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Abstract

We study nonlinear n-term approximation in L,(R?) (0 < p < o) from hierarchical
sequences of stable local bases consisting of differentiable (i.e., C" with r > 1) piecewise
polynomials (splines). We construct such sequences of bases over multilevel nested
triangulations of R?, which allow arbitrarily sharp angles. To quantize nonlinear n-term
spline approximation, we introduce and explore a collection of smoothness spaces (B-
spaces). We utilize the B-spaces to prove companion Jackson and Bernstein estimates
and then characterize the rates of approximation by interpolation. Even when applied
on uniform triangulations with well known families of basis functions such as box
splines, these results give a more complete characterization of the approximation rates
than the existing ones involving Besov spaces. Our results can easily be extended to
properly defined multilevel triangulations in R¢, d > 2.

Date: June 9, 2002; revised January 12, 2003 and March 21, 2003.

Key words and phrases: nonlinear approximation, Jackson and Bernstein estimates, multi-
variate splines, multilevel nested triangulations, multilevel bases, stable local spline bases.
2000 Mathematics Subject Classification: 41A15, 41A25, 41A63, 65D07, 65D17.
Abbreviated title: Nonlinear spline approximation

1 Introduction

Nonlinear approximation of functions in dimensions d > 1 is a challenging area, especially if
one moves away from tensor product type approaches in order to more adequately approxi-
mate functions with singularities along curves and with other anisotropies. One of the most
natural tools for approximation is piecewise polynomials over triangulations, and a funda-
mental problem is to characterize the rate of nonlinear approximation in L, (0 < p < 00) in
terms of properly defined global smoothness conditions. This problem is disheartening if one
allows the nonlinear approximation to be from any piecewise polynomial over an arbitrary
triangulation. The difficulty stems from the highly nonlinear nature of piecewise polynomials
in dimensions d > 1. For instance, if s; and s9 are two piecewise polynomials over n triangles
in R? each, then s; + s, is in general a piecewise polynomial over many more than n (even
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> n?) pieces. Therefore, the well known recipe of proving Jackson and Bernstein estimates,
and then applying interpolation is useless.

The problem becomes even harder when differentiable piecewise polynomials are needed,
which, for instance, is the case for numerous practical applications of surface modeling, and
for the conforming finite element methods for higher order partial differential equations.
Moreover, there is an intrinsic demand for differentiability of the approximating tools from
the point of view of the nonlinear approximation theory itself. Indeed, this property, together
with local reproduction of higher degree polynomials, is crucial for the ability to represent
higher order smoothness spaces, such as classical Sobolev or Besov spaces in regular settings
(see Theorem 2.15). The desirable differentiability of the approximating piecewise polyno-
mials, however, leads to additional difficulties because of the complicated structure of spaces
of multivariate splines. For example, the dimension is not known and stable local bases
are impossible in general already for the space of all piecewise polynomials of degree < £
and smoothness r > 1 with respect to a finite triangulation of a polygonal domain in R? if
k < 3r+2 [10].

A reasonable alternative to “spline approximation with free triangulations” is to consider
nonlinear n-term approximation from hierarchical sequences of spline bases over multilevel
nested triangulations of RY. (For the sake of simplicity, we shall restrict ourselves in this
article to the case d = 2.) To explain this concept more precisely, consider a sequence
(Tm)mez of partitions of R? into triangles with disjoint interiors such that each level Ty, is
a refinement of the previous one 7,,_1. Let T := |J,,cz Tm- We impose certain mild (and
natural) conditions on the triangulations which prevent them from deterioration, but still
allow the triangles to change in size, shape, and orientation quickly when moving around at
a given level or through the levels. In particular, triangles with arbitrarily sharp angles may
occur at any location. We denote by S®7(7,,) the set of all r-times differentiable piecewise
polynomials with respect to 7, of degree < k. Given a ladder of spaces

e C8LCSHCS Ty, S CSE(T), (1.1)

and bases ®,, of S,,,, m € Z, we set & := ¢y = UmeZ ®,,. Using the standard wavelet
terminology, we can describe such a nested sequence of spaces with bases as “spline mul-
tiresolution” (or “multiresolution analysis”).

Consider now the problem for nonlinear (n-term) approximation from the set ¥, of all
piecewise polynomials of the form s = 2?21 cj;, where ¢; € ® may come from different lev-
els and locations. Once a particular multilevel triangulation has been selected, the variety of
piecewise polynomial approximations significantly reduces. However, a great deal of flexibil-
ity is retained, and the problem remains highly nonlinear. For instance, thin and elongated
basis functions are allowed. On the other hand, the advantages of multilevel approximation
methods can be exploited in full.

Our program consists of the following basic steps:

e We construct hierarchical sequences of bases (P, )mez on multilevel triangulations sat-
isfying certain requirements of local regularity allowing anisotropically shaped triangles.

e To quantify the approximation process, we introduce and develop a family (library) of
smoothness spaces B*(®7) depending on ®7 and as a consequence on the triangulation
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T. We call them B-spaces since they have some resemblance with Besov spaces. So,
the idea is to measure the smoothness of the functions using a family of space scales
B%(®7) (which vary with @) instead of a single scale of smoothness spaces like the
scale of Besov spaces.

e We develop a coherent theory of nonlinear n-term approximation from ®;+ based on
the idea of proving Jackson and Bernstein estimates and interpolation.

e We utilize this theory in the development of algorithms for nonlinear piecewise poly-
nomial (spline) approximation which capture the rate of the best approximation.

The logic of the resulting approzimation scheme is the following: Suppose {®7}r is a
collection of multilevel sequences of (spline) bases as above.

(i) For a given function f, find the “right” triangulation 7 := 7 such that f exhibits
the most smoothness (sparsity of its representation) when measured via the scale B*(®7).

(ii) Find an optimal or near optimal representation of f using ®7. (Note that &7 is
redundant, i.e., linearly dependent.)

(iii) Using this representation, run an algorithm for n-term L,-approximation which
achieves the rate of the best n-term approximation.

Naturally, the first step presents the most challenging problem in this scheme. We do
not have a completely satisfactory algorithm for this step. (Note that this problem has a
complete and efficient solution in the simpler case of nonlinear approximation from piecewise
polynomials over dyadic partitions, see [54].) As it will be shown in this article, the other
steps are now well understood and have complete solutions.

The above program has been suggested in [38] and implemented in [38, 39] in the cases
of approximation from discontinuous piecewise polynomials and continuous piecewise linear
functions (r = —1, k > 1 and r = 0, kK = 2, where r = —1 corresponds to the discontinuous
case). The simplest example of a hierarchical family of continuous basis functions is the set
of all Courant elements generated by a multilevel nested triangulation 7, that is, the set of
all piecewise linear and continuous functions ®7 = {¢y} supported on the cells {#} (each 0
is the union of all triangles of a particular level 7, attached to a vertex), see [38].

In the present article, we develop the theory of nonlinear n-term approximation for basis
families consisting of differentiable piecewise polynomials (r > 1). The construction of
such basis functions suitable for application is hampered by the fact that both the classical
differentiable finite elements [14] and the earlier polynomial spline basis constructions on
arbitrary triangulations [1, 8, 16, 17, 18, 35, 36, 44, 48, 57| are difficult to use for our
purposes, see Remark 4.12 and the discussion in §5.3. The stable local spline bases of [27]
can in principle be used in two variables. However, all other arguments of our article are
basically “dimension independent”, and we refrain here from treating the case d > 2 only
for the sake of simplicity and clarity. Therefore, we build upon the nodal spline bases of
[22], which is the only known approach that produces stable local bases for nested spline
spaces on general triangulations in all dimensions. However, these bases are stable only for
triangulations satisfying (in R?) the minimal angle condition. We extend the construction
of [22] to a wider class of strong locally regular triangulations, see §2 for a definition. Note
that the new basis functions are invariant under affine transforms (see Remark 4.9). In the



case 7 = 0 our construction reduces to the classical continuous Lagrange finite elements and
is valid for any locally regular triangulation, see Remark 4.13.

A focal point of our development is the characterization of nonlinear n-term approxi-
mation from families of differentiable spline basis functions, including the development of
B-spaces, proof of Jackson and Bernstein estimates, and characterization of the approxima-
tion spaces by interpolation (see §2-§3). In [39], there are three algorithms developed for
nonlinear n-term approximation in L, (0 < p < co) from Courant elements. These can be
immediately implemented for n-term approximation from differentiable spline bases and it
can be shown similarly as in [39] that they achieve the rate of the best approximation. We
do not pursue this goal here.

The B-spaces from the present article can be viewed as a generalization of the “ap-
proximation spaces” from §3.4 of [51] (see also the references therein). More precisely, in
the specific setting of “quasi-uniform partitions” and the basis functions used in [51], our
B-spaces coincide with the approximation spaces of [51].

The theory of nonlinear n-term approximation from box splines (on uniform triangula-
tions) has been developed in [29] (p < oo) and [30] (p = oo) (for nonlinear spline approxi-
mation in dimension d = 1, see [53]). In these articles, direct, inverse, and characterization
theorems have been proved utilizing certain Besov spaces. Even in this case, our results
which utilize B-spaces (in place of Besov spaces) are more complete since they characterize
nonlinear n-term box spline approximation for all rates of approximation while in the above
mentioned articles the rate is restricted by the Besov smoothness of the box splines.

There is an apparent connection between our developments here and multilevel finite
element methods for PDEs; see, e.g.,[51]. Therefore, it seems an interesting task to de-
velop finite element algorithms for solving PDEs which achieve the rate of the best n-term
approximation of the solution.

The outline of the article is the following. In §2, we introduce and develop the B-
spaces needed for the characterization of nonlinear approximation, for any family of basis
functions with certain properties. In §3, we develop the general theory of nonlinear n-
term approximation from piecewise polynomials, where the global smoothness of functions
is measured by means of our B-spaces. In §4, we construct hierarchical sequences of bases
consisting of differentiable piecewise polynomials. In §5, we review a number of alternative
constructions fitting into our scheme, based on box splines and some other spline bases on
special triangulations. The final §6 is an appendix containing some of the proofs.

Throughout the article, we use the following notation: L%¢(R?) := C'(R?) and L, (R?) :=
Co(R?) := {f € C(R?) : lim, f(z) = 0}, LY := L(R?), 0 < ¢ < o0, C := C(R?),
|- lg == Il - llg®2)y, 0 < g < oo; I denotes the set of all algebraic polynomials in two
variables of total degree < k. For any Q C R2?, 1 denotes the characteristic function of €
and |(2| the Lebesgue measure of €. Positive constants are denoted by ¢, ¢y, ... (they may
vary at every occurrence), a & (3 means cia < 3 < cpr, and « :=  or  =: « stands for “a
is by definition equal to 3”.



2 B-spaces generated by spline multiresolution

In the present section, we introduce and explore the smoothness spaces we need for the char-
acterization of nonlinear n-term spline approximation generated by families of differentiable
basis functions over multilevel nested triangulations.

2.1 Triangulations

In our development, we utilize three types of multilevel nested triangulations. We shall
call each of them simply a triangulation, although such a triangulation does not form a
single partition of R? but rather an infinite nested family of partitions (each of them is a
triangulation of R? in the more commonly used sense).

Let 7 = U,,cz, Tm be a set of closed triangles in R? with levels T,,, m € Z. Denote by
Vm the set of all vertices (nodal points) of triangles from 7, and set V :=J__, Vin- We say
that 7 is a triangulation of R? if the following conditions are fulfilled:

MEZL

(a) Every level 7, is a set of triangles with disjoint interiors which cover R*: R? =
UAeTm A.

(b) The levels (7 )mez of T are nested, i.e., Tpy1 is a refinement of 7, obtained by splitting
each A € 7T, into subtriangles with disjoint interiors called children of A.

(c) Each triangle A € T, has at least two and at most My children in 7,1, where My > 2
is a constant independent of m.

(d) No hanging vertices condition: No vertex of any triangle A € 7Ty, lies in the interior of
an edge of another triangle from 7,,.

(e) The valence N, of each vertex v € V,, (the number of triangles A € 7, which share v
as a vertex) is < Ny, where Ny > 3 is a constant.

(f) For any compact K C R? and any fixed m € Z, there is a finite collection of triangles
from 7,, which cover K.

Note that any two triangles in 7 either have disjoint interiors or one of them contains the
other. In particular, A" € 7,41 is a child of A € T, (m € Z) if and only if A" C A. If A
and A" are two different triangles in 7 and A’ C A, then we say that A is an ancestor of
A, while A’ is a descendant of /.

e Locally regular triangulations. We call a triangulation 7 = {J,,c5, Tm a locally regular
triangulation of R? or briefly an LR-triangulation, if T satisfies the following additional
conditions:

e There exists a constant 1/2 < p < 1 such that for each A € T and any child A’ € T
of A,
(L= p)|A <A < plAl (2.1)



e There exists a constant 0 < 0; < 1 independent of m such that for any A', A" € T,
(m € Z) with a common edge,

oy < A/|A"] < 6y (2.2)

By (e), it follows that for any A, A" € T, with at least one common vertex, (2.2) holds
No/2

with d; replaced by d;
e Strong locally regular triangulations. We call a triangulation 7 = | J,,c;, Tm a strong
locally regular triangulation of R? or briefly an SLR-triangulation, if T satisfies (2.1) and the
following condition that replaces (2.2):

e There exists a constant 0 < J, < 1/2 such that for any A', A" € T, (m € Z) sharing
an edge,
lconv (AU A")|/|A] < 857, (2.3)

where conv (G) denotes the convex hull of G C R2.

Obviously, (2.3) implies (2.2) with 6; = Jo. Therefore, each SLR-triangulation is an LR-
triangulation.

e Regular triangulations. By definition, a triangulation 7 =, ., T is called a regular

triangulation if T satisfies the following condition:

meZ

e There exists a constant § = (7) > 0 such that the minimal angle of each triangle
A eTis>p.

Next, we make a few remarks which will help understand better the nature of the trian-
gulations that we utilize.

(i) For each of the three types of triangulations there is a number of constants that are
assumed fixed. In what follows we refer to them as parameters. Thus the parameters of
an SLR-triangulation are: My, Ny, p, and . Notice that because of (2.1), we can set
My :=1/(1 — p) and remove M, from the list of parameters. However, this would tend to
obscure the actual role of p and M.

(ii) It is a key observation that the collection of all SLR-triangulations with given (fixed)
parameters is invariant under affine transforms. The same is true for LR-triangulations.

(iii) It is easy to see that (2.3) is equivalent to the following condition introduced in [38]:

Affine transform angle condition: There exists a constant 8 = 3(7), 0 < 8 < 7/3, such
that if Ay € T, m € Z, and A : R?> — R? is an affine transform that maps A\, one-to-one
onto an equilateral reference triangle, then for every A € 7, which has at least one common

vertex with Ay, we have
min angle (A(A)) > G, (2.4)

where A(A) is the image of A by the affine transform A.

The equivalence of the two conditions follows easily from the obvious but important fact
that both conditions are invariant under affine transforms.

Note that we prefer to use (2.3) rather than (2.4) in the definition of SLR triangulations
in this article since the constant d, appears naturally when estimating norms of the basis
functions constructed in §4 (see (4.8)) and also (2.3) is easier to verify in practical situations.
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(iv) As we have already mentioned, every SLR-triangulation is an LR-triangulation but
the converse statement is not true. Also, every regular triangulation is an SLR-triangulation
but not the other way around. Counterexamples are given in [38].

