X be a uniformly smooth Banach space with modulus of smoothness
p(u), and let p(u) be a continuous majorant of p(u): p(u) < p(u), u €
[0,00). For a sequence 7 = {t;}7° 4, tx € (0,1] and a parameter b € (0,1],
we define sequences { fi }5°_o, {omtoo_q, {em 00—, inductively. Let fo := f.
If frn—1 = 0 for some m > 1, then we set f; = 0 for j > m and stop. If
fm—1 7 0 then we conduct the following three steps.

(1) Take any ¢, € D such that
Ff 1 (om) = tmrp(fm-1). (3.7.21)
(2) Choose ¢, > 0 from the equation

mb
et llCem/ L fna ) = 22 cmrp(fns) (3.7.22)

(3) Define
fm = fm—l — CmPm- (3723)

Proof of Theorem 3.7.1.  In this case 7 = {t}, t € (0,1]. We have by
(3.7.19)

[fmll = I fm—1 = emmll < [[fm-1ll(1 4 2p(cm /|| fm-1ll)) — emtrp(fm-1)-
(3.7.24)
Using the choice of ¢,,, we find
[l < W fm—rll = ¢ = b)emrD(fim-1)- (3.7.25)

In particular, (3.7.25) implies that {||fm||} is a monotone decreasing se-
quence and

t(L = b)emrp(fm—1) < [ fm-1ll — [[fml-
Thus

Z e (fm—1) < o0. (3.7.26)
m=1

We have the following two cases:

[e.e] o)

(1) em=00, (II) Y em<oo.

m=1 m=1
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In case (I), by Lemma 3.7.3 we obtain
liminf || fn|| =0 = lm |fn] =0.
m—0o0 m—0o0

It remains to consider case (II). We prove convergence in this case by con-
tradiction. Assume

Hm || fm]l = o > 0. (3.7.27)
m—0oQ

By (II) we have f,, — fo # 0 as m — oo. We note that by uniform
smoothness of X we get

We have Fy_ # 0, and therefore there is a ¢ € D such that Fy_(g) > 0.
However,

Fr.(9) = lim Fy (9) < lim rp(fm)=0. (3.7.28)

Indeed, by (3.7.22) and (3.7.27) we get

2
o (fru-t) < @l ilen/a) 5 0.

as m — oo.
Theorem 3.7.1 is proved. L]

Remark 3.7.7. It is clear from the above proof that Theorem 3.7.1 holds
for an algorithm obtained from the DGA(r, b, u), by replacing (3.7.22) by

b

1 fm—rllpeCem /|l fm-1ll) = SemEr_s (Om). (3.7.29)

Also, a parameter b in (3.7.22) and (3.7.29) can be replaced by varying
parameters by, € (a,b) C (0,1).

We proceed to study the rate of convergence of the DGA(7,b, 1) in the
uniformly smooth Banach spaces with the power-type majorant of modulus
of smoothness: p(u) < p(u) = yul, 1 < ¢ < 2. We now prove a statement
more general than Theorem 3.7.2.

Theorem 3.7.8. Let 7 := {;}72, be a non-increasing sequence 1 > t; >
to--->0and b € (0,1). Assume X has a modulus of smoothness p(u) <
~yul, ¢ € (1,2]. Denote u(u) = yu?. Then, for any dictionary D and any
f € A1(D), the rate of convergence of the DGA(7,b, i) is given by

, Pi=

o tm (1=0)
P(+tm (1-5)) q
qg—1

Il < OO ) (1431
k=1

Proof. As in (3.7.25), we get
[fmll < | fm-all = tm(1 = b)emrD(fm—1)- (3.7.30)
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Thus we need to estimate ¢, rp(fm—1) from below. It is clear that

m—1 m—1
il o) = I1F =D cieillavoy < Mflapy + Y ¢ (3.7.31)
7=1 7=1

Denote b, := 1+ 37, ¢;. Then, by (3.7.31) we get
Hfm—lHAl(D) < bm-1.
Next, by Lemma 3.2.8 we get
(fm 1) - Suprm 1( ): Sup Ffmfl(so)

g€eD PEAL (D)
> et I3 oy Fps 1) 2 Wt (3.7.32)

Substituting (3.7.32) into (3.7.30), we get
[ fmll < ([ fmall(L = tm (1 = B)em/bm—1)- (3.7.33)

