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Abstract We study a multiscale scheme for the approximation of Sobolev functions
on bounded domains. Our method employs scattered data sites and compactly sup-
ported radial basis functions of varying support radii at scattered data sites. The actual
multiscale approximation is constructed by a sequence of residual corrections, where
different support radii are employed to accommodate different scales. Convergence
theorems for the scheme are proven, and it is shown that the condition numbers of the
linear systems at each level are independent of the level, thereby establishing for the
first time a mathematical theory for multiscale approximation with scaled versions of a
single compactly supported radial basis function at scattered data points on a bounded
domain.
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1 Introduction

Radial basis functions form an important tool in modern approximation. They allow
the easy construction of approximation spaces in arbitrary dimensions and with arbi-
trary smoothness. These discretization spaces are known to lead to approximations
which exhibit both excellent approximation properties but, unfortunately, also poor
conditioning and a high computational cost. This is a well-known “trade-off” principle
which is related to the smoothness of the basis function and can briefly be summarized
as smoothness implies high convergence order plus ill conditioning [10].

Since the advent of compactly supported radial basis functions in 1995 in [18] and
particularly in [15], there was always the hope to overcome this “trade-off” principle.
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494 H. Wendland

However, early numerical tests (see for example [11]) indicated that an additional trade-
off principle comes into play, now depending on the choice of the support radius. The
general observation was that a small support radius leads to a very well-conditioned
sparse system but also a poor approximation rate, while a larger support radius yields
excellent approximation at the price of a badly conditioned, full system.

Consequently, some effort has been spent on finding the “optimal” support radius,
as it has similarly been spent on finding the optimal shape parameter for Gaussians
and (inverse) Multiquadrics. However, it seems unnatural to employ only one support
radius for all possible data sites. It seems more natural to allow different support radii
to capture, for example, multiscale phenomena within the data.

While it is, up to now, an open problem whether interpolation in scattered data
sites using a different support radius at every site leads always to an invertible inter-
polation matrix, another approach came up quite early [2,9,11], which reflects the
idea of possibly having multiple scales represented within the data. A multilevel type
algorithm has been employed, which proceeds in the following way. First, a coarse
data set and a large support radius are chosen and the target function is interpolated
in this data set. This is supposed to capture the large-scale variations of the target
function. This means, however, that the residual between the target function and this
first interpolant lives on a finer scale. This obviously leads to the strategy, next to
choose a finer data set and a smaller support radius and to interpolate the residual
at the finer data set, capturing now the finer details. The sum of both interpolants
obviously interpolates the target function at the data sites of the finer data set, which
was one motivation, in the original work [2,9,11] for choosing the data sites nested.
Obviously, the process does not have to stop after two such levels, but can be iterated
accordingly.

As simple as this approach is, besides numerical evidence of convergence, no proof
has been given until very recently, where it has been shown that this multiscale scheme
converges in the special situation that the data sites are located on a sphere, see [6].
Earlier papers by Narcowich, Schaback and Ward [7] and Hales and Levesley [5] are
dealing with completely different situations than the one we are interested in here.

It is the goal of this paper to show that the convergence analysis also holds for
bounded domains, giving a rigorous proof in this case for the very first time. Further-
more, in contrast to [6] we do not restrict ourselves to the case where the smoothness
of the target function is coupled to the smoothness of the radial basis function. We
also do not restrict ourselves to the case of interpolation but also study “smoothed
approximations”, which is important, for example, for noisy data. We show that even
in this situation the multiscale algorithm converges, provided the smoothing parameter
is chosen carefully.

The paper is organized as follows. In the next section we introduce the concept
of scaling and the multiscale approximation algorithm. In section three we discuss
function spaces relevant to this paper. The fourth section is devoted to the analysis of
the multiscale approximation algorithm for the interpolation of smooth target func-
tions, while the fifth section deals with the interpolation of rough target functions.
In section six, we replace interpolation with a penalized least-squares algorithm and
show convergence of the multiscale algorithm in this situation. The final section deals
with numerical efficiency and gives examples.
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Multiscale analysis in Sobolev spaces on bounded domains 495

2 Multiscale approximation

In this section we collect necessary material on what we mean by multiscale approx-
imation. We also introduce the necessary notation.
We start by introducing discrete approximation spaces. There are two ingredients
in building these approximation spaces: point sets and a scaled radial basis function.
Let 2 C R9 be given. Let X = {x1,...,xXy} C £2 be a finite point set in £2. We
will associate to this point set the following two measures:

hx,e := sup min [X — X/||2,
xe XjeX

gx = min [|X; — Xg||2.
gk

The first one is usually called fill distance or mesh norm and measures how well the
points in X cover the region 2. It is the radius of the largest ball without a point from
X, entirely contained in £2. The second one is called separation distance and measures,
together with 4y o uniformity of the data set.

We will, however, not deal with only one data set, but with a sequence of data
sets X1, X2, ... withmeshnorms i; = hyx .2 which are monotonically decreasing.
To ensure a certain uniformity in decrease, we will assume that ;.1 ~ uh; for
some fixed u € (0, 1). For some of our results we will require that the sequence is
quasi-uniform, which means that there is a constant ¢, such that, with g; = ¢ Xj»

qj <hj =cqq;-

Next, we will pick a kernel @; : £2 x £ — R for each level. In our application
this kernel will be given by the scaled version of a translation invariant function. To be
more precise, we assume that there is a compactly supported function @ : RY — R
with support in the unit ball B(0, 1) and that, for each level, there is a scaling parameter
8; > 0 such that we can define

Dj(x,y) =87 'P((x—y)/8)).

