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In the present paper we investigate optimal continuous algorithms in n-term
approximation based on various non-linear n-widths, and n-term approximation by
the dictionary V formed from the integer translates of the mixed dyadic scales of the
tensor product multivariate de la Vallée Poussin kernel, for the unit ball of Sobolev
and Besov spaces of functions with common mixed smoothness. The asymptotic
orders of these quantities are given. For each space the asymptotic orders of non-
linear n-widths and n-term approximation coincide. Moreover, these asymptotic
orders are achieved by a continuous algorithm of n-term approximation by V,
which is explicitly constructed. ~ © 2000 Academic Press

1. INTRODUCTION

Let X be a quasi-normed linear space and @ ={¢,}7_, a family of
elements in X (a quasi-norm | -| is defined as a norm except that the tri-

angle inequality is substituted by: ||f+ g| < C(|f| + llgl|) with C an
absolute constant). Consider n-term approximation of elements fe X by
linear combinations of the form

p=) apy,
ke Q

where Q is a set of natural numbers with |Q| =n. Here and later |Z|
denotes the cardinality of the set Z. It is convenient to assume that some
elements of @ can coincide, in particular, @ can be a finite set, i.e., the
number of distinct elements of @ is finite. Denote by M, (@) the set of all
these linear combinations. Notice that the set M, (®) is not linear. If the
family @ is bounded, i.e., ||¢, || < C,k=1,2, .., and the span of @ is dense
in X, then @ is called a dictionary.
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If W< X, we can put

o,(W,®, X):=sup g,(f, &, X)=sup inf |[f—¢]. (1)
few feW @oeM,(P)

The quantities o,(f, @, X) and o,(W, ®, X) are called the n-term
approximation by the family @ of f 'and W, respectively.

There has recently been great interest in both the theoretical and practi-
cal aspects of n-term approximation. It is directly related to non-linear
approximation by trigonometric polynomials, by splines with free knots
and by wavelet decompositions. There are special applications of n-term
approximation to image and signal processing, numerical methods of PDE
and statistical estimation (see [ 1] for details). It is easy to check that if X
is separable and @ is dense in the unit ball of X, then o,(f, ®, X)=0 for
any f '€ X. Thus, the definition (1) is not suitable for dense dictionaries in
separable spaces. Such dictionaries are not practical and for many well-
known dictionaries with good properties the n-term approximation
o,(W, @, X) has reasonable lower bounds for functions sets with common
smoothness. Such a dictionary will be considered in our paper. In general,
to obtain lower bounds on a,(W, @, X) for well-known classes W of func-
tions families, @ should be restricted by some “minimality properties”
which at least well-known dictionaries would satisfy. This approach was
considered in [10], [7].

An other way to deal with n-term approximation by M,,(®) is to impose
continuity assumptions on the algorithms of n-term approximation. This
assumption which has its origin in the classical Alexandroff n-width is quite
natural: the closer objects are the closer their reconstructions should be.
On the one hand, any continuity assumption decreases the possibilities of
approximation. On the other hand, it tends to guarantee a lower bound for
n-term approximation. Moreover, it does not weaken the rate of the corre-
sponding n-term approximation for many well-known dictionaries and func-
tions classes. Namely, it is known that the best n-term approximation and
n-term approximation by continuous algorithm have the same asymptotic
order. This is shown again in our paper for the dictionary formed from the
integer translates of the mixed dyadic scales of the tensor product multi-
variate de la Vallée Poussin kernel, and the unit ball of Sobolev and Besov
spaces of functions with a common mixed smoothness. Just as the con-
tinuity assumption on the algorithms of approximation by “complexes”
leads to the Alexandroff n-width (see definition (4) below), the continuity
assumption on the algorithms of n-term approximation leads to various
continuous non-linear #-widths. Let us introduce some of them.

A (continuous) algorithm in n-term approximation from @, is repre-
sented as a (continuous) mapping S from W into M, (®). We can restrict
the approximations by elements of M, (@) only to those using continuous
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algorithms and in addition only from families @ from % (X), which we
define as the set of all bounded @ whose intersection @ n L with any finite
dimensional subspace L in X, is a finite set. The n-term approximation with
these restrictions leads to the non-linear n-width 7, (W, X) which is given
by

7,(W, X) :=inf sup [ f—S(f)l, (2)

D,S few

where the infimum is taken over all continuous mappings S from W into
M, (@) and all families @ € #(X). Similar to 7,(W, X) is the non-linear
n-width 7, (W, X) which is defined by formula (2), but where the infimum
taken over all continuous mappings S from W into a finite subset of
M, (@), or equivalently, over all continuous mappings S from W into
M, (@) and all finite families @ in X. Note that the restrictions on the
families @ in the definitions of 7, and 7, are quite natural. All well-known
approximation systems satisfy them.

Another non-linear n-width, introduced in [7], is based on restrictions
to continuous algorithms of n-term approximation. Before recalling this
notion let us motivate it. Let /, be the normed linear space of all bounded

sequences of numbers x = {x,} ©°_;, equipped with the norm

HxHoo = sup |xk|5
l1<k<oo

and M,, the subset in / of all xel_, for which x, =0, k¢ Q, for some set
of natural numbers Q with |Q| =n. Consider the mapping R, from the
metric space M,, into X defined by

Rp(x):= Z X Pr»
keQ

if x={x;} ¢, and x, =0, k ¢ O, for some Q with |Q| =n. From the defini-
tions we can easily see that if the family @ is bounded, then R, is a con-
tinuous mapping from M, into X and M, (®)= R;(M,,). Thus, in this
sense, M, (@) is a non-linear set in X, parametrized continuously by M,,.
On the other hand, any algorithm of n-term approximation of the elements
in W by @ can be treated as a composition S= R, oG for some mapping
G from W into M,,. Therefore, if G is required to be continuous, then the
algorithm S will also be continuous. These preliminary remarks are a basis
for the notion of the non-linear n-width «,, (W, X) which is given by

%, (W, X) :=inf sup |f—Rq(G(f))Il, (3)

D,G feW
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where the infimum is taken over all continuous mappings G from W into
M,, and all bounded families @ in X. In what follows, the families @ in the
definitions (2)—(3) are conveniently represented in the form @ ={p;},.o
where Q is an at most countable set of indices.

