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Abstract

High-dimensional approximation problems appear naturally in many
applications and they all suffer from the curse of dimensionality. The Smol-
yak algorithm gives a deterministic and easily analyzable way to alleviate
that curse. Its construction allows the use of well-known low-dimensional
approximation operators and combines them in a predefined way to obtain a
reconstruction of an unknown, high-dimensional target function.

In the context of mesh-free approximation, rescaled kernel-based methods
are proven to have desirable properties, e.g., they are fast and stable as long
as the set of sites satisfies minimal requirements. However, they do not
converge if the scaling parameter is coupled linearly to the fill distance of the
set of sites. A way to circumvent this trade-off principle is to thin out the
point set in a controlled way and solve a stationary approximation problem
on every level. This gives rise to the kernel-based multilevel method.

This thesis combines the Smolyak algorithm with the ideas of kernel-
based multilevel approach to obtain the tensor product multilevel method.
In contrast to reconstruction approaches built upon polynomials or splines,
this is a new approximation method for moderately high-dimensional target
functions that is capable of combining arbitrary low-dimensional domains.
This new method is introduced for different settings, its convergence is
analyzed and numerical examples are given to support the theoretical results.
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Zusammenfassung

Hochdimensionale Approximationsprobleme treten in vielen Anwendun-
gen auf und sie leiden alle unter dem Fluch der Dimensionalitdt. Der
Smolyak-Algorithmus bietet eine deterministische und leicht zu analysierende
Moglichkeit, diesen Fluch zu mildern. Seine Konstruktion ermdoglicht die
Verwendung bekannter niedrigdimensionaler Approximationsoperatoren und
kombiniert diese in einer vordefinierten Weise, um eine Rekonstruktion einer
unbekannten, hochdimensionalen Zielfunktion zu erhalten.

Im Zusammenhang mit der netzfreien Approximation haben reskalierte
kernelbasierte Verfahren nachweislich wiinschenswerte Eigenschaften, z. B.
sind sie schnell und stabil, solange die Menge der Stiitzstellen minimale
Anforderungen erfiillt. Sie konvergieren jedoch nicht, wenn der Skalierungspa-
rameter linear an die Fiilldichte der Menge der Stiitzstellen gekoppelt ist.
Eine Moglichkeit zur Umgehung dieses trade-off principles besteht darin,
die Punktmenge kontrolliert auszudiinnen und auf jedem Level ein sta-
tiondres Approximationsproblem zu l6sen. Daraus ergibt sich die kernbasierte
Multilevel-Methode.

In dieser Arbeit wird der Smolyak-Algorithmus mit den Ideen der kern-
basierten Multilevel-Methode kombiniert, um die Tensorprodukt-Multilevel-
Methode zu erhalten. Im Gegensatz zu Rekonstruktionsansitzen, die auf
Polynomen oder Splines aufbauen, handelt es sich hierbei um eine neue Ap-
proximationsmethode, die in der Lage ist, hoherdimensionale Zielfunktionen
auf Gebieten zu rekonstruieren, die Kombinationen von beliebigen niedrigdi-
mensionalen Gebieten sind. Diese neue Methode wird fiir verschiedene Situa-
tionen vorgestellt, ihre Konvergenz wird analysiert und numerische Beispiele
zur Unterstiitzung der theoretischen Ergebnisse gegeben.
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CHAPTER 1

Introduction

The numerical simulation of complex systems is gaining more and more
importance. One of the main reasons for this is the continuous improvement of
numerical tools, which make it possible to simulate large and thus practically
relevant processes. Nowadays, numerical simulations are not only used in
classical technical or engineering applications, but also in social sciences or
finance. Furthermore, the field of life sciences also offers manifold applications
of computer-aided simulations.

The first fundamental step towards a simulation is mathematical modeling.
Here, it is important to capture the underlying processes in formulas. Usually,
the result is a system of partial differential equations. One example is the
subsurface flows in porous media, such as rocks, which is modeled as an
elliptic boundary value problem, see, e.g., [19, 22, |56]. A good model to
describe this subsurface flow is Darcy’s law, c.f., [17]. The key ingredient
is the hydraulic conductivity a that enters the system of equations as a
coefficient function. This parameter measures the transmissivity of a fluid
through an aquifer. It depends on the permeability of the heterogeneous
media and on the dynamic viscosity of the fluid. Darcy’s law states that the
flow velocity v is proportional to the gradient of the hydraulic head w times
the hydraulic conductivity parameter a. The subsurface flow can then be
modeled by the following system of partial differential equations:

v+aVu=F, inD,
dive =0, inD,

where D C R" denotes an n € N-dimensional spatial domain and the vector
field F' describes a forcing term, i.e., sources and sinks in the domain D. The
second equation is simply the law of mass conservation, see, e.g., [14]. To
get a well-defined problem this system has to be equipped with appropriate
boundary conditions which are usually, for simplicity, homogeneous Dirichlet
conditions of the hydraulic head wu.

The system above can now be transformed into an elliptic boundary value
problem for u by applying the divergence operator and setting f = — div F'.
This leads to the system

-V - (aVu) = f, in D,
u =0, in 0D.

These kinds of elliptic boundary value problems are well understood and
there are different black-box solvers, see, e.g., [10} [77], which solve them with
high accuracy, but only if the input data is known exactly. Unfortunately,
in most cases, the coefficient function a is not given exactly and has to
be determined from measurements. This leads to a limited accuracy of the

(1.0.1)
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2 1. INTRODUCTION

model since we have to assume that we only have a discrete number of
measurements of the hydraulic conductivity.

Assuming that the porous media is heterogeneous we can follow a different
approach. We can model the coefficient function a as a random field over
a probability space (2,4, P), see, e.g., [22, |60], where Q denotes a set, A
a o-algebra on ) and P a probability measure on A. Following this idea
further the equations in (1.0.1) become an elliptic boundary value problem
with random diffusion coefficient. It is given by

-V - (a(x,w)Vu(z,w)) = f(x), in D x Q,

1.0.2
(102) u(x,w) =0, in 0D x €,

where the function v is now also a random field.

In recent years this problem has been studied extensively, see, e.g., [4,
5, 14, [15] |79]. The usual method to simplify the problem in (1.0.2) is to
assume that (z,w) — a(x,w) represents a certain stochastic process, e.g., a
Gaussian one. In these cases we can express the coefficient function as an
infinite sum, i.e., a(x,w) allows for each x € D and w € Q) the expansion

(1.0.3) a(z,w) =Y VAjei()Y;(w).
j=0

This is known as the Karhunen-Loéve expansion of a stochastic process, see,
e.g., [47, 59, |80]. With this ansatz we already achieved a separation of the
spatial variable & and the stochastic variable w. Without going into more
detail this expansion is achieved by spectral expansion of the covariance
operator of the stochastic process. Then ); denotes the j-th eigenvalue, e;
the j-th eigenvector of this operator and the (Y});en, are certain independent
random variables, whose distributions are given by density functions.

The next step is now to replace the random variables (Y});en, by random
parameters (y;);en, which are defined on the image of the corresponding
random variables, see, e.g., [24], usually we assume that y; € [-1,1], j € No.
Additionally we cut the expansion in (1.0.3) after d € N summands. Usually
d is large to give a good approximation to a(x,w). This then yields a new,
parameter-dependent coefficient function a : D x [~1,1]% — R given by

d—1
a(z,y) =Y /Ajei(@)y;
=0

and the problem in (1.0.2) becomes a parametric partial differential equation
-V (a‘(wv y)Vu(a:,y)) = f(w)v in D x [_11 1]d7

(1.0.4) .
u(x,y) =0, in 0D x [—1,1]%

Although it is known that the solution u is smooth as a function of the
parameter y, see, e.g., [15], the computational cost to solve the problem
(1.0.4) by, e.g., a polynomial chaos expansion, c.f., [28, 34], or stochastic
collocation methods, c.f., [67, |68], suffers from the curse of dimensionality.
This term was coined by Bellman in [9] and can be interpreted that in order
to approximate a d-variate continuous function to accuracy € < 1 we need
O(e~%) samples.
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We choose a set of samples (y;,)1<k<n in the d-dimensional parameter
space [—1, 1]d and solve for each sample vy, the now deterministic problem

-V (a(wv yk)vu(ma yk)) = f(w)a in D,

1.0.
(1.05) u(x,y) =0, in 0D.

Often, we are not only interested in the solution u(zx,y), € D, y € [-1, 1]¢
of (1.0.4) but rather in a derived value, the quantity of interest, which is
modeled as a function on the parameter space, i.e., it is given as mapping
Q : [-1,1]* = R defined by Q(y) = q(u(-,y)) with a linear functional ¢
which operates on the solution of (1.0.5) seen as a function of the spatial
variable. The main task is to recover the mapping ) from sampled values
Qyy) = q(u(-,y;)), 1 <k < N, see, e.g., [41,]55]. This is a high-dimensional
scattered data reconstruction problem. Additionally, the data may contain
noise since we obtain it by a numerical solution of (1.0.5).

The setting discribed above, the parametric partial differential equation
(1.0.4) and the possible reconstruction of a high-dimensional quantity of
interest of the solution of this equation, is the starting point of many papers,
see, e.g., [4, 15, 139, 41, 55, 62, 67, [68], among others. In this thesis, we leave
this motivational example and possible applications behind and focus only
on methods to solve high-dimensional reconstruction problems with possibly
noisy data. There are several approaches to solve this problem. In recent years
the method that garnered the most attention is approximation by neural
networks, see, e.g., |21} |49} |52} |96]. Neural networks yield remarkable results
in some applications, such as image or speech recognition, some even claiming
that they beat the curse of dimensionality, e.g., [37]. Once they are fully
trained the approximations can be computed very fast, however, the training
needs a lot of training data which may be expensive to obtain. Furthermore,
their black-box like nature makes it hard to derive error estimates or even to
understand how the approximation was obtained.