If we consider y to be fixed, it follows that the function @ (-, y) has supportin B(y, §;),
the ball with radius §; and center y.

As we assume that the data sets become denser and denser, we will assume that
the support radii become smaller and smaller, usually in the same way, i.e., we will
assume that §; = vh; with a constant v > 0, which we will link to p later on. Note
that this also leads to 81 ~ ud;.

With the data sets and the associated kernels at hand, we can build approximation
spaces of the form

W; = span{®;(-,x) :x € X;}.
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496 H. Wendland

representing details on level j. Thus, the approximation of our function will come
from the sum of these spaces, i.e., we have to investigate the approximation power of

Vi=Wi+Wo -+ W,

for n — oo.

So far, we have deliberately followed the path of a classical multiresolution anal-
ysis, though our sets W; are, by construction, finite dimensional, which is a major
difference to the classical wavelet theory. Moreover, to determine a concrete approx-
imation from V, = W; + --- + W,,, we will proceed differently. We will use the
algorithm outlined in Algorithm 1.

Algorithm 1: Multiscale approximation

Input : Right-hand side f, Number of levels n

Output : Approximate solution f, € Vy = Wi +---+ W,
Set fo=0,¢0 = f

for j=1,2,...,ndo

L Determine a local approximant s; € Wj toe;_j.

Set f] = fjfl + 55
Setej =ej_]—5j.

The algorithm does exactly what we explained in the introduction. It starts with a
coarse approximation, forms the residual, approximates the residual on a finer scale,
forms the residual and so on.

Note that, by induction, Algorithm 1 introduces local approximations s;, current
approximations f; and residuals e, which are connected via

fi=s1+---+sj, (1)
ej =f—(s1+---+s)). (2)

It is interesting to see what this algorithm means in matrix form. Since we assume that
each W; is finite dimensional, we can represent the approximant s; € W; as a linear
combmatlon of the basis functions in W;. To explain this in more detail, let us write

{x(j )XY )} Then, we have a representation of the form

N;j
S] — Zalgl)(p](’ X(/))

Let us assume that the process to determine the local approximant is a linear one.
Then, there exists a matrix A; € RY/*Ni such that

a = A7 (ej1X)). 3)
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Multiscale analysis in Sobolev spaces on bounded domains 497

Furthermore, if we introduce the evaluation matrices
N _
Bji = (@(x, x{)) e RVN,
the representation (2) restricted to X ; gives
j—1
Ajot(/) —fU) _ ZBjkOl(k)a

k=1

withf) = f]X; € RN/ Hence, if we collect all these equations in one linear system,
we obtain a triangular system of the form

Al e )
By, A, a® £
B3 B3 Az a® | _ | £
By By - -- Bn,n—l Ay Ol(n) f(n)

and Algorithm 1 simply solves this system by mimicking the standard forward sub-
stitution for classical lower triangular systems. However, since the diagonal elements
are now matrices, in each step we have to solve a linear system with a growing number
of unknowns. We will see that this can be done in linear time since the matrices A
are positive definite, sparse, having roughly the same number of non-zero entries per
row, and their condition number is independent of the level.

In this paper, we will investigate two different types of approximation processes
to determine the local approximations s, interpolation and a penalized least-squares
approach sometimes referred to as smoothing splines or smoothed approximation.

3 Function spaces

It is now time to specify the analytic setting in which our approximation scheme will
work.

We will assume that our functions are defined on a bounded domain £2 with a
Lipschitz boundary. This gives rise to an extension operator for functions defined in
Sobolev spaces. The following result comes from [13, Theorem 5, Section 3.1] for
integer T and extends to real T > 0 by standard interpolation in Sobolev spaces, see
also [1].

Proposition 1 Suppose 2 C RY is open and has a Lipschitz boundary. Let T > 0.
Then, there exists a linear operator E : H™(2) — HT(RY), such that, for all f €
H™(£2),

1. Ef|2 = fI2,
2. NEf g @ay < Coll fllae (o)
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498 H. Wendland

i.e., E is a bounded extension operator. Furthermore, the same operator E can be
used for every T > 0.

It is important to see that only the constant may depend on 7 but not the extension
operator, meaning that for a fixed £2 € R? the same extension operator can be used
for all Sobolev spaces H*(§2), T > 0.

This allows us to identify a function f € HT(£2) with its extension Ef € H® (RY)
and, since we obviously have,

I f e 2) < NEflgr @y < Coll fllHT @),

we see that [ = [|Ef || g ra) effectively defines a norm on H* (£2), which is equiva-
lent to any other standard norm on H® (£2). This interplay between f and its extension
E f will be of quite some importance in our analysis of the multiscale approximation
scheme.

In particular, it allows us to restrict quite a large part of our analysis to H* (R%),
where, for g € H' (Rd ), we have the alternative norm

181y o, = [ 1B(@P+ o1 do
Rd

using the Fourier transform

g(w) = (2n)7d/2/g(x)e*"xT“’dx.
Rd

This alternative way of characterizing functions from H®(R?) gives us the neces-
sary leeway to work with compactly supported radial basis functions. There exist such
basis functions (see [12,15]), which have a Fourier transform satisfying

a(l+ @3 T <P <o+ el ek’ )

with two fixed constants 0 < ¢1 < ¢».
This means that the associated reproducing kernel Hilbert space (or native space)
N (R of & which consists of all functions g€ Lo (RY) with

Ig(w)]?