(v) The mazimal angle (MA) condition

7 — max angle (A) > 3 > 0, AeT, (2.5)

known from the finite element method [2] is totally different from our conditions of regular-
ity. It is easy to see that there are SLR-triangulations that do not satisfy MA, and there
are triangulations that satisfy MA and fail to be locally regular. As we shall see below
(Example 4.7), our construction of stable differentiable basis functions does not extend to
triangulations satisfying MA condition but failing to be SLR.

(vi) The rate of change of the size of the elements (|A|, min angle (A), and diam(A)) of a
triangle A € T as A moves away from a fixed triangle A°® € T for different types of triangu-
lations T is explored in [38]. We shall briefly discuss this issue for SLR-triangulations which
are the most important type of triangulations for the present article. An SLR-triangulation
7T may have an equilateral (or close to such) triangle A° at any level T, with descendants
Ay D Ay D ... such that minangle (A;) — 0 as j — oo, and also a sequence (A})2, C T,
with A = A and AL NVALL, # 0 (5 =0,1,...) such that minangle (A7) — 0. Conditions
(2.1) and (2.3) suggest geometric rates of change of |A|, minangle (A), and diam(A) as
A € T, moves away from a fixed A® € 7,,. In fact, the rate of change is a power of the
minimal number of edges connecting A and A°, see [38].

(vii) We shall need to know what happens with the levels 7, of a triangulation 7 as
m — —oo. By Lemma 2.1 from [38], for each LR- triangulation T there exists a finite cover
T-oo of R? such that either T oo = {R?} or T_oo = (AL )3, Noo < No, where each AJ
an infinite triangle, i.e., the set of all points on and between two rays which are not colhnear
and have a common beglnnlng Moreover, in the second case, the infinite triangles (A7 ) ]
have a single common vertex and disjoint interiors, and also each triangle A € 7 and all its
ancestors are contained in an infinite triangle AL € T_

For more details about multilevel triangulations, see [38].

e Some additional notation and preliminaries. We denote by [vi,vs] the interval
(straight line segment) with endpoints vy, v, and by |e| the length of e = [v;, v3]. Furthermore,
we let [v1, v9, v3] denote the triangle with vertices vy, v9, v3, and |A| the area of A = [vq, v, v3].
Throughout the article, we assume that the vertices vy, vo, v3 of any triangle [v1,ve, v3] are
ordered counterclockwise.

For a triangle A € T, (m € Z), we define level(A) := m.

For any vertex v € V,,, we let star (v) = star ! (v) denote the star of v, i.e.,the union of
all triangles A € 7T, attached to v. Moreover, for each ¢ > 2, we denote by star*(v) the
union of star *~!(v) and the stars of the vertices of star *~!(v). (Note that star‘(v) depends
also on the level m, but we do not indicate this in the notation since it is always clear from
the context what level is meant.) We also set

QY = U{star‘(v) : v € V,, A Cstar’(v)}, A € Tp. (2.6)

It is easy to check that Q% := U{star?*~!(v) : v is a vertex of A}, A € Tp,.



It is readily seen that there exists a constant ¢* = ¢*(Ny, £) < N¢ such that
#{N €Ty ACstar’(v)} <", vEV,, (2.7)
and hence there exists a constant ¢ = ¢**(Np, ) < 3¢*(Np,2¢ — 1) — 5 < 3N2*"! such that
HNANET, - ANCQ} <™, AT, (2.8)

We denote by &, the set of all edges of triangles of 7y, and set £ := (J,,,cz, Em- We let
star(e) denote the union of the two triangles attached to e € &,.
For future use, we state the following inequality

S (ANIA) <Y =clpy) <o, A ET, >0, (2.9)
AET,ADA! j=0

which is immediate from the properties of LR-triangulations (|A'| < p|Alif A" is a child of
A).

2.2 Basis functions: The general setting

Let T = U,,ez Tm be a locally regular (or better) triangulation. For m € Z, r > 0, and
k > 1, we denote by S&™ = S*7(7T,,) the set of all r times differentiable piecewise polynomial
functions of degree < k over Tr,, i.e., s € S&" ifand only if s € C"(R*) and s = >\ 7 1a-Pa
with Pn € TI;. Naturally, S% ! will denote the set of all piecewise polynomials of degree
< k over 7, which are, in general, discontinuous across the edges from &,,.

We assume that for each m € Z there is a subspace S,, of 8% (r > 0, k¥ > 2) and a
family @, = {pg : 0 € ©,,} C S,,, of basis functions satisfying the following conditions:

o 1I; C S, for some 1 < k < k (k independent of m).
e S, CSui1 (MmeZ).

e For any s € S, there exists a unique sequence of real coefficients a(s) = (ag(s))sco,,

such that
§= Z ag(s) e
0@ m

(Thus, ®,, is a basis for S, and (ay(+))gco,, are the dual functionals.)

e For each 0 € O,, there is a vertex v = vy € V,, such that

supp @y C star(v) =: Fj, (2.10)
120l Loom2) = 198l Loc () < M, (2.11)
|ao(s)| < MalsllLe(m), 5 € Sm, (2.12)

where £ > 1 and M, M, are positive constants, all independent of # and m.



Let
d = U<I>m and O := U@m.
MEZL MmEZL
We shall refer to r, k, k, £, My, and M, as parameters of ®.

A simple example of a family of basis functions satisfying the above conditions is the set
of well known Courant elements (continuous piecewise linear basis functions, r = 0, k = 2)
associated with 7 (see [38]). Concrete constructions of differentiable basis functions (r > 1)
will be discussed below in Sections 4-5.

Although © and ©,, (m € Z) are simply index sets, in the case of Courant elements,
© can be identified as the set of all cells (supports of basis functions). As we shall see in
Sections 4-5, in general, several basis functions of ®,, may have the same support. However,
the supports of only < constant of them may overlap:

Lemma 2.1. There is a constant L depending only on k, £, and Ny such that for any \ € T,
(m € Z),
#{0 €O, : EgDA} <L, (2.13)

where Ey is defined in (2.10).

Proof. We have by (2.10) and (2.8),
#{0 €O : ACE)} < dimSy g < dimSP (7)o

= (kgl)#{A’eTm: A c QLY

k+1
S(;)&*..

We shall frequently use the equivalence of different norms of polynomials as stated in the
following lemma (see also [38]).

Lemma 2.2. Let P€lly, k> 1, and 0 < p,q < 0.

(a) For any triangle N C R2, || P||z,n) = |AYP V9| Pl|1,(a) with constants of equiva-
lence depending only on p, q, and k.

(b) If A and A" are two triangles such that A" C A and |A| < ¢1|A'|, then ||P||,a) <
c|| Pl ,ary with ¢ = c(p, k, c1).

(c) If N and I\ are two triangles such that A" C A\ and |A'| < co| A| with 0 < ¢y < 1,
then ||P|lr,a) < cl|Pllzya\an & [AMP=Y)| Pz a\an with constants depending only on p,
q, k, and co.

By (2.2) and (2.7), |Ep| =~ |A] if A C Ey, A € Ty, and 6 € O,,. Using this and
Lemma 2.2, we obtain that, for 0 < p, ¢ < oo,

”S“Lp(Eg) I~ |E9‘1/p_1/q||8||Lq(E9), S € Sm, 0 e @m, (214)

where the constants of equivalence depend on p, ¢, k£, and ;. In particular, we shall need
(2.14) with s = ¢y, when it takes the form ||@gl|, = | Eg|*/P~4||¢g|l4, in view of (2.10).



Lemma 2.3. The bases ®,, are L,-stable for all 0 < q < oco. That s, if g := Zee@m bypy,
where (bg)geco,, 1S an arbitrary sequence of real numbers, then

lgllg = () Iloowalld)™ .

0cO,

Moreover, for any v € R and 0 < 7 < 00,

(> (ALl zya) )M = (Y (1Eolllbowoll)™) (2.15)

ANETm 0€0,

where the constants of equivalence are independent of m and g. In the case ¢ = oo (or
T = 00) the {y-norm (¢;-norm) above is replaced by the sup-norm as usual.

Proof. We only have to prove (2.15), since the first statement of the lemma then follows
with v = 0 and 7 = ¢. For each A € T, we have by (2.10),

lgllay =11 D bogallg<ec D lbapolly:

0€Om,EgDA €O, EgDA

Therefore, by Lemma 2.1 and (2.7),

ST UAMGlLga)” < e > > (1B lboslly)”
ANET, AETM €O, EgDA
< ¢ Y (1B lboollg)"-

0cO,,

In the other direction, since ® is a basis of S, and g € S, we have by = ay(g), 0 € O,
and hence, by (2.12), (2.14), and (2.11),

1boolly = llas(9)@olly < cllgllrawiEnllolly < cllgllo(sa)| Eal
< lllgllrgmy <c Y Nglliga)-
AETm, ACEy

Since |Ey| ~ |A] if A € Ty, and A C Ey, we have, by (2.7) and Lemma 2.1,

> (B begolly)™ < > Y (1A Igllnya)”
0E®m aegm AETm, ACEG
< ¢ Y (A1) =

ANETH

Local polynomial approximation is an important tool in spline approximation. For a
function f € L,(Q), G C R?, we denote by Ex(f,G), the error of the best L,-approximation
to f on G from IIj, and by wi(f, G), the k-th local modulus of smoothness of f on G-

Ey(f,G)q = Aot If = Pllzge),  wi(f, G)q := sup |AL(f, )z, )

heR2
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Whitney’s theorem gives an important relation between these two quantities: If f € L,(G),
0 < g < oo, where G = /A an arbitrary triangle or G = Qa with A € 7, T an SLR-
triangulation, then

Ep(f,G)q < cwr(f, G)g, (2.16)
where ¢ = ¢(q, k) if G = A and ¢ = ¢(q, k, d2) if G = Qa (d2 is from (2.3)). For a proof of
this estimate, see, e.g., the Appendix of [38]. Note that this estimate holds for much more
general regions G, but then the constant ¢ = ¢(G) may become hard to control.

For 0 < ¢ < oo and a triangle A, we let Pa ,: L,(A) — II; be a projector such that

1f = Pag()liacay < CBx(f, B)g,  for f € Ly(A). (2.17)

Note that Pa , can be realized as a linear projector if ¢ > 1. For instance, one can utilize
the averaged Taylor polynomial. Namely, suppose 4\, is an equilateral reference triangle
and A is an affine transform mapping A onto Ay. Let now P(g) € II; be the averaged
Taylor polynomial of the function g := f o A~! (the composition of f with A1) over the
disc B inscribed in A (see, e.g., §4.1 of [12]). Clearly, P : L,(B) — Il is a linear operator,
|P(9)llz,B) < cllgllzy) (¢ > 1), and P is a projector, i.e., P(Q) = @ for @ € II;. From
these properties of P, it follows that for an arbitrary @ € I,

19 = P(9)llzeire) < g = Qllzyan) + 11Q — P(9)lzya0)
< g = Qllzyro) + cllP(g — )|,y < cllg — QllL,20)

which implies ||g — P(g)||L,(20) < ¢Ek(g, No)g- Substituting back, one easily obtains || f —
(PoA)(f)llzya) < cEx(f,A),. Finally, we set Pp, := P o A which is the desired linear
projector of L,(A) into IIj.

Note that P , cannot be realized as a linear operator if 0 < ¢ < 1 (otherwise, we would
be able to construct a nonzero bounded linear functional on L,).

We define a linear operator Q,, : S*7(7,,) — S,, as follows. For each 6 € ©,,, let
Ao : 8 (Tm) g, — R be a linear functional such that

Xo(s|E,) = ap(s), s €S, and

Xo(f)| < M|l fllowwimg)s [ €S HTm)lE,-

Such linear functional always exists by the Hahn-Banach theorem. We set

Quls) = 3 Nolsle)en, s €S (Tr). (2.18)

€O,
Clearly, Q,,(s) = s if s € S, and thus @,, is a linear projector of S*~1(7,,) into S,,.

Lemma 2.4. For any s € S¥71(T,,), 0 < ¢ < oo and N\ € Ty,

1@m (s)llzga) < cllsllz0z), (2.19)

with a constant ¢ independent of m, A\, and s.
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Proof. By Lemma 2.2 and (2.14), we have
eollzyay < el AN @sll ey < s M| A,
||8||Loo(Ea) Ol l/qHS”Lq(Ea)’

where ¢; and ¢y depend only on ¢ and k. Therefore,

1Qn(euy = | 30 Molsleen], < 0 Dalslm)llgolleya
q
R AR
< o 2 Msliwmnl A < e D lslluye < cllsllzy -
€0, 0€Om
ACEy ACEy

We now extend @ to Li(R?), 0 < ¢ < oco. Let Pag : Ly(A) — IIx be a projector
satisfying (2.17) (linear if ¢ > 1). We define

Pmg(f) = Y Ta-Pag(f), for fe L, (2.20)
AETm

which is a projector of Li*® into S~
We put
Qm,q(f) = Qm(pm,q(f))a for f € L};Ca (2'21)

which is evidently a projector of L}IOC into S, (linear if ¢ > 1 and all Pa , are linear).
We next show that @, , provides a good local L,-approximation from S,,. We let SA(f),
denote the error of L,(Q4 )-approximation from S,,, i.e.,

Sa(f)g = inf 17 = slli,@y) A €T (222

Thus, SA(f), is the error of approximation to f from restrictions to Q% of functions from
S, which is not necessarily the same as the approximation by all r times differentiable
piecewise polynomials of degree < k defined only on QY even if S,, coincides with S".
However, since II; C S, Sa(f), does not exceed the error of L,(Q% )-approximation to f

from polynomials of degree < k.
Lemma 2.5. If f € L*(R?), 0< ¢ < oo (f € C if ¢=00), then
1f = Qma(Nlzga) < Salfly, A € Tm (meZ),
with ¢ independent of f, m, and A.
Proof. Let sp € S, be such that || f — sall,@s) < ¢Sa(f)q- Using the properties of Qnm
(see Lemma 2.4), we find
If = Qma(Negay = If = Qupma(f)lLya)
clf = sallzoa) + cllsa — QmpPmg(F))lle)
Salf)g + cll@m(sa = Pmg(f)lLo(a)
Salf)g +cllsa = Pmg(F)llLy o)
e tcllf = sallo,n) + cllf = Pmg(Hllzy @)
flg ™

IAININA

IN

(
A(
Sal

IN
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Lemma 2.6. (o) If f € LY°(R?), 0 < g < oo, then for every compact K C R?,

| f = Quma(H)llz,x) =+ 0 as m — oo. (2.23)
(b) If f € L,(R?), 0 < q < oo, then

|f — Qma(H)llL, ey =0 as m — oco. (2.24)

For the proof of this lemma, we need the following result:

Lemma 2.7. If T is an LR-triangulation, then for each triangle A\° € T
max{diam(A): A € T,,ACA°} =0 as m — oo. (2.25)

Proof. Let mgy := level(A°). We set d,,, := max{diam(A) : A € T, A C A°}. Since
(dm)pe_m, is mon-increasing, it suffices to show the existence of a subsequence tending to
zero. Let e be an edge of a triangle A € 7,,, A C A°. If it is also an edge of a child of A,
then the valence of at least one of the two endpoints of e will increase by one at level m + 1.
(Recall that there are always at least two children, so that a child and a parent cannot be the
same triangle.) Therefore, e will be subdivided at least once after at most S := 2(Ny—3) +1
steps of refinement. By (2.1), it readily follows that any edge e’ obtained by subdividing e
satisfies |€/| < ple| < pdp,.