From the definition of b,, we find

b = bm—1+ ¢m = by—1(1 + ¢ /b—1).
Using the inequality

l+x)*<l4+ar, 0<a<l, z2>0,

we obtain

Multiplying (3.7.33) and (3.7.34), and using that t,, < t,,—1, we get
Il <l O < I <10 (3.7.35)

The function p(u)/u = yu?~! is increasing on [0, 00). Therefore the c,, from
(3.7.22) is greater than or equal to ¢, from (see (3.7.32))

tmb
Y fm=1ll (/I frn—11D* = =5l frnrll/om—1, (3.7.36)
1 1
c;n:< >q (RS Cl 1”" . (3.7.37)
2y BT
m—1
Setting
1
q -1 b\t
=" A7 =(1-b)( — <1/2
p= Lo, -y )" <1
we obtain

th Hfm—lH”> (3.7.38)

Il < a1 = S L
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from (3.7.30), (3.7.32) and (3.7.37). Noting that b,, > b,,—1, we infer from
(3.7.38) that

(fmll/0m)? < (| frn=tl/bm=1)" (1 = AT (| frm—1ll/bm—1)P). (3.7.39)

Taking into account that ||f|| < 1 < A, we obtain from (3.7.39) by an
analogue of Lemma 2.3.3 (see Temlyakov (20005, Lemma 3.1))

(I fnll /o P<A( +th) | (3.7.40)

Combining (3.7.35) and (3.7.40), we get

tm (1—b)

p(+tm (1-b)) q
1l < CO, <1+th) =t

This completes the proof of Theorem 3.7.8. L]
In the case 7 = {t}, t € (0,1], we get Theorem 3.7.2 from Theorem 3.7.8.

Remark 3.7.9. Theorem 3.7.8 holds for an algorithm obtained from the
DGA(T,b, 1) by replacing (3.7.22) by (3.7.29).

It follows from the proof of Theorem 3.7.8 that it holds for a modification
of the DGA(T, b, u) when we replace the quantity rp(f;,—1) in the definition
by its lower estimate (see (3.7.32)) || frn—1|/bm—1, with by,—1 := 1+Z;.”:_11 cj.
Clearly, this modification is more suitable for practical implementation than
the DGA(7,b, u). We formulate the above remark as a separate result.

Modified Dual Greedy Algorithm (7,b,n) (MDGA(7,b,p)). Let
X be a uniformly smooth Banach space with modulus of smoothness p(u)
and let p(u) be a continuous majorant of p(u): p(u) < p(u), u € [0,00).
For a sequence 7 = {t}32,, tx € (0,1] and a parameter b € (0, 1), we define

for f € A1(D) sequences {fm}>>_o, {emloe_i, {em}os_, inductively. Let
for=f. Ifform >1 f,,—1 =0, then we set f; = 0 for j > m and stop. If
fm—1 # 0 then we conduct the following three steps.

(1) Take any ¢,, € D such that
m—1 -1
Ffm—l(SOm) = tm”fm—lH (1 + Cj) .

(2) Choose ¢, > 0 from the equation

en/mil) = 2143 1)

=1

.
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(3) Define
fm = fm—-1 — Cm®m-

Theorem 3.7.10. Let 7 := {{;}32,; be a non-increasing sequence 1 >
t1 > tg--- > 0and b € (0,1). Assume X has a modulus of smoothness
p(u) < ~ul, g € (1,2]. Denote pu(u) = yul. Then, for any dictionary D and
any f € Ai(D), the rate of convergence of the MDGA(T, b, 1) is given by

tm (1—b)
p(1+tm (1-b)) q

m _
P -
Hfmuscw,%q)(w}jtk) P
k=1
Let us discuss an application of Theorem 3.7.2 in the case of a Hilbert
space. It is well known and easy to check that, for a Hilbert space H,

p(u) < (1 +u®)Y? -1 <u?/2.

Therefore, by Theorem 3.7.2 with u(u) = u?/2, the DGA(t, b, u) provides
the following error estimate:

___td=b)
||fm|| < C(t,b)m 20+:(1-0)  for f € A1(D)- (3.7.41)
The estimate (3.7.41) with ¢t = 1 gives

il < C(BYm ™ Z=5  for f € Ai(D). (3.7.42)

The exponent (1 —b)/(2(2 — b)) in this estimate tends to 1/4 when b tends
to 0. Comparing (3.7.42) with the upper estimate for the PGA (see Sec-
tion 2.3), we observe that the DGA(1,b,u%/2) with small b has a better
upper estimate for the rate of convergence than the known estimates for the
PGA. We note also that inequality (2.3.21) indicates that the exponent in
the power rate of decay of error for the PGA is less than 0.1898.