There are other notions of non-linear n-widths. We would like to recall
some of these which are based on continuous algorithms of non-linear
approximations different from n-term approximation, and related to
problems discussed in the present paper.

The well-known and very old Alexandroff non-linear n-width a, (W, X)
is defined by

a,(W, X) :==inf sup | f/—G(f)ll, (4)
G, K few
where the infimum is taken over all complexes K < X of dimensions < n and
all continuous mappings G from W into K. See, e.g., [18], [3], [9] for
details regarding a,. The non-linear manifold n-width §,(W, X) [2, 11] is
defined by

0,(W, X) :=inf sup | f—R(G(f))l, (5)
R, G few
where the infimum is taken over all continuous mappings G from W into
R” and R from R” into X. The interested reader is referred to [3], [9] for
brief surveys on the non-linear n-widths a,, and J,, of the classical Sobolev
and Besov classes.
The non-linear n-width £,(W, X) is defined by

ﬁn(VV,X)t:ing sup I/ = RGN, (6)

where the infimum is taken over all continuous mappings G from W into
M, and R from M,, into X. This non-linear n-width has been introduced in

[7].

The non-linear n-widths introduced in (2)—(6) are different. However,
they possess some common properties and are closely related. Let W be a
compact subset of a quasi-normed linear space X. Then the following
inequalities hold

an(W, X) < B (W, X) <o, (W, X), (7)
O2n1 (W, X) <a,(W, X) < B, (W, X) <0,(W, X), (8)

(see [9], [7]), and

Tyt (W, X) <7, (W, X) <a, (W, X) <7,(W, X),
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and in addition
a, (W, X)=1,(W, X)=1,(W, X)

for finite dimensional X (see Lemma 4).

Our attention is primarily focused on continuous algorithms in n-term
approximation and the relevant non-linear n-widths o,,, 7, 7, for classes of
functions with common mixed smoothness. Interesting ideas concerning
non-linear n-widths, which are not based on continuous algorithms, have
been recently introduced in [ 13] and [ 16]. For other notions of non-linear
n-widths, see [ 18], [ 3]. Non-continuous algorithms of n-term approxima-
tion and the n-term approximation for classes of functions with bounded
mixed derivatives or differences, have been considered in [10], [17]. The
reader can also consult [ 1] for a detailed survey of various aspects of non-
linear approximation and applications, especially of n-term approximation.

A central problem in studying non-linear n-widths and the n-term
approximation o,(W, @, X) of classes of functions is to compute their
asymptotic order if these classes are defined by a common smoothness. In
the present paper we investigate optimal algorithms of n-term approxima-
tion based on the non-linear »n-widths a,,, 7, 7,, and the n-term approxima-
tion a,(W, V, X) by the dictionary V formed from the integer translates of
the mixed dyadic scales of the tensor product multivariate de la Vallée
Poussin kernel V,,, for the unit ball of Sobolev and Besov spaces of func-
tions with a common mixed smoothness. Because of the close relationship
between «,, 7, 7., ., 0, and a,, and because they are asymptotically
equivalent it is quite useful and natural to study them together.

Let us give a brief description of the main results of this paper.
Throughout this paper we will assume that 4 is a given fixed finite subset
of R%. For 0 < p, 0 < oo, let B/, denote the Besov space of all functions on
the n-dimensional torus T¢:=[0, 2z]% for which the quasi-norm

1£lsg, =171+ X 1f1sz, (9)
aeA
is finite, where |-|, is the usual p-integral normin L, :=L, (T¢) and |-| B,

the Besov semi-quasi-norm determining the mixed smoothness of order o

We will use the abbreviation for the special case 4 = {0}: B, ,:= B{Og’,. The
Sobolev space W is defined similarly by replacing | f | B, I (9) by
[flws =11 @, where f® is the mixed derivative in the sense of Weil of
order o. (The definitions of || B, and f® are given in Section 3.) Note
that the classical Besov and SoboleV spaces are special cases of B ¢ and
WA The main results which are proved in the present paper are the
asymptotic orders of the non-linear n-widths (2)—(6) and the n-term
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approximation (1) by the dictionary V, of the unit ball of the Sobolev
space W;‘ and the Besov space B;‘, ¢ in the space L,.

It turns out that these asymptotic orders are closely related to the linear
problem

(1, x) > sup, xe 4%, (10)

where 4% :={xeR%: (¢, x)<1, aed}, 1:=(1,1,.,1)eR? Here and
later, we use the notation: (x,y):=x;y;+ --- +x,, and R% :=
{xeR?:x;>0, j=1,..,d}, where x; is the jth coordinate of xeR? ie.,
X=X, ey Xg)-

Let 1/r be the optimal value of (10) and v the linear dimension of the set
of solutions of (10), i.e.,

I/r:=sup {(1,x):xeA4%}, v:=dim{xed’: (1, x)=1/r}. (11)

We use the notation F<F' if F<F' and F'<<F, and F<<F' if

F< CF' with C an absolute constant. Denote by y, any one of «,, 7,, 7,,,
p.,a, and J,. Let

SB; = 1{feBy,: | /lns, <1}
and
SWi = {feW, | flw<1}

be the unit balls in B}, , and Wﬁ, respectively.
For 1<p,g<00,2<0< o and A4 a finite subset in R? with some
restrictions on 4 and p, ¢ we have

7(SBy, g, Ly) = (n/log” n) =" (log” )2~ 17, (12)

p. 0> "—q

yn(SW;,Lq)x(n/log"n)_’. (13)

The asymptotic order (13) has been proven in [6] for a, and J,. The
upper bound of (12)—(13) is given by a continuous non-linear algorithm of
approximation by the dictionary V which is constructed as follows.

