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ABSTRACT. We develop and analyze a framework for two-stage
methods with EB-splines, applicable to continuous and discrete
approximation problems. In particular, we propose a weighted
discrete least squares fit that yields optimal convergence rates for
sufficiently dense data on Lipschitz domains in R?.

1. INTRODUCTION

When approximating functions defined on some domain 2 C R%, one
can distinguish between meshless methods, like those using radial basis
functions, and methods which are based on a partition of 2. Such a
partition may or may not be adapted to the geometry of 2.

In the first case, which is standard for finite element discretizations
of PDEs, the cells of the partition are chosen to conform with the do-
main boundary. The big advantage is an easy treatment of boundary
data. However, stability and approximation properties of the result-
ing finite-dimensional function spaces depend on geometric properties
of the partition, and determining good partitions requires consider-
able care. A further problem is concerning the construction of smooth
piecewise polynomial bases whose complexity is rapidly growing with
the required order of smoothness and the space dimension d.

In the second case, which is typically used in geometric modeling,
the cells have a uniform structure independent of the shape of (2. Here,
the well-known theory of tensor product B-splines or box-splines can be
used to define spline spaces of arbitrary smoothness, but the required
trimming of functions at the boundary is leading to severe problems:
First, it may be difficult to comply with prescribed boundary values.
Second, standard tensor product B-spline bases typically lose their sta-
bility when restricted to the domain. In [13], web-splines were in-
troduced to overcome these difficulties. B-splines supported near the
boundary of the domain are coupled with inner ones to stabilize the
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basis. Further, if homogenous boundary data are given, all basis func-
tions are multiplied by a common weight function vanishing at the
boundary.

In this paper, we will not consider boundary value problems so that
no weight function has to be used. Rather, we will investigate approxi-
mation properties of extended B-splines (EB-splines). While some basic
properties were already studied in [13, 11, 12], we will focus on local
two-stage methods, as introduced by Schumaker in [21]. Such methods
suggest optimal approximation rates without the need to solve large
linear systems. Further, by an appropriate choice of the local approxi-
mation schemes, varying characteristics of the data to be approximated
may be taken into account, see [7, 5, 6].

Clearly, the standard spline spaces on domains have the same opti-
mal approximation properties established in [11] for their subspaces of
EB-splines. Hence, ill-conditioning of, say, L?>-Gramian systems with
respect to standard bases indicates numerical rather than principal
problems when approximating some function f : {2 — R. By the way,
simple diagonal preconditioning may be sufficient for stabilization, see
[19].

This situation changes completely when considering scattered data
problems, where f is known only at a finite set of data sites. Figures 1
and 2 illustrate the two main problems. In the first case, evenly dis-
tributed data sites and uniform knot vectors are used to approximate
the function f(x,y) = sin(z) + y? on the unit disk in the discrete least
squares sense. Although the condition number of the Gramian is rela-
tively high, the solution can be computed reliably. While the lo-error at
the data sites is less than 1.6- 1072, Figure 1(b) reveals large deviations
near the boundary. This problem, shown here in a particularly drastic
case, is persistent, even when using very dense data sets. In the second
case, the function f(z,y) =1 —x? —y? is approximated on [—0.5, 0.5
by bilinear polynomials. Here, a large number of data points lies on a
segment of the circle obtained by projecting the intersection curve of
the graphs of s(z,y) = kz + 0.75 and f into the zy-plane. As illus-
trated in Figure 2(b), this uneven distribution of data sites forces the
discrete least squares fit to deviate from f by more than k/24, see the
calculations in Example 5.3. These examples show that, in general, it is
not possible to guarantee reasonably small approximation errors when
applying the ordinary discrete least squares fits. Remarkably, this is
still the method of choice in many applications, like reverse engineering
or car body design.

In this paper, we develop and analyze a framework for two-stage
methods with EB-splines, applicable to continuous and discrete approx-
imation problems. In particular, we propose a weighted least squares
fit which yields optimal convergence rates for sufficiently dense data on
Lipschitz domains in R
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FI1GURE 1. Large error near boundary
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FIGURE 2. Uneven data distribution

In the next section, we establish a Bramble-Hilbert-type lemma for
sufficiently small subsets of 2 in the particular form required later
on. In the third section, EB-splines and some of their basic properties
are introduced. Then, in Section 4, two-stage methods for EB-splines
are defined and analyzed. These results, which are fairly general, are
specialized to local least squares techniques in Section 5. While the
continuous case is easily settled, discrete problems require more care.
We consider both standard least squares techniques and a weighted fit.
The latter approach is easy to implement and yields qualitatively op-
timal approximation results for arbitrary, though dense, distributions
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of data sites. Finally, in Section 6, we confirm our theoretical results
by numerical analysis of a sample problem.

2. LOCAL POLYNOMIAL APPROXIMATION

In this paper, we consider the approximation of functions on a bounded
connected Lipschitz domain 2 C R?, characterized as follows: For some
numbers ¢, 1 > 0 and each ¢ in some finite index set A C N, there is an
open cube Y, := (0,7,)71, a function ¢, : Y; — [§, 00) with Lipschitz
constant

Ce(y) — Ce(y')] <

Y,y €Yy H@/ - yl”oo

Y

and an isometric map I, : R — R such that

Q= JL(), Q:={@2eYixR:0<z2<qy)}

LeA

Further, the sets 1,(€2;) overlap such that the subsets 2, := {(y, 2) €
Qy:0 <y <m—20,z > d} still provide a covering of €, ie., Q =
UZeA Iy (Q@

Note that every bounded domain €2 with a locally Lipschitz boundary
satisfies the above conditions for suitable p and 0. Indeed, in this
case every point inside the domain belongs to a cube contained in
), and every point on the boundary of {2 has a neighborhood whose
intersection with the boundary is the graph of a Lipschitz continuous
function [1]. By choosing a suitable cube inside this neighborhood, and
then extracting a finite cover thanks to the compactness of Q, we will
get the desired sets €, and isometries I,. However, the parameter 0
introduced here plays a prominent role in our analysis as it provides an
upper bound on the size of subsets for which various estimates hold, see
e.g., Lemma 2.3 and equation (14). Therefore, for any given domain it
is desirable to have ¢ as large as possible. It is not difficult to show, for
example, that for the unit disk in 2D the above definition holds with
any § < \/5/ 2.