We call an edge of a descendant of A° a cutting edge for A° if one of its endpoints
is a vertex of A° and the other lies in the interior of the opposite edge of A°. Since all
cutting edges must emanate from the same vertex of A°, there are totally no more than
M = Ny — 3 such edges for A°. Therefore, no new cutting edges for A® will be created at
levels m > mg + M. (It is easy to see that as soon as no new cutting edges are created at a
level m, they cannot be created on any further level.) Using this and the above observation,
we conclude that there will be no cutting edges at levels m > mg + M + S since they all
will be subdivided. Therefore, each edge e inside /A® at these levels is either a proper part of
an edge of A°, or has both of its endpoints in the interiors of two different edges of A°, or
it has at least one endpoint in the interior of A°. In all cases, condition (2.1) ensures that
le| < pdy,, which implies d,,, < pdy,,, where my = mg+ M + S + 1. It is clear now that
there is an increasing sequence {my}$ ;, such that

A, < pkdmo — 0 as k — oo,
which completes the proof. B

Proof of Lemma 2.6. (a) By condition (f) on triangulations, it suffices to prove the lemma
for K = A°, an arbitrary triangle from 7. By Lemma 2.7,

max{diam(Q%) : A € T, A C Q4.3 =0 as m — oo. (2.26)

Case 1: ¢ < oo. Fix € > 0. In view of (2.26), there exists a piecewise constant function
S. of the form
S, = Z ealpa, me > level(A°),

AETme, ACQY
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such that
1f = SellLya,) <€ (2.27)

(choose first g € C(Q4%.) so that ||f — 9||Lq(Q‘3Ao) < €/2 and then choose S so that ||g —

Scllzm@ty) < 5190 79). Then Qug(Se) = Qu(Se)-
We have, for m > m,,

1f = Qua(Nlzgaey < ellf = Sellyae) + cllSe — Qg (Se)llLy(a0)
+ Q@ (Se = Pmg(F))lq(ae): (2.28)

For the third term above, we have

”Qm(Ss - pm,q(f))“Lq(A")

IN

cl|Se — pm,lI(f)”Lq(Qle)
< f- Ss“Lq(Qle) +cllf - pmyq(f)”Lq(Qle)
< lflf = Selly@n,) < e (2:29)

where we used Lemma 2.4 and that ||f — pmq(f)llz,0s.,) < Cllf = Sellz e,y (M = me), by
(2.17).

It remains to show that ||S; — Qpq(S:)||z,a°) < ce, for sufficiently large m. Denote
by G the union of the edges of all triangles A € 7,  such that A C A°, and by G; :=
{z € R? : dist(x,G) < 6} the §-neighborhood of G. Clearly, there exists § > 0 such that
15e]| Lo(as) < &

By (2.26), there exists m; > m, such that diam(Q%) < § for all triangles A € T,
(m > my) such that A C A° and Q4 NG # 0. Since II; C S, Qu(S:)|a = Sc|a if
Se| elat = constant. Using this, we obtaln by Lemma 2.5

1/q
15: = Qma(Slaany < e D0 SalS2) " < cllSillnyay < ce.
NETm, QL NGHD
We substitute this estimate together with (2.27) and (2.29) in (2.28) to obtain

| f = Qmg()lly(a0) < e, for m > my.

This implies (2.23) if ¢ < oo.
Case 2: ¢ = oo. We have, by Lemma 2.5 and the fact that II; C S,,,

1f = Qg () La(re) < CAe']I‘nancA°C}glfI‘ If - C“Loo Q4)-

Now, the result follows, using (2.26) and the fact that f is uniformly continuous on Q5..
Part (b) of the lemma is immediate from part (a). B

We denote S_o := ),z Sm- As we already mentioned, there are only two possibilities

for T oo T oo {]RQ} or T o = (A )J 0, Noo < Ny, where {AZ_} are infinite triangles with
disjoint interiors and a common vertex which cover R%. If 7 ., = {R?}, then obviously R?

14



is the union of a sequence of nested triangles and hence each s € § ., is a polynomial of
degree < k on R?. Therefore, if 7 o, = {R*}, then S , a subspace of .

Suppose T_ o = (Ago)j\;"‘i and s € S . Then each triangle AJ_ can be represented as
the union of a sequence of nested triangles and hence s is a polynomial of degree < k on AZ_.
Therefore, in this case, s € S_o, implies s € C"(R?) and s|,; = Pj|,; for some P; € I,
j=1,...,Ny. - =

Furthermore, if s € S, and [{z € R? : |s(z)| > t}| < oo for some ¢ > 0, then s = const.
In particular, if s € S_x N L, (p < 00), then s = 0.

2.3 Definition of B-spaces. Equivalent norms. Interpolation.

Suppose T is an LR(or better)-triangulation and ® = &+ is a family of differentiable piece-
wise polynomial basis functions over 7 as described in §2.1-2.2. For the characterization
of nonlinear n-term L,-approximation from ®, we need the B-spaces B (®) which we shall
introduce and explore in this subsection. In fact, the spaces B*(®) depend only on the un-
derlying ladder of spaces ... C S_; C 8§ C & C ... associated with the bases (®y;)mez, but
as it will be shown below these spaces have atomic representations using ®, which justifies
our notation.

We shall need the B-spaces B2(®) in two cases: (a) 0 < p < oo and a > 0, or (b) p = o0
and « > 1 (see Remark 2.14). In both cases, we define 7 from the identity 1/7 = a4+ 1/p
(1/00 :=0).

e Definition of B2 (®) via local approximation. We define the B-space BY(®) as the
set of all functions f € L,(R?) such that

1 lls2ce) = (D (AI7*Sa()))T < o0, (2.30)

AET

where SA(f), is the error of L,-approximation of f on Q4 from S, if A € T,, (see (2.22)).

It is readily seen that B¥(®) is a linear space, [[cf|lsa = |c[[[f]lze and [|f + gll}a <
1 flBa + 9]l e, with A := min{r, 1}. By Theorems 2.8 and 2.10 below, if || f||ga = 0, then
f =0 a.e. Therefore, || - ||ga is a norm if 7 > 1 and a quasi-norm if 7 < 1.

We next define other equivalent norms in B*(®). For f € L,, 0 < n < p, we define

Noga(f) = (Q_ (APS AT, (2.31)

AET

where we have taken into account that 1/7 := a4 1/p. Thus, Ne g (f) = |||l Be(e). More-
over, we shall show that Nos,(f) = ||f||Be(e) if 0 <7 < p (see Theorem 2.10).

e Definition of norms in B%(®) via basis functions (atomic decomposition). For
f € L. (R?), we define

No(De= it (0B leagall)) (232

= ¢
I=>"¢co oo Py
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where the infimum is over all representations of f in the form f =", o csp in L,. (Note
that the existence of such representations for each f € L, follows by Lemma 2.6.) By
Theorem 2.9 below,

> (Bs|*llcopallr)” < 0o implies || Y~ [eapa(-)lllp < oo,

0co 9co

and hence ), ¢ copy(x) converges absolutely a.e. Therefore, the specific type of convergence
that we use in the definition of Ng(f) above is not essential. Using (2.14), we have

1/7
N, ~  inf ( E,|1/7—1/)|c )
o) =it (OB el
~ CoPyg ) 233)
Lyt (%Zen Iy (

e Definition of norms in B&(®) via projections. For f € L,, we set

G (f) = Quan(f) — Qm-1,4(f) € S, (2.34)

where @y, is from (2.21), and let (bg,;(f))oco,, be defined by the identity

Gmn(f) = Z bo.(f)po sie, boy(f) == ag(gmy(f)), 0 € Op. (2.35)
€0,
We define
Nogr(f) = O _(1Eo|™llbo.+(f)poll-)7)" (2.36)
0o

and, more generally (see (2.31)),

Nogu(f) = Q_(1EslP=bon(F)pall))", 0 <n<p. (2.37)
0co

By Lemmas 2.2-2.3, it follows that

Noga() = (Y D (A Mg (Hllz,) )" (2.38)

mEZ AETm

and, for 0 < u < o0,

Na,gn(f) = O _(1Bsl* ) boq (£)00ll) )™ 2 OO ban(f)pallp) /™ (2.39)

0co fco

We shall show (see Theorem 2.10 below) that all of the above norms are equivalent. To
this end, we need the following embedding theorem.
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Theorem 2.8. If f € L,(R?), 0 <n < p < o0, and Ng g,(f) < o0, then

F= " ama(f) = bon(F)eo (2.40)

meZ 0cO

with the series converging absolutely a.e., and

1fllp < cll Z |gmn (SOl < <] Z Do, (f)eo()llp < cNagn(f) (2.41)

meZ 0co
with ¢ independent of f.

The proof of Theorem 2.8 hinges on the following more general embedding theorem which
is a special case of Theorem 2.5 from [54].

Theorem 2.9. If0 < 7T <p< o orp=o00 and 0 <7 <1, then for any sequence of real
numbers (cp)oco, we have

1> leapo ()l < e lleowally) ™, (2.42)

L) O
with ¢ independent of (cg)gco-

For completeness, we give the simple proof of this theorem in the Appendix (§6).

Proof of Theorem 2.8. We introduce the following abbreviated notation: @y, := Q. (f),
Gm = Gy (f), by := b, (f), and N(f) := N g ,(f)- By (2.35), (2.39), and Theorem 2.9, we

have
I gl < el D 1baps()llp < eN(f) < o0, (2.43)

mEZ 6co

and hence ), [gn(z)| < oo a.e. On the other hand, by Lemma 2.6, we have || f —Qp|[z, —
0 as m — oo. The above two facts imply

o0

f—Q = Z ¢m absolutely a.e. on R2. (2.44)

m=1
We use Lemma 2.1 and Lemma 2.2 to obtain, for A € T, (m € Z),
1 1 1
lgmll(a) < AT llamllnya) <A77 Y llbagoll, < clATZN(S).
0E®m,EgDA

Therefore, for a fixed A" € T, (v € Z),

3 Ntmllzw@ay < eN() Y AT

m=—00 NET, ADN!

= NI Y (A/IA)Y (2.45)

AET,ADA
< | A'|TYPN(f) < o0,
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where we used (2.9). We set

0
500 i= Qo — Z ¢m Ppointwise in R2. (2.46)

m=—0oQ

From (2.45), it follows that s is well defined and the series in (2.46) converges uniformly
on every compact in R?. Evidently, (2.46) yields soo = Q) — Y v @m for each v € Z.
Fix n € Z. Using Theorem 2.9, we obtain, for v < n,

v

inf Jlso = sllp < llso = Qully =11 D amllp
SES,

m=—0oQ

1/
< c( Z ||b9g09||;) —0 asv— —oo,

GEU:n:—oo Om

where we used that (3 ,cq ||bawel|7)"™ & N(f) < co. Therefore, so € S, for every n € Z
and hence Sy € [,z Sn = S—co-
Identities (2.44) and (2.46) yield

S0 = Z Uy (f) = Z bon(f)ps absolutely a.e. (2.47)

meZ 0cO

and hence, using (2.43),

1 = scolly < ell Y 1ama (Al < €ll Y 100 (Fes()llp < eNogulf) < oo (2.48)

MEZ 0O
Since f € L, and f — so € Ly, it readily follows that, for ¢ > 0,
{z:[seol@)| >} < Ha:|f(@)]>1/2} + {z: [f(2) = seol@)] > ¢/2}]
< (@/2) 7 "If1G + (@/2) PIf = sellf < 00

which implies s = 0 (see the end of §2.2). From this, (2.47), and (2.48), we infer (2.40)
and (2.41). The proof is complete. H

Theorem 2.10. The norms ||-||pas), Nosq(-) (0 < 1 <p), Na(-), and Negn(-) (0<n <
p), defined in (2.30)—(2.32) and (2. 37) are equivalent with constants of equivalence depending
only on p, a, n, and the parameters of T and ®.

Proof. Theorem 2.8 readily implies

No(f) < Noga(f), 0<n<p, (2.49)

if N‘I’,Q,n(f) < Q.
Suppose Ngs,(f) < 0o. For each A € T, (m € Z), we have, by (2.34) and Lemma 2.5,

@mn ()2, 2) < cllf = Quallz,a) +cllf = Qm-1nllz,2) £ Salf)y +Sac(f)n,
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where A° D A, A°® € T,,_1, is the only parent of /A. These estimates readily imply

Nogu(f) < Negq(f), 0<n<p. (2.50)

It remains to prove that

Nogaq(f) < Ne(f), 0<n<p, (2.51)

provided Ng(f) < co. Evidently, (2.49)—(2.51) imply the desired equivalence of norms.
Notice first that, by Holder’s inequality, Nos ,.(f) < Nags,(f), if 0 < p < n, and hence
it suffices to prove (2.51) only for 7 < n < p.
Suppose f € L, and 0 < Ng(f) < oo. Then it follows by the definition of Ng(f) that
there exists a sequence (cg)geo such that

f= angog in L, (2.52)

0co

1/7
and (29€@(|E9\_"‘||ca<pg||T)T> < 2Ng(f). Theorem 2.9 implies that in (2.52) we have
absolute convergence a.e. We next estimate

Nagsa(f) = (A1 A0, (2.53)
AET
using that Sa(g)y, = 0if g € Sy and A € T, and Sa(g)y < ||9llz, (s ), in general. We

denote f; := Zaeej copp. Fix A" € T and assume that A’ € T, (m € Z). We have, using
Theorem 2.9 (7 < n < 00) and (2.14),

Sw(f)y = Sal Y fn <l D fillyar,

j=m+1 j=m+1

o
,
<Y S el e X el
j=m+19co,;, BEgcO, () €0, EgC2,
< e Y BT cppll7

06@, Eg CQ%,

Substituting this in (2.53), we obtain

Nogsa(f)T < ey (IR (BT ey I

NET 6c0, Bgc0?,

= cy D, (Bl B eopollr)”

A'ET 9cO, Ey CQZAZ,

< CZ(|E0|_Q”C€S06”T)T Z (|E0|/|AI|)T(1/"7—1/]J)’

6 NET, 0%, DE,
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where we once switched the order of summation. By (2.1)-(2.2),
H{N €T, : Q% > Ep} < (N, £), velZ, 0e0,

and |Ey| < cp?|A'| if E, C QQA@, with A’ € T, and 0 € ©,,,; (m € Z, j > 0). Using these,
we obtain

ST (Bl < 3 D < ¢ < oo
AET, 02 DE, Jj=0

Therefore, Nosy(f)" < D geo(|Eal~%|lcopsllz)” < cNa(f)™ which yields (2.51). =

The following embedding result is quite obvious.