Another approach to high-dimensional reconstruction processes, in par-
ticular in the context of quadrature rules, are Monte Carlo methods, see,
e.g., |[44]. Once we distributed an arbitrary number of points according to a
given probability distribution the method simply averages the evaluations of
the integrand at these sample points. This method has the advantage that
it convergences independently of d if the integrand satisfies low regularity
requirements. However, the convergence rate is of low algebraic order and
there are no deterministic error bounds available since the Monte Carlo
estimator itself is a random variable. Nevertheless, the law of large numbers
states that the estimator converges with high probability and several other
convergence properties are known, c.f., |13, [87].

Following the same idea as Monte Carlo methods but, instead of dis-
tributing the sample points randomly, using certain deterministic sequences
of points yields the quasi-Monte Carlo method, c.f., [25, 57]. Clearly, the
method now depends on the chosen sequence of points and there are known
quasi-Monte Carlo methods that exhibit dimension-independent convergence
rates in certain weighted settings, see, e.g., [48, 51].
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In this thesis however, we use a fourth approach. The idea is attributed
to Smolyak [83]. This method uses sequences of low-dimensional approx-
imation operators and combines them in an orderly fashion to obtain a
high-dimensional reconstruction operator which exhibits nearly the same
approximation features as the low-dimensional schemes. The main tools for
this construction are tensor products which are very well understood, see,
e.g., [42, 76l |81], and allow deterministic, a-priori error estimates, c.f., |71,
72]. The main advantage of the Smolyak method is that we have a lot of
freedom to choose the low-dimensional approximation operators. The best
studied reconstruction schemes use polynomial or spline interpolation, see,
e.g., [6, 11, |30], but it is also possible to use low-dimensional quadrature
rules, c.f., [69]. This was the original motivation in [83].

We combine Smolyak’s algorithm with kernel-based multilevel operators
with compactly supported radial basis functions, see, e.g., |27}, 91, 92]. These
methods allow stable and fast high-order approximations of functions using
scattered data in general low-dimensional domains. The construction of the
Smolyak method is perfectly suited for use with multilevel methods. This
was already discussed in [11, [30] for the context of spline interpolation. The
idea to use kernel-based multilevel methods is not entirely new, e.g., in |32,
89] Gaussians are used in this context. However, these papers are purely
numerical. We derive the method, provide several representations of the
multivariate approximation operator and give rigorous error estimates.

This new tensor product multilevel method has several advantages com-
pared to the methods using polynomials or splines. While polynomials become
more and more expensive if larger and larger data sets are used, they provide
easily even spectral convergence. However, the possible point sets are usually
restricted to Chebyshev or Clenshaw-Curtis points. In contrast, splines are
computationally more efficient but usually only produce low approximation
orders. Both have in common that a generalisation to other low-dimensional
domains than intervals are not straight forward. This, however, might be de-
sirable. Using the kernel-based multilevel method has none of these drawbacks
since they can be used for arbitrary sets of sites in nearly any domain.

The outline of this thesis is structured as follows. In Chapter 2 we
repeat the most important results from functional analytics and give a
short introduction into reproducing kernels where we also briefly discuss the
construction of Wendland functions, the class of compactly supported radial
basis functions we have in mind throughout this thesis. We also review results
concerning the approximation power of these kernels in their original and
rescaled form. To prepare for Chapter 3 we also study different properties of
the resulting kernel matrix.

We use the properties of the kernel matrix to derive an alternative basis of
the approximation space. Its members are known as Lagrange functions. The
introduction of these functions is necessary to derive the representation of
the tensor product multilevel method in its most general form. Additionally,
we modify these Lagrange functions such that they satisfy the Lagrange
condition on a subset of the sites. The construction and study of these
localized Lagrange functions in the context of Wendland functions is original
work, however, follows closely known ideas.
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Then, in Chapter 4, we introduce the kernel-based multilevel method and
provide error estimates for different approximation schemes. We will use these
error bounds later in Chapter 7. One caveat in those error estimates is that
there is an unknown constant which can potentially spoil the convergence.
We give numerical estimates of this constant in different parameter settings.
Additionally, we introduce two adaptive versions of the multilevel method
and derive an alternative representation using the Lagrange functions. To
finish this chapter we also derive a convergence result in the case that we
use the localized Lagrange functions.

Next, we give a thorough introduction into tensor products in Chapter 5.
Starting with the purely algebraic construction of the tensor product spaces
then we study tensor product norms and tensor products of operators. The
results obtained here are the main ingredients to understand Smolyak’s
algorithm and to derive needed, preliminary error estimates.

We give a general introduction into the Smolyak method in Chapter 6.
We study the resulting operator in its most general form before restricting
ourselves to a special class of index set and refine some of the general
statements for this special case. To end the chapter, we introduce the idea of
an adaptive version of the Smolyak algorithm.

Finally, we combine Smolyak’s method and the kernel-based multilevel
method in Chapter 7 to obtain the tensor product multilevel method. We
discuss this new approximation operator in detail and give several represen-
tations. Then we use the error bounds of Chapter 4 and combine them with
estimates obtained in Chapter 6 to obtain a thorough error analysis. We also
provide numerical examples to support these theoretical results. To finish,
we discuss the possibility to combine the adaptive version of the Smolyak
method with the adaptive version of the multilevel method which yields the
double-adaptive tensor product multilevel method.






Notation and Terminology

In the most part the notation in this work is standard and chosen in
a self-explanatory way. In addition, the less frequently used notation is
introduced or repeated at the respective point. Nevertheless, we will give a
small overview of the notation here, in case there should be any ambiguities
at some point.

As usual N and R denote the set of all natural and real numbers. R
denotes the set of all positive real numbers. We denote Ng = NU {0}. The
Cartesian product of two (or more) sets X and Y will be denoted by X x Y,
while, as usual, a superscript of a respective set denotes the dimension of
the Cartesian power, for example, R" is the n-dimensional real space and
R™*™ ig the space of real values matrices with m rows and n columns. In
general, the letters n and d are fixed as natural numbers.

For better readability elements of higher-dimensional objects are written
in bold. The i-th entry of a vector @ € R" is denoted by z; € R for 1 <1 < n.
For 1 < p < oo, |||, denotes the p-norm of a vector. For a multiindex
X € N7 || \||; denotes the 1-norm, i.e., [|Al]; := 2?21 I\l

For a set Q C R™ and a k € Ny, C*(Q2) denotes the space of all k-times
continuously differentiable functions f : Q2 — R. If k = 0 we simply write
C(Q). For a1l < p < oo and measurable 2 C R", L,,(€2) denotes the Lebesgue
space.

Let f: R™ — R be continuously or weakly differentiable. The i-th partial
(weak) derivative of f is denoted by 0;f. For a multi-index o € Nfj, the a-th
(weak) derivative of f is denoted by D*f = 9" --- 99~ f. The Laplacian is
denoted by Af := 3"  02f.

We also encounter mappings where we keep a certain argument fixed. As
an example, given a function f : R x R — R, for some fixed =z € R, f(x,-)
is seen as a mapping R — R, y — f(z,y). Here, the dot symbol is a free
argument.

If (V.| - |lv) and (W, ] - |lw) are normed spaces we denote the norm of
an operator A:V — W by

[Allv—w = sup || Az|lw.
xzcV
zllv=1
We will use the Fourier transform, denoted by -, as an operator Lo(R™) —
Ly(R™). For f € Li(R™) the transform is defined by

o~

Jly=m 2 | f@ye = do

and then extended to elements of Lo(R™) in the usual way.

7



8 NOTATION AND TERMINOLOGY

In the later chapters of this thesis we have to distinguish between di-
mensions and directions. We will denote the dimensions with n and the
number of directions by d. It will occur that we encounter sets of the kind
Q=00 x...x QD CR™ x ... x R™ where each QU) C R™ is a n;-
dimensional set and €2 is of dimension n = E;l:l n;. If we have to denote
objects in different directions we use the superscript (j) for the respective
object in direction j.

Finally, the letters ¢ > 0 and C > 0 denote arbitrary constants which
can vary from line to line within each calculation.



CHAPTER 2

Kernel-based Approximation

This chapter repeats important results in the context of kernel-based
approximation. After recalling well-known tools from analysis in Section 2.1
we investigate the relation between positive definite kernels and native spaces
in Section 2.2. There we also repeat the basic construction of the class of
radial basis functions we are most interested in, the Wendland functions.
Next, we study different approximation schemes in Section 2.3. We start by
looking at interpolation of functions that lie in the native space, but also show
that we can interpolate continuous functions that are rougher. The second
approximation scheme we introduce is the penalized least squares method
that allows us to cope with noise on the data. Although we see that those
schemes converge with hx o — 0 they become numerically more and more
expensive, hence, in Section 2.4 we study a way to rescale kernels such that
the resulting kernel matrix is well-behaved. There are several other classes of
basis functions, such as Gaussians, (inverse) multiquadrics or Matérn kernels,
to name a few, that can be used in these approximation methods and that
may fit the assumptions of some theoretical results, but we are have mainly
the Wendland functions in mind. To end this chapter, in Section 2.5, we
study the kernel matrix of these compactly supported rescaled kernels in
greater detail. The results obtained there lead directly into the next chapter.

2.1. Some Fundamental Information on Sobolev Spaces

We start this chapter with providing some general functional analytical
results we will use throughout this text. Although most statements can be
made using more general assumptions, we restrict ourselves on domains, i.e.,
subsets of R™ that satisfy the following definition.