Let p,p’ € [1,00] be a pair of conjugate exponents, related by 1/p +
1/p) = 1. As usual, we set 1/p = 0 for p = co. The Sobolev space
W3t (Q) of order n € N is the closure of the set of smooth functions on
) with respect to the norm

[ fllwp ) = Z |flwre, [ flwre = Z 1F o,
k<n |a|=k
where |a| = o + - + ag and f(®) = %.
Let P be the space of real-valued d-variate polynomials. We define
the subspace P" of polynomials of coordinate order n and the subspace
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P" of polynomials of total order n by

P" = {r € P: 7® =0 for all @ with maxa; = n},
P" = {m € P: 7@ =0 for all a with |a| = n},

respectively. Clearly, P" C P".

Throughout the paper, the order n € N, the space dimension d > 2,
the exponent p € [1,00], and the domain 2 according to the above
construction, are regarded as fixed parameters. Equally, some size
factor r > 1 and some bound o > 0 on the distortion of knot sequences,
to be introduced in the next section, are fixed. To formalize the concept
of generic constants, we introduce relations < and =, defined as follows.
Given the fixed parameters n,d, p, €2, r, o, it is

A<B and B> A

if and only if there exists a positive real constant ¢ such that A < ¢B
for any instance of the real-valued terms A and B within some range
defined in the context.

Definition 2.1. Given a continuous function ¢ : (0,1)4"! — [1,2], and
an isometry I : R — R? the corresponding graph-bounded set v C R?
with scaling factor ¢ > 0 is defined by

vi= 1), = {2) e 0D xR:0<2<((y)}

The Bramble-Hilbert Lemma is the key to establishing local approx-
imation properties of splines. In principle, the following variant for
the graph-bounded sets could be derived from results in [20], but we
include a proof for the sake of completeness.

Lemma 2.2. For any graph-bounded set ~ with scaling factor q, and
for any function f € W]'(v), there exists a polynomial = € P with

(1) |f = 7lwre S flwoe), m<n

Proof:  Under isometries, P is invariant and Sobolev semi-norms
change at most by a factor depending only on the order. Further, (1)
is invariant with respect to scaling. Hence, without loss of generality,
we may assume that the isometry [ is the identity, and that ¢ = 1,
i.e., ¥ = . Let 70 := (0,1)¢ C 4. By the Bramble-Hilbert Lemma [3],
there exists a polynomial 7 € P™ such that

(2) |f — 7T|W;”(70) =< |f|W1;z(70), m < n,

We show that the same polynomial 7 satisfies the required estimate on
~. To this end, we prove

|f = 7T|W;”(w) S |f|W;(7), m < n,

by induction on m, decrementing from the case m = n, which is trivial.
Assume that the assertion is true for some m < n. For any multi-index
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a of total order |a| = m — 1, consider the function A := f(@ — z(@),
Fory € Y :=(0,1)% 1 and 0 < 2 < ((y), let

Cy)
Dulo2) = A6, Dals) = [ 0.a(0]dr

Clearly,

A=) =Ml =] [ s d]< s )
z/C(y

which implies |A| < |A;| + |Ay]. First, substituting v = z/((y) and
using (2), we obtain

C(y) 1
1AL, < /Y / Ay, 2/¢(y)P dzdy < 2 /Y / A(y, 0P dudy

=2 ||A||ip(70) < fIy 5 (70) < |fl 2

Second, by Hoélder’s inequality and the induction hypothesis,

¢(y) ) ¢(y) rC(y)
8altiy = [ [ st sy <2 [ [ o a g drazay

¢(y)
< ol+p/p / / 10:A(y, )" dtdy = 2°[|0: Al ) < 1 pea-
Y JO

Combining the two estimates and summing over all o concludes the
proof. O

The size |w| of a set w C  is defined as the max-norm of the diagonal
of its bounding box. Polynomial approximation in a neighborhood
of sufficiently small subsets of €2 will be established by the following
observation:

Lemma 2.3. For any subset v C Q of size |y| < 6/(2V/d), there eists
a graph-bounded set ~v* with scaling factor q == Vd|y| and size |v*| <
(d+ 1)|v|, such that v C v* C Q. Hence, there exists a polynomial
T € P" such that

If = 7T|W;n(w) < v |f|W,;L(7*)7 m < n.
Proof:  Let the index ¢ € A be chosen such that v N I,(€2)) is not
empty. There exists a cube 7/ := (y/,2") + (0,q)¢ of size ¢ containing

the pre-image of v, i.e., I,*(y) C 7. Since ¢ < §/2 and 4 contains
points in ), we have ¢ <y' <1y — ¢ and 2’ > ¢. Hence,

V'i={,2) e,y +" xR: 2 —q<z<min( +qCy))}

is a graph-bounded set with scaling factor ¢ and I, '(y) C v" C Qy,
implying that v* := I,(+") is a graph-bounded set with scaling factor
q and v C v* C Q. The size of v* is bounded by ¢v/d+ 1 < (d + 1)|v]|.
The last statement follows from Lemma 2.2. O
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3. EXTENDED B-SPLINES

In this section, we give a brief introduction to the construction of
extended B-splines and to some of their properties. More details on
this topic can be found in the web-spline literature, e.g., in [11], [12].

Let

T:=[T", 1% ..., T

be a multivariate knot sequence for tensor product splines on R¢. For
simplicity, we assume that the knots ¢! forming the bi-infinite sequence
T" are strictly monotone increasing and diverging, i.e.,

ti <ti, 1€,

and

lim ¢ = —o0, lim?; =00

1——00 1—00
for all © = 1,...,d. The grid cell T'y corresponding to the index k =
(k'...., k%) € Z* is defined as the half-open box Ty := [t} 1., ) X

X [tzd,tzdﬂ). Let I}, :==t}, ., —tj.,t =1,...,d, be the side lengths

of I'y. We assume that the cells are uniformly bounded, and define the
grid width h as the maximal side length of all cells,

h := sup max [J,.
k‘eZI?i L:1,...,d k

The distortion of the knot sequence T', defined as the maximal ratio of
side lengths, is assumed to be bounded by some constant o,

inf min I,)"'h < o.

i ) R = e

Thus, a lower bound for all side lengths is If, > h/p. Throughout, the
grid width h € (0, hg) is regarded as a variable, while the bound p on
the distortion is one of the fixed parameters. A specific value for the
maximal grid width hg will be given in (14).