Theorem 2.11. For 0 < ap < oy and 7j := (o + 1/p)™*, j = 0,1, we have the continuous

embedding
BJ'(®) C B (®), (2.54)

e, of f € BRH(®), then f € BRo(®) and || f|| geoay < cll.fll 21 @)
Proof. Fix 0 < n < p. Then by (2.39), we have

||f||ngj Z”bgm Yool B, §=0,1,
fcO

and the theorem follows since 7 < 75. W

e Interpolation of B-spaces. We first recall some basic definitions from the real inter-
polation method. We refer the reader to [3] and [4] as general references for interpolation
theory. For a pair of quasi-normed spaces X, X, embedded in a Hausdorff space, the space
Xo+ X; is defined as the collection of all functions f that can be represented as fy + f1 with
fo € Xp and f; € X;. The quasi-norm in Xy + X; is defined by

I llxoex = A0 lfollxo + 1 /1l

Peetre’s K-functional is defined for each f € Xq+ X; and ¢ > 0 by
K(f,t) = K(f,t; Xo,X1) := inf || follx, + t||f1]lx,- (2.55)
f=foth

The real interpolation space (Xo, X1)x,, with 0 < A < 1 and 0 < g < oo is defined as the set
of all f € Xy + X such that

1/q

00 d
o, = Il + (@K G00F) " <o

with the Lg,-norm replaced by the sup-norm if ¢ = oo
It is easily seen that if X; C Xy (X continuously embedded in Xy), then K(f, %) = || f||x,
for f € Xy and ¢ > 1 and, consequently,

o

Pl =~ 171 + (22K (F.2717) (2.56)

v=0

20



Theorem 2.12. Suppose 0 < p < o0 and ag,c; > 0 or p = 00 and g, ;7 > 1. Let
i = (aj+1/p)~t, j=0,1. Then

(B2 (®), B2 (®)),,- = BI(®) 2.57)
with equivalent norms, provided a = (1 — N)ag + Ay with 0 < A <1 and 7:= (a+ 1/p)~".

Proof. We shall use some ideas from [32]. We may assume that «g < ;. We denote briefly
B® := BY(®) and B% := B;’(®), j = 0,1. Furthermore, we denote by ¢, the space of all
sequences a = (ag)geco of real numbers such that

lalle, := (D lagl")"/? < oo,
0co

We shall utilize the following well known interpolation result (see, e.g., [3]):
(lrys bry)2r = €7, where % = % + % with 0 < A < 1. (2.58)

We fix 0 < 17 < p. Then we normalize the basis functions from ® in L,, that is, |||, = 1
(we use the same notation for the normalized basis functions). We also renormalize the duals
functionals Ay in the definition of @, in (2.18) accordingly.

We denote by b(f) = (by(f))gco the sequence of numbers defined by (see (2.34)—(2.35))

Qm,'r](f) =: Z bg(f)g@g, me Z: (”909”17 = 1)

0c0.,

By Theorem 2.8, Theorem 2.10, and (2.39), if f € B% (j =0, 1), then

FZ3 b(Ngs and |[fllges ~ b(f)le,, (2.59)

0co

and similarly for f € B“.
The theorem will follow by (2.58) and the following lemma.

Lemma 2.13. For f € B* 4+ B* = B (o < ay), we have

K(f,t; B*, B") = K(b(f),t;£s,¢r), t>0. (2.60)
Proof. We first prove that

K(f,t; B®, BY) < cK(b(f), t: 6, 0r,), > 0. (2.61)
Indeed, let a = (ap)peo € ¢r,- Then a € £, (10 > 71) and since b(f) € ¢, (f € B*), we

have b(f) —a € ¢,,. We define ¢ :Lé > oco @99g. Then by Theorem 2.9, g is well defined and

hence I
F=92) (bo(f) — an)po.

0co
By (2.33) and Theorem 2.10, we infer
lgllBe1 < cllalle,, and |If = gllgeo < cl[b(f) - alle,,-
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Since a € {,, is arbitrary, the last two estimates give (2.61).
We next prove that

K(b(f),t;lr, bry) < cK(f, 8 B*, B*), t>0. (2.62)

Suppose g € B*', then by Theorem 2.11, g € B* (ap < ) and hence f — g € B®. We
shall show that there exists a sequence b(g) = (bs(g))gco € ¢-, such that

92> by(g)ps with [gllse = [b(f)]le,,, and (2.63)
0cO
F=9Z > (0o(f) —bo(9))ps with [|If — gllzeo ~ [b(f) — b(g)lle,,- (2.64)
0cO

Clearly, estimate (2.62) follows by (2.63)—(2.64).
Notice that if » > 1, then b(-) can be realized as a linear operator and hence b(f — g) =
b(f) — b(g). Therefore, (2.63)-(2.64) are immediate from g € B* and f — g € B*.
Suppose n < 1. For A € T, we let Pa(f) := Pa,(f) € Iy be the polynomial from the
definition of p,,,(f) in (2.20) (Pa(f) is not unique). Thus Pa(f) € I is such that

1f = Pa(Plleya) < cEx(f, D)y (2.65)

We shall next show that for each A € T there exists a polynomial Pa(g) € II; such that

lg — Pa(9)llL,a) < cEr(g, D)y (2.66)
and
1f =g — (Pa(f) = Pa(@)llz,a) < cEx(f — g, L)y (2.67)

We consider two cases.
Case 1: E(f —g) < E(g), where E(-) := Eg(-,A),. Let R € II; be such that
If—g—R||=E(f—g), where || :=]|"|L,a): (2.68)

We define Pa(g) :== Pa(f)— R € IIj. Then (2.67) holds, by (2.68). We use (2.65) and (2.68)
to obtain

lg = Pal9)ll cllf = Pa(H)ll +cllf —g = Rl < cE(f) + cE(f —9)

cE(f —g) +cE(g9) + cE(f — g) < cE(g)

ININA

which gives (2.66).
Case 2: E(g) < E(f —g). This time, we choose Pa(g) € I so that ||g— Pa(g)|| = E(9)-
Similarly as above, one can show that

If = 9= (Pa(f) = Palg)ll < cE(f — 9).

Thus the existence of Pa(g) € I satisfying (2.66) and (2.67) is established.
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Using the polynomials Pa(g) from above, we define, for m € Z,

Pmn(9) = D 1a-Palg) and pmy(f—g):= Y 1a-(Pal(f) - Palg))-
AETm AETm

Furthermore, as in (2.21) and (2.34), we define

Qumn(9) = Qm(Pmy(9)) and  gmy(9) = Qumy(9) — Qm-1,4(9)-

We define Q. ,(f —g) and g, (f — g) in the same way. Finally, we define b(g) = (bs(9))sco
and b(f — g) = (bs(f — g))sco from

gmn(9) = Y bo(9)ps and gmo(f —9) =t Y bo(f — g)ps, mE L.

€O, €O,

Evidently, pm ,(f — ) = Pmy(f) — Pmyn(g) and since @y, is a linear operator, it follows that
b(f —g) =b(f) —b(g). From this and the fact that Pa(g) satisfies (2.66) and (2.67), using
Theorem 2.8, Theorem 2.10, and (2.39), we obtain that b(g) satisfies (2.63) and (2.64) and
hence (2.62) holds. This completes the proof of the lemma. B

By Lemma 2.13, (2.58), and (2.59) (with o replaced by «), we obtain
[£1l(B=o,Bo1)s . 2 () lerg r)nr = D) le, = [I.f | B

Thus the proof of Theorem 2.12 is complete. W

Several remarks are in order.

Remark 2.14. (a) If p = oo, then the B-space B#(®) (7 := 1/«) is useful for our goals only
if & > 1. The reason for this is that B*(®) is not embedded in C if o < 1. Indeed, consider
the function f := Z;‘;lj_lgogj where 0; € Oy,;, m1 < my < ---, and {¢y,} are Courant
(or other) elements which overlap so that || f|lo ~ >°;~; 77" = co. On the other hand (see
(2.33)) flBa(@) < (325~ LY < oo, since T :=1/a > 1.

(b) We introduced the B-norms Ngg ,(+) and Ng gn(-) with 0 < 1 < p (see (2.31) and
(2.37)) for the following reason. As we shall see in §3, normally « > 1 and hence 7 < 1
which compels us to work in L, with 7 < 1 that is not a very friendly space. At the same
time, if p > 1 we can choose 1 <7 < p and work in L, instead.

(¢) We also want to explain why we introduce the B-spaces over locally regular (or
better) triangulations but not over more general ones. The reason is that if we relax the
main conditions (2.1)—(2.2) in the definition of LR-triangulations, then we can hardly work
with the B-spaces. In particular, the equivalence of the norms (see Theorem 2.10) fails to
exist which makes it impossible to prove all the results from §3.

e General B-spaces. Given an LR(or better)-triangulation 7 and a family of basis func-
tions ® = ®7 over 7 as in §2.2, we define the more general B-space By, (®) = By (S), a > 0,
0 < p,q < 00, as the set of all f € L,(R?) such that

||f||ng(q>) = (Z [2"’0‘( Z SA(f)g) l/p} q> 1/q < o,

meZL AET,2-m<|Al<2—m+1
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with the £,-norm replaced by the sup-norm if ¢ = oo, where SA(f), is as above (see (2.22)).
Evidently, By¥(®) = B, (®). In going further, the norms in Bg(®) from (2.31), (2.32), and
(2.37) can be generalized accordingly. In the present article, we do not explore the B-spaces
in such generality because the space scale B¥(®) is sufficient for our goal of characterizing
the approximation rates of nonlinear n-term approximation from differentiable piecewise
polynomials.

e Fat B-spaces: The link to Besov spaces. Suppose 7T is an arbitrary SLR-triangulation
of R?. The fat B-space B*(T), a >0, k > 1,0 < ¢ < o0, is defined (see [38]) as the set of
all functions f € L,(R?) such that

1l = (DS IAIEe(f, 2a)d) " 2 (3 [A]wi(f, 2a)gl)? < o0,

AET AET

where Ei(f,Qa), is the error of L,-approximation to f on Qa := QX from ITj, and wi(f, Qa),
is the local L,-modulus of smoothness of f on Q. (Recall that Ey(f,Q2a)s = wi(f, ), by
Whitney’s theorem (2.16), since T is an SLR-triangulation.) Furthermore, other equivalent
norms in B (7) as well as more general fat B-spaces B+ (7)) can be defined as in [38].

Suppose that ® = @ is a hierarchical family of basis functions over 7" as described in
§2.2. Assuming I C S,, C S&™(T) for all m € Z (that is, k = k in the notation of §2.2),
we have for f € L, and A € T,,,

Eu(f,90),<c¢ > Ei(f,Qa)r, whichimplies ||flps@,) < ellflz -
A ETm, A'CO4

Therefore, the space B (T) is a good candidate to replace B%(®) in nonlinear spline approx-
imation, but this is only possible if 0 < « < «, for some oy < oo which we do not compute
here. The problem with the space B**(T) is that ||@g||gar () < 00 only for 0 < o < . (See
Theorem 2.15 below in the case of regular triangulations.) Therefore, the basic norm equiv-
alence results (Theorem 2.10) hold only for a restricted range of o. Thus, B**(7) is simply
not the “right” space for the specific problem at hand, if o > ag. It is too “fat”. However,
the spaces B2* (7)) are still noteworthy since they are less sensitive to small perturbations of
the triangulation 7 and are technically easier. We believe that a situation will present itself
when they will be the “right” spaces.

e Comparison between regular B-spaces and Besov spaces. We begin by recalling
the definition of the classical Besov space by moduli of smoothness. So, the space B (Lp) ==
B;(L,(R?)), s > 0, 1 < p,q < 00, is defined as the set of all functions f € L,(R*) such that

o dt\ /1
g = ([ atro)F) " <. (2.60)
where k := [s] + 1 and wy(f,t), is the k-th modulus of smoothness of f in L,(R?), ie.,
wi(f,t)p = supp<; [|AK(f, )llp- It is well-known that whenever 1 < p < oo, if in (2.69)
k is replaced by any other k > s, then the resulting space would be the same with an
equivalent norm. However, the situation is totally different when p < 1 and this is a reason
for introducing k£ as a parameter of the Besov spaces in the following.
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As elsewhere, let us assume that 0 < p < oo and @ > 0 or p = oo and a > 1, and in
both cases 1/7 := a+ 1/p. Let k > 1. We define the space B2*¥(L,) as the Besov space
B2*(L,) (see (2.69)), where k and « are independent of each other. These are the spaces
that naturally occur in nonlinear spline approximation (see [53]).

Suppose that 7* is a regular triangulation of R? (see §2.1). Then as shown in [38],
B (T*) = B?**(L,) with equivalent norms. (Notice that the smoothness parameters of
B-spaces and Besov spaces are normalized differently, o corresponds to 2a.)

Let us now assume that &7+ = {@y} is a family of basis functions over 7* as in §2.2 such
that II, C S,, C 8% (m € Z), where r > 0 and k > r. As we mentioned above, the fat
B-space B**(7*) and hence the Besov space B2**(L,) is a good candidate to replace the
B-space B%(®7+) in nonlinear n-term approximation from ®7-. We next spell out the exact
conditions for equivalence of the corresponding norms.

Theorem 2.15. Under the above assumptions, if 0 < a <r+ 1+ 1/p, then
B2K(L,) = B2 (®r-) (2.70)

with equivalent norms. Furthermore, if a single basis function py € @7+ does not belong to
C™1, then the equivalence is no longer true when o > r + 1+ 1/p. More precisely, for such

pp and a, ||l gzar ;= 00 while ||Qpl| B2 (@) = [|©0llp-

Proof. As we mentioned before, ||f|pa(@,.) < ¢l fllgt (=), for f € BX*(T*), and also we

have || f||gak (7+) ~ ||f||33a,k(LT), exactly as in Theorem 2.25 from [38]. Therefore,

||f||B$(<I>T*) < C“f”B_%""k(LT)a for f € Bf“’k(Lr)-

The proof of the reverse estimate follows in the footsteps of the proof of Theorem 2.28
from [38] and we shall only indicate the differences. Using the conditions on ®7~ and the fact
that 7™ is regular, one can show by straightforward calculations that, for each 8 € ©(7*),

sA=(r+0)7) | pl+(r+)T 1/2
c|Ey|> t , ?f 0<t< 1\l§9| , (2.71)
if ¢ > |Ey|Y/2.