For meZ4 :={keZ?:k;>0, j=1, .., d}, we let the tensor product de
la Vallée Poussin kernel V,, of order m be defined by

d
Vm(x) = H ij(xj)9

j=1
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where

__sin(mt/2) sin(3mt/2)
- m sin?(t/2)

m 2m 2m—k
Va(t):=1+42 > coskt+2 ) mTcoskl

k=1 k=m+1
is the univariate de la Vallée Poussin kernel of order m. We put

d

Sp(x) =TT (2/3m)) V,,,(x), (14)

j=1

and

Or:={seZ%:5,<3x25% j=1,..,d}; he:=3"1g(275, ., 27%),
(15)

We define the family V by

V:={¢§}Ser,kEZ‘i9 ‘Pf::Szk*l(’ _Shk)' (16)

Here and later we use the notation: 2*:=(2%,..,2%) and xy:=
(X115 s XgVg) for x, yeR%

From well-known properties of de la Valle¢ Poussin kernels it follows
that Ve #(L,),0<g< oo, and V is a dictionary. To establish the upper
bounds of (12)—(13) we explicitly construct a positive homogeneous con-
tinuous mapping G*: Y - M,, such that

sup [ f—Ry(G*(f))ll, << E(n). (17)
feSYy
where E(n) is the right-hand side of either (12) or (13), Y is either Bl‘ig or
W;‘, respectively, and SY is the unit ball in Y.
Clearly from (17) we also obtain a upper bound for the n-term
approximation by V of SY. Moreover, we prove that under the same
conditions as those for (12)—(13)

0,(SB# .V, L,) = (nflog” n)~" (log" n)"= 1, (18)

0,(SW, V., L,)=(n/log"n)~". (19)

This means that ¢,(SY,V, L,) and ,(SY, L,) have the same asymptotic
order which is achieved by the continuous algorithm S* =R,°G* of
n-term approximation by V. The asymptotic orders of the n-term
approximation ¢, (W, U¢ X) by the dictionary U? formed from the integer
translates of the mixed dyadic scales of the tensor product multivariate
Dirichlet kernel for the classes of functions with bounded symmetric mixed
derivatives or differences, have been obtained in [17]. In addition, these
orders are achieved by a greedy type algorithm, a non-continuous algo-
rithm of n-term approximation.
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The main results of the present paper were announced without proofs in
[8].

Our paper is organized as follows. In Section 2 we prove some estimates
for non-linear n-widths and n-term approximation by the canonical basis in
spaces of sequences with mixed norms, and also some equalities and
inequalities between non-linear n-widths. Other auxiliary facts concerning
the spaces B; , and W' are given in Section 3. Section 4 is devoted to the
proofs of (12)—(13) and (17). In Section 5 we give the proofs of (18)—(19)
and an example of the asymptotic orders (12)—(13) and (18)—(19) for the
well-known Besov and Sobolev spaces with one bounded derivative and
difference, respectively.

2. NON-LINEAR WIDTHS AND n-TERM APPROXIMATION IN
SPACES OF SEQUENCES

For 0 <p< oo denote by /) the space of all sequences x = {xp}7_, of
(complex) numbers, equipped with the quasi-norm

m 1/p
14k} ”1;;1: HXHI,V;' ::< z |xk|p>
k=1

with the change to the max norm when p = oo. Denote by B}’ the unit ball
in [,
p

Lemma 1. Let 1 <p,q< o0 and m>n=1. Denote by v, either one of
s P> Tns Ty and a,,. Then we have

Va(By, 13) =< A, ,(m, n),

P’q
where
n'a=1r, for p<yq
A, (mon)=11, Jor p=gq

(m—n)Ya=Vr for p>gq.

Moreover, we can explicitly construct a common positive homogeneous con-
tinuous mapping G:I' —M,, so that the asymptotic order of the n-width
Va( By, I7) is achieved by the algorithm S:= R4 -G, ie.,

sup |[x —S(x)[ s < 4, (m, n),

xeBp

where & is the canonical basis in l’q".
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Proof. For the proofs of this lemma for «,,, f,, and a, see [7] and [9].
Its proofs for 7, and 7/, are similar. |

Let 0<p,0< o0, N={N.},.o be a sequence of natural numbers, and
A ={J;}reco a sequence of positive numbers with Q an at most countable
set of indices. Denote by bll:f o(A) the space of all such sequences
x={x*}1co={{x}} ¥, }rco, for which the mixed quasi-norm

1/0
IXIb;fg(A)1=< ) (xklxk//lk)g> , 0< o0,

keQ

is finite (the sum is changed to supremum for 6 = c0), where X* := I;Vk. Let
SN o(A) be the unit ball in b ,(A). If 1, =1 for all ke Q, then we use the
abbreviations: b ,:=b’¥ ,(A) and S)¥,:=S> (A). We also denote by SX
the unit ball in the linear normed space X.

LEMMA 2. Let 0<p, q,0,1<00 and let N={N,}, o be a sequence of
natural numbers, A= {l}rco and AN ={i}}rco Sequences of positive
numbers, and {m},.o a sequence of non-negative integers such that
> keo N < o0. Denote by y, any one of «,, B,,t,, T, and a,. Assume that

ynk(B;vka l;vk)gbka kEQ,

Jor the sequence of non-negative numbers {b}ico, and Q=1{k;}7_, is
ordered so that

luk1>:uk2> "'ﬂkj> e,

where py .= by A /A and m=|Q|. For any natural number s <m, define

) or 0<t
Fe,r(s):{/(lk:m /;)1/,, f (20)
g=s i) for 0>,
with p :=0t/(0 —1). Then we have
yn(sg()(A)a b:T(A’)) < Fg’ .L.(S),
where
s—1 m
ni= X N+ X (21)
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In addition, we can explicitly construct a positive homogeneous continuous
mapping G: b ,(A) > M,, such that

7, (Spo(A), 6, by (A)< sup  [x —S(x) | gy ay < Fool5),  (22)

xeSN(A)
where S := Rz oG and & is the canonical basis in b:T(A’).