In the following definition of extended B-splines, we will not only
consider the domain ) but also certain subsets thereof whose size is
comparable to the grid width. Given some size factor r > 1, belonging
to the list of fixed parameters, we define

Wr = {w C ) : w is measurable and contains a grid cell Fk}

Wi = {w C Q:wis measurable and |w| < rh},

Wi = Wy N Wr,
Subsets w € Wr are called local sets and those in Wi local domains.
Throughout, to avoid trivial cases, we assume that the knot sequence

is chosen fine enough to guarantee that ) contains at least one grid
cell, i.e., Wp and Wj. are not empty. In particular, 2 € Wy.
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For k € Z%, the multivariate tensor product B-spline of coordinate
order n € N with respect to the knot sequence 71" is denoted by

bi(z) i= b (1) - b (D),

where each b, is a univariate B-spline of order n with knots 7". Its
support is the box
St 1= [the, ] X+ X [t thay ]

Given any w € Wy, restricted grid cells and restricted supports are a

defined by
Lo =TrNw, sur=sNw, k€ VA
respectively. With
K,:={ke 72 - Swk F @}

the index set of relevant B-splines, the space of restrictions to w of all
tensor product splines of coordinate order n with respect to the knot
sequence T is given by

B} = span{by, : k € K, }.

Multivariate extended B-splines (EB-splines) introduced by Héllig et
al [13, 12] form a stable basis of a subspace of B, which is sufficiently
large to provide full approximation power. For the sake of complete-
ness, we briefly recall here the construction. The basic idea is to adjoin
the splines with small support in w to those whose supports overlap
significantly with w. More precisely, the relevant B-splines are divided
into two categories, namely the inner B-splines with indices in the set

I, = {@ ez 5.,,; contains a grid cell Fk} ,

and the outer B-splines with indices in J, := K, \ I,. A grid cell Ty, is
called inner grid cell if it is entirely contained in w, i.e., I'y = I',, ;. The
EB-splines B,,; : w — R are linear combinations of the inner B-splines
b; with outer B-splines,

Bw,i = bz|w + Z ei,jbj\wa 1€ [w'
J€Jw
The weights e ;, called extension coefficients, are given by
€ij = AjPij-

Here, A} is the de Boor-Fix functional (see below) corresponding to the
B-spline b;, and p; ; is the polynomial in P" that agrees with ; on the
inner grid cell “closest” in a sense to the center of the support of b;,
see [13, 12]. The support of B, ; is denoted by S, ;, and the relation

Sw,i C Sw,i
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accounts for the 'E’ in EB-splines. By construction, each support S, ;
contains at least one inner grid cell. Below, I'; denotes one of these
inner grid cells,

(3) I C S, i€l

The choice of I'} is arbitrary in the sense that it does not affect the qual-
itative form of our estimates. However, in applications, an appropriate
choice might yield quantitative improvement.
The space B of extended splines on w is spanned by the set of
EB-splines,
B :=span{B,;:i € I,} C B

It is important to note that B includes the space of all polynomials
of coordinate order n on w,

(4) P" C B
Collecting all EB-splines in a column vector B,, := [B,lics, and a
sequence of real control points in a row vector a, = [a;];cr,, extended

splines can be written as

CLwa = Z CLZ‘BL,J’Z‘ S 682.
i€l
Both for local domains w € W7 and for the global domain €2, EB-splines
are bounded in the following way:

Lemma 3.1. For w € W;U{Q}, the size of the support of EB-splines
satisfies
h < |Suil < h, i€l,.

The extension coefficients are bounded by

(5) Z ’67;7j| < 1, 1€ Iw.

J€Jw

Proof:  Clearly, |S,i| > h/p. In the local case w € Wy, we have
|Sw.i] < rh by definition of Wj.. The bound on the extension coefficients
can be established as follows: By affine invariance of the EB-splines
construction, we may assume h = 1 without loss of generality. The
extension coefficients depend continuously on a finite number of knots
so that boundedness is implied by a compactness argument. In the
global case w = (2, the proof follows immediately by specializing the
arguments in [12] to the case of knot sequences with bounded distortion.
O

We note that the constants hidden in the inequalities of the lemma
depend crucially on r in the local case, and on p in the global case.

The next lemma summarizes the key stability properties of EB-
splines: Up to a normalization factor, they are uniformly stable with
respect to p-norms, and satisfy a Bernstein-type inequality.
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Lemma 3.2. For any set w € Wi U {Q}, any sequence a,, of control
points, and any m < n, it is

(6) W |laully < llawBullzew) < AP llacll,
(7) lawBulwy @) < B aylp-
Proof: The estimate (6) is an immediate consequence of Theorem 9

in [12]. To prove (7), we only consider the case p < oo, which is slightly
more involved than p = co. Let

- {Z S Iw : Fw,k N Sw,i 7é @}
Ki={keK,:T,,NS,;#0},
and a* := [a;];er,. First, the number of indices in Ik is #I, = n? so
that [|a¥||; < n¥?'||a¥||,. Second, it is known that [|b\”]| ey < Bl
for any k € Z% and any multi-index a with |a| = m. Hence, by (5),

IB || oy < 71, i€ L.

Third, the volume of I, is bounded by vol(T', ) < he. Together, we
obtain

law B | o < B vol(Tu ) VPl |1 < Rl |a),.

Therefore,

By = |30 awiBL

LP(Ty k)
kezd i€l
d—|a d—|a
< he-l |p§ E :|aw’i|p:h | |P§ § |ag |
kezd iely, i€l, keK;
d—|a
< RIS T g

i€l

By Lemma 3.1, the side lengths of supports are bounded by S,,; < h,
while the side lengths of grid cells are bounded by i, > h/p. Hence,
we obtain #K; < 1, and the proof is complete. O

We define the de Boor-Fiz functionals A} corresponding to global
EB-splines as follows: For a sufficiently smooth function f, let

(8)  Afi= Y (—1)hdlelyt ity fed () e I,
llerffoc <n
Here, ¢;(z) := ¢} (z) - - - 4 (x?),

n—1

CACOE

L+l fL‘
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n—1l—a:=MmM—-1—-ay,...,n—1—qy), and 7; is an arbitrary point
in the interior of sq ;. These functionals are bi-orthogonal to standard
B-splines [2, Lemma IX.1], and hence also to global EB-splines,

)\Z(BQVk; = 6i,ka i, ke lg.

While being useful for many theoretical purposes, the de Boor-Fix
functionals are of limited use in practice since they are only applica-
ble to functions which are, at least locally, continuously differentiable
up to order (n —1,...,n — 1). This limitation can be overcome, for
instance, by prepending an approximating polynomial, such as the av-
erage Taylor polynomial [3], before applying \f. Here, we suggest a
different process: Since tensor-product polynomials are reproduced by
EB-splines, it is natural, and indeed computationally efficient to use the
L2-projection of f to the space of polynomials P" as an intermediate
approximation.