2 _
lells = 3 @)
R4

dw < 00

is norm-equivalent to the Sobolev space H™ (R?). We will scale this basis function in
the following way. Let @5 be defined by

P5(x) := 5D (x/8), 5)
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Multiscale analysis in Sobolev spaces on bounded domains 499

such that it has a Fourier transform @(w) =@ (dw) satisfying

- -1
a(t+8103) <&@ = (1+821e3) . oer ©)

Using a scaled basis function yields the following norm equivalence.

Lemma 1 For every § € (0, 1] we have N, (RY) = H™(RY) and for every g €
HT (R?), we have the norm equivalence

1/2 1/2 o —
) lgley < lglyemey < /8 " llglla,,

Proof For § < 1 we have
T T T
(1 4 ||w||§) Iy (52 +32||w||§) <52 (1 +52||w||§) .

Hence, the definition of the Sobolev and native space norms and (6) yield for § < 1
that

T
[ / @ (1+]el3) do

Rd
T

=57 [P (1+80l3) do

R4

2w [ 18@)
< 87 — dw

Ps (@)
Rd

2112
= 28" " lIgll,-

This gives the upper bound. The lower bound simply follows from

T
e ey = / RO (1+||w||§) de
]Rd

T
> [1B@F 1+ 0lB) do
Rd
> c1llglg, .

which obviously holds for § € (0, 1]. O
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500 H. Wendland

Let us remark that the condition § < 1 can be relaxed to § < §¢ for any 59 > O at
the price of having constants depending on §.

4 Multiscale interpolation of smooth functions

We will now start our analysis of the multiscale approximation algorithm. In this sec-
tion, we will assume that the local approximants s; are interpolants using the scaled
kernel

P(x,y) =8 D((x—y)/8)), xyeR (7
where @ satisfies (4). This means, we can write

Nj
si(X) = Ix;s;€ej-1(X) = ZO!;?)@(K X,((j)), x € RY,
k=1

introducing the interpolation operator Ix; s;, which maps a continuous function,
known at the data sites X; to its interpolant based on the data set X ; and the scaled
basis function @;.

The coefficient vector a/) is determined by solving the linear system (3) with

Aj= @&, XN i<iken;-

Though we only need f to be continuous to make interpolation possible, we will
here, in contrast to the next section, assume that f € H*(£2),i.e., Ef € /\/'q>j (RY) =
H™(RY).

It is important to note that, since we assume X ; C §2, we also have that the inter-
polantto e;_1 € H*(£2) is identical to the interpolant to Ee;_; € H* (RY), meaning

Ix;s;ej—1 =1Ix;s;Eej1.
Furthermore, optimality of the interpolation process guarantees
IEej—1 — Ix;s;Eej—illo; < [Eej—illa;.

Finally, we need the following result from [8].

Lemma 2 Let 2 € R? be a bounded domain with Lipschitz boundary. Let T > d /2.
Let X C $2 be a finite point set with sufficiently small mesh norm hx ¢. Then, there
is a constant C > 0, independent of X, such that for all f € H'(§2) vanishing on X,
we have

Il fllae@) < Ch;,_gllfllﬂf(m-

forO<pu<r.
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Multiscale analysis in Sobolev spaces on bounded domains 501

The next theorem is our main convergence result for target functions from the
associated reproducing kernel Hilbert space.

Theorem 1 Let 2 € RY be a bounded domain with Lipschitz boundary. Let X1,
X2, ... beasequence of point sets in §2 with meshnorms hy, ha, . .. satisfying cjpuhj <
hjit1 < phjfor j = 1,2,... with fixed n € (0,1), ¢ € (0, 1] and hy sufficiently
small. Let @ be a kernel generating H* (R?), i.e., satisfying (4) and let D be defined
by (7) with scale factor §; = vh;. Assume 1/hy > v > y/u with a fixed y > 0. Let
the target function f belong to H (§2). Then, there exists a constant Cy = Ci(y) > 0
such that, witha = C1 %,

IEejllo;,, <callEej—ille, forj=12,3,...
and hence there exists a constant C > 0 such that

If = fallLo2) < Ca"l fllar) forn=1,2,...

Thus the multiscale approximation f, converges linearly to f in the Ly norm if & =
Cl,u’ < 1

Proof First of all note that §;,1 = vhj| < vuh; = ud; < §; and hence 6;11 <
81 = vh1 < 1 such that we can apply Lemma 1 in the following. Using the extension
operator : E : H'(£2) — HT(R?) we have

I Ee; 3 L Ee; (@) (1462 |ol? wa—‘i(l + D)
JNdj = c J Jj+1 2 - c 1 2
Rd
with
— T
I = / [Ee; ()| (1+8]2+]||w||%) do,
lola=5ts
—— T
I = / [Eej()| (1+3§+1||w||§) d.
lola= 5t

We are now going to estimate both integrals separately. To this end, it is helpful to
observe that the interpolant at X ; to ;1 is the same as the interpolant to Ee;_1 since
both functions coincide on X ; C §2. From this, it follows that

lejllar2) = llej—1 — Ix; s,€j—1lHT (@)
=Eej—1 — Ix;s;Eej—1llHr (@)
= Eej—1 — Ix; s, Eej—1ll g (wra)
< CSj_T”Eej—l —Ix;s;Eej—1llo,

<C§;"Eej-1llo;, (3)
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502 H. Wendland

where we have used Lemma 1 and the fact that the interpolant is norm-minimal with
respect to the @ j-norm. Consequently, the constant appearing here depends only on
the equivalence constants given in Lemma 1.