Definition 2.1.1. We call 2 C R™ domain if € is non-empty, open and
connected.

First, we give the definition of certain subspaces of L,(2)-spaces.

Definition 2.1.2. Let Q C R" be a domain, k € Ny and 1 < p < oo. We
define the Sobolev space WF(Q) by

WFQ) = {f € Lp(Q) : Df € Ly(Q) for all 0 < |||y < k}

and its norm by

3=

g = | 3 1D g

0<|lerfl1 <k

9



10 2. KERNEL-BASED APPROXIMATION

for 1 < p < oco. For p =00 the norm is defined by

= max [[D¢ )
1 fllwe OSHQHISkH FllLoo(

Usually, k € N is called the smoothness of f € WZf(Q) It is well known
that Sobolev spaces are complete, see, e.g., [10, Theorem 1.3.2].

Lemma 2.1.3. Let Q C R” be a domain, k € Ny and 1 < p < co. Then
<W§(Q), Il - HW&C(Q)) is a Banach space.
If p =2, the space (WQI‘“(Q), || - ||W2;C(Q)> is a Hilbert space and its norm

1s induced by the scalar product

N|=

Frdwroy=| D (D*fiD%g)r,@)

0l i<k

There are several approaches to generalize Sobolev spaces to non-integer
smoothnesses, see, e.g., [1, Chapter VII]. We are most interested in a con-
struction using the Fourier transform of the Bessel potential, i.e., the Fourier
transform of functions of the kind (. —A)* f with a real number s > 0, where ¢
denotes the identity operator and A the Laplace operator. This construction
requires us to first consider only 2 = R™. Furthermore, we restrict ourselves
to the Hilbert space case, i.e., Sobolev spaces with p = 2.

Definition 2.1.4. Let 0 < s < oo. Then the space H*(R™) is defined as
B ®Y) = { € La®") : & (14 [€13)F 17(6)] € LR}

Its norm is given by
1
2

@L) Wl = ([ O+ 1€8) 1RO d¢)

For integer smoothness, i.e., s = k € Ny, the spaces H*(R") and W} (R")
coincide, however the associated norms are only equivalent.

Definition 2.1.5. Let V' be a linear space. Then two norms || - |1 and || - ||2
on V are called equivalent if there are constants c1, co > 0 such that

(2.1.2) cllolly < lvfl2 < e2ffvll, veV.

Since we used the Fourier transform for the definition of the Sobolev
Hilbert space of fractional smoothness it was necessary to set {2 = R".
However, we can canonically restrict the elements of H*(R"™) to {2 and obtain
the Sobolev space H*({2) this way. This restriction can be done without any
assumptions on 2.

It is also possible to extend elements from H*(2) to functions in H*(R™)
in a controlled way. But in contrast to the restriction, the extension requires
the boundary of € to be smooth in the sense that it can be parameterized
by countably many Lipschitz maps. We quote the precise definition from [10,
Definition 1.4.4].
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Definition 2.1.6. We say a domain 2 has a Lipschitz boundary 0S2 provided
there exists a collection of open sets O;, a positive parameter €, an integer N
and a finite number M, such that for all © € 02 the ball of radius & centered
at x is contained in some O;, no more than N of the sets O; intersect
nontrivially, and each domain O; N € satisfies O; N Q = O; N Q;, where
Q; is a domain whose boundary is a graph of a Lipschitz function ¢;, i.e.,
Q= {(@.y) ER" : @ € Ry < ¢i(a)}, satisfying |5 Lip(eri—ty < M,

where || - || Lipmn—1) denotes the Lipschitz norm, defined by
flz) - f(y e
||f||Lip(R"—1) = ||f”Loo(Rn—1) + sup {W cx,y eR 1730 Y-

We often call domains €2 which have a Lipschitz boundary Lipschitz
domains. The simplest and, in the context of approximation, most often used
Lipschitz domains are polytopal domains, such as the hypercube [—1,1]™.

With this, we are now able to discuss a way to extend functions from
H?*(Q) to functions in H*(R"™). The eztension operator was first introduced
in [85] for the case of integer smoothness k and later, e.g., in |10, Section
14.2] and references therein, generalized to real s > 0.

Theorem 2.1.7. Let 2 C R" be a Lipschitz domain. Let s > 0. Then there
exists a linear operator E : H*(Q) — H*(R™) such that

(1) Eflq=f, and

(2) |Efllms@ny < Cullfllas0)
holds for all f € H*(Q).

The constant Crp = CE(Q2,s) depends only on the domain Q0 and the
smoothness s.

Property (2) implies that the extension operator E is bounded. Further-
more, we can use the same operator E for every s > 0, however the constant
Cg grows with s. Unfortunately, the norm of the extension operator is in
most cases unknown. We give an example where we can derive bounds if 2
is a one-dimensional interval, that is, 2 = (a,b). We have to distinguish two
cases, depending on the length of the interval.

To obtain bounds for the norms of extension operators on H*(Q2) we
introduce another useful tool, the operator interpolation. The next result is a
special version of, e.g., |10, Proposition 14.1.5] and uses, in its original form,
a norm-equivalent version of H*().

Theorem 2.1.8. Let Q C R” be a Lipschitz domain. Let s1 > sg and t1 > tg.
For0<60<1 let

sg=(1—60)sg+60s1 and tg=(1—0)ty+ 0t;.

If T is linear and bounded as an operator mapping H* (2) — H"(Q) and
H1(Q) — H"(Q) simultaneously, then it is also bounded as a linear operator
mapping H*0(Q) — H'(Q) with
—0 0
@L13) I Tlmeocays ooy < ITIEE s ooy 1T s st
Theorem 2.1.8 allows us to generalize the statements of [12, Section 6.1,
Lemma 9, Lemma 10]. There, only Sobolev spaces of integer smoothness
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are considered. Again, we are only interested in the Sobolev Hilbert space
H*((a,b)).

Lemma 2.1.9. Let s > 1 and —o0 < a < b < co. Then there exists a linear
extension operator E : H*((a,b)) — H*(R), such that we have for b—a <1,

(2.1.4) 1Bl o) < 4641 +256)" Sa)sé

and forb—a >1,

(2.1.5)

IE | 75 ((a,0)— 1r2(r) < C max (b — a,2°7?) (80 + 1024¢)° (1 + (b_s;_%> ,

where ¢, C > 0 depend on the equivalence constants of Definition 2.1.5.

PRrROOF. We only give a proof for b —a > 1 as the same ideas apply to
the other case b — a < 1. For b — a > 1 we have by |12} Section 9.1, Lemma
10] the bound for the norm of the extension operator for k € N,

]Ck
(2.1.6) IE it (apy)— () < c2¢® | 1+ T |
(b—a)" 2

with the constant ¢ = 80 + 1024e. For any s € R with s > 1 thereisa k € N
such that k < s < k+ 1. Hence we use (2.1.6) for k and k + 1 and apply the
operator interpolation of Theorem 2.1.8 with 6 = s — k > 0. This yields

1 0 0
6 ||E||HS((a,b))—>HS(]R) < HEH}{’“((a,b))—)H’“(R) ||E||Hk+1((a,b))—>Hk+1(]R)

. 1-6 paty \?
>~ (b _ a)k_§ (b _ a)(k+1)—§
— kHO(p - a)—(lc—%)(l—@)(b _ a)—(k—i—%)@ ((b _ a)k—% n k‘k>179.
0
) <(b— a)k-&-% + (k+ 1)(k+1))
1-60 0
<E-a) D (b-ap e sT) (-t (1))
We now investigate the term
0
((b —a)*tE 4 (k+ 1)k+1)
separately. We first find that

(b—a)*s = (b—a)(b—a)* 2
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Additionally, we have with 0 <60 <1

(k+ DM = (k604 (L= 0" < (k+0)" (1 " 1—9>kH

k+6
E40(1-0) 1— g\ Fro+01-0)
< (k4 @)tord=0 114~
< (k+0) (+k+9>
1-0 k+6 1-6 1-0
= k+0) k+0) 0 (14— A1+ —
(k+96) (k+6) Trre T ETo

<s%-5-2%.2< 25128,

Putting these two estimates back yields
1 S —(s—2) s—1 s 1-6
Gl @ pe@ < b= D (b—a) 3 +57)

: ((b —a)fts 4+ (k+ 1)(’”1))0

1-0
<Eb-a) D (b-a) e sT)

0
: ((b —a)(b— a)s_% + 2S+255)
1 1
< ¢*max(b—a,2°"2) (b — a)"72) ((b —a)’ 2+ 33) .
That is (2.1.5). O

We also quote [12, Section 9.1, Lemma 11] which gives a lower bound
for the norm of the extension operator, however only for integer smoothness.
Again, we are only interested in the case p = 2.

Lemma 2.1.10. Let k € N and a,b € R such that —oco < a < b < oco. Then
the norm of any extension operator E : H*((a,b)) — HF(R) can be bounded
from below by

1 [4\" —ktl
(2.1.7) A <6> BH(b — a) S,

where c1 > 0 is the equivalence constant from Definition 2.1.5.

The interval Q = (—1,1) will be of special interest later. Hence, we give
the specific bounds.

Proposition 2.1.11. Fora= —1,b=1 and s > 1 the norm of the extension
operator E : H*((—1,1)) — H*(R) satisfies

(2.1.8) LB 2 ((—1.1))s o) < 4€2(80 + 1024e)* (25 + \/555) .

If s = k € N, the norm of the extension operator E : H*((—1,1)) — H*(R)
satisfies the lower bound

1
k*
e*VEk
Extension in the pure operator setting is much easier. The following
theorem is well-known, see, e.g., [42, Chapter 4].