More precisely, let p!, denote the normalized tensor product Legendre
polynomials of degree a € N on the inner grid cell I’} C Sq;,

/ pgpg =00p, o,p€ Ng, 1€ Ig.

r

Then the local L?-projection operators £; : L'(T";) — P" are given by
lalloo<n T

We assume that the points 7; in (8) satisfy 7; € I',, i € I, and define

the functionals \; : L'(I'})) — R by

Aif = N(Lif) = /F/ pif,  pi= Z (\ipi)pl, € P

: llaflco<n

For any function f € L*(), we set \i(f) := X\i(fir).
Besides being applicable to functions which are barely integrable,
these functionals have the following properties:

Lemma 3.3. The functionals \; are biorthogonal to EB-splines,
(9) )\ZBQ,]C = 5,‘7;“ 1, ke lq.

Further, they reproduce polynomials according to

(10) Z(Aﬂr)Bm =m forany weP"

i€lq

and are bounded on LP(T%) by

(11) INif| < B fl| o
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Proof: ~ Clearly, \im = X(L;w) = A7 for any 7 € P". Hence,
AiBar = Ni(Bagr,) = A (Bagr;) = 0ix, which proves (9). By (4),
T = aqgBgq for certain coefficients aq, and hence

Z(AZCLQBQ)BQ,’L = Z CLiBQ7i = T.

i€lg i€l

The estimate (11) is invariant under scaling and shifting knots. Hence,
we may assume ', = [0,1]¢ without loss of generality. The number
of knots influencing the polynomial p; is at most (n — 1)? and, by
boundedness of the distortion, they all lie in the compact set [—no, ng]?.
Hence, since p; is depending continuously on these knots, ||p;||; )

1, and (11) follows from Hélder’s inequality. O

4. TWO-STAGE METHODS

Let P, : F(w;) — LP(I), i € Iq, be a sequence of local approzimation
operators, where I, C Sq; as in (3), each local domain w; € W sat-
isfies T, C w;, and F(w;) C L'(w;) is a suitable function space. Thus,
beforehand, we assume essentially nothing but that each local approxi-
mation P;( fi.,), ¢ € I, is LP-integrable on the inner grid cell I'; C Sq;.
Keeping in mind that the operator P, must not make use of function
values outside the local domain w;, we write P;f or P;(f)instead if
P;(fiw,;) to simplify notation.

A two-stage method for EB-spline approximation proceeds as fol-
lows: First, the local approximations P;(f) are determined. Second, a
corresponding extended spline is computed by applying suitable dual
functionals, for example \; defined in Section 3, to P;(f).

Definition 4.1. The two-stage method P corresponding to the local
approzimation operators |Pilicr, is defined by

(12) Pfi=> (MP(fw,)Baa

i€lg

The functionals \; used here could be replaced by any sequence of
functionals corresponding to a quasi-interpolant of order n, like the de
Boor-Fix functionals A}. However, our special choice guarantees a wide
range of applicability by assuming low regularity of f and P;(f), and
the results and arguments are prototypical.

Now, we are going to derive estimates on the error of the spline
approximation

A=f—-Pf
from the errors of the local approximations

A= [ — B, i € Ig.
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For the sake of convenience, we introduce the notations

Bup = 8y, Doy = Boler 80,0, = (a2,)"

i€lg

We show that the Sobolev error of a two-stage method can be split
into two terms, one of which is similar to the O(h"~"™)-error of the
best approximation by EB-splines, and the second one that depends
on the local errors A,;.

Theorem 4.2. For any function f € W[ (S2), the error A = f —Pf
15 bounded by

(13)  Alwpe) < B ([ flwpe) + A7 [ Aaullp),  m < n.

The proof is postponed until after Theorem 4.3 that gives a local
error bound.

According to Lemma 3.1 there exists a constant ¢ > 0 depending
only on the fixed parameters n,d, p, €, o such that [Sq,;| < ch for all
1 € Ig. In the following, we assume that the grid width A is sufficiently
small,

)
(14) h < hy:= m

For any o € WT, let

where Ig[o| denotes the set of indices corresponding to EB-splines not
vanishing on o,
IQ[U] = {Z e lqg: SQJ No 75 Q)}

Since |Sqi| < ch, we have

J
Iv] < |o| + 2 max [Sq;| < (r+2c)h < —=.
iEIQ[O’]

2Vd
Thus, by Lemma 2.3, there exists a graph-bounded set v* with scaling
factor v/d|y| < Vd(r + 2¢)h such that ¢ € v C 4* C Q. Lemma 2.2
guarantees
(15) |f = mlwpes S B flwpen, m<n,
for any function f € W;(y*) and a suitable m € P". Note that the size
of v* is bounded by
(16) V< (d+ 1)yl < 2d(r +2c)h < h,

Theorem 4.3. Let o be any local subset and ~* the corresponding
graph-bounded set as defined above. Then

(17) ‘A’W"b o—) hn m(’f’Wn(,y + h max A 7p) m S n,

i€lg|o]
for any function f € W] (v*).
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Proof: Let m € P" be the polynomial approximating f on v* accord-
ing to Lemma 2.2, and set ¢ := f — 7. Reproduction of polynomials
according to (10) leads to the representation

A=e—> (N£)Bai+ Y (MiA)Boy,
i€lg i€l

of the error. Hence, for m < n and p < oo, the Bernstein inequality
(7), applied to >, 1 (Aig) Ba; and 37, ;1 (Aid;) Boy, yields

1/p 1/p
Alwgio < lelwgio 27 ((30 ael) 7+ (2 nead) ).

iclglo] i€lqglo]
The number of indices in Ig[o] is bounded by #Iglo] < (ro+n)? < 1.

Hence, by equivalence of norms on R#/2l7l we obtain the estimate

Alwmo) < lelwmoy + hYP7™ ( max | Me| + max [MA]),
[Alwpo) < lelwy (max [Ase] + max [Aiki])

which is also valid for p = co. We obtain using (11)

Z& m(qg < m (g h_nl U in AR
[Alwy o) < lelwypo) + 7™ (max flellzory + max [Aillzery)

Since I, C v* for all i € Ig[o], the desired estimate follows from (15).
The case p = oo can be proven in a similar way. O

We are now ready to prove our estimate for the global error.