For the first integral we use §11[|@|l2 < 1 and then Lemma 2, because e; vanishes
on X ;. This yields

L <2 / [Ee;(@)*do
l@la<1/8;41
<2 / [Eej(@)*do =27 || E¢)II7 | ga),
R4
< 2°Collejllz, ) < Ch llejlle @)

hj 2t 5
sc(;) | Ee; 1113,

J
2 2
< Cu*||Eej 13,

where the last two steps follow from (8) and since 2 /8; = hj/(vh;) =1/v < u/y.
Note that the constant appearing in the last line depends on the smoothness 7, the
extension constant from Proposition 1, the equivalence constants from Lemma 1,
the constant from Lemma 2 and on y, i.e., it is of the form C = C(®, 2, 71,y) =
C(®, 2, T)y %*. The estimate itself is valid if j is sufficiently small.

For the second integral, I, we observe that §;1]l@|> > 1 implies

T T
(148 l0l3) =283 ol < 27835, (1+1el3)

such that, by (8),

L <2762 [ [Eer@)?(1+ [o]2) do = 2762 ||Ee; |2
2 =205 j 2 = © OIS N ET (R
R4

81 )"
< C87% lejl ey =€ (js—) IEej-1ll3,
J

2 2
= CullEej-1lp,-

This time the constant depends only on 7, the extension constant from Proposition 1
and the equivalence constant from Lemma 1, i.e., it is of the form C = C(@®, 2, 7).
Putting things together, we see that we have

IEejllo;, < Ciu"|Eej-1llo; < alEej-illo;,

j+1

provided Cu" < o, which is the first statement of our theorem. Note that the final
constant takes the form C; = C1(®, 2,1,y) = C1(®, 2, 1)1 + y~ 7). Finally,
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since e, = f — f, vanishes on X,,, we have by Lemma 2 and Lemma 1 that

If = Fallia) = llealac < Chillenll )
< ChyllEen| yr (ra)
< Ch;S,l__,fl”Een”@nH
= CllEesllo

n+17?

since hy, /0p4+1 = hy/(Whpy1) < 1/(cy). Now we can apply the first step n times to
derive

If = fallLy2) < CA"Eflo; < Ca|Ef || g way < Ca" || fllu(2)
which is the stated bound. O

It is now a good time to have another look at the context of multiresolution analysis.
As pointed out in Sect. 2, we define spaces

W; =span{®;(-,X) : x € X},
Vi=Wi+---+ W,

where the W; take over the role of the detail spaces of a classical multiresolution
analysis. Furthermore, we have the following properties, which can be proven exactly
in the same way, as it has been done in [6].

Proposition 2 Let Vo = {0}. Then, for every j > 0, V; is a closed and finite dimen-
sional subspace of L>(82), actually even of H* (£2), and

1. Vi C Vit

2. U;?OZO V; = Ly(82), where the closure is with respect to the L(£2) norm.

Furthermore, the following sum is direct for every j > 1,
Vi=Vi_1© Wj,

which also means that

P w; =Lr2).

=1

Obviously, because of the fact that we are working with scattered data sites, we cannot
expect a property of the form f € V; if and only if f(-/6;) € V. This will also
not be true for regular data sites and scaling, since compactly supported radial basis
functions usually do not satisfy any kind of refinement equation.

However, a refinement equation is only important for a specific algorithm to com-
pute best L, approximations from V;, which is not our goal. Instead, we are using
Algorithm 1.
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5 Multiscale interpolation of rough functions

It is now our goal to extend the convergence results of Theorem 1 to the situation of
rougher target functions. To be more precise, throughout this section we will assume,
as in the last section, that our interpolants are formed using a reproducing kernel @ of
HT (R?) but now the target function f belongs only to H#(R?) with t > B > d/2.
The assumption 8 > d/2 is still necessary since we are talking about interpolation

and hence need continuous point evaluations. We will denote the reproducing kernel
of HF(RY) by ¥ : R? — R, which means that we have

T =0+e)? weRi

We will scale this kernel exactly as we did it with @, i.e., we define W5 (x) = & Ay (x/8)
and

wi(x,y) =8, W((x —y)/8)).

In deriving our convergence result, we will use the following essential result from
[8], which guarantees the existence of an interpolating and almost best approximating
band-limited function. Let B(0, o) C R? denote the ball with radius o and center 0
- wd
in R, Let

By = {f € Ly(R?) : supp(f) € B(0, o)}
and
distyp ey (f, Bs) = gienlgg If = &l s way-

Then, the following result holds.

Lemma3 Let X C R be a finite point set. Let f,t € R, B > dj2,t > 0. If
fe HPT (RY) then there exists an fo € By such that fs|X = f|X and

If — follgpmay <5 - distypga)(fs Bo) < 5K_ZC]§(||f||Hﬂ+t(]Rd)a
with o = k/qx, where k > 1 depends only on d and B.