(2.1.9) VB s ((—1,1))— 15 (m) > 1257
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Theorem 2.1.12. Let (V| - ||v) and (W,]| - |lw) be normed spaces. Let
Vo CV be a dense subspace. Let Ay : Vo — W be a bounded linear operator.
Then there exists a unique bounded linear operator A :V — W such that

(1) Ap(vo) = A(vg) holds for all vg € V', and
(2) [ Aollvow = | Allvow.

The operator A in Theorem 2.1.12 is called the extension of Ay. Often,
we use the same symbol for both operators.

To end this section, we give a special case of the Sobolev embedding
theorem. For more general cases see, e.g., |10, Theorem 1.4.6]. This theorem
gives us an easy criterion to check whether a given Sobolev space can be
imbedded into the space of continuous functions and hence allows us to
use point-evaluations of Sobolev functions. We note that we use the same
notation for the embedding operator as for the identity operator.

Theorem 2.1.13. Let Q C R™ be a Lipschitz domain. Let s > n/2. Then
there is a linear and bounded embedding operator v : H*(Q2) — C(2).

We emphasize that the condition s > n/2 means that for large dimensions
n only very smooth Sobolev spaces can be imbedded into the space of
continuous functions.

2.2. Kernel Functions and Native Spaces

We now give a short survey over the wide field of kernel functions and their
native spaces. This theory originated early, see [2], and is the fundamental
basis for meshfree or scattered data approximation.

We start by giving the definition of special functions in Hilbert spaces.

Definition 2.2.1. Let Q C R™ be a domain. Let (H, (-, )% ) be a real Hilbert
space of functions f : Q — R. A function K : 2xQ — R is called reproducing
kernel for H if

(1) K(-,y) € H for ally € Q, and
(2) fy) = (f, K(-,y))y for all f € H and all y € Q.

We call a Hilbert space H with such a kernel K a reproducing kernel
Hilbert space. In the next theorem, we collect some important properties of
these spaces and their reproducing kernel.

Theorem 2.2.2. Let Q CR™ be a domain. Let (H,(-,-)3) be a Hilbert space
of functions f : Q — R. Then H is a reproducing kernel Hilbert space if and
only if the point-evaluation functionals d are continuous for every x € €.
In this case, the following properties hold:

(1) The reproducing kernel K is unique.

(2) K(z,y) = (K( ), K(Y))nu = (0, 0y)n» for all z,y € Q.
(3) K(xz,y) = K(y,x) for x,y € Q.

PROOF. The proof is a combination of the proofs of [94, Theorem 10.2
and Theorem 10.3]. O

There is a strong connection between reproducing kernel Hilbert spaces
and positive definite kernels. We define this property first, before we specify
this connection.
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Definition 2.2.3. Let Q C R" be a domain. A continuous function K :
Q x Q = R is called positive semi-definite if for all N € N, all sets of
pairwise distinct centers X = {x1,...,xzy} C Q and all a« € RN, the
quadratic form

N
Z aiajK(mi, a:j)
ij=1
is non-negative. The kernel K is called positive definite if the quadratic form
is positive for all a € RN \ {0}.

The connection between reproducing kernel Hilbert spaces and positive
definite kernels is easily proven, see, e.g., [94, Theorem 10.4].

Theorem 2.2.4. Let Q CR™ be a domain. Let (H, (-,-)») be a reproducing
kernel Hilbert space with reproducing kernel K : Q0 x Q — R. Then K is
positive semi-definite. Furthermore, K is positive definite if and only if the
point-evaluation functionals are linearly independent in H*.

The first property of Definition 2.2.1 means in particular that H contains
functions of the form f = Z;V:1 a; K (-, x;) with arbitrary, pairwise distinct
points x1,...,xy € , N € N. The norm of these functions is given as

N N
113 = o (K (i), K (o)) = Y, i K (a0, ).
i,j=1 4,j=1

Theorem 2.2.4 yields, in particular, that positive definite kernels appear
naturally in the context of reproducing kernel Hilbert spaces. However, the
other direction is also true. We can construct a Hilbert space from a given
positive definite kernel.

We assume that K : Q) x 2 — R is a symmetric, positive definite kernel.
Motivated by the consideration above, we define a linear space

Fi(Q2) :=span{K (-, y) : y€Q}

and equip it with the bilinear form (-, ")k : Fg(Q2) X Fg(£2) — R which is
defined as

N M N M
(2.2.1) <ZaiK(',$i),ZﬁjK(‘,wj)> =3 ) B K(mi, ;).
i=1 j=1

x  i=1j=1
This bilinear mapping is a candidate for an inner product on Fi (). For a
proof of the next theorem, we refer to, e.g., [94, Theorem 10.7].

Theorem 2.2.5. Let Q C R" be a domain. If K : Q@ xQ — R is a symmetric,
positive definite kernel then (-,-)k as in (2.2.1) defines an inner product on
Fr(Q). Furthermore, (Fx (), (-,-)k) s a pre-Hilbert space with reproducing
kernel K.

The next step is then to complete F ().

Definition 2.2.6. The completion of Fx with respect to the norm induced
by (-, )k of (2.2.1) is called native space of K and is denoted by N ().
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The technical nuances how this completion is done can be found in, e.g.,
[94, pp. 137]. There, we also see that the native space is a reproducing kernel
Hilbert space.

Theorem 2.2.7. Let Q@ C R" be a domain. Let K : 2 x Q — R be a
symmetric, positive definite kernel. Then its associated native space N (Q)
18 a Hilbert space with reproducing kernel K.

In conclusion, there is a one-to-one relation between positive definite
kernels and reproducing kernels of Hilbert spaces. We can start with either the
space or the kernel and obtain the other one as described above. Additionally,
the native space is unique. For a proof we refer to [94].

Theorem 2.2.8. Let Q C R™ be a domain. Let K : 9 x Q — R be a
symmetric, positive definite kernel. Let G be a Hilbert space of functions
f:Q — R with reproducing kernel K. Then G is the native space Nk ()
and the inner products are the same.

From a numerical point of view it is preferable to use as easy a kernel as
possible.

Definition 2.2.9. Let Q@ = R". We call the kernel K : R® x R* — R
translation invariant if there is a function ® : R™ — R such that K(x,y) =
O(x — y) for all xz,y € R™. If K is additionally symmetric and positive
definite, we denote its native space by Ng(R™).

Note that we initially have to use = R"™. We will discuss extensions
and restrictions of native space functions to domains 2 C R" later in this
section.

Characterizations and properties of translation invariant kernels in rela-
tion to positive definiteness are well known, see, e.g., [94, Chapter 6], and
will not be addressed further in this text. We only give one possible charac-
terization of the native space of a translation invariant kernel, see, e.g., [94,
Theorem 10.12].

Theorem 2.2.10. Let & € C(R™)N L1 (R™) be a real-valued, positive definite
function. Define

Gg:= {f € LyR")NCR") : —= € LQ(RTL)}

and equip this space with the bilinear form

/g GG
(f,9)g = <\F’ 7 = M dg.
(I) @ L2 Rn) R
Then G is a real Hilbert space with inner product (-, -)g and reproducing kernel
®. Hence, G is the native space Ng(R™) and the inner products are the same.

If the Fourier transform of the kernel ® decays sufficiently fast we can
even connect its native space to a Sobolev Hilbert space. The proof of the
following corollary can also be found in [94].
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Corollary 2.2.11. Let ® € L1(R™) N C(R™) and assume that its Fourier
transform satisfies

(22.2) a1+ [€13)7" < B(E) < ca(1+ €137, € eR,

with s > n/2 and two positive constants c; < ca. Then the native space
Ng(R™) of @ coincides with the Sobolev space H*(R™), and the native space
norm and the Sobolev norm are equivalent.

Next we want to transfer the result of the preceding corollary to native
spaces which are defined only on a domain 2 C R”. We will see that this is
possible with a weak assumption on €2. To do this we first need to discuss
the restriction of functions in a native space Ng(€2) to a domain €y, where
) C Qo C R™. We have the following theorem whose proof is given in the
discussion before [94, Theorem 10.47].

Theorem 2.2.12. Let 1 C Qo C R™. Then the restriction f|q, of any
function f € Ng(Q2) is contained in No(1) with a norm that is less than
or equal to the norm of f.

This theorem can be used to prove the analogue of Corollary 2.2.11.
However first, we introduce a result on the extension of native space functions,
taken from [94, Theorem 10.46].

Theorem 2.2.13. Each function f € Ng(Q1) has a natural extension to a
function Ef € Ng(Q3). Furthermore, IEfllne (@) = [ flI A1)

We are now in the position to give the desired analogue of Corollary 2.2.11,
see, e.g., |94, Corollary 10.48].

Corollary 2.2.14. Suppose that ® € Li(R™) has a Fourier transform that
satisfies (2.2.2), i.e., for s > n/2 there are constants 0 < ¢; < ¢ such that

ci(1+[€3) 7 < B(€) < c2(1+ [|€]B) 75, € €R™

Suppose further that @ C R™ has a Lipschitz boundary. Then Ng(Q) coincides
with H%(Q) and the norms are equivalent.

To conclude this section, we construct the specific family of positive
definite kernels whose elements not only satisfy (2.2.2) but also have compact
support and are radial.

Definition 2.2.15. We call a function ® : R™ — R radial if there exists a
function ¢ : [0,00) = R such that ®(x) = ¢(||x||]2) for all x € R™.

For more details, especially in the context of positive definiteness, on
radial functions we refer to [94, Chapter 6.3]. We only remark that we always
assume the univariate function ¢ : [0,00) — R to be defined on all of R by
even extension, i.e., by setting ¢(r) := ¢(—r) if r < 0.