Moreover, both sides of (2.71) are equivalent if py does not belong to C"*!. In going further,
one uses (2.71) exactly as in [38] to complete the proof of the theorem. M

Remark 2.16. An interesting situation occurs when p = oo and r = 0. Then there is no «
for which (2.70) holds. This is the case when @7 is the set of all Courant elements generated
by 7* (a regular triangulation).

e Comparison between different B-spaces and Besov spaces. Suppose @7 is a family
of basis functions, associated with an SLR triangulation 7 which allows arbitrarily sharp
angles. Then some extremely “skinny” basis functions ¢y € &7 (with elongated level curves)
will occur. It is easily seen that such functions have huge Besov norms (see [38]) compared
to their L,-norms as well as their B(®7)-norms (see Theorem 3.2 below), for any smooth-
ness a > 0. Therefore, the B-spaces for such a triangulation are essentially different from
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Besov spaces. The situation is quite similar when comparing two B-spaces over different
triangulations. Therefore, the B-spaces change substantially with the triangulations, thus
making the search for the “right” triangulation mentioned in the introduction a meaningful
task. In contrast to this, the standard Besov spaces can only be used to characterize the
approximation power of piecewise polynomials over reqular triangulations.

e B-spaces over compact domains. B-spaces can be introduced on an arbitrary com-
pact polygonal domain £ C R?. A substantial difference would be in assuming that each
triangulation 7 of E is of the form T' = (J.°_, T, where T is an initial level (triangulation
of E) and T1,7s,... are consecutive refinements of 7y. This approach is important for the
applications (see [39]).

e B-spaces in dimensions d > 2. Multilevel triangulations and B-spaces can be intro-
duced much in the same way in dimensions d > 2. Of course, then the triangles should be
replaced by simplices, thus making some geometric argumentation of this section essentially
more involved. In particular, the property (e) of a multilevel triangulation should be ex-
tended to all faces of the simplices in 7,, thus saying that there are at most /Ny simplices in
Tm attached to a particular face. The “no hanging vertices” condition (d) should be replaced
by the condition that each facet of a simplex in 7,, is a common facet of exactly two simplices
in 7,,. The minimal angle condition appearing in the definition of regular triangulations and
in (2.4) should be replaced by the shape regularity condition that consists in the existence of
an upper bound on the ratio of the diameter of a simplex and the diameter of the inscribed
sphere. In conditions (2.1)—(2.3) the area should be replaced by the d-dimensional volume.

e B-spaces in dimension d = 1. B-spaces can be introduced in the univariate case, but
none will give anything new and hence they are not needed. The key fact is that, in the
univariate case, the Bernstein inequality involving Besov spaces holds with no restrictions
on the smoothness parameter o < oo (see [53]).

In a nut shell, the essence of the spaces we considered in this section is the following.
The Besov spaces are based on local polynomial approximation over regular multilevel tri-
angulations, which is explicitly shown in [38]. When the regular triangulations are replaced
by SLR-triangulations, then the Besov spaces become fat B-spaces, which further evolve to
B-spaces when the local polynomial approximation is replaced by local spline approximation.

The B-spaces are closely related to certain anisotropic maximal functions, nonclassical
differentiability, and other problems, which are beyond the scope of this article.

3 Nonlinear n-term spline approximation

In this section, we assume that 7 is a locally regular (or better) triangulation of R?. Also,
we assume that & = &+ is a hierarchical family of basis functions over 7T (see §2.2). Notice
that ® is not a basis; ® is redundant. We consider nonlinear n-term approximation from
® in L,(R?) (0 < p < 00), where we identify L, (R?) as Cy(R?). We let X, (®) denote the
nonlinear set consisting of all splines s of the form

s = Z agPg,

feM
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where M C O(T), #M < n, and M may vary with s. We denote by o,(f, ®), the error of
L,-approximation to f € L,(R?) from X, (®):
on(f, ®)p = inf |[[f —s|l,.

Our goal is to characterize the approximation spaces generated by nonlinear n-term ap-
proximation from ®. To this end we next prove a pair of companion Jackson and Bernstein
estimates. We shall utilize the B-spaces B*(®), introduced in §2. We assume that 0 < p < 0o
and @ > 0 or p= o0 and a > 1. In both cases, 1/7:=a+1/p (1/00 := 0).

Theorem 3.1. [Jackson estimate] If f € B¥(®), then

on(f, ®)p < en™||fllBa(a) (3.1)
with ¢ independent of f and n.

In the case 0 < p < oo, this theorem follows by the general Theorem 3.4 from [38], in
view of the results of § 2. For completeness, we shall give its short proof in the Appendix.
The proof when p = oo can be carried out as the proof of Theorem 4.1 from [39] but is a
little longer and we shall skip it.

Theorem 3.2. [Bernstein estimate] If s € X,,(®), then
sl Be(@) < en®|sllp (3.2)
with ¢ independent of s and n.

The proof of this (vital for our development) theorem utilizes the ideas of the proofs of
Theorem 3.6 from [38] (0 < p < o0) and Theorem 4.2 from [39] (p = oo) but is not identical
to them. We shall give it in the Appendix.

For a fixed T and @ := &, we set K(f,t) := K(f,t;L,, BX(®)) (L, := Cj if p = 00),
see (2.55). The Jackson and Bernstein estimates from Theorem 3.1 and Theorem 3.2 imply
in a standard way (see, e.g., [55]) the following direct and inverse estimates: For any o > 0,
if f € L,, then

on(f,®), < cK(f,n™®) and (3.3)

n 1/u
k() < e (17l + [30 S0rous @] "), (3.4
where 4 := min{p, 1} and c is independent of f and n.

An immediate consequence of (3.3) and (3.4) is that o,(f,®), = O(n™"), 0 < v < a, if
and only if K(f,n"*) = O(n~7). More generally, these estimates enable us to characterize
the approximation spaces generated by nonlinear n-term approximation from ®. We define
the approximation space A) := AY(®,L,), a > 0, 0 < ¢ < oo, as the set of all functions
f € L, such that

- /q
171z = 171+ (o 0ron(7.@))7-) < oc

n=1
with the /;-norm replaced by the sup-norm if ¢ = co as usual.
The direct and inverse estimates (3.3)—(3.4) readily imply (see, e.g., [55]) the following
characterization of the approximation spaces:
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Theorem 3.3. If0 <y < a and 0 < q < 0o, then

A}(‘P, Lp) = (Lp, B7(®))z

Z.a
with equivalent norms.
In one specific case the interpolation spaces can be identified as B-spaces.

Theorem 3.4. Suppose0 < p < oo anda > 0orp=ooanda > 1, and let T := (a+1/p)~".
Then
A%(®,L,) = B2(®) (3.5)

with equivalent norms.

The following interpolation result is immediate from Theorem 3.3 and Theorem 3.4.

Corollary 3.5. Suppose p, a, and T =: 7(c) are as in the hypothesis of Theorem 8.4, and
let 3> a and 7(8) := (B8+ 1/p)~*. Then

(Lp, By (®))

(5) 7(2) = B(a)(®) (3.6)

(o3
ﬁ:
with equivalent norms.

Proof of Theorem 3.4. We shall employ the idea of the proof of Theorem 3.3 in [30].
We shall use abbreviated notation: Ay := A%(®, L,), B := BX(®), and the alike. For any

B > 0, we denote 7(3) := (8+1/p)~".
We first prove the following continuous embedding

Aﬁ C Bf(ﬂ) with g := min{7(5), 1}. (3.7)

Indeed, suppose f € AS and let s,, € Xy, be such that

If = smlly < 20m(f)p- (3-8)

Since o, (f)p — 0, we have f = s;+> oo (s9v — Sv-1) in L, (uniformly if p = co) and hence
(n<1)

o
b, <lsil|#s, + Sov — Sov1||¥, . 3.9
I, <oy + Dl = sl 39
We apply the Bernstein estimate from Theorem 3.2 to sov — Sgv-1 € Ygv+1 and use (3.8) to

obtain
||sor — 32.,71”35([3) < 21890 — sgu-1||p < 2P (090 (f)p + 02v-1(f),)

and similarly ||81||B5( ) < (|| fll, + o1(f)p)- Using these in (3.9), implies
(8

o0

7 < B By, b o< ©
||f||Bf(m <cellflls+ e 2%00 () < cll Iy

v=1

which is (3.7).
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Second, the Jackson estimate from Theorem 3.1 gives the continuous embedding
Bl C AL, (3.10)

A third important ingredient in this proof is the fact that the approximation spaces Ag
are invariant under interpolation (see [31, 52]): If ag,q > 0 and 0 < ¢1, g2, ¢ < 00, then
(A0, Agl g = Ay,  where a = (1 — A)ap + Aoy with 0 < A < 1. (3.11)
Now, we choose oy and oy so that 0 < oy < @ < g (ap := 1 if p = o0). Also, we
select 0 < A < 1 so that & = (1 — Ao + Aey. Furthermore, we set 7; := (o + 1/p)~" and
pj = min{r;, 1}, j = 0,1. By Theorem 2.12, we have
(B, Bi s = BY.

70 ?

We use this, (3.7), (3.10), and (3.11) to obtain the following continuous embeddings

Ag = (Aao Azl))\ﬂ' C Bg = (Bao Bfrlll))\,T C (Agg,Agé))\,T = Ag

Ko ? 1 70’

which give (3.5). B

e Algorithms. In [39], there are three algorithms developed for n-term Courant element
approximation in L, (0 < p < oo). These algorithms can be immediately adapted to non-
linear n-term approximation from any family of differentiable spline basis functions ®+ on
a compact polygonal domain E C R?. It is an integral part of our program that using
the machinery of the B-spaces, Jackson and Bernstein estimates, interpolation, etc., devel-
oped in this article, we can prove that these algorithms achieve the rate of the best n-term
approximation. This aspect of our theory will not be elaborated here (see [39]).

e Approximation from the libraries {®+}+. An important element of our concept
for nonlinear spline approximation is the introduction of another level of nonlinearity by
allowing the triangulation 7 to vary. For a given SRL(or LR)-triangulation 7, let ®+ be
a family of spline basis functions like the ones considered in §2.2. Now, without changing
the nature of the basis elements from &, we let 7 vary and obtain a collection (library) of
basis families {®7}7. We denote

on(f)p = i171_f on(f, @7)p,

where the infimum is taken over all SLR-triangulations 7 with fixed parameters and we also
assume that the parameters of ®; are fixed. The following theorem is immediate from the
Jackson estimate in Theorem 3.1. We shall assume again that 0 < p < co and o > 0 or
p=oc and a > 1, and in both cases, 1/7:= a+ 1/p.

Theorem 3.6. If infr || f||pe(e,) < 00, then
on(f)p < en™® i171_f 1|l Be(@r)
with ¢ depending only on p, «, and the parameters of T and ®+.
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The ultimate open problem here is to characterize the approximation spaces generated
by {on(f),} for a given library of basis functions {®7}+.

¢ Global smoothness of functions: How to measure it? Here we come to one of
the fundamental questions in approximation theory (and not only there) of how the global
smoothness of the functions should be measured.

In the case of nonlinear n-term Ly-approximation from a single basis family ®, a function
f should be considered of smoothness o > 0 if ||f||pa(#,) < co. Then the rate of n-
term L,-approximation of f from ® is O(n™®) (roughly). If we consider nonlinear n-term
approximation from a given library of basis families {®7}+ (7 is allowed to vary), then a
function f should naturally be considered of smoothness a > 0 if inf7 || f|| pe(#,) < 00, which
means that there exists a triangulation 7 := 7 such that || f||g2(@,) < co. Then the rate
of n-term L,-approximation of f from the library {®7}7 is O(n™%). It is crystal clear to us
that no single (super) space can do the job in this case. It is an open problem to develop an
algorithm for finding, for a given function f, an optimal (or near optimal) triangulation, i.e.,
a triangulation 7 for which f exhibits maximal (near maximal) smoothness, using the space
scale B2 (®r,). It is also an open problem, whether, for a given function f € Ly, there exists
a single triangulation 7; such that, for all n > 1, the n-term L,-approximation of f from
the library {®7}s can be realized by n-term approximation from @7, and, consequently,
characterized by the B-spaces By(®7,) via interpolation.

Another important related issue for discussion is the smoothness of the approximating
tool &7 := {py} (T fixed). Clearly, in nonlinear approximation, there is no saturation
which means that the corresponding approximation spaces A7 are nontrivial for all 0 <y <
oo. Therefore, the smoothness spaces to be used should naturally be designed so that the
functions {pg} are infinitely smooth with respect to these spaces. This has been one of
the guiding principles to us in constructing the B-spaces. Thus each basis function ¢y € ®
is infinitely smooth with respect to the scale of B-spaces B%(®), which is reflected in the
fact that ||¢s| Ba(@) < cllpo|lp, for 0 < @ < oo (see Theorem 3.2). This makes it possible
that in our direct, inverse, and characterization theorems we impose no restrictions on the
rate of approximation o < oo (see Theorems 3.1-3.4). Also, this explains the complete
success of Besov spaces in univariate nonlinear spline approximation (see [53]) and why
Besov spaces are not quite suitable in dimensions d > 1. The latter remark needs a few
words of explanation: First, by allowing triangulations with arbitrarily sharp angles, we
allow very “skinny” basis functions with huge Besov norms compared to their L,-norms (see
[38]) which precludes the use of Besov spaces in such situations. Second, even when working
on regular triangulations, the use of Besov spaces is restricted by the Besov smoothness
(regularity) of the basis functions (see Theorem 2.15), while B-spaces impose no restrictions
on the rates of approximation.

e Spline wavelets (prewavelets) and frames. In the case of uniform triangulations,
spline wavelets play an essential role in practical algorithms. It would be desirable to have
compactly supported wavelet (prewavelet) bases or frames generated by (differentiable) spline
basis families & over LR or SLR triangulations 7. To our knowledge there are no construc-
tions of this type available, as for now. Moreover, there is some evidence that such con-
structions would be too complicated and impractical for general triangulations. However,
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continuous spline prewavelets on regular triangulations with uniform dyadic refinements are
available from [21, 34, 58]. (See also [47].) Evidently, nonlinear n-term approximation from
compactly supported spline wavelets or frames, generated by Courant elements or a smoother
spline basis family ®7, cannot give a better rate of convergence than nonlinear n-term ap-
proximation from ®;. We hope that efficient algorithms for n-term approximation from
such families may provide a substitute for wavelet methods in situations where the latter are
difficult to apply and, in particular, for approximation in L.

e Adaptive tree approximation. This is a method for nonlinear approximation from
piecewise polynomials on (single level) triangular partitions, which has been developed re-
cently in [5, 7]. In [5], algorithms are developed which achieve the rate of the best adaptive
tree approximation, while in [7], the rates of approximation are related to the smoothness
of the functions in terms of Besov spaces. There are substantial distinctions between this
approach and the one in the present article. Namely, the approximation schemes from [5, 7]
use “single level” piecewise polynomials on triangulations which satisfy the minimal angle
condition, while here we use multilevel (multiscale) piecewise polynomial bases over triangu-
lations which allow arbitrarily sharp angles. Therefore, the notion of “best approximation”
in [5, 7] is quite different from the one used here. A substantial progress has been made in [6]
in applying the adaptive tree approximation method for numerical (finite element) solution
of PDEs.

4 Construction of differentiable basis functions

In this section, we give, for any SLR triangulation, a construction of differentiable spline
basis in 8% r > 1, k > 4r + 1, satisfying the conditions from §2.2. In general, we follow
the scheme of [22], however, appropriate modifications in the construction and in the proofs
have to be made since we do not assume that the triangulation is regular. In particular,
we replace the standard normal derivatives to the edges by derivatives in affine invariant
directions, see the definition of D, ) below. Since our construction is also applicable to
non-nested triangulations, see Remark 4.8, we formulate the results here for a fized level T,
assuming only conditions (a), (d)—(f), and (2.3) of §2.1 and making sure that the constants

in (2.11) and (2.12) depend only on &, r, Ny, and Js.

e Nodal functionals. As before, let V,, and &,, be the sets of all vertices and all edges
of T, respectively. We shall describe the basis functions for S,, = S*7(T,.), k > 4r + 1,
with the aid of the so called nodal functionals defined on S*7(7,,). These are certain linear
functionals involving the values of the splines and their derivatives at specific points in R2.
The functional corresponding to the simple evaluation of the splines at £ € R? will be denoted

Of particular interest as evaluation points are the vertices v € V,,, where we also need the
derivative evaluation functionals of type d,D¢ with e being any edge in £,, emanating from
v, and 0, D¢ Dgz, where ey, e; are adjacent edges emanating from v. Here D[O;jﬂs denotes the
derivative of s of order « in the direction of the interval [v, ], weighted with the length of
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[v, 7], namely,

Dpy 55 = ((f)x —vy) Dy + (0 — vy)Dy) s,
v=(vg,0y), 0= (0g,0y).