Proof of Theorem 4.2: We only consider the case p < oo as it is
slightly more difficult than p = co. We use the restricted grid cells as

local subsets, o, := I'qgr € Wr, and write
P _ P
Al = D 1A,
k
By Theorem 4.3 and the equivalence of norms,

P (n—m) P —n P
A nQ) S h p(Z |f m(or) T h="P ier?ﬂe}zr{k] Ai7p>.
k k
Since gy C 75 and |7} < 2d(r + 2¢)h, see (16), the number of sets
75 containing any given point x € 2 is bounded by some constant.
Equally, the number of times every term A? i € I, appears in the

Z7p,
second sum is bounded by another constant. Hence,

P (n—m)p P —np »
ALy < AT (1 By + 577 DAL,
i€lg
and the claim follows by the equivalence of norms, again. O
Remark 4.4. As mentioned before, the dual functionals \; in the defi-

nition of the two-stage method P could be replaced by other families of
functionals, and in particular by the de Boor-Fix functionals A}. These
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functionals can be applied if P;f is sufficiently smooth. Using similar
arguments as above, one can show the error bounds
Al < B (I lwae +max S h 1AL (7)),

i€lg
[la]loo<n

if feW2(Q), and
Alwee) < 7" (Iflween + max 37 h= 1o AR (7)),

ZEIQ[O’] Ha” “n
o0

if f € WZ(y*), analogous to (13) and (17), respectively. Recall that
7; are arbitrarily chosen points in the interiors of sq;. This freedom
can be used to obtain particularly local error bounds. For example,
assume that z € 2 lies in an inner grid cell ', and o, C gy is any
open cube centered at x. Then we may choose 7} := o, as enclosing
graph-bounded set. Further, it is possible to choose 7; = z,i € Ig[o,],
to obtain
’A( ( )| < B m<’f|W" (02) + max Z h™ n+|al ’A(a) ‘)

EIQ Ux]
[la]|oo <m0

Now, we consider two-stage methods with additional properties. Re-
calling the bound (14) on the grid width h, we note that the local
domains w; € Wi used to define the local approximation operators F;
are bounded by |w;| < rh < §/(2v/d). The enclosing graph-bounded
domains corresponding to the w; according to Lemma 2.3 are denoted
by w;,i € Iqg.

Definition 4.5. A two-stage method P is said to be of type (n,p) if

e the local approximation operators reproduce polynomials accord-
mg to
P(m)=m
foralli € Ig and m € P*, and
e there exists v, > 1 such that

1P:(f) = Pi(llerry < vp (I1f = 9llzony + 2" = glwpn)
foralli € Ig and f,g € W) (w;).
Note that v, is just a bound on the Lipschitz constants of the oper-
ators P; 1 Wi (w;) — LP(I';) with respect to suitably weighted Sobolev
norms. For sequences of linear operators, as they are typically used

in practice, v, is a bound on the norms of the operators F; in the
appropriate function spaces. In particular, the stronger condition

(18) 1B f Loy < vpll fllze )
implies (n, p)-type if P; are linear operators.

For a two-stage method of type (n,p) the estimates of Theorems 4.2
and 4.3 simplify as follows:
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Theorem 4.6. Consider a two-stage method of type (n,p). For any
local subset o C ) there is a graph-bounded set ¢ containing o, with
|o| < h, such that the approximation error A := f —Pf o is bounded
by

(19) |Alwm@) S "™ [ flwne), m<n,

for any function f € W)(G). Moreover,

(20) |Alwp) < vph" " [ flwp@), m<n,

for any function f € W} (Q).

Proof:  For a fixed i, let m be the polynomial approximating f on
w} according to Lemma 2.3. By reproduction of polynomials,

A= (f—m) = (B(f) — Pi(m)) on I}
Hence, with € := f — m, the (n, p)-type and Lemma 2.3 yield
Aip < ellze@y + 1P(f) = Pi(m)l| o)
< llellzoy + vp(llel o + A" elwyp )
< (L +vp) (lellorw) + R lelwpwn)
< Vphn|f|W;(w;)-
Substituting this estimate into (17) leads to (19), where

*

is obtained according to Lemma 2.3. Similarly, the global bound (20)
follows by substituting the above estimate into (13) and using the fact
that the number of sets w!, i € I, containing any point z €  is
bounded by a constant. O

5. LOCAL LEAST SQUARES

In this section, we discuss approximation properties of two-stage
methods based on continuous and discrete least squares fits in local
EB-spline spaces, respectively.

In general, local least squares fits P;(fl.,) can be obtained with the
help of various approximation tools, such as polynomials or radial basis
functions, see e.g. [7, 5]. In this paper we study local approximations
from B[}, which has the big computational advantage that in this case
the value of the dual functional A;(F;(f.,)) needed to form P f coin-
cides with the coefficient a; of the i-th local EB-spline in the expansion
Pi(flw:) = aw,B., € Bl Indeed, this follows from the fact that, since
I') C w;, the functional \; satisfies \;B,, = &, for all k € I, see
Lemma 3.3. Hence, as soon as all local approximations have been
computed, the control points of the two-stage fit Pf are obtained in
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no time by utilising appropriate coefficients of the local spline approxi-
mants. Note that methods with similar advantages have been discussed
in [16, 7, 18, 15] in the context of different spline spaces.

5.1. Continuous least squares. We start with considering local ap-
proximation in the L2-sense. As before, let w; € Wi, i € Iq, denote
the local domains used to define the two-stage method P, and let I,
denote the corresponding inner grid cells. It is important to note that,
in general, B, ¢ B since the local rules for attaching outer to inner
B-splines may differ from the global ones. Now, we define the operator

P : LY(w;) o f + G, B, € B,

via the Gramian system édgi — F, where

(21) Gx ::/ Ba, i Bu ks Fj::/ Bo,if, g k€L,

By Lemma 3.1, |S,, ;| %= h, while |w;| < h. Hence, the dimension of
the Gramian system is bounded by some constant, #1,, < 1. Clearly,
if f € L?(w;), then P;f is the best L*-approximation of f in B,

1f = Pif 2y = nf 1f = sllzgen.

s€By,

It is easy to see that the two-stage method P corresponding to the local
operators P;, 1 € I, has all desired properties.

Theorem 5.1. For any p € [1,00|, the two-stage method P is of type
(n,p), and v, < 1.

Proof: Clearly, P is reproducing polynomials of order n. Since P,
is linear, it suffices to show that

1P:f oy < o, i € Ia,
for any f € LP(w;). That is, the constant v, depends only on the
default parameters. Let us fix 1 € I and drop the index i of w = w; to
simplify notation. Using (6) for p = 2, the smallest eigenvalue A, of

G can be estimated from below by means of the Rayleigh quotient of
G and Lemma 3.2,

- G lawBu |7
(22) Ain = min <a‘“—’a2”> — min Lf(w) = hd,
BB el e Jal?
As shown above, the dimension of G is bounded by a constant. Hence,
by equivalence of norms, the inverse of GG is bounded by

Gl < NGl = A < 2%

Using Holder’s inequality and (6), we see that the components of F are
bounded by

E5] < 1Bl @l Fllzoy < AP fll o e-
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Consequently, [|aull, < |G IF ], < h=*?||fll1rw), and, using (6)
again, )
| Piflzray < llawBullirw) < 1f]zew)-
O
Lemma 3.2 also yields the bound S\max < h? on the maximal eigen-
value of G, implying that the condition number is bounded uniformly in
h, i.e., cond, G = Mpax /Amin < 1 . Hence, the linear two-stage method
P combines optimal error bounds with numerical stability.