The starting point of the construction of the desired kernels is the
following compactly supported univariate function.

Definition 2.2.16. For v € N the truncated power function ¢, : R — R is
defined as

(2.2.3) du(r)=1-=r), r>0

and even extension to R. We used the notation (z)y = max(0,x).
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It is known that these functions are positive definite on R", if v > [n/2]+1
[94, Theorem 6.20]. However, they are even for large v only continuous.
To construct positive definite functions of given smoothness and spatial
dimension n, we need to define an operator which transports properties
between dimensions.

Definition 2.2.17. Let ¢ : [0,00) — R be given so that the mapping t —
¢(t)t is in L1(]0,00)), then we define for r > 0 the dimension walk operator
T as

Zo(r) = /00 to(t) dt.

T

Again, we obtain by even extension a function Z¢ defined on R. Now we
apply this integral operator k-times to the truncated power function ¢, for
a specifically chosen v and obtain the functions of our choice.

Definition 2.2.18. The Wendland function of smoothness 2k for space
dimension n is defined as

(2.2.4) Oni(r) = Ik¢LgJ+k+1(T>, 0<r<l1.

These Wendland functions have several remarkable properties. We collect
some of these in the next theorem, c.f., [94].

Theorem 2.2.19. The functions ¢, i are positive definite on every R™, with
m < n and are of the form

(bn,k('f') _ {pn,k(r)a 0 S r S 17

0, r>1,

with a univariate polynomial p, j of degree |n/2] + 3k + 1. They possess
continuous derivatives up to order 2k. The degree of py i is minimal for a
given space dimension n and smoothness 2k and are up to a constant factor
uniquely determined by this setting.

We give a selection of Wendland functions ¢, ;, for different space di-
mensions n in Table 1. We used the notation = to denote equality up to
a multiplicative constant. Additionally, we give the explicit smoothness
following Theorem 2.2.19.

Finally, we transfer these results to the kernel ®, ; : R” — R and find
that the Fourier transform of this (compactly supported) radial basis function,
or in short (C)RBF, exhibits an algebraic decay of certain order. We collect
the results in the following theorem, see |94, Theorem 10.35].

Theorem 2.2.20. Let @, = ¢ i(|| - ||2) denote the compactly supported
RBF of minimal degree that is positive definite on R™ and in C?*(R™). Let
n > 3 if k = 0. Then there exist constants c1,co > 0 depending only on n
and k such that

cr(1+ ||€]l2) ™21 < 5;@(5) < co(1 + [|€]|p) 2L

for all & € R™. This means in particular that
Na, , (R") = HIH43(RY),
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Space dimension Function Smoothness
Pro(r)=(1—r) 0
n=1 $11(r) = (1—r)§(37"+1) o2
P12(r) = (1 — 1)} (8% +5r + 1) o4
ps0(r) =(1—r)% o
n <3 ¢31(r) = (1—r)t(4r+1) 2
$32(r) = (1 — 1) (35r% + 18r + 3) ot
¢33(r) = (1 — )5 (32r% + 2512 + 8r + 1) '
¢5,0(T) = (1 — 7”)3 CO
n<5 ¢5,1(r) = (1 — T)‘i’t(f)r—i—l) o2
dnalr) = (1 — 1)L(16r2 4 Tr + 1) G

TABLE 1. Specific Wendland functions ¢,, ; for different spa-
tial dimensions n

i.e., the native space of ®, ), coincides with a classical Sobolev space of
smoothness s = 5 + k + % and the native space norm and the Sobolev norm
are equivalent.

Because of this connection of the native space Ng(R™) of the Wendland
function and the Sobolev space we often call ®,, ;, the reproducing kernel of
H*(R™).

The theorem above directly implies that we can use Wendland functions
as reproducing kernels for Sobolev spaces of order n/2+k+1/2 in dimension
n. However, this means that we do not cover Sobolev spaces of integer
smoothness if the spacial dimension n is even. Although there is an explicit
construction for these missing Wendland functions given in 75, we can and
will simply take the traditional Wendland functions for larger n.

2.3. Approximation with Compactly Supported RBF's

We introduce now the basics of approximation by compactly supported
RBFs. This method allows us to reconstruct unknown functions from point-
wise data. In comparison to other popular approximation methods we require
no additional information like meshes.

2.3.1. General Setup for Scattered Data Approximation. We
start by giving the general setup for scattered data approximation and
introduce the specific notation we use for the rest of this thesis.

The main goal is to approximate an unknown function f : Q — R, defined
on a domain 2 C R™, from only unstructured point data. To this end, we
fix a discrete set of sites X := {x1,...,xny} C Q. For this point set X we
define two characteristic quantities.

Definition 2.3.1. Let 2 C R" be a bounded domain. For a discrete set of
sites X = {x1,...,xn} C Q the mesh size or fill distance hx q is given by

2.3.1 hx.q = -
(2:3.1) x,0 = sup min @ — ;.
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This is the radius of the largest ball whose center is an element of €2 and
which does not contain an element of X.

Definition 2.3.2. Let Q C R™ be a domain. For a discrete set of sites

X :={x1,...,zn} C Q the separation radius gx is given by
1.
(2.3.2) qx i= 5 oin [z; — ;2.

The separation radius gives the largest radius for two balls centered at
different elements of X to be disjoint.

In order to obtain a good approximation to the function f, we have to
assume that the set of sites X is well distributed in €.

Definition 2.3.3. We call a set of sites X C € quasi-uniform if there is a
constant cg, > 0 such that

(233) qx < hX,Q < CqudXx-

We need to discuss this definition in more detail. We see that the first
inequality always holds with the definitions of the fill distance and the
separation radius. Also, for a single set X, we can always find a constant
cqu > 0 such that hx o < cugx. Hence, in applications, the definition of
quasi-uniformity has to be understood in the context of more than one set
of sites. In the error analysis the idea is that we have a sequence of sample
points which fills €2 more and more. Then it is important that every member
of this sequence satisfies (2.3.3) with the same constant cgy.

Next, we give an error estimate established in [95], which is a generaliza-
tion of the results in [65]. These estimates are called sampling inequalities
and allow us to bound a weak norm by a weighted sum of a Sobolev norm
and a discrete £o.-norm on the set of sites.

Theorem 2.3.4. Let s > n/2. Let Q C R™ be a bounded Lipschitz do-
main. Then there are constants C' > 0 and hg > 0 such that for all
X =A{z,...,zn} C Q with hx o < hy and all w € H*(Q) the inequali-
ties

(2.3.4) ull L) < C (h;gHUHHs(Q) + ||U||eoo(X)) :
and
(2.3.5) ull Loy < C (B llullas ) + llulle. (x))

hold. If, in addition, u|x = 0, then

(2.3.6) ull o) < Ch Gl s o)
holds for all 0 <t < s.

Next, we introduce the notation for the function space in which we
search for the approximation to the unknown function f. In the theory of
approximation with RBF's, it is usual to use finite-dimensional subspaces of
Sobolev Hilbert spaces.

Definition 2.3.5. Let ® : R" — R be a reproducing kernel of H*(R"),
s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2). Let X :=
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{z1,...,2n} C Q be a discrete set of sites. Then we define the (kernel-
based) approximation space by

(2.3.7) Vn :=span{®(- —x;) : =; € X}.

Clearly, the assumption on the smoothness s is necessary since the
approximation methods will rely on point-evaluations and we know by Theo-
rem 2.1.13, that for s > n/2 we can embed H*(Q2) into C(Q).

We now introduce three examples of approximation methods. First, we
give the basics of interpolation of a function f € H*(Q2), s > n/2. Then, we
discuss how to interpolate a function f € H'(Q) with n/2 < t < s, i.e., a
function which does not lie in the native space of ®. And finally, we introduce
a method to approximate a function without forcing interpolation. This
method is particularly useful if we know that the data is only close to f(x;)
and only disturbed by relatively small noise from, e.g., numerical errors.

2.3.2. Interpolation. The easiest example for an approximation pro-
cess is interpolation, where we want to find an element of Viy which attains
the values f(x;) of the target function f in every x; € X.

Definition 2.3.6. Let Q C R” be a domain. Let X = {x1,...,xn} C Q
be a set of sites. Let Vi be the kernel-based approximation space defined in
Definition 2.3.5. For f € H*(Q2), s > n/2, the interpolation problem is given
as:

Find sf x € Vn such that s§ x(x;) = f(x;) for every x¢; € X.

In our setting the interpolation problem is well-posed. This allows us to
define the corresponding operator, which maps the function f to the solution
of the interpolation problem s x.

Definition 2.3.7. With the notation and assumptions of Definition 2.5.6
we define the interpolation operator Ix ¢ : H*(2) = Vy by

IX@f = Sf7x.
Ix o f is called the interpolant of f in X.

Clearly, we can express the interpolant as a linear combination of shifts
of ®, i.e., we have

N
Ixof =spx =y a0 — ).
j=1

To compute the coefficient vector a € RN we enforce the interpolation
condition sy x(x;) = f(x;), 1 < j < N, and arrive at the linear system

MX@Q = f

The N x N-matrix is called the kernel matriz of the kernel ® on X. Its
entries are given by (Mx ¢)ij := ®(x; —x;). Clearly, if ® is a positive definite
kernel then the corresponding kernel matrix is positive definite and there
exists a unique solution e for every right-hand side f = (f(x;))1<j<n-
Indeed, we see that the interpolant Ix ¢ f is the best-approximation of f
from Vi with respect to the native space norm, see, e.g., [94, Theorem 13.1].
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Theorem 2.3.8. Let Q C R"™ be a bounded Lipschitz domain. Let ® : R — R
be the reproducing kernel of Ng(Q2). Let X = {x1,...,zn} C Q be a set
of sites and f € Ng(). Then the interpolant Ixef € Vn is the best-
approximation to f with respect to the native space norm, i.e., the estimate

1f = Ixaflne @) < IIf = sllas@

holds for every s € V.
Hence, Ix o f is the orthogonal projection of f on V.