Let us figure out how the DGA(1,b,u?/2) works in Hilbert space. Con-
sider its mth step. Let ¢, € D be from (3.7.3). Then it is clear that ¢y,
maximizes (fmn—1,9g) over the dictionary D and

<fm71a§0m> = Hfm—1||7“D(fm71)-

The PGA would use ¢, with the coefficient {f,,—1,¢m) at this step. The
DGA(1,b,u%/2) uses the same ¢, and only a fraction of {fy,_1, Pm):

¢m = bll fm—1llrp(fm—1)- (3.7.43)

Thus the choice b = 1 in (3.7.43) corresponds to the PGA. However, it is
clear from the above considerations that our technique, designed for general
Banach spaces, does not work in the case b = 1. The above discussion
brings us the following surprising observation. The use of a small fraction
(cm = b(fm—1,g)) of an optimal coefficient results in an improvement of the
upper estimate for the rate of convergence.
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3.7.4. Convergence of the WDGA

We now study convergence of the Weak Dual Greedy Algorithm (WDGA)
defined in the Introduction of this chapter. We present in this subsection
results from Ganichev and Kalton (2003). We will prove the convergence
result under an extra assumption on a Banach space X.

Definition 3.7.11. (Property I') A uniformly smooth Banach space has
property I if there is a constant 3 > 0 such that, for any x,y € X satisfying
F,(y) =0, we have

[z +yll = 1zl + BFery (y)-

Property I' in the above form was introduced in Ganichev and Kalton
(2003). This condition (formulated somewhat differently) was considered
previously in the context of greedy approximation in Livshitz (2003).

Theorem 3.7.12. Let X be a uniformly smooth Banach space with prop-
erty I'. Then the WDGA(7) with 7 = {t}, t € (0, 1], converges for each
dictionary and all f € X.

Proof. Let {fm}>_, be a sequence generated by the WDGA(t). Then

fm—1 = fm + ampm, Fy,(¢m)=0. (3.7.44)
We use property I' with x := f,,, and y := a.n@m and obtain
Hfm—l” > ||me + ﬁamemfl(SOm)‘ (3745)
This inequality, and monotonicity of the sequence {|| f,||}, imply that
oo o
> amFy, (pm) <00 = Y amrp(fm-1) < 0. (3.7.46)
m=1 m=1

As in the proof of Theorem 3.7.1, we consider separately two cases:

@M D am=o0, (1) ) am<oo.
m=1 m=1

In case (I), by (3.7.46) and Lemma 3.7.3 we obtain
liminf ||fn|| =0 = lim | fn] =0.
m—0o0 m—0o0
In case (II) we argue by contradiction. Assume
lim || fm] =a > 0.
m—00

Then, by (II) we have f,,, — foo # 0 as m — oco. By uniform smoothness of
X we get
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In particular, (3.7.44) and (3.7.47) imply that
lim Fy,  (pm)=0 = lim rp(fm)=0. (3.7.48)

We have Fy_ # 0, and therefore there is a g € D such that Fr_(g) > 0.
However, by (3.7.47) and (3.7.48),

Fro(9) = lim Fy (g) < lim rp(fn)=0.

The obtained contradiction completes the proof.
We now give a direct proof in case (I) that does not use Lemma 3.7.3. By
property I' we get

[ fmll < I fm-all = BamFy,,, ., (om) < || fim—1ll — tBaml|Fy,,_,[p.  (3.7.49)
Let € > 0, A(e) > 0, and f€ be such that
If = £l <e f/A(e) € Ai(D).
Then

”fm—ln = Ffmfl(fm—l) = Ffmfl(f —f+f- Gm—l)
< e+ | Fy,_ Ip(Ale) + b)),

where b, := Y7 " aj,. Therefore,

1E il = ([ fm—1ll = €)/(A(€) + bm)- (3.7.50)

We complete the proof by obtaining a contradiction. If lim,, oo || fm| =
a >0, and € := /2, then (3.7.49) and (3.7.50) imply