Note that, due to this weighting, the corresponding Markov inequality reads as follows:

ID5, 5Pl Locoi) < cllPllLocpa), P € T, (4.1)

where ¢ depends only on k£ and «.

Let Ay, Ay € Ty, share an edge e. Since every s € S*(7,,) is continuous, the two
polynomial patches s|a, and s|a, coincide along e. Therefore, 6, D%s may be computed for
any a = 0,1,... as either 6,D%(s|a,) or §,D%(s|a,) with the same result. Similarly, let
e1, 63 € &, be two edges of a triangle A € 7, with a common vertex v. Then 51,D3‘1Df2s
denotes the mixed derivative of s at v in the directions of e; and ey away from v. If a+ 8 < r,
this derivative is uniquely defined. If o + 8 > r, the result may depend on the choice of the
polynomial patch of s attached to v. We follow the convention to always take d, D¢ Df2s =
6,D2 DP (s|5), where A is the above triangle formed by ey, es.

We shall also need functionals evaluating at some points on any edge e the derivatives
of the spline in an affine invariant direction not parallel to e. Let e = [v1,vs] € &, and
let A, = [v1,v2,v3] € T, be a triangle attached to e. Denote by p(e, A) the median of A
connecting the middle point (v + v9)/2 of e with the third vertex vs of A. For any point
§ € e, 0¢Dye ay Will denote the derivative at & in the direction pointing into the half-plane
containing A parallel to u(e, ), weighted with the length of u(e, AA). For each edge e € &,
we choose one of the two triangles attached to e and denote it by A.. (Note that this selection
of A\, is not unique but as will be seen it will cause no problems to the basis construction.)

Remark 4.1. For later references, we note here that any nodal functional n : S¥7(7,,) — R
of the above type can be extended to a linear functional 7 : S®~!(7,) — R such that
7i(s) = n(s) as long as s € S*(T,,). Indeed, if the definition of 7 involves & for some
point & € Uecg, e, then we choose one of the triangles A € 7, containing ¢ and use the
corresponding value of s|a or its derivatives at £ to define 7j(s) for any s € S¥ 1(7,,). The
only restriction on the choice of A is that it must be consistent with the above rules for
0, D2, 5,,D§‘1Df2 and 0¢D e n). Clearly, the extension of this type is not unique. Moreover,
convex combinations of evaluations of the restrictions of s to different triangles can also be
used.

e Characterization of differentiability. Let L be a straight line dividing R? into two
halfplanes H, H. Given p,p € II, we define a piecewise polynomial function s by setting
slu = p, s|z = p- To check whether s is differentiable across L, we choose two points u, v on
L, as well as two points w, @ in the interiors of H and H, respectively. We set A := [u, v, w],
A = [u,v,d], e := [u,v], p = [u,w], i :== [u, @], 0 := Ley, 0 := Zfie. The proof of the
following lemma can be found in [17, 25].
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Lemma 4.2. Let 0 <r < k. Then s € C"(R?) if and only if

a —a5 a\ oa— ) e|sin @ A e|sing) ¢ —
6, Dg DI~ P = Y (—1)% (§) sin®P(6 + ) (2" (1) 5, D DI~ 0, (4.2)
B=0
foralla=0,....,r andgq=q,..., k—1.

It is readily seen that (4.2) can be reformulated as follows:

a a—B x
6.05D1p = Y (-1)°(3) (o127]) " 2=duDIDITp, (4.3)

where ¢ := sgn sin(f + #) and A* := [u, w,@]. (This identity simplifies in an obvious way
when |A*| = 0).

See [22] for a discussion of the relationship between these nodal conditions of differentia-
bility and the well known Bernstein-Bézier conditions.

e Construction of basis splines. Consider the following set N, of nodal functionals on

Sk’T(Tm)a
A@::Q&LMQu(LgA@)u(ijﬁ) (4.4)

ANETm
where for each A = [vy, v9,v3] € T,
N,,% = {’175A = 55 €€ EA},

L {ilvl + 19v9 + 1303 .
A E—1 '

(1]

i +igtig =k — 1, @J%@>r}cA,

for each edge e = [vy, v5] € &,

Now = llge = 06Dpeny + 4=0000im € Zegh,
_ 1101 + 190 ) ) .
:e,q::{ﬁ t it =k—q-—1, 11,22>2T—Q}C€;

and for each vertex v € V,,,

2r
Ny =Ny,
q=0

with N%9 ¢ = 0,...,2r, being defined as follows. Let All = [v,v;,v;41], i = 1,..., N,, be
the triangles in 7, attached to v in counterclockwise order, vy, 1, = vy, and let e; = [v, v;].
We set

Nv,O ,_ {nv,O =4 }
m — YouJ»
Npt={n;q =0,DL*Dg  :i=1,...,N,, a=0,...,q—1}, ¢>1.

€it1

Note that N2 or N¢ might be empty for some combinations of r, k, e.g., N2 = N¢ =
if r =0,k =2, or N2 =0 if r = 1,k = 6. This, however, does not cause any problem for
the construction below.
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In view of (4.2), the functionals in A7 are not linearly independent on S¥7(7,,) if ¢ > 1.
Namely, the following conditions hold for all s € S*"(T,,), v € Vi, ¢ = 1,...,2r:

a

. 5] . —a
U,y a\ :oa— e;|sin 0; e;|sin;_ v,
ni"z(s) h Z(_l)ﬂ (ﬂ) Sl ﬁ(ei_l +0i) <| |‘li—1| ) (‘ |\€z’+1| 1) ni*qlvfﬁﬂ(s) =9, (4.5)
B=0 .
a=1,...,min{r,q}, i=1,...,N,,

-
where 0; := Zejei1, n;) =100

The following key lemma is instrumental in constructing the basis functions.

Lemma 4.3. There is a unique spline s € S*¥7(T,,) such that

U?(S):%Aa gEEAaAETma
ne (s) , EE€Eey ¢q=0,...,7, e € &,
q,€ q,§ e,q m (4.6)
O(s) = V€ Vp,
nm(s) =a;y, i=1,...,N,, a=0,...,g—1,g=1,...,2r, v €V,
for any given a?, Qg e Q" ¢ R and any a 7 € R satisfying
@ ino I5] ind —a
o8 = S 0+ o () () gm0,
=0 (4.7)
a=1,...,min{r,q}, i=1,...,N,.
Moreover, for each /\ € T,
I8]allw(ay < €057 max [n(s)], (4.8)

NENm(A)
where ¢ is a constant depending only on k, and

Non(D) ::( U N;;)U( U N;)uN,ﬁ.

vEVRNA e€fm
eCA

Proof. We first determine s/, for each e = [vy, 2] € &, using the fact that s, as a univariate
function on the interval e, is a polynomial s, of degree at most £ — 1. Therefore, s, is
uniquely determined by the following k£ Hermite interpolation conditions:

vy Se0 = a0, 8y Se0 = a0,
0o DYseo = a;57, 8y, DYseo = ajy’, y=1,...,2r, (4.9)
OgSe0 = A5e, € € Eep,

where we assume that e is the i-th edge emanating from v; and the j-th edge emanating

from vy.
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We next determine s, := (DZ(e Ae)s)\e, g =1,...,7. Let A, = [v1,v9,v3]. Then
DZ(&AE) = (Dpy1,v5] — 3Djp1,00))% Therefore, for v =0,...,2r — g,

q q
00, DYseq =Y (—1)27%6,, DI DIt s = (1) 27 n! 017 (s).
=0 =0

Similarly, since DZ(e,Ae) = (Dpus,vg] — %D[Uz,vl])q, we have for v =0,...,2r —gq,

M=

60y D80y = (—1)°27%,, D7 DI’ s

€j—1

T
- o

= (—1)52_Z77;-’2,’f;1£(5) + (—1)‘12_‘177;-’,%’“7(3).
0

~
Il

In addition, we have for each £ € =, ,

O¢Se,q = 0¢D o nyS = Mg e(5)-

Thus, for each ¢ = 1,...,r, the univariate polynomial s., of degree k¥ — 1 — ¢ is uniquely
determined by the £ — ¢ Hermite interpolation conditions

g
0p, D) S q = Z(—l)ZQ_eayl"Hﬁ vy=0,...,2r —gq,

i,q—f
=
a- (4.10)
00, DYseq =D (—1)'27%a2T7, + (-1)22 %Z™7, v=0,...,2r—q,
=0

—_ e —
0¢Seq = ag ¢ § €Ly

Let A = [v1, V9, D3] € Ty, be the second triangle attached to e. We set

dg,f = a’g,ga 6 € Ee,O:
q
P q *[\g—2| A — _
the = Do(-1)°( 1) 2ol DI 805D s
=0
§ € Ee,q; q= 17 y T

where A* := [0, v3, T3], U = (v1 + v2)/2, and 0 := sgn sin(@ + 1%,/17\1)2), where @ow denotes
the angle determined by u,v,w with vertex at v. (It may happen that [A*| = 0.) Since
A* C conv (A, U A), we have

(AT A AT < 65 A A7 < 5570 (4.11)

We now construct each polynomial patch s|a, A € T, of the spline s as the unique solution
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of the following interpolation problem:

5§(S‘A) = a?a 5 € EA’

DY o py(81a) = ag g, §€Eeq ¢=0,...,1, e CA, if Ac = A,

0¢ Do ny(8la) = ag, §€5eq ¢=0,-..,m e CA, A # A, (4.12)
8 s12) = a9 nea,

6, D¢ Dg. (s |A)=a;’ﬁ, a=0,...,q, g=1,...,2r, ve A,
(4 is such that e;, e;11 C A).

Since (4.12) is a standard finite element interpolation scheme for bivariate polynomials of
degree k — 1, see, e.g.,[57] or Lemma 3.7 in [25], the polynomial s|A is uniquely determined.

We now show that the piecewise polynomial s constructed in this way lies in the space
S*"(Tr), i.e.,it is 7 times differentiable. To this end we consider any edge e = [v1, Vo] € &
As before, let A, = [v1,vs,v3] and let A = [vy, vy, §i3] be the second triangle attached to e,
and we again assume that e is the 7-th edge e;; emanating from v; and in the same time the
J-th edge ey ; emanating from vy. Then we have

e1i-1 = [v1,03], e1;=[v1,v2], €141 =[v1,03],

€2,j—-1 = [112,1)3]; €2,5 = [U2a Ul]; €2,54+1 = [112, 173]-

Obviously, for each ¢ = 0,...,r, Du(e A (s|a.)|e = Se,q satisfies the interpolation conditions
(4.9) if ¢ =0 or (4.10) if ¢ > 0. We set

§e,q = DZ(G’A)(S|Ae)|€'

The desired differentiability of s will follow if we show that

Seq = Seq = DZ(e,A)(S|A)|e’ q=0,...,r. (4.13)

By (4.12) we have
O, (s \A)—ém( a) =a™"

) +1( sla.) = aig’, =0,. ..,q—l g=1,...,2r,
60, D& D, (s A) = a;" 4 =0,...,9—1,¢=1,...,2r,

which in view of (4.7) imply
50 DL ODE . (sla.) = 8, DL DS

€1,i+1 €1,i4+1 (8|A)’

a—O,...,min{r,q}, q—O,..., T,

and hence
00 D) (8¢, — 5e,q) =0, vy=0,...,2r—q, q=0,...,7.

Similarly, we get

00, D) (8¢, — 5e,q) =0, vy=0,...,2r—q, q=0,...,7.
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In addition, a simple calculation relying on (4.3) shows that
Og8e,q = &2,5, §€Eeq, q=0,...,7,

so that by (4.12),
0e(8e,g — 8eq) =0, €Sy ¢=0,...,1

Since 5., — 5., satisfies homogeneous interpolation conditions of a well-posed Hermite
scheme, (4.13) follows.

The uniqueness of s is clear from the above proof, since s = 0 if the numbers in the right
hand side of (4.6) are all zeros.

It remains to prove (4.8). Since s, , satisfies the interpolation conditions (4.9) if ¢ = 0 or
(4.10) if ¢ > 0,

15e,qllLae(e) < cmax{n(s) : n € N UNJZZUNGY,  ¢=0,...,7,

where ¢ depends only on k. In view of (4.11) and Markov inequality (4.1), we have

‘dqyg‘ S 052_2q||se)q |Loo(e)’ q :OJ""TJ

and (4.8) follows by the properties of the interpolation problem (4.12), see Lemma 3.9 in
[25]. =

For each v € V,,, and ¢ = 1, ..., 2r, we denote by R%? the (min{r, g} N, x ¢N,)-matrix of
differentiability conditions (4.5). Let the vectors

a9, j=1,...,pvq = qN, —rank(R}?),
form an orthonormal basis for the null space of R},
null(R29) := {a € R¥™ : R"q = 0}.

For convenience, we shall use the double indices introduced in the definition of A% also for
the components of a"%7:

@, =1, Ne a=0,..,q-1 w14)
We set,
Ny q—1 -
N =Y N adinlt, =1 pug (4.15)
i=1 a=0

./\7;,’1"1 = {n“’q’j ci=1 et a=1,...,2r,

2r
Np = N2PU NG, v €V,
q

=1

o= (U A) o (U)o (U az).
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and define the set R
O = {¢y : 1€ Nn}
of the basis functions for S*(7,,) by the duality condition,

1, if u=mn,
U((Pn) = { 0, ifZ c X?’m \ {77} (4'16)

To see that the above definition is correct we have to check that for each n € N, there
exists a unique ¢, satisfying (4.16). This follows by Lemma 4.3. Indeed, since the vectors
a®%J are orthonormal, we have

Pv,q

v,q __ ,q,5, v,q,7 . _

ni,a—g a; o1, 1=1,...,N,, a=0,...,q—1
j=1

Therefore, for a fixed 1, the numbers

v,q .

az,a.:ng”’g(gyn), i=1,...,N,, a=0,...,q—1,
satisfy (4.7), which ensures the applicability of Lemma 4.3.

e Properties of basis splines. It follows by Lemma 4.3 that every spline s € S*"(7,,) is
uniquely determined by the sequence (1(s)),c, , i-., s has a unique representation

s= ) aypy,  ay=n(s) ER
nENm

Furthermore, (4.8) immediately implies

star(v), if n € N2 for a vertex v € V,,,

supp ¢, C < star(e), if n € N¢ for an edge e € &,,, (4.17)
A, if n € N2 for a triangle A € T,
[ onllpoe () < €057 (4.18)

By using Markov inequality it is easy to show that

||| Lo (star (v)), if M € N for a vertex v € VY,
n(s)] < EQ |Isllastare)), if n € NE for an edge e € &, (4.19)
51| oo () if n € N2 for a triangle A € T,
with ¢ a constant depending only on k,r and Nj. 5
Thus, we showed that the basis ®,, = {¢, : n € N} satisfies all requirements of §2.2

with S,, = 8*7(7,,) and k = k. (Obviously, Iy C S,, and S*"(T,,) C S*" (Trps1) if Trnpr is
a refinement of 7,,.) More precisely, we have the following result.
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Theorem 4.4. Let v > 0, k > 4r + 1. Suppose that Ty, satisfies (a), (d)—(f), and (2.3) of
§2.1. Then the basis functions ¢, € S*"(Ty) (n € Ny,) constructed above have the following
properties:

e For any s € 8*"(Ty,) there exists a unique sequence of real coefficients (ay),x. such

that
5= Z UnPny

NENm
with a, = 1(s), 1 € Ny

o For eachn e J\7m there is a verter v = v, € Vp, such that

supp ¢, C star (v) =: E,,

||90n||Loo(lR2) = ||‘Pn||Loo(E,,) < M,
n(s)| < Malls|liw(s), 8 € S (Tm),

where My, My are positive constants depending only on k, r, 62, and Njy.
In particular, by the proof of Lemma 2.3, we have the following stability property of ®,,.