We can choose s = 0 in the theorem above and obtain the estimate
(2.3.8) 1f = Ixoflne@) < [1fllne@)-

The next lemma transfers this estimate to Sobolev norms, see, e.g., [94,
Corollary 11.33].

Lemma 2.3.9. Let Q C R"™ be a bounded Lipschitz domain and let X =
{z1,...,&N} CQ be a set of sites. Let ® : R™ — R be a reproducing kernel
of H*(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2). Then
there exists a constant C = C(Q, ®,s) > 0, depending only on Q, ® and s,
such that

If = Ixofllas ) < Cllfllas @
holds for all f € H*(Q2).

Furthermore, the interpolant Ix ¢ f is norm-minimal. The proof can be
found in, e.g., |94, Proof of Theorem 13.2].

Theorem 2.3.10. Let 2 C R"™ be a bounded Lipschitz domain. Let & : R® —
R be the reproducing kernel of No(Q). Let X = {x1,...,xzn} C Q be a set of
sites and f € No(2). Then the interpolant Ix o f has minimal Ng(2)-norm
of all functions s € No(Q) that interpolate the data {f(x;)}, i.e.,

||IX,<1>f||j\/¢(Q) = min{”s”_/\/'q)(ﬂ) s € N@(Q) with s(acj) = fj, 1< < N}

We now use these general results, together with the sampling inequalities
of Theorem 2.3.4, to derive error bounds for the interpolation process in
terms of the fill distance hx .

Corollary 2.3.11. Let Q C R"™ be a bounded Lipschitz domain. Let ® :
R™ — R be a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let X = {x1,...,xn} C Q be a set of sites
with sufficiently small fill distance hx q. Let Ix ¢ : H*(2) — Vi be the
interpolation operator of Definition 2.3.7. Then there is a constant C > 0
such that the estimates

(2.3.9) If = IxaefllLo@ < Ch;ﬁ“f“ﬂs(ﬂ),
and
(2.3.10) If = Ixaflla @) < Ch o flas@), 0<t<s,

hold for every f € H*(Q).

PROOF. The claim follows from the inequalities of Theorem 2.3.4. We
use that Ix ¢f interpolates f in the points of X, which leads to ||f —
Ix.oflle..(x) = 0. Finally, we use the estimate of Lemma 2.3.9, which finishes
the proof. O
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The second estimate yields for t = 0 the Lo(€2)-error estimate of the
interpolation process

(2.3.11) If = Ix @Sl < Chx ol flla: )

2.3.3. Interpolating Rougher Functions. At first glance it seems
that we can only recover functions which lie in the native space of the chosen
kernel ®, which is norm-equivalent to the Sobolev space H*(R™), s > n/2. In
fact however, the authors of [65] showed that we can even recover functions
which are rougher and lie only in a Sobolev space H'(Q) with n/2 <t < s.
This method is sometimes refered to as escaping the native space. It turns
out that the essential tool are so-called band-limited functions, i.e., functions
whose Fourier transforms have compact support. Again, we have to use

Q=R"
Definition 2.3.12. For ¢ > 0 the space of band-limited functions B, C
Lo (R™) is defined as

B, = {f € La(R") : suppf C B, (0) .

This space B, is a closed subspace of La(R™), see, e.g., |1§], and this
closedness allows us to measure the distance of a function f € H'(R™) to B,.

Definition 2.3.13. We define the distance of a function f € H'(R™) to the
space B, measured in the H'(R™)-norm by

dist gt (g (f, Bo) = glenga 1f = gl e rn)-

The following auxiliary result, taken from [65, Theorem 3.4], gives a first
error estimate.

Theorem 2.3.14. Let X := {x1,...,xn} C R" be a set of sites. Let s,t € R
with n/2 <t < s. If f € H*(R™) then there exists an f, € B, such that
folx = flx and

I = foll gt rny < Bdistgern)(f, Bo) < 567 ax I fll s rn),

with 0 = k/qx, where k > 1 depends only on n and t.

With the extension operator from Theorem 2.1.7 we can also use this
theorem for functions f € H*(Q), if  C R™ is a Lipschitz domain. First we
extend this f to Ef € H*(R") and find an f, € B,. Then, by the preceding
theorem, we have f,|x = Ef|x = f|x and the estimate

If = follzt ) = 1Ef = follat(o)
(2.3.12) <NEf = follmtwny < Ca% NIEf I s my
< Cg N f lm )

The inequality in (2.3.12) has an interesting consequence. If we set s =t we
obtain the estimate

| follatmny < NEf = follat@ny + 1Eflat@®ny < CIEfll gt mny
< Ol fllm -

We collect these remarks in the next corollary.
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Corollary 2.3.15. With the assumptions and notation of Theorem 2.3.14,
there exists an f, € B, such that

If = follaey < Cax tIf s
holds for a constant C > 0.
In addition, we have

I folltrny < Cllf It )

This allows us to show that we can interpolate functions f € H'(Q)
although the RBF we choose is the reproducing kernel of H*(R"), n/2 <t < s.
The proof of the next theorem is taken from [65] and repeated for the sake
of completeness.

Theorem 2.3.16. Let (2 C R" be a bounded Lipschitz domain. Let ® : R" —
R be a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform
of ® satisfies (2.2.2). Let X = {x1,...,xn} C Q be a set of sites with
sufficiently small fill distance hx . Then there is a constant C' > 0 such that

- [ hxo
If = Ixaflio <0h&9<
ax

holds for all f € HY(Q) with n/2 <t < s.

PRrROOF. We start by using the sampling inequality (2.3.6) for f — Ix o f
with 0 < r < t. This yields

(2.3.13) If = Ixafllar @) < Ch oIl — Ixaflla e

Hence, we need to bound ||f — Ix,¢f||Ht(Q). We first use Theorem 2.3.14
which gives a k > 1 such that, with o = k/qx, we find an f, € B, such that
folx = flx and the estimate

(2.3.14) 1f = follmr) < Clfllme@)

holds with a constant C' > 0. Since fg(mj) = f(x;) for all ; € X we have
Ix o fo = Ixaf. This, together with (2.3.14), yields

If = Ixofllai) < If = follar) + I1fo — IxafllHt )

) iy, 0<r<t

(2.3.15) < Cflave) + I1fo — Ixofollar@
Next, we use Corollary 2.3.11 and estimate
(2.3.16) 1fo = Ixafollne) < OB o follus(@)

Additionally, we have by the Bernsteln theorem for band-limited functions,
see, e.g., [66], with 0 = k/qx, the bound

1 fo | izs (rry < O ° [l fo | e emy-
Inserting this into (2.3.16) yields

(2.3.17) Ifo = Ix o follas ) < Ch G405 N foll ey

From Corollary 2.3.15, we have ||fo—HHt(Rn) < C|fllat (), with a constant
C > 0 independent of f. Using this, together with (2.3.17), in (2.3.15) yields
the bound

h S—t
If - Lol <0< ) T,
ax
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Putting this back into (2.3.13) finishes the proof. O

Setting r = 0 in Theorem 2.3.16 and using a quasi-uniform set of sites
yields the following interesting corollary.

Corollary 2.3.17. With the notation and assumptions of Theorem 2.3.16,
where we additionally assume that X is quasi-uniform, there is a constant
C > 0 such that the estimate

If = Ixofll L@ < Chx ollfll @)
holds for every f € H'(Q), n/2 <t < s.

The estimate in Corollary 2.3.17 means that the interpolation error
converges with the expected, optimal order, the smoothness of the target
function f € H'(2). Hence, from a theoretical point of view, there is no harm
in choosing a kernel that is the reproducing kernel of a smoother Sobolev
Hilbert space.

2.3.4. Penalized Least-Squares Approximation. Usually, we want
to use interpolation if we can be sure that the data is exact. But if the data
contains noise, because, e.g., it is generated by real-life measurement or as a
consequence of numerical errors, we do not want to force an exact fit to the
data but rather give the reconstruction some leeway to cope with the noise.
This leads to the penalized least-squares method which is a special case of the
Tikhonov regularization and also plays a role in kernel-based learning theory.
For further information we refer to, e.g., [86]. Instead of searching a solution
to the interpolation problem Definition 2.3.6, i.e., a function s;x € V,
which satisfies s¢ x(x;) = f(x;) for every x; € X, we look for the solution
of the following problem.

Definition 2.3.18. Let Q@ C R" be a domain. Let X = {x1,...,xn} C Q
be a set of sites. Let ® : R™ — R be the reproducing kernel of Ng (). Define
the functional Jy ¢ : No(2) — R by

N
(2.3.18) Ing(s) = Is(@;) = f(@) P + Alsl X -
j=1
Then the penalized least-squares problem is defined as:
(2.3.19) Find sy 5 € No(Q) such that sy 5 = argmin Jy ¢(s).
SGN@(Q)

The functional in (2.3.18) consists of two terms. In addition to the usual
least-squares term Zjvz1 |s(z;) — f(z;)?, which penalizes the lack of fit
to the data, we introduce another term, [|s||xr (), which penalizes a large
native space norm of the approximation. This term ensures a smoother
approximation. The smoothing parameter X > 0 serves as a moderator
between these two conflicting terms. The best choice of A is still part of
ongoing research, see, e.g., [50, 95|, but is of no concern for this text.