TE ufm_lu(l - Q(Af)j:bm))

Assumption (I) implies

oo
am
—_— = = 0. O
2 T+~ 7 Wl =
m=1
We now turn to the L,-spaces. The following results, Proposition 3.7.13
and Theorem 3.7.14, are from Ganichev and Kalton (2003).
Proposition 3.7.13. The L,-space with 1 < p < oo has property I.
Proof. Let p € (1,00). Consider the following function:

ull PPl +u) —u
Op(u) = 1+uP—pu—1

We note that |14+ ulP —pu—1 > 0 for u # 0. Indeed, it is sufficient to check
the inequality for u > —1/p. In this case [14+ulP = (14+u)? > 1+ pu, u # 0.

, u#0, ¢p(0):=2/p.
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It is easy to check that
lim ¢p(u) = 2/p.
u—0

Thus, ¢p(u) is continuous on (—o0, 00). This and

imply that ¢,(u) < C).
We now proceed to property I'. For any two real functions z(s), y(s), the
inequality ¢,(u) < C), implies

[2(s) +y ()P (2 (s) + y(5))y(s) — |2 ()P (s)y(s) (3.7.51)
< Cp(lz(s) + y(s)IP = pla(s) P22 (s)y(s) — |z (s)[P).
Suppose that F;(y) = 0. This means that

/ ()P~ 2a(s)y(s) ds = 0. (3.7.52)
Integrating inequality (3.7.51) and taking into account (3.7.52), we get
2+ Yl Fory (y) < Cylllz +ylP — [|2]|7). (3.7.53)

Next,
2]l = Fr(z) = Fo(z +y) < |z +yl.
Therefore, (3.7.53) implies
Fory(y) < pCp(llz +yll — [l])- (3.7.54)

It remains to note that (3.7.54) is equivalent to property I' with § =
(pCp)il- ]

Combining Theorem 3.7.12 with Proposition 3.7.13 we obtain the follow-
ing result.

Theorem 3.7.14. Let p € (1,00). Then the WDGA(7) with 7 = {t},
t € (0, 1], converges for each dictionary and all f € L,.

3.8. Relaxation; X-greedy algorithms

In Sections 3.2-3.7 we studied dual greedy algorithms. In this section we
define some generalizations of the X-Greedy Algorithm using the idea of
relaxation. We begin with an analogue of the WGAFR.

X-Greedy Algorithm with Free Relaxation (XGAFR). We define
fo = f and Gy := 0. Then, for each m > 1 we have the following inductive
definition.
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(1) ¢m € D and A\, > 0, wy, are such that

15 = (0= wn) G + )| = _inE | = (1= 0)Gns +29)]|

and
Gm = (1 — wm)Gm-1 + An@m.
(2) Let
fm = = Gn.
Using this definition, we obtain that for any ¢ € (0, 1]

Ifmll < inf [1f = ((1 = w)Gra—1 + Agh) I,
A>0,w
where the ¢!, € D is an element satisfying
Fp i (0m) 2t Fy,, s llp.
Setting ¢ = 1 we obtain a version of Lemma 3.4.1 for the XGAFR.

Lemma 3.8.1. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Take a number € > 0 and two elements f, f€ from X
such that

If = fll<e  f/Ale) € Ai(D),
with some number A(e) > e. Then we have for the XGAFR

. _ “1(q_ € 5)\>>
llmeél’fml"i%%(l AM(©) <1 ||fm1|>+2p<||fm1|| |

form=1,2,....

Theorems 3.4.3 and 3.4.4 were derived from Lemma 3.4.1. In the same
way we derive from Lemma 3.8.1 the following analogues of Theorems 3.4.3
and 3.4.4 for the XGAFR.

Theorem 3.8.2. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u). Then, for any f € X we have for the XGAFR

[ fmll = 0.

Theorem 3.8.3. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yu?, 1 < ¢ < 2. Take a number € > 0 and two
elements f, f€ from X such that

If = fl<e  f/Ale) € Au(D),
with some number A(e) > 0. Then we have for the XGAFR
1 fmll < max(2¢,Cg,7)(A(e) + €) (L +m)~ V7)., p:=q/(q—1).

lim
m—0o0
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We now proceed to an analogue of the GAWR.
X-Greedy Algorithm with Relaxation r (XGAR(r)). Given a relax-
ation sequence r = {ry, }°°_4, rm € [0,1), we define fy := f and Gy := 0.
Then, for each m > 1 we have the following inductive definition.