Proof. Since S} ,(A) =S (A) if 0" <0, it suffices to prove Lemma 2
for 6 =t. We prove the case <0< o0, m= o0 and y,=«a, of the lemma.
The other cases can be treated in a similar way with a slight modification.
Obviously, without loss of generality we can also assume b: A(A) =b:r.
By Lemma 1 there are positive homogeneous continuous mappings
Gy: X*—M,, such that the widths o, (SX*, Y*) are achieved by the algo-
rithms Sy, where Spi=Rg oGy, X*: —lNk Y*:=1Y and & is the canoni-
cal basis in Y* (the case nk>Nk wh1ch is not included in Lemma 1 is
trivial). This implies that for any x* e X*

X — S |y < by [l (23)

Let us also use the abbreviations: X :=b},(A), Y:=bJ_and B:=S} ,(A).
We represent X* and Y* as subspaces ‘of X and Y, and the sequence
{M, }rco as a subset of M,, respectively. Thus we can identify the
sequence {6, } e With &.

We first define a positive homogeneous continuous mapping y = S(x)
from X into ¥ with x = {x*}, .o y={"} 1o, by putting

o {xki, for j=1,..,5—1
Skj(xkj), for j=s5+1,..

By (23) we have for xe X

[l —S(x)] ZHx]_Sk( Ny

j=s

(o) (o)

<Z x5 5 < Z (0 x5/ 7)) 7 17

Hence, for xe B

[x = SCo)[l y < Fo, o(s) (24)
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in the case 8 =1, and by the Holder inequality

Jx— S(x |Y\<§u])w(§(|xkf|Xk,-/zk,)ﬁwgg,r(s) (25)

in the case 0> 7.

Obviously, S is a positive homogeneous continuous mapping from X
into Y. Let us represent b . as [, or a subspace in /. Then S can be
represented via the composmon S =R, oG, where the mapping G: X - M,,
is given by G(x):=S(x) for xe X, and n is defined in (21). Clearly, G is
positive homogeneous, continuous and satisfies (22). The lemma is
proved. ||

LEmMMA 3. Under the assumptions and notation of Lemma 2 let p < o0,
0<1, Q be a finite set with |Q|=m, and N, < N*, n,. <n*, ke Q. Then we
have for any natural number s <m

1/p
a(SY oA B (A (zug),

where n:=(s—1) N*+(m—s+ 1)n*. In addition, we can explicitly con-
struct a positive homogeneous continuous mapping G : b:B(A)—>M,, such
that

1/p
TSN EBY AN S sup =Sy <[ X at)

xeSN o (A) j=1
where S:= R, o G.

Proof. We use the notation in the proof of Lemma 2. We first define a
positive homogeneous mapping y = S(x) from X into ¥ with x={x*}, .,
and y = {y*} ;. o, as follows. Let u={u*}, ., and v={v*} ., be given by
uk =S, (x*) and v*=xF—u*. For x = {x*} ., € X, we define

Dye=Dy(x) 1= 0"y,

and rearrange the set of indices O so that D, >D, > --- > D, . Then, the
mapping y =.S(x) is defined by setting

r; o/t . ’ . I it

ooz X Dysign g, Aol 2D,y N

A 1 it |07 <p?D,’ 2SS 2o Vs
2 Jj K

l

Fi.
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It is easy to check that S is continuous. We estimate ||x —S(x)|% by using
a technique of [ 14]. We have

Ix=S)=D7 F7+ ¥ 075, (26)
Jj=s+1

where F:=(Zj.=1ﬂ’,’j)l/". Let x = {x*} ;. € B and put

m

Y UXlxm/2,)0 =t e (27)
j=s+1
Then, we have
Y (X7 i f2,)° < 1 —e. (28)
j=1

From (23), (28) and the inequality D,j;D,S for j=1, ..., s, we obtain

s s
0 0 —p9, 0
Drst< Z'u/:jDrj: Z'ufj’urjp /T”Ur/H Y'i
j=1 j=1

s

s
<X 00 15 = X U xnf ) < 1 =
=1 j=1

Thus the following estimate has been proven
D, <(1 —g) WO F—rl°, (29)

On the other hand, using (23), (27) and the inequality D,ngrJ for
j=s+1,..,m, we have

m m
X 0ly= % 10l 0157
j=s+1 Jj=s+1
m m
<Y (=) DE= < DI Y (¥ xfh) =D
j=s+1 Jj=s+1

Hence, by (26) and (29)
Hx—S(x)H}SeD;S_H—FDfSF”
<£{(1 _8)1/0 F—p/H}r—H + F{(l _8)1/HF—p/6}r

7

s t/p
= F{e(1—&)""~ ' + (1 —2)"} <FT<< ) u> .
j=1
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From the last estimate, similarly to the proof of Lemma 2, we complete the
proof of Lemma 3. |

LeEmmA 4. Let the linear space L be equipped with two equivalent
quasi-norms ||-|| y and |- || y, and W be a subset of L. Denote by v,, either one
of s Tys Thys P> 0, and a,,. Assume that W is compact in these norms and
Y W, X) > 0. Then we have

Ynam W, Y) <p,(SX, Y) p, (W, X).