At first glance we have to solve an optimization problem on the whole,
infinite dimensional Hilbert space Ng(€2). As it turns out, we can limit the
optimization space to the kernel-based approximation space V to find the
unique solution. This general result is known as representer theorem.
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Theorem 2.3.19. Let Q C R™ be a domain. Let ® : R™ — R be the repro-
ducing kernel of No(Q2) and X = {x1,...,xn} C Q be a set of sites. Then,
for all X > 0, there exists a unique solution sy ; of the penalized least-squares
problem (2.3.19).

In addition, there exists a coeﬂicient vector o € RN such that

(2.3.20) Sxf = Za] —x;),

e., snf € span{®(- —x;) : x=; € X}.

PRrOOF. Existence and uniqueness follows primarily from the convexity
of the functional J) y and the strict convexity of the native space norm.
The representation of the minimizer can be proved by splitting N (Q2) into
span{®(- — x;) : x; € X} and its orthogonal complement.

Details of the proof can be found in, e.g., [86]. O

The representation of the minimizer directly leads to the way to compute
the coefficient vector . Inserting the representation (2.3.20) into the single
parts of J) ¢ yields on the one hand

N
HSA,fHJQ\@(Q) = <Z o ®(- — Zaz — ;) >
=1 Nap(©)

;0 xi) = aMx e
J=1
and on the other hand
N
Z lsag(xj) — f(z)]” = (f — Mxoa)" (f — Mx ecv),
j=1

where we again used the kernel matrix Mx o = (®(x; — x;)). Combining
these two terms and taking the derivative with respect to « leads to the
linear system

(MX,@ + AI)a = fv

where I denotes the N x N identity matrix and f is again given component-
wise by f; = f(x;), 1 <j < N.

Next, we consider kernel functions ® that are reproducing kernels of
H#(R™) and derive error estimates similar to those in Corollary 2.3.11 and
Theorem 2.3.16. Again, we use the sampling inequalities of Theorem 2.3.4,
but this time, we do not have (f — s r)|x = 0. However, we can still control
this error with the help of the following two preliminary estimates.

Proposition 2.3.20. Let Q@ C R™ be a bounded Lipschitz domain. Let
® : R” — R be a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let X = {x1,...,xn} C Q be a set of sites
with sufficiently small fill distance hx o. Assume that f € H%(2). Then the
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following two estimates hold for the unique minimizer sy s of the penalized
least-squares problem in Definition 2.3.18:

82,1 Ivs @) < I1f v (@)
and

(@) = sx 1 (@) < VA flnp), @i € X,
Proor. We know that the interpolant Ix ¢ f of f satisfies

N
S f@y) — Ixaf(@) =0 and |Ixefllne@ < Iflnp@-
=1

This leads directly to

max {|f(2s) = 1,7 (@), Allsr g

\i&p(n)} <

N
<D 1 (@5) = sx g (@) + Mlsx fll R @)
i=1

N

IN

[ (25) = Ixaf ()] + MIxaf R0
=1
<A 1R @)
U

With these estimates the proof of the next theorem is straight forward.

Theorem 2.3.21. Let Q2 C R"™ be a bounded Lipschitz domain. Let ® : R® —
R be a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform
of ® satisfies (2.2.2). Let X = {x1,...,xn} C Q be a set of sites with
sufficiently small fill distance hx o. Assume that f € H*(Y). Then there is a
constant C' > 0 such that the error estimates for the unique minimizer sy r
of the penalized least-squares problem

S

1f = sr sl < € (Bl +VA) Il

and

1f = sslla@) < € (Bra + VA) Il

hold.

PROOF. The proof is an easy application of the sampling inequalities of
Theorem 2.3.4 with the help of the estimates of Proposition 2.3.20. (]

2.4. Rescaled Compactly Supported RBFs

The preceding subsections show that we can expect convergence of the
approximation error as hx o approaches zero in different settings. Although
similar results hold for other radial basis functions we are mainly interested in
the compactly supported Wendland functions introduced in Definition 2.2.18.
The support is, by definition, the closed unit ball in R"”, i.e.,

supp @, 1 = B1(0).
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From a numerical point of view, the main difficulty in all approximation
methods introduced above is the solution of a linear system, either with
matrix MX,<I> = (@(xz - mj))lSiJSN: or with matrix (MX@ + )\I) In both
cases the matrix is sparse, however the number of non-zero entries in the
j-th row depends on how many sampling points x; are in the support of
@, k(- —x;). As hx o gets small more and more points will be in this support
and the matrix fills more and more. This makes working with a fixed support
radius unattractive and we now introduce a way to rescale the RBF such
that only a constant number of sites are in the support of each translate of
the kernel. This number can even be made independent of hx o. The idea of
rescaling can also be applied to other RBFs.

Definition 2.4.1. Let ® : R™ — R be a radial basis function and let § > 0
be a scaling parameter. Then we define the rescaled radial basis function
ds5:R" = R by

T
5

If the support of the kernel ® is the closed unit ball B1(0), then the
support of the rescaled kernel satisfies

Os5(x)=0""0 ( ) , x€R"

supp @5 = Bs(0).
Furthermore, if the Fourier transform of the basis kernel ® exhibits algebraic
decay, i.e., @ satisfies (2.2.2) with constants ¢1, c2 and exponent —s, then
the Fourier transform of the rescaled RBF satisfies

(2.4.1) er(1+0°€]3)7° < B5(€) < a1+ 5°I€]I3) € € R,

with the same constants ¢; and cs.

This allows us to show the following norm-equivalence of the native
space N, (R™) of the rescaled RBF and the Sobolev space H*(R™). To avoid
cluttered notation, we will from here on write || - ||, for the norm of the
native space Ng,(R™). The proof of the next lemma can be found in, e.g.,
[91].

Lemma 2.4.2. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2,
i.e., the Fourier transform of ® satisfies (2.2.2). For § € (0,1] let ®s5 be
defined by ®5 = 7" ®(-/d). Then s is also a reproducing kernel of H*(R™)
and the norm equivalence

(2.4.2) Veillglles < 1gllas@ny < ve2d™ | glle,
holds for every g € H*(R™).

We see that ®; is also a reproducing kernel of H*(R"™). That means that
the space itself is independent of the scaling parameter § € (0, 1]. This is
no contradiction to the uniqueness of the reproducing kernel since the norm
of the native space Ng,(R") depends on 4. In (2.4.2) we also see that the
equivalence constants depend on the scaling parameter.

While we always get the lower bound |[|gle, < C||g| gs®n) with C' >0
independent of §, we have for the upper estimate ||g||gs®r) < ¢67°(|gla;-
Here the equivalence constant ¢d~* tends to infinity as § — 0. This can be
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explained by the fact that || - [, — || - [|,®n) s 6 approaches zero and the
constant has to balance this loss of derivative in the norm [92].

Additionally, we immediately have the following estimates for the norms
of the scaled kernel.

Lemma 2.4.3. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2,
i.e., the Fourier transform of ® satisfies (2.2.2), and let &5 = § " P(-/0)
be the rescaled kernel with scaling parameter 6 € (0,1]. Then the following
estimate holds for 0 <t <s

(2.4.3) 195 ey < 072 | e ny.
Additionally, we have

(2.4.4) 105y < 5] 1 iy
and, for 0 < 8’ <94,

(2.4.5) @50, < C()5%.

PRrROOF. We only show (2.4.5). Using (2.4.1) for &5 and P4, respectively,
we have
®5(€) < c2(1+0%[€]3) . £ €R™,
and
By (€) > er(1+ (0)?]€]3)°, €eRrR™,
These estimates give for §' < ¢ the upper bound

() _ e (2D e
T(e) a0+ @R o

This, together with the definition of the native space norm in Theorem 2.2.10,

yields
n |25(8)1? :
= 2 — d
H(I)é”q)é/ (2r) /R" ( Dy (&) E)

< (2) (om) % ( [ @@ ozs)é — C(@)5t.
O

The results of Lemma 2.4.3 hold also for translated kernels ®(- — x),
x e R".

We motivated the use of rescaled kernels by a loss of sparseness of the
kernel matrix Mx ¢ for data sites X C {2 with small hx . To avoid this we
now couple the scaling parameter ¢ to the fill distance hx o in the following
way: For fixed overlap parameter v > 1 and constant ¢, € (0,1) we choose
the scaling parameter ¢ such that

(2.4.6) cvhx o <0 <vhxgo
holds. This setting is generally called stationary. By varying v we can control
how many sites «; are in the support of the rescaled kernel ®;(- — x;),

centered at ;. This number can be bounded by a constant independent of
N, the number of sites.

V3
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Lemma 2.4.4. Let Q C R"™ be a bounded domain. Let X C Q) be a quasi-
uniform set of sites with fill distance hx o and separation radius qx. Let
d > 0 be coupled to hx o as in (2.4.6) with overlap parameter v > 1. Then
the estimate

(2.4.7) # (X N Bg(ibj)) < (T4 wveg)"”
holds for every x; € X.

PrROOF. The claim follows from a standard comparison of volumes. For
fixed ; € X we have the inclusion

U Byx (zi) C Bsyqx (wj)
x;€XNBs(x;)
Next we compare the volumes of the two sets. We see that, by the definition
of the separation radius, the balls By, (x;) with radius ¢gx centered in every

x; € X N Bs(x;) are disjoint. This yields

vol U Bix@)| =D vol(By ()

937;€Xﬁ35(mj) mieXﬁBg(w]’)

= # <X N Ba(ﬂﬁj)) vol(B1(0))q
< vol(Bsqx (x5)) = vol(B1(0))(6 + gx)".