A consequence of this result is, for example, that we have

I foll o ray < OILf |l e ray-

We will now derive a series of auxiliary results. We start with a version of Lemma 3
for scaled Sobolev spaces.
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Lemmad4 Let f € HP(RY), B > d/2 and let X C RY be a finite subset with separa-
tion distance qx. Let § € (0, 1] be given and o = k§/qx with k > 1 from Lemma 3.
Then, there exists a function fs5 € Boss with fg51X = f|X and

If = forsllws < SIfllws-

Proofl,et us define g € HP(RY) by g(x) = 89/2 £(5x). Then we have 2(w) =
872 f(w/8) and hence

. B
g 36 ey =/|g<w)|2 (1+||w||§) de
Rd

—~ B
=7 [ 17 1+ 1013)” do
Rd
~ B
= [1F@P (1+#1013)" do
Rd
=11/ 1,

Le., lIgllgswey = | fllws. Let us define the set Y = X /5 = {x/§ : x € X}, which
obviously has separation distance gy = ¢x /5. Lemma 3 guarantees the existence
of a g € By witho = «/qy = d«/qx and g;|Y = g|Y and ||g — go |l yp(Ra) <
5||g||Hﬁ(Rd). We can now define f5/5(x) := 8_d/2gg (x/8), which has Fourier trans-

form m(a)) = 8d/2g’;(8w). Since g, € B, this means in particular f5/s € By/s.
Furthermore, we have, for x; € X,

Fors(xj) = 872g5(x;/8) = 87 g5(y;) = 87 %g(y;) = F(8y))
= f(x;),

ie., fo/s|X = f|X. Finally, since || fo/sllws = 180 || e ey and g — go ll gsray =
| f — fo/5llws» Lemma 3 yields also the stated bound. O

The next lemma is a sort of inverse inequality for our scaled spaces.

Lemma 5 Let f € HP(R?) and § € (0, 1]. Let X € R< be a finite set with gx < 8.
Choose k, 0 = k8/qx and f5/s € By s according to Lemma 4. Then,

I fossllas < Co™ Pl fllws.
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506 H. Wendland

Proof Lemma 4 and 0 = 8k /qx > 1 give

— T
I forsl3, = / Forn@P (1+38%013) de

loll2<0/8
= / | foss@)*(1 + 82l@]13)P (1 + 8% (l@)3)" Pde
loll2<0/8

< U+ 0D P fosslly,
<36(1+0)" P £13,
<36- 2o £113,,

as required. O

The next lemma mimics estimate (8) in the situation of rougher target functions.
We need now, however, that our data sets are quasi-uniform.

Lemma 6 Let 2 C RY be a bounded domain with a Lipschitz boundary. Let X; € £2
withqj < hj < cqqjand q; < §;. Then,

lejllmsay < C8; P IEej1llu,.

Proof The idea is to use a band-limited interpolating approximant for Ee;_;. Hence,
we start by splitting the error in the form

lejll sy = llej—1 — Ix;.5;¢j—1ll ae ()
=|Eej—1 — Ix;s;Eej—1llgs (g
<IlEej-1 — (Eej—l)oj/aj ||H/3(_Q)
+I(Eej-1)o;/8; — Ix;.8;(E€j—1)o;/5; | b (52)

where we chose 0; = kd;/q; according to Lemma 4. The first term can be bounded
via

IEej—1 — (Eej—1)o;/5; | mpy < IEej—1 — (E€j—1)o;/8; | apwa)
<8P Eej1 — (Eej1)a; 5, llw,

<58 1 Eej 1w,

using Lemma 1 and Lemma 4. For the second term we use Lemma 2, Lemma 1, the
optimality of the interpolant in the || - |¢, norm, Lemma 5, and the definition of o},
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respectively, to conclude that

I(Eej-1)o;8; — Ix;.5;(Eej—1)o;/5; | Hb(2)
< Ch;‘ﬁn(Eej,l)gj/(;j —Ix;.5;(Eej1)o;/s; | (2)
< ChS P8 T (Eej—1)ayss; — Ix;.8,(Eej—1)oys, o,
< ChS P8 T (Eej—1)oys,llo,;
<cn s ol P Eej 1y,

=8 (hi/g)" Pl Eej 1w,

Taking both bounds together finally gives

5 ni\"P
lejllgsey < C8;" | 1+ (Kf) Eej-1llw;,

qj
which is the desired result since 2; < c,q;. O

Now we are in a position to prove that the multilevel algorithm also converges for
target functions from H?(£2).

Theorem 2 Let 2 < R? be a bounded domain with Lipschitz boundary.
Let X1, X2, ... be a sequence of point sets in §2 with mesh norms hy, ha, ... and
separation distances q1, q2, . . . satisfying

1. cuhj <hjy <phjforj=1,2,...withp € (0,1), c e (0,1],
2. qj <hj=<cyqjforj=12,...withcy; > 0.

Let @ be a kernel generating H* (Rd), i.e., satisfying (4) and let @ j be defined by (7)
with scale factor §; = vhj with1/hy > v > y/u > 1 with a fixed y > 0. Let ¥ be
the kernel generating HP (R?) with t > B > d/2 and let W be the scaled version
using the same scale factor § ;. Assume that the target function f belongs to H B(2).
Then, there exists a constant C1 = C1(y) > 0 such that, with ¢ = Cluﬂ,

IEe;jllw

<calEej—illg; forj=12,3,...

j+1
and hence there exists a constant C > 0 such that
If = fallLa2) < Ca"ll fllgsey forn=1,2,...

Thus the multiscale approximation f;, converges linearly to f in the Ly norm if o =
Ciubf < 1.

Proof The proofis now very much the same as the proof of Theorem 1. As in the proof
of Theorem 1 we can conclude that § i =<1 for all j. Moreover, we have § i =hj>qj.
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508 H. Wendland

Thus, we can use Lemma 6. We start again with

||Eej“2‘1’j+1 = / |Eej(co)|2(1 +8?+1||w||%)/5dw =NL+DL

Rd
with
=P 2 2 2 p
Io= Eej@P (1462, 10l3) do,
lolb=5
T2 2 2)\?
L= Eej@P (1462, 1el3) do.
1
HwHZZ(g/

+1

For the first integral we use §; 41 ||@|l2 < 1 and then Lemma 2, because ¢; vanishes
on X, and finally Lemma 6, to derive

I < 2B / [Eej(@)*do
ol <1/841
<2f / [Eej(@)*do = 2P| Eejl} )
R4

2
< 2’3C0||€j||%2(9) = Chjﬁ”ej“ilﬁ(!))

hi\** 2
<C (5—) IEej-1lly,
; .