Theorem 4.5. The basis ®p, is L,-stable for all 0 < p < oo, i.e., for any sequence (a,)

» 1/p
H Z Wl me) ~ ( Z ”a"(p"”Lp(W)) ’

NENm

where the constants of equivalence depend only on p, k,r, 09, and Ny. In the case p = oo the
Ly-norm in the right hand side is replaced by the sup-norm.

The linear functionals ), : S¥(T,) N Loo(Ey) — R, 1 € Ny, with properties
)‘77(8|En) = 77(8)7 s € Sk’r(Tm)’

(D] < Mol fllowimy,  f € 857 (Tm)lm, N Loo(Ey),

needed in the definition of the projector @y, (see (2.18)) can now be defined in a constructive
manner. Indeed, we first extend each functional n € N, to a functional 7} defined on
Sk=1(T,), according to Remark 4.1, and then set

Mo=io it e (U)o U Mg

e€Em, ANETH
and
N, q-1 N, g-1
o—— 1)7Qaj ~V,q 3 qu —_ 'U,q,j v,q \ /v
)‘77 - E : E :a’i,a ni,a if note = E : § :a‘i,a ni,a € U Nm
=1 a=0 i=1 a=0 VEVm

By (2.22), @ can be extended to the operator @, : Ly>* — S*"(7,) whose local
approximation power is described in the following theorem (see Lemma 2.5).
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Theorem 4.6. Suppose [ € LLOC, 0<p<oo (feC ifp=o0). Then

|f = Qump(H)llLya) L SA(f)p S cER(f,Qn)p, A € T,

where Qp := QL is the union of all triangles in T,, that have a common vertex with /\, and
the constant ¢ depends only on p, k,r,ds, and Nj.

To show that the assumption that the triangulations 7, satisfy (2.3) cannot be omitted,
we consider the following example.

Example 4.7. Suppose 7, has an edge e = [v, u| with two triangles A = A, = [v,u, w] and
A = [v,u,w)] attached to e, such that v = v+ (2"Ma,0), w = v+ (—a, a), W =v+(—a,—a),
where the positive numbers M, a depend on m. Evidently, |conv (A, UA)|/|Ae| = 2(2M +1),
and (2.3) will be violated if M grows unboundedly with m, while the maximal angle of the
two triangles is 37 /4, thus allowing the maximal angle condition (2.5) to hold. Note that
such configurations of triangles are possible for a sequence of levels of an LR-triangulation 7
with the corresponding M’s tending to infinity, see §2.1 of [38]. Choosing k =6 and r = 1,
we consider the basis functions ¢, € 8%'(T,), n € N, constructed according to the above
algorithm. We next show that the basis ®,, = {¢, : 7 € N}, } is instable, i.e., Theorem 4.5
does not hold for it. (Therefore, neither ®@,,, nor a renorming of it satisfies the requirements
of Section 2.2.) More precisely, we show that the constant function Ig:(z) = 1, x € R?, does
not have an L, -stable expansion with respect to ®,,. We have

[ 1ge|| 2o @2) = 1, g = n(lg2)ep.
n€Nm

Now choose = ** = 6, € N%%. Since n(lg:) = 1, the instability of @, will follow if we
show that ||¢pl| ., (r2) is unbounded as M — oco. By (4.12),

5£D;(C7A) (‘Pn|A) = af,g

— _9l&7 1. _ 14
= 2|Ae\6‘£D€$e’0 ‘Ae‘é‘gSe’l,

where § = (v+u)/2, A* = [§,w, D], Se0 = Pyle; Seq = (Di(e,Ae)Qpn”e- Obviously, |A‘/|Ae‘ —
1, and ~
A°/18] = (Jconv (e U A)| = BL20) Jia,| = 944 41,

The univariate polynomial s, of degree 5 is determined by the Hermite interpolation con-
ditions (4.9) that take in our case the form

508870 = 1, 5uSe,0 = 5uD;Se,O = 5uD§Se,O = 51}D;8670 = 5UD28870 =0.
An elementary computation shows that d¢Dls.o = —15/8. By (4.10), we immediately get
OgSe,1 = af ¢ = nf,g(go,,) = 0. Thus,

15
5€D;(6,A)(90n|A) = Z(QMH +1)—> 00 as M — 0.

In view of Markov inequality, ||¢pllr.@®2) > c|5§D;(e A) (eyla)], and we get the desired un-
boundedness of ||¢y ||z, &2y for sufficiently large M.
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Remark 4.8. It is clear that Theorems 4.4-4.6 are valid for any sequence of levels 7,
satisfying the hypotheses of Theorem 4.4, i.e., nestedness and other additional assumptions
on {7} stated in § 2.1 are not needed for these results.

Remark 4.9. It is an important property of the basis functions ¢, constructed above that
they are invariant under affine transforms. More precisely, let 7, satisfy the hypotheses
of Theorem 4.4, and let A : R?> — R?® be an affine transform. We set A(7,) = {A(A) :
A € Ty}, and An(s) := 5A(U)D§(61)D§(62)s, for each nodal functional 7 of the form 7(s) =
6,D2 D? s, and extend the operator A linearly to the linear combinations of the nodal
functionals such as those occurring in (4.15). Then, clearly, the sets of nodal functionals
N, and N2 defined by (4.4) for 7,, and A(7,,), respectively, satisfy N4 = {An : n € N, }.
(We used here, in particular, the fact that u(A(e), A(A.)) = A(u(e, Ae)).) Moreover, since
the matrices R%? of the differentiability conditions (4.5) are affine invariant (see (4.3)),
we also have N4 = {An : n € N,,} for the appropriate sets N,,, N;4 defined as in the
construction above, provided we choose the same orthonormal vectors (4.14) in both cases.
Let now @, = {¢, : 1 € N} € S¥(T,.) and @7, = {¢a, : 1 € No} C S (A(T.n)) be
the spline bases dual to A, and ./\Nf;é, respectively. Since ¢,(A-), n € N,,., obviously satisfy
the same duality relations, we conclude that ¢4, = ¢,(A4-), n € N, which is the desired
affine invariance.

Remark 4.10. Our construction is extendable to the spaces S*7(7,,), k > r2¢ + 1, in
dimensions d > 2. To this end the algorithm given in [22] should be extended to strong
locally regular triangulations in R?. In particular, the orthogonal directions of derivatives
used in [22] should be replaced by appropriate affine invariant directions.

Remark 4.11. If the triangulation only covers a compact domain F, then usual modifica-
tions of basis functions corresponding to boundary edges or vertices (see [22, 23]) lead to the
desired stable local bases.

Remark 4.12. In this section, we extended to the setting of SLR triangulations the bivari-
ate version of nodal stable local basis construction of [22, 23] which was originally designed
for regular triangulations. The scheme from [27] can be used as an alternative means of
constructing stable local bases for S¥"(7,,), k > 3r + 2, in dimension d = 2. Such a devel-
opment would take advantage of the affine invariance of the Bernstein-Bézier representation
of piecewise polynomials. We elected to utilize the scheme from [22] instead, since it is
available for any number of variables and allows an effective numerical implementation as
shown (for r = 1,2, d = 2) in [23]. Also, we want to pay heed to two more spline basis
constructions (for regular triangulations in dimension d = 2) that allow the same kind of
extension to SLR triangulations: (a) stable local bases for S¥!(7,,), k > 5, constructed
in [26]; (b) locally stable bases on nested triangulations (k > 4r + 1) [24]. Note that the
stable local bases for superspline subspaces of S¥7(7,,) [16, 17, 44, 57] cannot be used since
these spaces are not nested for nested triangulations, while the earlier local spline bases for
SET(Tn) [1, 8, 18, 35, 36, 48] are known to be unstable for certain triangulations.

Remark 4.13. It is easy to see that, in the case r = 0, the above basis reduces to the clas-
sical Lagrange finite element basis for S¥°(7,,), k > 1. Since &, disappears from (4.8) when
r = 0, Theorems 4.4-4.6 hold for locally regular triangulations, i.e.,the SLR assumption
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(2.3) is not needed in this case. (Note that d, and Ny completely disappear from Theo-
rem 4.4, and Jd, is replaced by d; in Theorems 4.5-4.6.) For r = 0, k = 2, we get the Courant
elements, and the only essential difference to the construction from [38] is that we rely here
on the extensions of linear functionals described in Remark 4.1 rather than on the explicit
quasi-interpolant for continuous piecewise linear functions adopted in [38]. Both approaches
obviously lead to the same B-spaces.

5 Spline bases on special triangulations

There are several constructions of differentiable spline bases fitting into our scheme that
are only available for specific multilevel triangulations. Since these triangulations have a
special structure or even are uniform, the corresponding libraries {®7} of bases are not
as rich as the one of the previous section associated with arbitrary SLR triangulations.
Moreover, the necessity to maintain the structure of the triangulation highly reduces the
variety of refinement methods that can be used. (Whereas, e.g., local refinement by bisection
can be used with bases on arbitrary triangulations.) On the other hand, bases on special
triangulations usually allow a smaller degree of piecewise polynomials for a given order of
differentiability as well as a simpler and more efficient practical implementation.

In this section, we review some known constructions of this type. (Note that only box
splines are available for more than two variables.)

5.1 Box splines

As usual, we only consider splines of two variables. Let = = [£;--&,] be a full rank 2 x n
matrix with columns &; in Z?\ 0. The boz spline M= : R?2 — R? associated with = is defined
by its Fourier transform

~ "1 — e

v=1

where &,u denotes the inner product of the two vectors.
We now review the basic properties of box splines (see [9]), in order to verify the require-
ments of § 2.2. It is well known that M= has a compact support,

suppME:{Zt,,{f,, : Ogt,,gl}. (5.1)
v=1

The box spline basis functions at the m-th level are defined by
Omj = M=(2™-—j),  jeT

We set
D, = {Qm; : j €L}, meZ,

and
S, = { Z Um,jPm,j @ Om € ]R}, m € Z,

jez2

42



where the series converges everywhere since for every € R? and m € Z only a finite number
of Ym j(z) (j € Z?) are nonzero. Clearly, any affine change of variables @ : R? — R?, gives
rise to basis functions ¢, j(Qx) that satisfy the conditions of § 2.2 if and only if the ¢, ; do.
Therefore, we do not distinguish between constructions that can be transformed into each
other by such a method.

Since

2

M=(2u) _ ﬁ 1+e %
ME(U) ’

v=1
Mz is a finite linear combination of Mz(2 - —j), j € Z?, which implies that
Sm C Sm_|_1, m € 7.

Let
r(Z) ;== max{r : any 2 X (n — r) submarix of = has rank 2} — 1

and
k(Z):=n-1

The elements of S, are r(Z) times differentiable piecewise polynomials of degree k(=) — 1
with respect to the rectilinear partition 7,> of R? determined by the straight lines

H,+2™j, jEZ?, v=1,...,n,

where

H,:={t, : teR}.
Thus,

S, C Sk(E),r(E)( Ts)
Moreover,

and Il o) € Sp, where
k(E)=r(E)+2.
It is well known that the translates of a box spline are not always linearly independent.
In fact, @, is a basis for S, (m € Z) if and only if the matrix = is unimodular, i.e.,each

nonsingular 2 X 2 submatrix of = has determinant 4+1. This condition implies substantial
restrictions on =. Namely, up to an affine change of variables, = must have the form

= = 61"'6162"'6263"'63,
L_,_/H,_/‘__J

n1 no n3

where e; = [(1)}, €y = [(ﬂ, e3 = [H, ni,ne > 1, ng > 0, and ny; + ny + n3 = n. It is easy to
see that
r(Z2) = n — max{ni, ng,ng} — 2

and that 7> is either a tensor product mesh if ny = 0, or a three-directional mesh T
defined by the straight lines z; = 27™j, £ = 27™j, 11 — 2y = 275 (j € Z?) in R? if n3 > 1.
Since only the latter case leads to a multilevel triangulation, we assume that ng > 1.
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It remains to verify (2.10)—(2.12). By (5.1), the support of Mz is the hexagon with
vertices (0,0), (n1,0), (0,n3), (n1 + n3,n3), (n3,n2 + n3), (N1 + n3, ny + nz), which implies
(2.10) with ¢ < |n/2|. Obviously, (2.11) is valid with M; = ||Mz||.,,. Finally, it is easy
to show (2.12) by using the constructions of dual functionals \; : So — R (j € Z?), with
(o) = d;k, given, e.g., in [19, 37, 41].

Let us mention the following two cases that are perhaps most relevant in applications:

(a) n|y =ng = 2, ng = 1, Sm C 84’1(7;7(11)), ]:I = 3,
(b) mi=ny=nz=2 SnCSTY), k=4

5.2 Other spline bases on uniform triangulations

There are some other spline basis constructions for the three-directional mesh 77,(11), see, e.g.,
[15, 56]. However, to our knowledge, none of them simultaneously satisfies the requirements
of nestedness of the spaces, stability, and locality of the basis functions. The situation is
better for the four-directional mesh T2 obtained from 7,3 by adding the straight lines
T+ 139 =2™j (j € Z?). Since T2 is a special case of a so-called FVS-triangulation (see
Section 5.3), finite element bases for 84’1(7},(12)) are available and satisfy the conditions of
Section 2.2. Some recent alternative constructions of stable local bases for 84’1(7},(12)) can be
found in [13, 28, 42, 49]. Moreover, a stable local basis for 87’2(7;,(,2)) is also constructed in
[28]. Finally, we want to mention the stable local basis from [33] for C' quadratic splines with
respect to a sequence of triangulation levels that can be called the siz-directional meshes.

5.3 Refinable composite finite elements

Multilevel and hierarchical bases play an important role in the modern theory and practice
of numerical methods for partial differential equations, see, e.g., [51]. Classical smooth finite
elements [14] give rise to stable local spline bases on triangulations satisfying the minimal
angle condition. (Note that it should be possible to replace this condition of regularity with
SLR.) However, there are difficulties in using them to build nested spline spaces on multi-
level triangulations, see [11, 20]. Although the “polynomial” finite elements (e.g., Argyris
element) are available for arbitrary triangulations, they lead to superspline spaces [57] that
lack nestedness for nested triangulations (levels in the terminology of our § 2). In contrast to
them, “composite” finite elements require a special structure of the levels 7,,, e.g., a Clough-
Tocher or Powell-Sabin split, which is not always compatible with nested refinements with
other desirable properties like boundedness of the valence of the vertices. In fact, we are
aware of only two cases when composite finite elements are refinable, i.e., provide stable local
bases for certain multilevel triangulations. First, this is true for the triangulations obtained
by the Powell-Sabin 12-split, see [50] for the relevant construction of stable local bases for
C! quadratics and cubics. The other case is that of FVS-triangulations obtained from arbi-
trary srictly convex quadrangulations by adding two diagonals of each quadrilateral, see, e.g.,
[20, 43]. Here, a well-known composite finite element due to Fraeijs de Veubeke and Sander
gives rise to a stable local basis for C! cubics, while for higher orders of differentiability only
non-nested superspline-type constructions are known [40, 45, 46].