(1) ¢m € D and Ay, > 0 are such that

[f = (1 =7m)Gm1 + Amom) || = gElDIg\‘zO [f = (1 = 7m)Gm—1 + Ag)|l

and
G = (1 = 1) Gm—1 + Anom.-
(2) Let

We note that in the case ry = 0, k = 1, ..., when there is no relaxation,
the XGAR(0) coincides with the X-Greedy Algorithm. Practically noth-
ing is known about convergence and rate of convergence of the X-Greedy
Algorithm. However, relaxation helps to prove convergence results for the
XGAR(r). Here are analogues of the corresponding results for the GAWR.

Lemma 3.8.4. Let X be a uniformly smooth Banach space with modulus
of smoothness p(u). Take a number € > 0 and two elements f, f¢ from X
such that

If = fl<e [f/A(e) € Ai(D),
with some number A(e) > 0. Then we have for the XGAR(r)

Wi = el g5 + 2 ()

form=1,2,....

Theorem 3.8.5. Let a sequence r := {ri}32,, 7 € [0,1), satisfy the
conditions

(e}

Zrk:oo, and 7, —0 ask — oo.

k=1
Then the XGAR(r) converges in any uniformly smooth Banach space for
each f € X and for all dictionaries D.

Theorem 3.8.6. Let X be a uniformly smooth Banach space with modu-
lus of smoothness p(u) < yu?, 1 < ¢ < 2. Let r := {2/(k+2)}72,. Consider
the XGAR(r). For a pair of functions f, f€ satisfying
If = fll<e f/A(e) € Ai(D),
we have
[ fnll < €+ Cla, NI+ Ale)m™ 2,
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3.9. Greedy algorithms with approximate evaluations and
restricted search

In this section we study a modification of the WCGA that is motivated by
numerical applications. In this modification, we allow steps of the WCGA
to be performed approximately with some error control. We show that the
modified version of the WCGA performs as well as the WCGA. We develop
the theory of the Approximate Weak Chebyshev Greedy Algorithm in a
general setting: X is an arbitrary uniformly smooth Banach space and D is
any dictionary. We begin with some remarks on the WCGA. It is clear that
in the case of an infinite dictionary D there is no direct computationally
feasible way to evaluate supgep Fye | (g9). This makes the greedy step, even
in a weak version, very difficult to realize in practice. At the second step
of the WCGA we are looking for the best approximant of f from ®,,. We
know that such an approximant exists. However, in practice we cannot find
it exactly: we can only find it approximately.

The above observations motivated us to consider a variant of the WCGA
with an eye towards practically implementable algorithms. We note that
Approximate Weak Greedy Algorithms in Hilbert spaces were studied in
Gribonval and Nielsen (2001a) and Galatenko and Livshitz (2003, 2005).

In Temlyakov (2005a) we studied the following modification of the WCGA.
Let three sequences 7 = {t;}7° 1, 6 = {0k }72 0, 1 = {mk}7>, of numbers from
[0,1] be given.

Approximate Weak Chebyshev Greedy Algorithm (AWCGA). We

define fy = fOT’(s’?7 := f. Then, for each m > 1 we have the following
inductive definition.

(1) Fy,—1 is a functional with properties
[Fmall <1, Fone1(fme1) = ([l (1 = 0me1):
and o, := on>" € D is any element satisfying

mel(gpm) > Ty SUp mel(g)-
geD

(2) Define
@y, := span{p;}7Ly,
and let
E,, = inf — |
(f):= imf If —ell

Let G,, € ®,, be such that
Hf - Gm” S Em(f)(l + nm)'
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(3) Let
fm o= R0 = f = G

The term approrimate in this definition means that we use a functional
F—1 that is an approximation to the norming (peak) functional Fy |
and also that we use an approximant G,, € ®,, which satisfies a weaker
assumption than being a best approximant to f from ®,,. Thus, in the
approzimate version of the WCGA, we have addressed the issue of non-exact
evaluation of the norming functional and the best approximant. We did not
address the issue of finding the supgep Fre  (g). In the paper Temlyakov

(2005b) we addressed this issue. We did it in two steps. First we considered
the corresponding modification of the WCGA, and then the modification of
the AWCGA. These modifications are done in the style of the concept of
depth search from Donoho (2001).