5.2. Discrete least squares on scattered data. While the proper
functionality of continuous least squares fits depends on nothing but
our assumptions on the shape of {2 and upper bounds on the grid width,
the distortion, and the size of local domains, scattered data problems
require more care. For instance, as shown in the introduction, problems
may occur near the boundary and for unevenly distributed data.

Let = := {&}¢ be a finite set of data sites § € Q, and let f, := f(&)
be the corresponding values sampled from some function f € C°(Q).
Assuming continuity is necessary to make sure that point evaluation is
well defined. A straightforward approach to constructing local opera-
tors P; is to compute a discrete least squares fit of the data (&, f¢) in
Sq,i or, more generally, in a local domain w; € W containing the inner
grid cell I',. Clearly, if no further assumptions on the data density and
distribution are made, the sets w; have to be carefully chosen to ensure
that the data sites in =,, := = N w; provide sufficient information to
compute reasonable local approximations P;f on I'..

Assuming that Z,, := ENw; is a total set for B}, ie., s € B, and
Sz, = 0 implies s = 0, the local discrete least squares fit P;, can be
defined uniquely by

I(f = Pif)&z.,

This defines the operator P : C%w;) — L=(T) for each i € Iq.
Clearly, the corresponding two-stage method P is of type (n,oco) if
the norms |||, i € Iq, of the above operators are uniformly bounded.
In general, this will not be the case.

If the scattered data = are too sparse, it may be impossible to find
w; such that =, is a total set for B} , and even if =, is a total set, it
may happen that the local data sites are ill-distributed such that the
norms || 5| cannot be bounded. To handle such data with a two-stage
method, more complicated adaptive algorithms may be applied. In
particular, the methodology of [4, 7] can be adopted, such that || 7| is
estimated using the minimum singular value of the collocation matrix
obtained by evaluating the local EB-splines at the data sites. We leave
the development of such algorithms for future research.

However, to begin with, we show the boundedness of || P|| under two
additional assumptions: sufficient density of the data and boundedness

2= min I/ - o)., [
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of the number of the data sites in each spline cell. As usual, the density
of a subset X C Y C R? is measured by the fill distance

fd(X,Y) := maxmin ||z — y||2.

yeY zeX
Since s|r is a polynomial, by Markov inequality there exists a constant
/8 depending only on n and d (e.g., § = 2(n — 1)2V/d), such that

(23) max 1Vs(y)]]2 < g”SHLOO(F/_), for all s € By, 1 € Iq.
yer; '

7

Theorem 5.2. Assume that
e the data sites = are sufficiently dense in I'; in the sense that
(24) fA(ENTLTY) < h/(28), i€ g,
and
o the maximum number of data sites in each spline cell is bounded
by a constant s,

25 =NTy) < a.
(25) max #(ENTe) <

Then P is a two-stage method of type (n,00) with Ve < /7.

Proof: As soon as the data are sufficiently dense to ensure that =,
is a total set for B2, || P can be estimated as p; < ||B;|| < /#Eu, pi,
where

pi = maX{HsHLoo(p;): s € B, ||S‘EwiHOO < 1}.
see [4, Proof of Theorem 2.1]. It is easy to see that Z,, is a total
set if and only if p; < oco. Since |w;| < rh, the number of cells T’
satisfying =,, N 'y # () is bounded by a constant. Hence, by (25), we
have #=,, < 7, which implies

1Pl < /> pi.
To find a bound for p;, we apply the techniques introduced in [14], see
also [22, Proof of Theorem 3.8]. For s € Bf, with [[sz,, [ < 1, let

w;?

x € I'; be a point with the property [s(z)| = ||s||zo(rs). It follows from

(24) that there is a data point £ € =N 1% C Z,, such that ||z — &[]z <
h/(28). Hence, using (23) we obtain

1
|s(z) = s(§)| < max [|Vs(y)|l2llz —&llz < 5 llsllzeomy-
yElz €] 2

Thus,
1 1
12 [s(€)] 2 Is()|—Is(x)=s(©)] = sl —5lIslzem = 5lslem,

and so ||s|zec(ry < 2, which shows that p; < 2. O

It is easy to see that conditions (24) and (25) are compatible. For ex-
ample, (24) is satisfied if Z is a uniform grid with side length h/(3v/d).
In this case (25) holds true with s = (8v/d)%. Note that the numerical
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values for s resulting from these estimates, e.g. 1296 for the above grid
in case d = 2, n = 4, have little practical importance as they are very
pessimistic. Indeed, our numerical results below show that the method
described in this section (with d = 2, n = 4, r = 14) performs very
well for random data with just four data points per cell on average.
Condition (25) may seem counterintuitive because it suggests that in
some circumstances the availability of additional data may be harmful.
In fact, a close inspection of the error bounds for global discrete least
squares from spline spaces with stable bases given in [9, 10] reveal
that they also depend on the maximum number s of data sites in the
spline cells. A similar phenomenon has been discussed in [17] for the
moving least squares approximations. The following example shows
that this is a genuine phenomenon and in general, the approximation
error, and hence the norm of the discrete least squares operator, can
indeed become arbitrarily large as the number of data sites is growing.

Example 5.3. Assume that ' = (=%, 2)? C w C R? is a grid cell for

the space B and f(z,y) := 1 — 2% — y?. Choose k > 2 and consider
the set of data sites = = Z; U =y, where Z; := %ZQ Nw, and =, is a
finite subset of the circle segment
h h
o= {(x,y) € [—5, 5]2 f(z,y) = s(x,y) := khx + 1 — h2/4}
(see Figure 2(a)), defined as follows. Set r := ||fiz, — sz |2, and

choose a positive integer N such that § := 7/v/N < h?/72. Then
=y = {& = (x,y;) i = —=3N,...,3N}, where y; = g—]@ and x; is
uniquely determined from the condition &; € o. Let s* € B2 be the
the discrete least squares approximation to f with respect to the data
sites in =. We claim that

. kh?
(26) Hf S ||L°°(F) > 24
As k can be chosen arbitrarily large, the approximation error is not
contained in O(h?).