< Cufl|Eejily,-

For the second integral, I, we observe that §1]l@|2 > 1 implies

p 2 2 2 B
(1 +3f+lllwlli) <285 Iy’ <2857, (1 + ||w||§) :

so that, again with Lemma 6,
— B
2 2
b= 25, [ IEe@P (14 1013) do = 2287, 1Ee; Iy
]Rd
S 2B
28 2 Jj+1 2
< Cpl|Eej-1l,
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Multiscale analysis in Sobolev spaces on bounded domains 509

Putting things together, we see that we have
IEejllw;,, < CiuPlEej—illy, <allEej_illy,.

provided that C 1,uﬂ < «, which is the first statement of our theorem. Finally, since
en = f — fu vanishes on X, we have by Lemmas 2 and 1 that

If = fallLa) = lenllag) < ChEllenll s
< Chl || Eenll y way

< chbs LlEelly,,,
= CllEenlly,

10

since hy, /8p+1 = hy/(Whpy1) < 1/(cy). Now we can apply the first step n times to
derive

If = fallLa@) < CA"IIEf Il < CA"IEf || e ray < Call fll ey,

as stated. O

6 Multiscale approximation with smoothing

In the case of non-exact data, interpolation usually is not the best choice. Instead, one
often tries to solve a penalized least-squares problem of the form

N
min § > [s(x)) = f &I+ €llslye gy s € H RD
j=1
forgivendata X = {x;,...,xy}and f|X = (f(x1), ..., f(xy))! and with a smooth-

ing parameter € > 0. It is well known that the solution to this problem also has the
form

N
se =D a;®(, X)),
j=1

with the reproducing kernel @ of H® (Rd ). This time, however, the coefficients « are
determined by the linear system

(A+eha = fIX

with A = (@(x;, x;)) and / the identity on RY, see for example [14]. An immediate
consequence of this is that, as in the case of interpolation, the solution s, depends on
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510 H. Wendland

the target function f only via its values at X, meaning particularly that the smoothed
approximation to f is the same as the smoothed approximation to Ef.

Of course, it is possible to employ this reconstruction in the multiscale algorithm.
This means that the local reconstruction s; is given as the solution of

min § D" le;-1(0) = s> +¢jllsG, :s € HTRD T )

XEXj

Since s = Eej_1 is a feasible candidate with s|X; = e;_1|X, a direct consequence
of this is that the new approximation s; and the new residual e; = e;_| — s; satisfy
the bounds

lejllLax;y = llej—1 —sjlloxy) = VEjllEej-1llo;, (10)
Isille; <lEej—1lla;. (11)

We also need the following sampling inequality, which comes from [17] and gen-
eralizes Lemma 2.

Lemma 7 Let 2 € R? be a bounded domain with a Lipschitz boundary. Let t > d /2.
Then, there is a constant C > 0 such that for all finite sets X C $2 with sufficiently
small mesh norm h and all f € H*(2) we have

I fllLa) < C (BRI f e @) + 1 f s x)) -

With these ingredients, it is now easy to show that, assuming a certain choice of
the smoothing parameters, the multiscale algorithm converges also in this situation.

Theorem 3 Let 2 < R? be a bounded domain with Lipschitz boundary.
Let X1, X2, ... be a sequence of point sets in §2 with mesh norms hy, hy, ... sat-
isfying cuhj < hji1 < phjfor j =1,2,... with fixed i € (0, 1), ¢ € (0, 1] and
hy sufficiently small. Let @ be a kernel generating H* (R?), i.e., satisfying (4) and let
D; be defined by (7) with scale factor §; = vh; with 1/hy > v > y/u with a fixed
y > 0. Assume that the target function f belongs to H (§2). Let s j be the reconstruc-
tion from (9) and assume that the smoothing parameters satisfy € j < «(h;/$ j)ZT with
a fixed constant k > 0. Then, there exists a constant C1 = C1(y) > 0 such that, with
a=Ciut,

IEejlle; . <allEej-1lle; forj=12,3,...

j+1
and hence there exists a constant C > 0 such that
If = fullLa) < Cal fllar@) forn=1,2,...

Thus the multiscale approximation f, converges linearly to f in the Ly norm if & =
Ciut < 1.
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Proof We proceed once again as in the proof of Theorem 1. Since we have the same
assumptions on 4 ; and §; we in particular have §; < 1.