We now consider a countable dictionary D = {j:wj};?’;l. We denote

D(N) := {%v; é-V:l. Let V' := {N;}22, be a sequence of natural numbers.
Restricted Weak Chebyshev Greedy Algorithm (RWCGA). We

define fo := S’T’N := f. Then, for each m > 1 we have the following
inductive definition.

(1) om = gpf;LT’N € D(N,,) is any element satisfying

Fp,  (om) >ty sup  Fy,. . (g).
9ED(Nm)

(2) Define
P, = @;;N := span{p;}7L,
and define G, := G5 to be the best approximant to f from ®,,.
(3) Let
Jmi= FiT N = f = G,
We formulate some results from Temlyakov (2005a, 2005b) in a particu-
lar case of a uniformly smooth Banach space with modulus of smoothness

of power type (see Temlyakov (2005a, 2005b) for the general case). The
following theorem was proved in Temlyakov (2005a).

Theorem 3.9.1. Let a Banach space X have modulus of smoothness p(u)
of power type 1 < ¢ < 2, that is, p(u) < yu?. Assume that

S q

D th=00 p=—1,

m=1 q

and
om =o(th,),  nm =o(th,).
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Then the AWCGA converges for any f € X.

We now give two theorems from Temlyakov (2005b) on greedy algorithms
with restricted search.

Theorem 3.9.2. Let a Banach space X have modulus of smoothness p(u)
of power type 1 < ¢ < 2, that is, p(u) < yu?. Assume that lim,;, .o Ny, = 00

and
x

q

m=1

Then the RWCGA converges for any f € X.
For b > 0, K > 0, we define the class
AL (K, D) :={f :d(f, A (D(n)) < Kn~® n=12,..1}
Here, A1(D(n)) is a convex hull of {£¢;}7_;, and for a compact set F
d(f,F) := inf || f — ¢|l.
(£, F) := inf If = ¢l

Theorem 3.9.3. Let X be a uniformly smooth Banach space with mod-
ulus of smoothness p(u) < yu?, 1 < ¢ < 2. Then, for ¢t € (0,1] there exist
Ci(t,7,q, K), Ca(t,~,q, K) such that, for N with N,, > Cy(t,,q, K)m'/®,
m =1,2,..., we have for any f € A}(K,D)

175N < Coltyyog, Kym™, 7={t}, r:=1-1/q.

We note that we can choose an algorithm from Theorem 3.9.3 that satisfies
the polynomial depth search condition N,, < C'm® from Donoho (2001).

We proceed to an algorithm that combines approximate evaluations with
restricted search. Let three sequences 7 = {t;}72,, 0 = {0n}32y 1 =
{mk}3, of numbers from [0, 1] be given. Let N := {N;}2%; be a sequence
of natural numbers.

Restricted Approximate Weak Chebyshev Greedy Algorithm
(RAWCGA). We define fy := fg’é’"’N := f. Then, for each m > 1 we
have the following inductive definition.

(1) Fy,—1 is a functional with properties

[Fmall <1, Fo1(fm—1) > [[frn—1ll(1 = dm—1),

and @, 1= QOZ;L‘S’”’N € D(N,,) is any element satisfying

Fm—l(@m) > ty,m  Sup Fm—l(g)'
gED(Nm)

(2) Define
®y, = span{i;}jLy,
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and let
E,, = inf — ol
(f) = imf [If =l
Let G,,, € ®,,, be such that

I1f = Gl < Ena(£)(1 + 1)
(3) Let
fn = fEO0N = f — G,

Theorem 3.9.4. Let a Banach space X have modulus of smoothness p(u)
of power type 1 < g < 2, that is, p(u) < yu?. Assume lim,, o N, = 00,

o0 q
tfn pr OO’ p: —_—,
Z q—1
m=1

and
Om = o(th)), Nm = o(th)).
Then the RAWCGA converges for any f € X.