Proof of (26): In view of s, = f,, we have || fiz — s;g||» = 7. Since s
belongs to B2, this implies | fiz — STEHQ < r. It follows that there exists
’L.l with 2N S il S 3N, such that |f(§z1) - S*(§Z1)| < ¢ and |f(§_“) —
s*(€-;,)] < 9. By a simple calculation we have |f(&,)| = |f(¢-i,)| <
f(&n) < 1 — h%*/9. Hence max{s*(&;,),s*((_i)} < 1 —h%*/946§ <
1 — 7h%/72. Since S Is linear along the line x = z;, =, it follows
that s*(x;,,0) < 1—7h?/72. Similarly, there exists iy with 0 < iy < N,
such that [f(&,) — s™(&,)] < 0 and |f(£-s,) — $™(€-y)| < 9, and as
in the above it is easy to see that s*(x;,,0) > min{s*(&;,), s"({-i,)} >
1 — h?/16. Since sjp 1s linear along the line y = 0, and [z, — x;,| <
h/(4k), we conclude that the slope of this linear function is at least
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kh/12. Therefore, s*(%,0) — s*(x;,,0) > (2k — 1)h?/48, and we deduce
that 5*(370) - f(%,O) = [5*(370) - S*($i2,0)] + 5*($i270) - f(%,()) =

(2k —1)h?/48 4+ (1 — h?/16) — (1 — h?/4) > kh* /24, and (26) follows.O

Clearly, (26) remains valid if B2 is replaced by B". Note that the
density assumption (24) is satisfied in the above example as fd(Z2NI") =
h/(2B), with 8 = 2/2 in (23) for n = 2. Moreover, it is not difficult
to see that k = /3 if w is a local domain, which shows that the
estimate v, < v/ in Theorem 5.2 cannot be improved. The example
also applies to the global least squares (w = 2), in which case however
» = k?/h*. The estimate ||f — s*||pr) = /3¢h? is obtained for the
global least squares if the example is modified as follows: Replace f by
the expansion of fir as a linear combination of 9 biquadratic B-splines
whose supports contain ', and, similarly, replace s by the spline in 52
that interpolates s at the corners of I' and vanishes at all other knots.

Precaution needs to be taken to avoid the effects demonstrated by
this example. A simple remedy is to perform data thinning by removing
“extraneous” data points while maintaining their sufficient density to
guarantee the same approximation order of the method P. For exam-
ple, assume for simplicity that €2 is a d-dimensional cube and replace
(24) by a stronger bound on the fill distance, fd(ZNT", T%) < h/(28Vd),
1 € Ig. If we now choose in €2 a uniform d-dimensional grid with side
length £ < h/(26+/d), then every cell of this grid will contain at least
one data point. By selecting a single point in each cell, and discarding
all points of = that have not been selected for any cell, we arrive at the
thinned data Z' satisfying (24). Moreover, the number of points of =’
lying in a single spline cell 'y, is bounded by (h/e)?, which shows that
(25) is satisfied for Z’ with s close to (26+v/d)?. Alternatively, thinning
may be performed in the local approximation stage (i.e. effectively built
into the local operators P;) as described e.g. in [7].

If certain subregions of €2 are populated by significantly denser data,
and higher approximation quality is required there, then hierarchical
spline techniques 8] are more appropriate than data thinning. However,
an analysis of hierarchical spline methods is beyond the scope of this

paper.

5.3. Weighted discrete least squares. In this section, we develop
an alternative framework based on a suitably weighted discrete least
squares fit. It is leading to a two-stage method P of type (n,p) for any
p > d/n with uniform bound v, < 1, independent of the number or
distribution of data sites provided that the data are sufficiently dense.
Since p > d/n, Sobolev embedding theorem guarantees that every f €
W3 (€2) can be changed on a set of measure zero to become a continuous

function. Therefore the point evaluation is well defined for any f €
Wi ().
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We first group data as follows: given an integer p > 2, we define the
sequences U* by piecewise uniform refinement of the knot sequences
T,

uL@er::tz—i_lz%’ gezamzov"'nu’_17l’zla"'7d'

The corresponding subcells are denoted by
Ve o= (U1, Uy g) X - X [uid,uidﬂ), keZ®

In this way, always u? subcells of equal size form a disjoint union of
the grid cells. For all k € Z?, the side lengths of v, are bounded from
above by h, := h/p, and from below by h,/o.

To compute a local approximation P, f, we select a subset =; C = of
data sites such that

(27) =i < (r—2/p)h and T Cw; := U Ve,

£eE;

where 7¢ denotes the subcell containing the point . This is possible
if the data are sufficiently dense in the sense that every subcell in the
inner grid cell I'; contains at least one data site. This is guaranteed,
for example, when fd(Z N T%,I%) < h,/o. We remark that w; is not
required to be a subset of ). However, w; := w; N2 is a local domain
since |w;| < || < |Zi| + 2h, < hr.

Suitable local approximation schemes can be obtained by solving
weighted discrete least squares problems. For a fixed i € I, we define
the weight d() as the quotient of the volume of v and the number of
data sites in 7,

vol(ye)
d) = ———.
&= HE N
Abbreviating w := w; and @w := w;, we define the operator
P, : C%w) > f > 45By € BY
via the normal equation Gay, = F , where
Gk =) Boj(€)Bas(§)d(§), Fj:=) By (©)f(€)d(E), j.k€ L.
§EE; §€E;
That is, the spline ag B, is minimizing the weighted error
. 2 .
> (asBs(€) = f(£))” d(£) — min
EEE;

at the data sites in Z;. Of course, in applications, ag can be determined
numerically by more suitable methods, such as QR-factorisation, rather
than resorting to the normal equation.

The case p = oo is considered first.
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Theorem 5.4. For sufficiently large p, let condition (27) be satisfied
for alli € Ig. Then the local operators P, i € Ig, are well defined, and
the corresponding two-stage method P is of type (n,00) with v < 1.

Proof:  Clearly, P is reproducing polynomials of order n as soon
as the matrix G is nonsingular, which will be shown below under the
assumption that p is sufficiently large. Since P, is linear, it suffices to
show that

1Pif ey S S lleew),  f € Cow),
for all ¢ € I, where we drop the index 7 of w;, again.