First, we derive the following bound, using the now familiar extension operator E,
Lemma 1 and (11),

lejllar2) = llej—1 —sjllar@2) = l1Eej—1 — sjllu ()
< C8 " NEej—1 —sjlle,

< €87 Eej-1lo;. (12)

As in the proof of Theorem 1, we split

1 [ — g 1
1Eejllg,,, < ;/|Ee.,(w)|2 (1+8]2-+1||w||%) do =: a(11 + h)
Rd
with
— T
I = / Ee;@)P (1483, 1013) " do,
lol<5r
— T
b = / |Eej(w)]? (1+5§+1||w||§) do.
ol 5

As in the proof of Theorem 1, we estimate both integrals separately. For /1, we use
Lemma 7, the bounds (10) and (12), Lemma 1, the upper bound on €; and the general
assumption on u, hj, 8, respectively, to derive

Iy < CllEejl}, gay < Cllejll7, 0

2
= C (hlles e + lejlLacxy)
2

AN
<C ((5—1) IEej-1lle; + Jé_jllEEj—1||¢_,)
j
h . T 2
_ =y - 2
_c ((8) + @) 1Eej113,
J
< Cu*||Eej-1ll3,-
For I, we follow the previous estimates and then use (12) to derive

2 2 2 2
12 E C(Sjj-] ”EejHH‘r(Rd) S C(S]‘_[l,-]||e]||HT(Q)

3j+1 . 2
SC((S_j) ||E€j—1||q>j

2 2
< CuM|Eej-il,.
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Taking both bounds on /7 and I, together yields the first statement of the theorem.
The second part follows as for the upper bound of 7;. We use Lemma 7 and bounds
(10) and (12) for e, = f — fy to derive

If = fallLa@) = lenlla2) < C (hyllenlla @) + lenll Lo x,))

h T
<cC ((5—) IEen—1lla, + @llEen1||¢n)

n

= Cu'llEen-ila,

=ofEe,—1 ||t15,, .
Now we can apply the first step n — 1 times to derive

If = fallLa@) < Ca"lEf o) < Ca"IEfll grray < C"ll fllaT(2)s

which is the stated result. |

7 Computational aspects and numerical examples

In this section we will look at the computational cost of the multiscale method and
provide examples. However, since the analysis of the computational cost is exactly the
same as it has been in the sphere case [6], we will only cite the corresponding result.
Moreover, since numerical evidence of the scheme, including real-world applications,
has already been given in [2] and [16], we will focus on verifying approximation
orders. To this end, we will rewrite the convergence results of Theorem 1 in terms of
the fill distance &, of the finest data set. So far, the resulting bound is not optimal,
since it contains a factor ;’, where C is the constant in @ = Cyu’”.
The results on the computational complexity can be summarized as follows.

Theorem 4 Suppose that the data sets used in each step of the multiscale algorithm
are quasi-uniform. Then, the condition number of each interpolation matrix can be
bounded independently of the level. Hence, for a given precision, the conjugate gra-
dient method can solve the linear systems on each level in linear time after a prepro-
cessing step, which collects the necessary information about the non-zero entries in
the interpolation matrix and which costs O(Njlog N;) time, where N; denotes the
number of points at that level.

From now on, we assume that we have a fine data set X C §2, on which the target
function f is known. To derive the different scales for our multiscale algorithm, we
create a, possibly nested, sequence of point sets

X17X2’X3"-'7X}’l =X’
where, for simplicity, we will assume that 41 = @ and for 1 < j <n,

5]' :vhj and /’lj+1 =/,th
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with v = y/u. Then, for every f € H'(§2), we are, for example, interested in the
approximation problem

min {|| f — vl @) v € Wi+ -+ Wy},

In the situation of Sect. 4, we have by Lemma 2 and the proof of Theorem 1 an upper
bound of the form

I f— fully2y < Chyllf — fallHT(2)
< Chz(sn__L”Een”dﬁ,,H

< Ca"|| fllaT(2)-

To analyze this estimate, it is helpful to express it entirely in terms of /,. Now,
since « = Cpu* with a constant C; > 0, of which we do not know very much, and
h, = w"*, we have u = Cl_l/fal/f and hence

hn — Mn — Cl—n/l’an/t’ h,‘i — Cf"a”,
such that we can rewrite the previous estimate as
If = fallLa@) < CCYRR fllET (2)- (13)
This shows that we have roughly the same convergence as in the non-stationary setting
if we consider the number n of levels fixed and let &, tend to zero. Otherwise, the

constant C} will spoil the convergence order in the following sense. From 4, = u"
we have that log i, = nlog 1 and hence

log hpn log hn log Cy
;z _ Cllogu — elogcl Tozit — hnlogu — h;g
with 0 = —log C1/log i > 0. This leads to an estimate of the form

Ey,:=f — fullta) < Chy I fllHT (22)-

If we assume equality here, we can estimate T — o from two consecutive computations

via

Ejy1 (hj+1)T_U

Ej hj
and hence

Bt
— o) = log—hf 14
(t—0)= —5. (14)
logE—j
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Table 1 Number of points in each level and & ;

Level 1 2 3 4 5 6 7 8 9 10

N 9 25 8l 289 1089 4225 16641 66049 263169 1050625
h 0.5 0.25 0.125 0.0625 0.03125 0.015625 0.0078125 0.0039063 0.0019531 0.0009766

Table 2 Basis function=¢; 1 € C 2 expected order = 2.5

Level y =15 y=2

Error Order CG Error Order CG
1 1.774e—01 7 1.841e—01 7
2 2.691e—02 2.72 17 2.818e—02 2.71 20
3 4.957e—03 2.44 31 5.085¢—03 247 45
4 3.994e—04 3.63 38 3.428e—04 3.89 67
5 8.270e—05 227 41 6.565e—05 2.38 84
6 1.866e—05 2.15 40 1.340e—05 2.29 85
7 4.261e—06 2.13 40 2.757e—06 2.28 86
8 9.772¢—07 2.12 39 5.695e—07 2.28 85
9 2.241e—07 2.12 39 1.176e—07 2.28 84
10 4.929e—08 2.18 39 2.321e—08 2.34 84

A closer look at the proof of Theorem 1 shows that the constant C is of the form

_ 172
cr=C (1+y7) ",

where ¥y = vu controls the size of the support radius relatively to the fill distance.
Hence, we can reduce this constant C| by choosing a larger constant y at the cost of
more non-zero entries in each row.