We now make some general remarks on m-term approximation with the
depth search constraint. The depth search constraint means that for a given
m we restrict ourselves to systems of elements (subdictionaries) containing
at most NV := N(m) elements. Let X be a linear metric space and for a set
D C X, let £,,(D) denote the collection of all linear subspaces spanned by
m elements of D. For a linear subspace L C X, the e-neighbourhood U¢(L)
of L is the set of all x € X which are at a distance not exceeding e from L
(i.e., those z € X which can be approximated to an error not exceeding € by
the elements of L). For any compact set F' C X and any integers N,m > 1,
we define the (N, m)-entropy numbers (see Temlyakov (2003a, p. 94))

6N7m(F,X) = #glsz inf{e: F C ULeﬂm(D)UE(L)}‘

We let ¥,,,(D) denote the collection of all functions (elements) in X which
can be expressed as a linear combination of at most m elements of D. Thus
each function s € ¥,,(D) can be written in the form

s:chg, ACD, #A<m,
geA

where the ¢4 are real or complex numbers. For a function f € X we define
its best m-term approximation error

om(f) = om(f, D)= _inf |If—s|.

SEX (D)
For a function class F' C X we define

Om(F) := 0 (F, D) := sup o, (f, D).
fer
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We can express o, (F, D) as
om(F, D) =inf{e: F CUrer, (p)Ue(L)}
It follows therefore that
#%EN om(F, D) = enm(F, X).

In other words, finding best dictionaries consisting of N elements for m-term
approximation of F' is the same as finding sets D which attain the (N, m)-
entropy numbers ey, (F, X). It is easy to see that ey, (F, X) = d, (F, X),
where d,,(F, X) is the Kolmogorov width of F' in X. This establishes a
connection between (N, m)-entropy numbers and the Kolmogorov widths.
One can find a further discussion on the nonlinear Kolmogorov (N,m)-
widths and the entropy numbers in Temlyakov (2003a).

3.10. An application of greedy algorithms for the
discrepancy estimates

Let 1 < p < oco. We recall the definition of the L,-discrepancy of points
{&',...,6™} € Qq :=[0,1]% Let x[44(-) be the characteristic function of
the interval [a,b]. For x,y € Qq, let

d
) o= T X102, (¥5)-
j=1
Then the L,-discrepancy of £ := {¢},...,£™} C Qy is defined by

(é,mdp—H/ xydy*fZB:cé““

It will be convenient for us to study a slight modification of D(§, m, d),. For
a,t € [0,1], let

Ly(@a)

H(a,t) == X[0,a](t) — X[a,11(1),
and for x,y € Qg

QL

H (25, y;)-

We define the symmetrized Lp—dlscrepancy by

(f,mde/ H(z,y) y——ZHq:ﬁ“

LP(Qd).

The Lqo-discrepancies D (&, m, d)~ and D*(&,m, d)o are defined in the same
way, with the L,-norm replaced by the L,,-norm.



GREEDY APPROXIMATION 399
Using the identity

X[o,2;1(Y5) = %(H(lvyj) + H(zj,y5)),
we get a simple inequality,
D(¢,m,d)oo < D?(&,m, d)oso. (3.10.1)
We are interested in ¢ with small discrepancy. Consider

D(m,d), := irglfD(é, m,d)p, D*(m,d), :== iI{lf D?(&,m, d)p.

For 1 < p < oo the following relation is known,
D(m,d), = m~(Inm)d-1/2 (3.10.2)

(see Beck and Chen (1987, p. 5)), with constants in < depending on p
and d. The correct order of D(m,d),, p = 1,00, for d > 3 is unknown.
The following estimate was obtained in Heinrich, Novak, Wasilkowski and
Wozniakowski (2001):

D(m,d)ss < CdY?m™1/2, (3.10.3)

It is pointed out in Heinrich et al. (2001) that (3.10.3) is only an existence
theorem and even the constant C' in (3.10.3) is unknown. Their proof is
a probabilistic one. There are also some other estimates in Heinrich et al.
(2001) with explicit constants. We mention one of them,

D(m,d)ss < C(dInd)Y?((Inm)/m)/?, (3.10.4)

with an explicit constant C'. The proof of (3.10.4) is also probabilistic.

In this section we apply greedy-type algorithms to obtain upper estimates
of D(m,d),, 1 < p < oo in the style of (3.10.3) and (3.10.4). The important
feature of our proof is that it is deterministic, and moreover it is construc-
tive. Formally, the optimization problem

D(m,d), = irglfD(é, m,d),
is deterministic: one needs to minimize over {¢!,... €™} C Qq. However,
minimization by itself does not provide any upper estimate. It is known (see

Davis et al. (1997)) that simultaneous optimization over many parameters
({&Y,...,€™} in our case) is a very difficult problem. We note that

g15--,gmEB

. 1 &
D(m,d)p = 01 (J, B)p:= inf _ [lJ() = — > gl
pn=1

where
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and
B={B(z,y):y € Q}.