Proof. For the proofs of Lemma 4 for «,, f,,d, and a, see [7] and
[9]. Its proofs for 7, and 7} are similar. For completeness of the present
paper we give the proof for z,,. We put 7, :=1,(SX, Y) and 7, :=17,,( W, X).
We can assume 7,, < 00, because the opposite case is trivial. Given arbitrary
£>0, by definition there are families @ = {@;} ;.o and @' = {@;} .o from
(L), and continuous mappings S: W— M,,(®) and S": SX—-> M, (D)
such that

If=SNIx<tmte  feW, (30)
and
If=S' Ny<t,+e  feSX (31)

We put G(f):=f—S(f), 2:=sup;cw |G(f)|x. By the assumptions and
(30) we have

0<7,<i<1,+e< 0. (32)
Note that A7'G(f) € SX for any f'e W. We define &* :={¢;} ;0. and
the continuous mapping S*: W—->M,,, . (®*) by S*(f):=S(f)+

AS"(A7YG(f)). Tt is easily seen that £ — S*(f) = AL 'G(f) — S (A7'G(f)))
for any f'e W. Hence, we obtain by (31)—(32)

Tusm(W, Y)<sup || f=S*(f)ly<Asup [27'G(f) = S'(Z7'G(f)] y

few few
<Asup [[f=S'(Nly<(z,+e)t,+e)
fesSx

for arbitrary ¢ > 0. This proves the lemma. |

LEMMA 5. Let X be a quasi-normed linear space and W a compact subset
in X. Then we have

Tn+l(W9/\q<T;1+l(Wa X)gan(I/V’X)ST’n(I/V’X)
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In addition if X is finite dimensional, we have

%, (W, X) =1,(W, X) =7,(W, X).

Proof. The inequalities 7, (W, X)<7,,.,(W,X) and a,(W, X)<
7. (W, X) follow from the definitions. Let K be an n-dimensional complex
in X and Y= {y,}7_, (m>n) the set of nodes of K. Then obviously,
KcM, . (¥). Hence we obtain the inequality 7, (W, X) <a,(W, X).

Let X be finite dimensional. Consider a bounded family @ =
{Pr}rco €7 (X) and a continuous mapping S: W — M, (®). Since X is
finite dimensional, without loss of generality we can assume Q is a finite
subset in N. Let the continuous mapping G: W— M, be defined by
G(f) :={xt}ren With x,=a, for keQ, and x,=0 for k¢Q, if
S(f)=2recoar®i- Then the mapping S can be represented by the com-
position S = R4 oG. This implies the inequality o,(W, X) <t,(W, X). On
the other hand, let ®={¢,},., be a bounded family in X with [¢, | <
C, ke Q, and G: W— M,, a continuous mapping. Given arbitrary ¢ >0, by
the compactness of the ball {feX: | f|<C}, there exists a finite family
@' ={@r}reo in X with the following property. For any ¢ € @ there is a
@' e® such that |[¢—¢'| <e¢m Hence, it is easy to check that
| f—Re(GfNI<|f—Rp(G(f))| +¢ for any feW. This implies that
T, (W, X)<a,(W, X) +¢ for arbitrary ¢ > 0. Therefore, we have o, (W, X) =
(W, X)=1,(W, X). 1

3. SOBOLEV AND BESOV SPACES AND OTHER AUXILIARIES

Let us first make the notions of the Sobolev and Besov spaces B, and
W;‘ precise by defining |- |BZ and |- |W; for xeR? and 0 <p, 0 < oo
As usual, f(k) denotes the k-th Fourier coefficient, in the distributional
sense, of /'€ L,. The ath mixed derivative /), in the sense of Weil, of /'is

defined by

f(oc) - Z f lk“ ik, )
keZd
where Z2:={keZ": k;#0, j=1, .. d}; (ik)*:=(ik,)* - (ik )% (ix)” :=
|x|” et sen 02 If d=1 and a is an integer, then f* coincides with the
usual «th derivative of f for a >0, f — (27)~! f(0) for « =0, and the usual

ath primitive of f with the zero mean value for a <0. Recall that |- |Wa( is
defined by

[f] we = Hf(d)”p-
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While ||y , is defined as

1/6
IfIB;6:=<f ]‘[h—l—”ﬁ 145,115 dh> , O<oo,

Jj=1

(the integral changed to the supremum for 0= co) for some triple /e N¢
and f, s € Z“, satisfying the condition f+s=0o; ;> f,>0, j=1, ..., d, where
A% denotes the operator of /th mixed difference with step 4 e T< It is well-
known that different triples /, p, s satisfying the last condition determine the
same quasi-norm |- || B2,

We formulate the well known Littlewood-Paley Theorem which plays a
basic role in multivariate trigonometric polynomial approximation. We
define the operator d,, ke Z% , by

oS =% fls) e,
se Py
where Z4 :={keZ%:k;>0, j=1,.,d} and P,:={seZ?:[25']<
Is;| < 2%, j=1,..,d} ([a] denotes the integer part of a). The Littlewood—
Paley Theorem (see, e.g., [12]) states that for 1 <p < oo, there holds the
following norms equivalence

£l =< | X (6ef1%)"

d
keZ4

p

This theorem can be generalized for the norm |- HWA as follows. Let
S(B, x) :=sup,.z(a, x) be the support function of a subset B of R and

u(B) :=inf{t>0:te’econv(BuU {0}), j=1,..,d},

where conv G denotes the convex hull of G and {e/}¢_, is the canonical
basis in R

LeMMA 6. Let 1 <p< oo and A be a finite subset of R%. Then we have

Ifllwae = || 3 (125495, f12)172

d
keZq

P
Proof. For the proof of this lemma see [6]. |

We now give descriptions of quasi-norm equivalences for ||| g4 . For
univariate functions f'e L,(T), the convolution V,, f:=f* V,, defines the de
la Vallée Poussin sum of f. Next, we put

UOfZZ Vlf; kaiz Vzkf— Vzk—lf; k=1,2,
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For multivariate functions fe Lp(Td), the mixed operator v, keZ%, is
defined by

ka5=l7kd"‘”k1f,

where the univariate operator Uk, is applied to the variable x;. Note that

v, f is a trigonometric polynomial of order<2%+*! in the variable
X, j=1,..,d

LemMAa 7. Let 1<p< o, 0<0< oo, and A be a finite subset of R
Then we have for 1 <p < oo

1/0
If1lss, = < Y (250 |5kf|p)9> , 0< o0,
kezd
and for 1 <p< oo
1/6
I/, = < Y (250 Ikalp)€> , 0< o0,
kezd
with the change to supremum for 0= 0.