Let G be the Gramian matrix of continuous least squares, as defined

in (21), for the set w. We have I, C @ and |w| < rh. Hence, following
the arguments used in the proof of Theorem 5.1, we conclude that the
smallest eigenvalue of G is bounded from below by )\mm = h9,

Next, we show that G as a small perturbation of G, inherits this
property of the smallest elgenvalue. For a suitable set L C Z< of indices,
the local domain @ can be written as the disjoint union @ = J,., v¢ of
subcells. Abbreviating b := B, ;B and 2, := =; Ny, we have

ZEL e £€E;

For a fixed ¢, all points in the inner sum have the same weight d(§) =
vol(7e)/#{Zi N e} Since b is continuous on the connected set 7y, the
intermediate value theorem implies existence of a point 7, € v, with

b(ne) =
#{Hz N e} 5;
Hence, by the mean value theorem,
[ o= 3 wea] = || @ vm0)] < hubwrn [ 1
EE€EE; e e
By (7), the gradient of b is bounded by |b|w1 (,,) < h™" so that

Vol hd

el

#1; is bounded by a constant, implying that IG -G 12 < h?/u. Since
G G are symmetric, the smallest eigenvalue )\mm of G satisfies

lj‘min - m1n| < HG GH2 hd//%
which together with Ami, 5= A% implies
Amin > Amin/2 = b
provided that p is large enough.
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In particular, G is invertible, saying that P is well defined. Further,
|G| < h~? follows as in the proof of Theorem 5.1. The components
of F' are bounded by

IR IRGINGIES

el €5,

<oy > vol(ye) < B2 fll ooy

leL

Hence, [zl < 1G7 ool Flloc < 1f ]2, and by (6),

1P f ey < e Ballre@) < llaalloo < 11 £l ),
as requested. O

Results for the case d/n < p < oo can be derived if the sets Z;
of data sites used for the local approximation are chosen such that
|Zi] < (r —2/u)h, as before, but now

(28) I Cw = U e C Q.
£eE;
That is, data sites whose neighborhood 7 is not contained in the do-

main €2 are discarded.

Theorem 5.5. Let p > d/n. For sufficiently large p, let condition
(28) be satisfied for all i € Ig. Then the local operators P;, 1 € Iq,

are well defined, and the corresponding two-stage method P s of type
(n,p) with v, < 1.

Proof: The properties of G derived in the preceding proof are valid
also here. In particular, by the equivalence of norms, [|G7!||, < h™¢
for p sufficiently large. The components of F' are bounded by

ES DD IR:GINGIES

leL EEHZ[
<> vl () f e < R8> I f oo
el el

The side lengths of the subcells 7, lie between h, /o and h,. Hence,
transferring the Sobolev inequality

1 llzoowy < N flloey + | Flwpewy,  w:=1[0,1)4,
from the unit cube u to =, by scaling, we see that

Izt < PP (1 Fll o) + Bl Flw ) -

The number #L of subcells v, forming w is bounded by #L < u?
Hence, by Holder’s inequality, the 1-norm and the p-norm in R#% are
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related by | - |1 < u%?'|| - ||,, and we conclude

~ / ’ 1/p n 1/p
Bl < (S 1¥) "+ (S ) )

lel leL
< h (| Fllorw) + B flwpe)-

Hence, [|aw|l, < |G I F ], < AP (| fll o) + B flwgw))- Finally,
by (6),

15 fllzorry < llawBullzrw) < 1 fllze@w) + A" flwn ),
and the proof is complete. O

Note that the inequality ”pifHLp(F;) < || fllzr() does not hold in
general, and so we genuinely need here the second part of Definition 4.5
rather than the stronger condition (18) used in Theorems 5.1, 5.2 and
5.4.

6. NUMERICAL RESULTS

In this section we consider a scattered data approximation problem
on a trimmed domain, such as it may occur for example in reverse
engineering. We investigate the numerical performance of the two-
stage method, and compare it with global least squares approximations
in both standard B-spline and EB-spline spaces.

The sample domain €2 is a sector of angle 47 /3 and radius 4, centered
at the origin. Knot grids are chosen equidistant with grid width h rang-
ing between 1 and 1/64, and shifted such that the point (h/m, 17/46)
is a vertex for each grid, see Fig. 3(a). Given h, the data sites = are
randomly chosen such that, on average, every inner grid cell contains
4 point. Some sites are moved close to the vertices of an auxiliary grid
with width h/2 to ensure sufficient local density. The data values are
sampled from the function f(z,y) =sinx - siny.

We compare variants on bicubic spline approximation, i.e., n = 4:
First, a global discrete least squares fit (global B-LS) using standard
tensor product B-splines, second, a global discrete least squares fit us-
ing EB-splines (global EB-LS), and third, a two-stage weighted discrete
least squares fit with EB-splines (two-stage EB-WLS). We use the fol-
lowing local domains w; to define the two-stage approximation operator
P according to Definition 4.1:

w; == 0N [t}1—67t}1+8] X - X [t?d_(;,t?d+8], 1 € Ig.

We choose = 2 to define the subcells for the local weighted discrete
least squares, see Section 5.3.

Fig. 3 (right) shows the error of EB-spline approximants as it typi-
cally occurs for both global and two-stage least squares. (The results
for global and local methods are in fact very similar.) Thanks to the
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FIGURE 3. Domain, grid and data sites for h = 1/2
(left), and typical error plot for EB-splines (right).

stability of the basis, the errors in the interior and near the boundary
are of comparable size.
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FIGURE 4. The maximum error of global discrete least
squares with B-splines and two-stage weighted discrete
least squares with EB-splines.

Fig. 4 and Table 1 present numerical results, where the maximum,
respectively, mean errors are estimated by evaluation on a fine 800 x 800
grid. In Fig. 4, the error of the global least squares is not shown since
it is very close to the error of the two-stage method. The partially
large errors of the global B-spline algorithm indicate the corruptive
effect of straying coefficients of outer B-splines. This behavior is an
intrinsic property of the spline space rather than an artifact caused by
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Mean error
h global LS | global LS two-stage WLS
B-Splines | EB-splines | ERC EB-splines ERC

1 9.01E-002 | 9.56E-004 9.66E-004
1/2 || 8.13E-003 | 3.95E-005| 25 3.95E-005 24
1/4 5.22E-006 | 1.81E-006 | 22 1.83E-006 22
1/8 | 1.16E-007 | 1.07E-007 | 17 1.08E-007 17
1/16 | 7.16E-007 | 6.47E-009 | 17 6.49E-009 17
1/32 | 7.28E+009 | 4.00E-010 | 16 4.01E-010 16
1/64 | 3.62E+011 | 2.46E-011 | 16 2.50E-011 16

TABLE 1. Mean error. The experimental rate of conver-
gence (ERC) confirms the theoretical error bound O(h*).

numerical problems when solving potentially ill-conditioned Gramian
systems. By contrast, the algorithms based on EB-splines, in particular
the two-stage WLS method, reveal the theoretically optimal order of
convergence.
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