It was proved in Davis et al. (1997) that if an algorithm finds the best
m-term approximation for each f € RY for every dictionary D, with the
number of elements of order N*, k > 1, then this algorithm solves an
NP-hard problem. Thus, in nonlinear m-term approximation we look for
methods (algorithms) which provide approximation close to best m-term
approximation, and at each step solve an optimization problem over only
one parameter (£# in our case). In this section we will provide such an
algorithm for estimating of,(J,B),. We call this algorithm ‘constructive’
because it provides an explicit construction with feasible one-parameter
optimization steps.

We proceed to the construction. We will use in our construction the TA(e)
which was studied in Section 3.6. We will use the following corollaries of
Theorem 3.6.2.

Corollary 3.10.1. We apply Theorem 3.6.2 for X = L/},(Qd)7 p € [2,00),
Dt ={H(z,y) :y € Q}, f = J*(x), where

Ji(x) = ; H(x,y)dy € A1 (D).

Using (3.1.12), we get by Theorem 3.6.2 a constructive set £!,... ¢™ such

that
DA (&,m,d)y = [[(J*)56 N1, ) < CPYPm7 12,

with absolute constant C.

Corollary 3.10.2. We apply Theorem 3.6.2 for X = L/p(Qd)7 pE [Q’OO)7
Dt ={B(z,y) :y € Q}, f = J(x), where

J(x) = A B(x,y)dy € A1(D™).

Using (3.1.12), we get by Theorem 3.6.2 a constructive set £1,... ¢™ such
that

D(&,m,d)p = ”JZ%EHLP(Qd) < Cp'Pm~H2,

with absolute constant C.

Corollary 3.10.3. We apply Theorem 3.6.2 for X = L,(Qq), p € [2,00),
D = {B(2,9)/I1B(:y)llL, 04 : ¥ € U}, f=J(x). Using (3.1.12), we get
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by Theorem 3.6.2 a constructive set €1, ..., ™ such that

H/ Bley)dy - Z(,Hl)d(ﬁ(l —€§‘>””)B(a:,§“)

j=1 Lp(Qa)
p / /
<C 1/2,,-1/2.
(p + 1) i
with absolute constant C.
We note that in the case X = Ly(Qq), p € [2,00), DT = {H(z,y) : z €
Qq}, f = J*(y), the implementation of the IA( ) is a sequence of maxi-

mization steps when we maximize functions of d variables. An important
advantage of the L,-spaces is a simple and explicit form of the norming
functional F of a function f € L,(€q). The F acts as (for real L,-spaces)

Fr(g) = /Q IFILP 1P Fg dy.

Thus the IA(e) should find at a step m an approximate solution to the
following optimization problem (over y € )

/Q |f:ﬁi1($)‘p_2fi’i1($)H($,y) dr — max.

d

Let us discuss one possible application of the WRGA instead of the TA(e).
An obvious change is that instead of the cubature formula

1 m
- H($a§#)a

in the case of TA(e), we have the cubature formula

Zmex§ Z\wmy<1

in the case of the WRGA. It is a disadvantage of the WRGA. An advan-
tage of the WRGA is that we are more flexible in selecting an element ¢,
satisfying

Fp (i = Grumt) = b sup Fy,,_ (9= Gt)
g

than an element gof;f satisfying
Ff;ne (gpm f) > —€m.

We will now derive an estimate for D(m,d)~ from Corollary 3.10.2.
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Proposition 3.10.4. For any m there exists a constructive set
E={€....em" C
such that
D(&,m,d)o < Cd®?(max(Ind, Inm))?m=12  d,m > 2 (3.10.5)
with an effective absolute constant C.
Proof. We use the inequality
D(&,m,d)s < c(d,p)d(3d + 4)D(&,m, d)r/ P+, (3.10.6)
from Niederreiter, Tichy and Turnwald (1990), and the estimate for ¢(d, p)
o(d, p) < 3Y/3q~1+2/(4p/d) (3.10.7)

from Heinrich et al. (2001). Specifying p = dmax(Ind,Inm) and using
Corollary 3.10.2 we get (3.10.5) from (3.10.6) and (3.10.7). O
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