Proof. The proof of this lemma is similar to those of Theorem 2.1 in
[4] and of Theorem 1.1 in Chapter I of [15]. 1|

If u(A) >0, then the set
I¢):={keZ: S(4, k) <&}

is a finite subset of Z% for any £>0 (see [4]). Put f(;) =72 \I'(¢) and
A,:=A—11 for a real number ¢. The following estimates of sums of
exponents, taken over the elements from I(¢) and I(&), were also proved
in [4].

LeMMma 8. Let 8,¢>0, and A be a finite subset of R? with u(A4)> ed.
Then we have

Z 2(1,k) = 2§/r£v, Z 275S(A8,k) - Zfé(lfs/r)fév.

keI(&) kel(&)

Moreover, r>¢ if and only if u(A)>ed.



CONTINUOUS ALGORITHMS 233

In what follows we use the notation @, :=max{a, 0}. Let the linear
projection P(&) be defined by

PE )=} wlf

kell($)

LEMMA 9. Let 1<p,q<o,0<0,1<0 and A be a finite subset of R?
with u(A)> (d/p—d/q) . . Then we have for every f e B; 0

élingo If =P flls, =0

Proof. Clearly, by virtue of the standard inequality |- HBA < |- HBA -
for p>=¢q and 6 <, it suffices to prove the lemma for the case p<q and
0> 1. By Lemma 7 we have

f=PENG,. = % lofl
keI(%)

Since v, f € 7, the well-known Nikol’skii inequality (see [12]) gives
o fll, << 2°% % |lv, £l ,, where &:=d/p—d/q. Therefore, by the Holder
inequality

If=PE NG, < 2 @ o fl,)

keI(9)
/0 t/p
<< Z (2S(A€,k) |ka|p)6> < Z sz(Ae,k)> ,
kelI(&) kell(&)

where p :=60t/(6 —t)>0. Hence, by Lemmas 7 and 8

If =P ), <2707 | fllgg,

Since ¢ <r by Lemma 8, the right-hand side in the last inequality tends to
zero as £ — oo for fe B: o- The lemma is proved. |i

For m e Z% denote by .7, the space of all trigonometric polynomials of
order <m; in the variable xJ, j=1,..,d It is easy to check that for every

fe,

f= X flhk)S, (- —hk), (33)

ke U(m)
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and in addition there hold the Marcinkiewicz type inequalities
d
£l = TTm 21 f(hk) g 1 <p < o0, (34)
j=1

(see [5]) where the kernel S, is defined in (14), h:= (2x/3)(m ', ... m; "),
Um):={keZ%:k;<3m;, j=1,..d} and s(m) :=T1}_,(3m)).

4. NON-LINEAR WIDTHS OF CLASSES OF FUNCTIONS

Again, denote by vy, any one of «,, 7,, 7, f., 4, and J,. In this section
we find the asymptotic orders of y, of SW# and SB7 , in the space L,,.

THEOREM 1. Let 1<p,g< o0, 2<0< o0 and A be a finite subset of R?
with u(A)>max{0, d/p —d/q, d/p —d/2}. Then we have

yn(SB:B; Lq) = (I’l/ log" n) —r (logv n)l/Zfl/H’ (35)
7n(SWy. L) = (n/log"n) ™. 36)

In addition, we can explicitly construct a positive homogeneous continuous
mapping G*: Y —> M,, such that the asymptotic order E(n) is achieved by the
continuous algorithm S of n-term approximation by V, i.e.,

sup [ /= S(/)ll, << Eln),

feSYy

where S := Ry o G*. E(n) is the right-hand side of either (35) or (36) and Y
is either BY , or W', respectively.

Theorem 1 will be proved from the following

THEOREM 2. Let 1 <p,q< o0, | <t<0< 00 and A be a finite subset of
R? with u(A)> (d/p —d/q) . . Then we have

7(SBy. 5. By o) =< Eq (n), (37)

p,0° g 7T

where

Ey (n) :=(nflog” n) =" (log” n)"/*~1°.
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In addition we can explicitly construct a positive homogeneous continuous
mapping G*: B;‘, o— M, such that the asymptotic order Eq (n) is achieved
by the continuous algorithm S of n-term approximation by V, i.e.,

sup [|f = S(f)ll, << Eg o(n), (38)

feSB;,{H
where S := Ry o G*.

Proof of Theorem 2. We first construct a positive homogeneous con-
tinuous mapping G*: B;l, o— M, satisfying (38), and, therefore by the
definition of «,, 7,,, Lemma 5 and the inequalities (7)—(8) prove the upper
bound of (37). We carry this out for the case of a, and p<gq, 0 >1. The
remaining cases can be similarly proved with slight modifications. Without
lost of generality we can assume that n=2m, an even number. From
(33)—(34) and Lemmas 7 and 9 one can prove that a function f belongs to
B/ , if and only if f can be represented by a series

f: Z Z fk,s (p]sc’
keZi s€ Q.
converging in the norm of B, ., and, in addition
1/ s, = IDC)6xars 118, = 1D by ) (39)

where O, and /* are in (15), N:={ Ny} xezd, Nie= 10kl
A= i kezds =27 SOOI A = (D e s A =219,

and D is the positive homogeneous continuous mapping from B , into
BY (A’), given by

D(.f)::{xk}kel‘i’ xk::{f‘k,s}ser'
Take a function ¢ =¢&(n) satisfying the condition
349429 J(&) <m< C2E, (40)

where C is an absolute constant whose value will be chosen below, and
J(E) 1= here2™. Let the sequence {1} cz¢ be given by

1Okl for kell(Q)
TETV (30 im0 - g =SR] for ke I(E),

and the sequence {b;},cz¢ be given by

b 0, for kell(¢)
Fl@Be T mp e sg i =Sla iy —e - for ke I(€),
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where ¢ :=1/p —1/g>0. By Lemma 1 o, (B!, [/O1) <b, , k € Z", . By using
Lemma 8 we can easily verify that Zkezd n, < oo. Note that 0 <e<r by
Lemma 8, and a,, (B}, [124) = 0 for k e I'(). Hence, &, (B2, 112) < b, for
ke Z" . Denote by H(é ) the subset of I(¢) which consrsts of all k e I'(¢) such
that the set {xeR% :k,—1<x; <k ,j=1,..,d} has a non-empty intersec-
tion with the set {x/éeA” (1, x)= l/r} We puts—s( Y= |H(&)|, & =E&(n).
Suppose that Z4 is rearranged as 7 = {k;} >, so that