44



6 Appendix

Proof of Theorem 2.9. Denote briefly N := (3¢ [lcoll7)"/"
Case 1: 0 < p <1. Since 7 < p <1, we have

1D leapa(Ills < (D lleaalls)? < (3 Neapoll;) /™

fco fco e

Case 2: p = o0. Since 7 = 1/a < 1, then (2.42) is obvious.
Case 3: 1 < p < 0o. We need the following lemma:

Lemma 6.1. Let g := ), \, |cos|, where #M < 0o and ||cops|l, < L for § € M. Then
lglly < cL(#M)'?

with ¢ independent of M and (cg)gem-

Proof. Using the properties of ®, we have (recall that supp@, C Ey := star‘(vg) and
I0lloo = |Eo| /7 ||00ll, by (2.14))

lglly < 11 Y llcowslloo - Ly Oy < LIl Y 1Bol 77 - 15, ().

oeM oeM

We define E := (Jycr Eo and E(z) := min{|Ey| : § € M and Ey > z} for x € E. By the
properties of the LR-triangulations, it follows that

SB[V 15, (2) < cB(z) YP1p(x), e R
feM

On the other hand,

E(x)™ = max |Ey|™" <) |Ep| Mg, (2).

0eM, Egox Y
Therefore,
“1/p 1 1/p
lolly < cLIEC) s, =cL( | B(e)™ do)
1/
< cL(Z|E9|1/ L, () dr) " = cLHM)P.
feM R?
We define

Fu:={0:27"N < [lcggpg|l, < 27#*'N},
where N := (3¢ [lcool|7)"/". Then

UZ =16 : lleopoll, > 27N}

v<p
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and hence

#F, <> #F, =#(JF) <2 (6.1)

v<p v<p

We set F, :=3 g [copg|. Using Lemma 6.1 and (6.1), we obtain

1D leovoOllls < 11D Fully < D IFully < ¢ 27#N(H#F,)P
0co ©=0 p=0 ©=0
< CNZQ*“(I*T/”) < CNZQ*’”O‘ < c¢N.
u=0 u=0

This completes the proof of Theorem 2.9. W

Proof of Theorem 3.1 (Case 0 < p < o0). Suppose f € B%(®), where @ > 0,
1/T=a+1/p, 0 <p < oco. By (2.40), f can be represented in the form f =3, ¢ bgpy with
the series converging absolutely a.e. in R? and in L,. We denote briefly N(f) := Ns g, (f) :=
(Xoco lbowallp) /™ = | fll 2wy

Suppose that (by, ;)32 is a rearrangement of the sequence (bgp)gce such that ||bg, @, ||, >
||b92g092||p > ... Set s, = Z?:l bgjgogj, Sp € En((I))

Case 1: 0 < p < 1. To estimate ||f — s,||, we shall use the following simple inequality
38]: If x; > x5 > ... >0 and 0 < 7 < p, then

(D a)y P <t T an)tr (6.2)
j=n+1 j=1

We use Theorem 2.9 and apply (6.2) with x; := ||bg; 0y, ||, to obtain

1f =salls < 11> loayullls < (Y lbg;p0,112)7

j=n+1 j=n+1

S nl/pfl/’?'(z ||b9j QOgj ||;)-)1/T = niaN(f)a

=1

which proves Theorem 3.1 in Case 1.

Case 2: 1 < p < oo. We proceed quite similarly as in the proof of Theorem 2.9. We set
Fui=10: 22N (f) < bagolly < 2 FIN(P)} and B, = e ool

Fix m > 1 and set M := [2™7]. As in the proof of Theorem 2.9 (see (6.1)), #F, <
> vem #F, <27 < M. Using Lemma 6.1, we obtain

1F=smlly < 11D Fullo< Y [1Fully
pu=m+1 pu=m+1
< ¢ Y 2EN(F)#F)P < eN(f Z 9 #(1-7/p)
pu=m-+1 pu=m+1

< eN(f)27m=T/R) < cMTYVTHYPN(f) = eMTEN(f).
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This estimate readily implies (3.1). ®

Proof of Theorem 3.2. Step 1. With this step we lay some groundwork that is needed for
the proof of the Bernstein inequality. Let 7 be an arbitrary LR-triangulation and suppose
A is a finite subset of 7. The set A generates a certain tree structure that we want to bring
up in what follows.

We say that A € T is a branching triangle if at least two children of /A have descendants
in A. Let A denote the extension of A obtained by adding all branching triangles and all
children of branching triangles if they are not already in A. By considering the tree of the
ancestors of all triangles in A, it is not difficult to see that the total number of branching
triangles does not exceed #A — 1. Since the number of children of a triangle is bounded by
M,, we conclude that #A < c#A.

Furthermore, for a later use in Step 3, we call A € T \ A a chain triangle if at least
one of its descendants belongs to A. The set of all chain triangles will be denoted by I'. By
construction, for each A € T there is a unique largest triangle A € A contained in A. We
set Ka = A\A and pin := m — i, where A € T, and A € T;,. We denote by [ the
set of all A € I' for which there is a A’ € A containing A. It is easy to see that I is the
disjoint union of finite chains, i.e.,sets A of the form A = {A,,..., A} C T (v > 1), where
AT DAL DDA, D A for some A, AV € A, and A, is a child of A4, A is a child of
N1, v=2,...,v,and A is a child of A,. Similarly, I\ I is the disjoint union of infinite
chains A ={...,A_o, A_1} C T, where --- D A_y D A_; D A, for some A} € A, and A
is a child of A;_;, v = —1,-2,..., and A, is a child of A_;. We let £ and £ denote the
sets of all finite, respectively, infinite chains in I'. Clearly, #£ < #A and #L£> < #A.

Step 2. For the proof of the theorem in the case 0 < p < oo, we need the following
lemma.

Lemma 6.2. Suppose s = Y ncpla - Pa, where Pn € 1y (K > 1), A C T with T an
LR-triangulation, and #A < oo. Then

D 1Al ) < c(#A)* sl

AeA
with ¢ independent of s and A.

Proof. We adopt all necessary notation from Step I above with A from the hypotheses of
the lemma. Since #A < c#Aand s =) .. 5 1a - Pa, where Po =0 for A € A\ A, we may

assume without loss of generality that A = A, i.e., the branching triangles and their children
are contained in A.

Let Aq,..., Ay be all non-branching triangles in A. It is not difficult to see that for each
of them there are only two possibilities: either /A\; does not contain any other A € A (in
what case we call A; a final triangle), or there is a unique largest triangle Az’ € A strictly
contained in A;. We define the rings K; := A\;\ A\;, 1 = 1,...,m, where A\; := () for a
final triangle A;. Obviously, K; have pairwise disjoint interiors, and s|x, = P;|g,, for some
P, € Ilg, : = 1,...,m. Since all children of branching triangles are in A, we have for each
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A €A,
A = U K; and s|a= Z 1k, - P;.
i=1 i=1

Aca Tl
Therefore,
m
DA NsllT, ) = Do 1A D sz
A€EA ANEA i=1
NN
m
= > lsltwy D, 1A
i=1 AEA, ADA;

= D lIsllz el ™ Y (ail/IA)™
i=1

ACA, ADA;

m
< CZHSHL(K,-)MA_M,
i=1

where we once switched the order of summation and used (2.9). Since |A;| < p|A;|, we have
by Lemma 2.2,
1Pillz. oy = KM P Py & 186N Bill 0

which implies |[s||7_x,)[2:7*" = [[sll7, (k> © = 1,...,m. Now by Holder’s inequality,

D lslz, ey < Qs i) Pm 77 < (HA) sl
=1 =1

and the proof is complete. W

Step 3. Let s € X,(®) and suppose that s =: >, ., copg, where M C O(T) and
#M < n. Let A be the set of all triangles A € T which are involved in all Ey := supp g,
0 € M. Then s = Y, 5 5a, Where sp =: 1a - Pa, Pa € II;. Evidently, by (2.7), #A <
c*(No, &) #M < en.

We first extend A to A as in Step 1 above and introduce some auxiliary sets of triangles
needed for the forthcoming arguments. We set

Ar, = {AET,: Q% DA forsome A € ANT,,},
A = {AeT,: Q%> A forsome A e ANT,}, m € Z,

and also
A* = U A, A = U Az

meEZ meZ
Note that A, A’ € T, and A' € QY imply A € Q4,, and hence
A ={A€Tp: AN cCQf forsome A€ ANT,}).
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ThNerefore by (2.8), #]X* < ¢*(No, £) #(A N Ty,), and it follows that #A* < cn. Similarly,
#A < *(Ny, 20)(#A) < en. Tt is clear that A ¢ A* ¢ A**.
We now proceed to estimate [s|pa 1) == D acr [A[7*Sa(s)]. Let

:Z Z Coo, m € 7.

p<m HEMNO,

Then s,, € S;, and hence SA(s); = SA(s — sp)- if A € T For each A € T, we shall use
one of the following two obvious bounds for Sa(s).:

Sa(s)r < lsllz0z), (6.3)
SA(S)T < ”‘S_Sm”LT(QZA)a A€ T

Namely, (6.3) will be applied to the triangles A in the set A* € 7 defined above, while (6.4)
will be used for all remaining triangles in 7.
For the next estimates, we shall consider separately the cases: 0 < p < oo and p = oo.
Case 1: 0 < p < co. We consider two possibilities for each A € T: A € A*or A € T\A*.
(a) If A € A%, then for each A’ € T, such that A’ C Q4 we have A’ € A** and, in view
of (2.2), |A'| < ¢|A|. Hence, by (6.3),

Yo IAarTsals); < oAl Y0 sl

AeRy, A€Ry, Nerz, N COb,

e S AT sl

DERy, Nlehyr, A'Cb

= c Z Yo AT

A** AEA* Ql BYAY

¢ > AT SN, oy

NIt

IN

IA

where we have switched the order of summation and taken into account the fact that #{A €
A QA DAY =#{A e A, : AC QLYY < *(No, £), by (2.8). Tt follows that

Y IATSA(s); < e Y AT (a)

NI AehAx*
< c(#HAT) sl < en sl (6.5)
where we applied Lemma 6.2 to s with A replaced by A**, which is obviously legitimate since
A DAL
(b) Now suppose A € T, \A%,. Then Q4 = U?ﬁl A forsome A; € T, \A, j=1,...,7n4,
with na < ¢ < 3NZE (see (2.8)). We have, using (6.4),

Sa(s)r =Sals P < ZHS Smllz,(n;) (6.6)
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If Aj ¢ T, then it has no descendants in A, and hence s|a; = sp|a;, and

||S — Sm”LT(Aj) = 0, Aj ¢ T.

(6.7)

Suppose A; € T, i.e.,it is a chain triangle. Let A]- be the unique largest triangle of A
contained in A, and let Ka; = A;\ A and pa; = m—1m be defined as in Step 1. Tt is clear
that in this case S|KAj = sm\KAj = lKAj - Pp; and sp|a; = 1a, - Pa;, for some Py, € .

Therefore,
s = sullf o = lls = sll] 5, < ellsl], s, + €l Pa,lf s,

IfA; el I, then clearly Smla; = 0, and we have
Is = smlleoagy = Isllp a;, D5 €T\T
Assume that A; € I'. By Lemma 2.2,
1PA T (ay < 125PA T ay < el B5MIPA T i
By (2.1), |A,| < p"%i|A;|, and we arrive at the inequality
s = smll7,a,) < cllslly (a,) + 51248l D5 €T

From (6.6)-(6.9), and (2.2), we obtain

S IAMTSAGT = Y Y AT

AeT\A- meZ AcT\Az,
< e STIAIIsIT a ¢ S 02 sl )
Aer Ael
= El+22.
Trivially,
Isll,zy < > lslleaan,  A€T.
Aer, NCA

Switching the order of summation, we find

D<€ e sl Yo 1A

Alel AET, ADN!

< e sl an I Y (A 1ADT
A'eA AET, ADA!

< e Y AT s, an < c#B) (s,
Aeh

where we also used (2.9) and applied Lemma 6.2 to s with A replaced by A.

90

< DG TP ) < DGR IS k0, -

(6.8)

(6.10)



To estimate ¥y we shall use the representation of T' as a disjoint union of chains: T’ =
Usez A LeNt A € £ and suppose A = {Ay,..., A}, where A} D Ay D --- DA, DA} with
AN\ AT € A Then pp, > v — i+ 1. Therefore,

ZPMHSHEP(KA) < ||3||Lp(A \AL) ZPU < C”S”LP(K)\)a
AEX j=1

where K := AY\ A). It is easy to see that the sets K, A € L, have pairwise disjoint
interiors. Summing over all A € £, we obtain by Holder’s inequality

S <€) llsllz, ) < e sl e P (#L) 77 < e(#R) sl

AeL AEL

From this estimate and (6.10), we find

Yo AISA(s); < e(#A)Is|ly < enlsll;.
AET\A

Combining this with (6.5) gives [|s||5a(g) < cn®[[s]l7, ie., (3.2) holds.

Case 2: p = oo. The proof in this case is easier. We consider as before two possibilities
for each A € T: A€ A*or A e T\ A"

(a) For A € A*, we obtain by (2.2)

[AITSa(s)7 < AT ) < 1A < cllsll%.

Therefore,
D 1AITSA()] < cllsllT#A) < enlls||%. (6.11)
NS
(b) Let A € T \ A;‘n. Then Q4 =: U;le A, for some A; € Ty, \ A, j=1,...,na, with
na < ¢ < 3NZ! (see (2.8)). We have (see (6.4))

na

Sas); =Sals = sm)7 < Y lIs = smllL(a,)-

i=1

Asin Case 1, if Aj ¢ T, then ||s — sy,||z,(a;) = 0, and if A; € T, then S|KAj = Smlka, =

ILKAJ_ - Pp; and sp|a; = 1a; - Pa;, for some Py, € I1;. Therefore,
s = sl cap = ls = smlly s,
< AGlIslise + 11Pas Nz a,) < clBilllsllze
where we used the inequalities [|Pa (|7 (x,) < [1Pa;llLee(ay) < cllPallzo (K < c|ls|loo (see

Lemma 2.2). From the above, we infer by (2 2)

[AT'SA(s)7 < cllsll% > [Al/11,

1<j<npa, A;ETNTm
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and hence, using (2.2) and the fact that each A’ € I'N 7, can belong to < ¢ sets QY , we
obtain

. AITSals); < disln Y 1Al/IA

AeTm\AS, AETNTm

< sl Do o

Ael'NTy,

Summing over m € Z, we find

D AITSa()] <cllslln Y oo < cllslZ (FL +#L) < enlls|1%-
AeT\A* A€T

We couple this with (6.11) to obtain |[s||za ) < cnl|s||5, which is (3.2). ®
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