In our first example, we will test the influence of y on the approximation order
T — o and hence on Cj. To this end, we use a smooth target function, defined on the
unit square 2 = [0, 11> and we will distribute our points on a regular grid of size
hj = 277 i.e., we choose X;= h./Z2 N §2. Table 1 lists the number of points and /.

Our target function is the standard Franke function, which is a sum of four expo-
nential terms, see [3]. To build our approximants, we use @ = ¢ 1(|| - |[2) € C%(R?),
which is the standard C*> Wendland function, generating H>(R?). We stopped the
iterations of the non-preconditioned CG method if the relative error falls under 1079,
We tested even higher accuracies but the approximation errors stayed approximately
the same, only the number of CG iterations increased.

We ran a series of tests with varying y . The results are shown in Tables 2, 3, 4, where
we have given, for each y, the L, (£2) error, discretized on a fine 2049 x 2049 grid,
the resulting approximation order according to (14) and the number of CG iterations
required.

@ Springer



Multiscale analysis in Sobolev spaces on bounded domains 515

Table 3 Basis function=¢; ; € C 2 expected order = 2.5

Level y =25 y=3

Error Order CG Error Order CG
1 1.888e—01 7 1.918e—01 7
2 2.861e—02 2.72 20 2.894e—02 2.73 23
3 5.174e—03 2.47 53 5.113e—03 2.50 61
4 3.332e—04 3.96 96 3.287e—04 3.96 125
5 5.893e—05 2.50 132 5.510e—05 2.58 197
6 1.125¢—05 2.39 141 1.009¢—05 2.45 227
7 2.170e—06 2.37 144 1.862e—06 2.44 229
8 4.201e—07 2.37 143 3.448e—07 2.43 231
9 8.126e—08 2.37 142 6.379¢e—08 2.43 231
10 1.502e—08 2.44 142 1.127e—08 2.50 231

Table 4 Basis function=¢; | € c?, expected order = 2.5

Level y =35 y=4

Error Order CG Error Order CG
1 1.939e—01 8 1.954e—01 8
2 2.923e—02 2.73 24 2.948e—02 2.73 25
3 5.140e—03 2.51 68 5.175e—03 2.51 74
4 3.120e—04 4.04 147 3.166e—04 4.03 172
5 5.101e—05 2.61 260 4.965e—05 2.67 336
6 9.004e—06 2.50 329 8.514e—06 2.54 438
7 1.606e—06 2.49 347 1.474e—06 2.53 480
8 2.876e—07 2.48 347 2.561e—07 2.52 484
9 5.145e—08 2.48 345 4.447e—08 2.53 486
10 8.788e—09 2.55 346 7.367e—09 2.59 484

It seems that we can get the expected approximation order, or even better, if we
just choose y sufficiently large. The number of CG iterations necessary to achieve the
desired accuracy becomes constant with a constant obviously depending on y. It is
remarkable that even in the case of a larger y like y = 4, which leads already to a
maximum number of 289 non-zero entries per row, the number of iterations required
is still very low.

In our second example, we want to study the behavior for non-smooth functions.
To this end, we employ an example often used in the context of elliptic problems.
We use the L-shaped domain £2 = (—1/2,1/2) x (—1/2,1,2)\ [0, 1/2) x [0, 1/2),
on which we introduce polar coordinates x = rcos¢, y = rsing with r > 0
and ¢ € [7/2,2m]. Our target function is a solution to Au = 0 on £2 given by
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516 H. Wendland

Table 5 L-shaped domain, basis function ¢ ( € ct

Level N b lxo > order l~o order CG
1 21 1.383194e—02 4.904724e—02 14
2 65 4.660419¢—03 3.134300e—02 1.57 0.65 32
3 225 1.476477e—03 1.983347e—02 1.66 0.66 58
4 833 4.517391e—04 1.243790e—02 1.71 0.67 89
5 3201 1.406569e—04 7.834898e—03 1.68 0.67 109
6 12545 4.469146e—05 4.855611e—03 1.65 0.69 114
7 49665 1.451548e—05 2.999504e—03 1.62 0.69 115
8 197633 4.552532e—06 1.493392¢—03 1.67 1.01 115
Theory 1.5 0.5

u(r, ) = —r?/3sin((2¢ — 7)/3), which belongs to H*(£2) for s < 1+ 2/3, see for
example [4].

Again, we choose ; =27/ and X; = h;7Z* N £2. Due to the reduced smoothness
of the target function, we take @ to be the kernel @ = ¢, o(|| - ||2), where ¢2 o is the
C%(R?) compactly supported function from [15]. Furthermore, we choose u = 1/2
and v = 3. We stop the unpreconditioned CG method if the error drops under a relative
bound of 10~8. The error is measured on a fine grid of width & = 27°.

This time, we also look at the Lo, error. The results are summarized in Table 5.
Again, after the first few levels, the number of steps necessary for the CG method to
achieve the desired precision is constant. Interestingly, in this example, we have even
for a small y already a better order than theoretically predicted. This is the case for
both the L, and the L, order.

This example leads to the natural question of local refinement. It seems not to be
necessary to choose the data sites for the next level distributed on all of £2. An imme-
diate adaptive strategy would be to evaluate the error on a finer data set but to include
only those points, on which the error is larger than a certain threshold. If in addition a
certain quasi-uniformity is maintained, convergence of the CG method should remain
unaltered. However, this will be part of future research.
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