M Z Mgy 2 o g = - (41)

7

where u; :=b, 4, /... By Lemma 2 we construct a positive homogeneous
continuous mapping G- b}: o(A) = M,, so that

[x — Rs(G(x ))HBNT(A)\FH s )HXHB‘;{H(A)a (42)

where & is the canonical basis in bgT(A’) and Fy .(s) is defined by the
formula (20) for our case, and

s—1 o
n=>y Ny + Y Mg, -
j=1 j=s

We define the positive homogeneous continuous mapping G*: B;f o= M,
by G*:=GoD. Note that D(f— Ry(G*(f)))=D(f)— RAG(D(f))).
Hence, by (39) and (40) it is easy to check that

L/ = Ry(G*(f)ls,, << Fo os) I/ 84, (43)
We will check the inequalities n' <n for C large enough and
Fy ()< Ep (). (44)

This implies that for the positive homogeneous continuous mapping G*
from B , into M,,, there holds the estimate (38).

By the definition of the quantity v in (11) we see at once that |H(&)| =<
¢¥ and, moreover, u; =SUp . fep for any ke H(). Hence according to
(41) we have by Lemma 2

W<OY 1O+ Y 1O+ Y 3CTIm2( e S,
ke H(&) keI(&) keTI(¢&)
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From the inclusion k —1e (&), ke H(E), the inequality |H(E)| < |[T(E)],
Lemma 8 and (40), we can continue this estimation as follows

nrszd Z 3'2<l,k>+ Z 3'2<1,k+1>+3c—lm2(l—s/r)§f—v Z 2—S(A8,k)
ke H(S) kelIl(&) kel(&)

<3(49429) J(&E) + 3aC'm <,

for C = C(d, a) large enough where « is an absolute constant (see Lemma 8).
Thus the inequality n’ <n has been proved.

Put p:=07/(0 —7)>0. From the equality S(4,-)—e¢(1,-)=S(4,,-),
Lemmas 2 and 8 we have

Fo ()< Y up< ) (b 2750
kel(&) keI(&)

<(3C71m2(lfe/r)ééfv)fpa Z 27/7(178)5(146,]{)
kell(d)

- (mZ(l —e&fr) 5f_v) —pe ) —p(1—e)(1—¢/r) éfv.

Hence using (40), by a simple computation we obtain (44).

Let us prove the lower bound of (37). By the inequalities (7)—(8) and
Lemma 4 it is sufficient to prove this lower bound for z,. We will need
some additional inequalities. If W is a compact subset in the finite dimen-
sional normed space X, from the inequality 2a,(W, X)=b,(W, X) [18,
p- 220] and Lemma 5 it follows that

2t,(W, X) =2 b,(W, X). (45)
Here the Bernstein n-width b, (W, X) is defined by

b,(W, X):=supsup {t>0:1SXMc W},
M

where the outer supremum is taken over all (n + 1)-dimensional linear sub-
spaces M of X. The proof of the following assertion is similar to that of
Lemma 2.3 in [9]. If Y is a subspace of the normed linear space X, W is
a subset of X and P: X— Y is a linear projection with |P(f)| <
AlfI(A>0) for every f € X, then

T, (W, X)= "'t (W, Y). (46)

We now proceed with a proof of the lower bound of (37) for 7,,. Because

of the inclusion SB%, , =SB ,, it is sufficient to treat the case p = 0. Put
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w(&) i=max, g1, k), and Q(&) :={kel(&): (1, k)=w(¢)—d}. Denote
by B(&) the space of all trigonometric polynomials f of the form

f: Z Z fk,s(p.]r{a

ke Q&) segy

and for 0 <{, »n < oo denote by B(¢),, , the subspace in B, , which consists
of all feB(¢). Lemma 7 and the inequality S(4, k)<¢&, ke Q(¢&), give
[flgs , = 2¢ HfHBOO ,» J €B(&) o, - This implies a'27°SB(&) . 0 < SBA
with some absolute constant @’ > 0. Therefore,

0, 0°

7, (SB4

0, 0°

B )>>2_éfn(SB(é)oo,6: Bq,‘c)'
Using (39) and applying (46) to the linear projection

Z Z fk, s(pf
keQ(&) segy

in the space B, ., we obtain

Tn(SB(é)oo, 0> Bq, -r) > Tn(SB(é)oo, 0> B(é)q, 1)’
and consequently,
Tn(SBgo, 6° Bq, 1) > Ziéfn(SB(f)oo, 0> B(é)q, r)' (47)

Let us now give a lower bound for 7,(SB(S),, 4. B(E), .) by using
Lemma 4 with X=B(¢{), ., Y=B(¢),, o and W=SB(¢),, ». Note that in
our case all these spaces are finite dimensional. Therefore their norms are
equivalent and SB(&),,  is compact in these norms. Thus we have

n+m(SB(é)oo,c99 B(é)oo, 0) < Tn(SB(é)oo, 2] B(é)q,r) Tm(SB(é)q,rs B(é)oo, 6)9
(48)

for any m and ¢ satisfying the condition
dim B(¢) >n+m, (49)

which obviously implies the inequality 7, (SB(S) o, 9, B(),, ) > 0. Below we
will define such an m = m(n). By the definition b,, , ,,(SB() . 9, B(&) 0, 0) = 1,
and consequently by (45) 27, ,,(SB(&) . 0, B(E) . 0) = 1, for any m with
the condition (49). This and (48) give

27, (SB(S) 0, 00 B(E)g, <) 2 1/1,(SB(E) 4, 2> B(E) o5, 0)- (50)
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This inequality implies that a lower estimate for 7,(SB(¢),, 4, B(¢), ) can
be obtained from an upper estimate for z,,(SB(S), ., B({), o). We get this
upper estimate by applying the method use to establish the upper bound
for (37). We outline a brief proof of this bound. By (39) and the
inequalities &/r —d <w(&) < &/r we have

1/ U@y, = 1Dy, o 1f sy, , =< 27" D)y > (51)

where N :={ Ny} rc o), N = Qx| (for simplicity we use the same notation
as in the upper bound for different sequences and quantities). Given n, we
define & =¢(n) as any function of the variable n, satisfying the inequalities

n<4=1-10(&)| 2%® < . (52)

Let the sequence {7} e be given by ny :=n*=[2""2¢"2] and the
sequence {b}icoe by by:=(2"9~972)7V4 where &=¢&(n). Note that
Ny <N*=67.2" ke Q(¢), and by Lemma 1 7, (BYe, INk) <b,, ke Q(&).
Let the set Q(&) = {ky, ... ki, [=1Q(&)|, be ordered so that p =g, >
o+ =y, Where g, =b, (note that /<oo). Similarly to (43), by using
Lemma 2 for the case 0 =1 and Lemma 3 for the case 0 > from (51) we
establish the following estimate:

Tn(SB(E) g, v B(E) o, ) << 297F(5),

where s =s(n) :=[27°"2|0(¢)|], m=(s—1)N*+(I—s+1)n* and

(ZLM%)”"; for 0>1

F'(s)=
) {u for 0=,

with p' :=160(t — ). Hence,
T (SB(E) g, 05 B(E) o, ) < &7V, (53)

Note that B(¢) contains the space of dimension [A(&)| 2"© =9 of all tri-

gonometric polynomials f* of the form f=3%; ¢ Oxf. Where A():=

{kel(&): (1,k)=w()}. Hence, dim B(&) > [4(&)| 2O~ =4~ 1Q(&)| 2™

On the other hand, it is easy to verify that m <272¢=1|0Q(¢)| 2*©). Hence,

by (52) we can see that m satisfies (49). Combining (47), (50), (53) gives
1,(SBA , B ) s> 27510 < E (n).

0,0° g, T

The lower bound of (37) is proved. ||
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Proof of Theorem 1. By using the Littlewood-Paley Theorem and
Lemmas 6-7 it is easy to verify the inequalities

R e O 1 I Vi PR T

A
) w2’

for 1 <p, g < oo where 5(z) :=min{z, 2}, {(¢) :=max{z, 2}. Hence it follows
that

yn(SB;{ 0> B”(q), 2) << Vn(SB;I, 0> Lq) << yn(SB; 7K BC(Q), 2)’

Vn(SBﬁp), 25 By, 2) << Vn(SW;a L)< Vn(SB;:(p), 25 Beg), 2)-

This and Theorem 2 imply Theorem 1. |

5. BEST n-TERM APPROXIMATION OF CLASSES OF FUNCTIONS

In this section we obtain the asymptotic order of the best n-term
approximation by V of SW# and SB , in the space L,.

THEOREM 3. Under the conditions of Theorem 1 we have
O'n(SB;, 0 V. L,) = (n/log"n)~" (log” n)2=1,
T, (SW;, V. L,) = (nflog" n)~".

As in the proof of Theorem 1, this theorem is obtained from the
following

THEOREM 4. With the conditions and notation of Theorem 2 we have

o, (SB4

D, 0°

Vo Bq,'r) = EG, r(n)'

To prove Theorem 4 we need some auxiliary lemmas.

Lemma 10. Let the linear space L be (quasi-) normed by two
(quasi-) norms ||-|| x and | -| y, and W be a subset of L. Assume that @ is a
family of elements in X such that o,,(W, ®, X)>0. Then we have

Opim(W, @, Y)<0,(SX,D, YY), (W, D, X).

Proof of Lemma 10. The proof of this lemma is similar to that of
Lemma 4. |

LemMA 11. Let 1<p,0<o0, N={N.}i_, be a finite sequence of
natural numbers with SN N <N, k=1,2,..,s, for some [>0. Let



CONTINUOUS ALGORITHMS 241

D={pi}r1. M=% _ | Ny, be any family of elements of I} ,, and K, , be
an arbitrary m-dimensional cross-section of the unit ball SE o- Assume that
AM <m< M for some >0, and n<m/2. Then we have

0,(K

p, 0>

¢a lpl\,lﬁ) > C;

where C= C(f3, A) > 0.

Proof of Lemma 11. Lemma 2 in [10] gives

o,(K @,bY )= C(4) M. (54)

n 00, 00

Hence we obtain Lemma 11. Indeed, by the inequality |-||,y,<
sYPNYZ | |lys ., we have K, y s~ ’N~"?K_, . On the other hand, it is
easy to check that |- Hbyuzsl/g*lNl/”*l I[lyx - Therefore, by (54)

o-n(K , 0 @ bN )

P > Up, 0

>(sTVONTU)(sVOTINYPTY 6, (K o, o, @, DY) 2 BC(A). 1

Proof of Theorem 4. The upper bound for this theorem follows from
(38) in Theorem 2. The lower bound can be proved in a manner similar
to the proof of the lower bound for (37) in Theorem 2, using Lemmas 10
and 11. |

ExaMPLE. Let a e R? with positive coordinates. Denote by I/f/; and B; 0

the subspaces of W;"‘} and B [{,f‘é, respectively, which consists of all functions
f such that

[" seay=0.  j=1...d

Without loss of generality we can assume that
O<r=a;= - =0,=0a, 1 <0, ,< - <oy (0<v<d—1).

If 1<p,g<o0,2<0< o0 and r>max{0,d/p—d/2,d/p—d/q}, then from
Theorems 1 and 3 one can easily deduce that

Vu(SB% 4. L)) = 0,(SB% 4, V., L,) = (nflog"n)~" (log" n)"2= 1",

p. 0> ~q

Ya(SW5, L) =<a,(SW;,V,L,) =< (n/log” n)~".
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