Using the upper bound on § in (2.4.6) and the assumption that X is quasi-
uniform yields

I o+ n

# (X N B(g(mj)) < # < (1 +vegq)".

ax

]

From a numerical point of view using the rescaled kernel &4 is advan-
tageous. First, we have seen in the previous sections that we have to solve
a linear system in order to compute either the interpolant or the penalized
least-squares approximation. If we use the rescaled kernel the matrix now
becomes Mx ¢, = (Ps(xi — x;))1<ij<n, which is, by Lemma 2.4.4, a sparse
matrix whose sparseness we can control by varying the overlap parameter
v. We will study this matrix in more detail in Section 2.5. There we will be
particularly focused on its condition number and norms of its inverse.

The second advantage is that, for example in the case of interpolation,
the solution of the approximation problem can be written as

N
Ixosf(@) =) ai®s(x—m)= >  o®s(x—a;), e
i=1

i ||le—a;||<o

This means that, if the relevant indices are known, point-evaluations of the
interpolant can be done in constant time, independent of the number of sites.

However, a negative consequence is that in the stationary setting we
cannot expect convergence of the approximation process. The following
theorem, taken from [92], handles the case of interpolation, however the same
holds true for the other approximation schemes.
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Theorem 2.4.5. Let Q C R" be a bounded Lipschitz domain. Let ® : R® — R
be a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform of
O satisfies (2.2.2). Let &5 = 6 "®(-/9) be the rescaled kernel with scaling
parameter § < 1. Let X = {x1,...,xn} C Q be a set of sites. Then there
exists a constant C' > 0 such that

hxa\’®
Hf _IX,‘:I),;f”Lz(Q) S C( 5 ) ”fHHS(Q)

holds for all f € H*(Q2).

If we couple § and hx o as in (2.4.6), we see that we can not expect
convergence of the method for hx o — 0.

We will introduce a method to overcome this trade-off principle in
Chapter 4.

2.5. The Kernel Matrix My 4,

We now study the properties of the kernel matrix Mx ¢, of the rescaled,
compactly supported RBF ®4 in more detail. The results given here are
mostly taken from [88§].

We assume that ®s is a reproducing kernel of H*(R"), s > n/2. Addi-
tionally, we assume that X is quasi-uniform, i.e., the fill distance hx o and
the separation radius gx are coupled according to (2.3.3). Furthermore, we
assume that the scaling parameter ¢ is coupled to hx o according to (2.4.6)
with overlap parameter v > 1. For this subsection we omit the indices of the
matrix and use the notation

M = Mx o;.

The first properties are straight forward and follow directly from the
properties of the kernel ®.

Corollary 2.5.1. Let Q C R"™ be a bounded domain and let X C Q be
a quasi-uniform set of sites with fill distance hx . Let ® : R — R be a
compactly supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let &5 = § " ®(-/0) be the rescaled kernel
where 0 is coupled to hx o as in (2.4.6) with overlap parameter v > 1. Then
the following statements hold:
(1) The kernel matric M = (®s(x; — x;)) is a symmetric, positive
definite and sparse matriz.
(2) The number of non-zero entries per row can be bounded from above
by (14 vegu)™.

We emphasize that M is invertible and the next goal is to investigate this
inverse M~!. We start by estimating the to the 2-norm associated matrix
norm. To do this we give bounds on the smallest eigenvalue A,,;, and the
largest eigenvalue A4 of M separately. The proofs of these classical results
can be found in, e.g., [64} 74] for the estimate on Ay, and in [88] for the
estimate on A\jqz.

Theorem 2.5.2. Let Q2 C R™ be a bounded domain and X C Q be a quasi-
uniform set of sites with fill distance hx q. Let ® : R™ — R be a compactly
supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform
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of @ satisfies (2.2.2). Let &5 = §~"®(-/0) be the rescaled kernel where o is
coupled to hx o as in (2.4.6) with overlap parameter v > 1. Let the matriz
M be defined by M, = Os(x; — xr), 1 < i,k < N. Then there is a constant
C = C(®,n,s) such that the bound for the smallest eigenvalue Ay, of M

A, = C’(Z/cqu)"_285”
holds. The largest eigenvalue Amar of M can be bounded from above by
Amaz < (1 4+ veg,)" 0 "®(0).

These bounds directly yield estimates on the 2-norm of M ~! and on the
associated condition number conda (M) of M.

Corollary 2.5.3. With the notation and assumptions of Theorem 2.5.2 we
have

1Mo < Clvega) 6.
We can then estimate the corresponding condition number conds(M) by
(2.5.1) conda (M) < C(veg)® ™™ (1 + veg,)™

The bound in (2.5.1) shows in particular that the condition number of
M is independent of number of sampling points N and the scaling parameter
d.

Next, we derive an estimate on the absolute value of the entries of M1,
denoted by Mijcl. To do so, we have to interpret M as a special kind of
banded matrix. The kernel matrix M is in general not a banded matrix in
the traditional sense and the structure of non-zero entries is highly dependent
on the order of the centers in X. That can be seen with an easy one-
dimensional example. Suppose that X = {1,292, 23,24} = {0,1/3,2/3,1}
and that X = {Z1,%2, 73,74} = {0,1,1/3,2/3}. Note that X and X contain
the same sites, we only changed the order. Take ® = ¢1 o, the one-dimensional
Wendland function with & = 0, see Table 1 for the precise form of the function.
We rescale ® with = 0.4. This means that ®g 4 is a hat function with at
most three sites in the support of ®g4(- — z;) and ®Po4(- — 7;), 1 < i < 4,
respectively. We can easily see that the kernel matrices for X and X then
have the form

« %« 0 0 * 0 % 0
* x % 0 0 x 0 x
Mx 0, = 0 % % and M)?,‘%A: * 0 x x|’
0 0 % = 0 *x *x x

where * denotes an non-zero entry. This means that a simple permutation in
the set of sites leads to a completely different structure of the kernel matrix.

However, if we change the indexing of M from pairs (i, k) € N? to pairs
of multi-indices (a,3) € Z™ x Z™, where n denotes the dimension of the
ambient space {2 C R, we are able to use the geometric structure of the
points in €2, rather than the order of indexing in X.

Definition 2.5.4. We call a mapping M : Z"™ x Z™ — R with finite support
a multivariate matrix.
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Additionally, we have the following natural extensions of terms for classi-
cal to multivariate matrices, see 7, Definition 3.2].

Definition 2.5.5. We call a multivariate matrix M : Z"™ x Z™ — R

(1) symmetric, if M(i,k) = M(k,1), for all i,k € 7",
(2) positive definite, if

> aioeM(i k) >0

ikeZn

for every finitely supported, non-zero sequence (;)iczn C R such
that the support of the multivariate matric (c;ou)i kezn s contained
in the support of M.

Before we study these multivariate matrices in more detail we demonstrate
how we transform the kernel matrix M = (®s(x; — xy)) into a multivariate
matrix M. The idea is to assign to each x; € X a unique multi-index y, € Z"
such that

M(y;, yi) = Ps(xi — ), 1<i,k<N.

It is easy to see that, if such an identification is possible, the multivariate
matrix is symmetric and positive definite.

To achieve this transformation we will make use of the following lemma,
taken from |7, Lemma 3.7].

Lemma 2.5.6. Let {z1,...,zx} be any subset of R™ such that ||z; — zg||2 >
V/n fori # k. Define for 1 <i < N,
(2.5.2) y; = (Lzia) s s Lzn)) T

where z; ;m denotes the m-th component of z;.
Then the points {y,;}1<i<n are all different. Further, if ||y, — ypll2 > R
and R > 4y/n, then

R
lzi = zllz = 5
From the definition of the separation radius of X we have %H:cz —xk|l2 >
qx, for every i #£ k. If we set

(2.5.3) Zj = ——&y, 1 <1< N,

we have ||z; — zg||2 > /n. Defining y,; as in (2.5.2) then yields that these
y, are pairwise distinct. These are indeed the multi-indices required for the
identification of M as a multivariate matrix M.

Next we show that this M satisfies the following definition.

Definition 2.5.7. A multivariate matriz M : Z™ x Z™ — R is called R-

We reiterate that in our case R-bandedness is preferable to classical
bandedness of matrices since it describes the geometry of the points in (2
rather than the order in X. We now show that the multivariate matrix M
which is derived from the kernel matrix M is indeed R-banded, see also [88].
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Theorem 2.5.8. Let 2 C R™ be a bounded domain and let X C Q be a
quasi-uniform set of sites with fill distance hx . Let ® : R" — R be a
compactly supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let &5 = §"®(-/0) be the rescaled kernel
where § is coupled to hx o as in (2.4.6) with overlap parameter v > 1. Let
the matriz M be defined by My, = ®5(x; — xr), 1 <i,k < N.

Then the multivariate matriz M derived from the kernel matrix M is
R-banded with

R = max(vcgy, 4)v/n.
PRrOOF. For fixed x; € X and associated z; € R™ as in (2.5.3) we set
y; € Z" as in (2.5.2).
We need to show that if ||y, — Y| > R we have M (y,,y;.) = 0. With

the relations of y; and @; we see that it suffices to show that ||x; — x||2 > 6.
Then the compact support of ®5 implies

0=P5(z; — k) = M(y;, Yp)-
Clearly, with Lemma 2.5.6, (2.5.3), (2.5.2) and the choice of R we have

2qx R 2
o ZkHQ > ax v > qx Cchu\/ﬁ

QQJH >
N ~Vn2 7 Vn 2
This finishes the proof. U

> 0.

This allows us to use the following theorem and derive an estimate on
|M;!|. This result is taken from [7] and is a direct extension of the respective
result for symmetric, positive definite matrices to symmetric, positive definite
multivariate matrices.

Theorem 2.5.9. Let M : Z" X Z" — R be a symmetric, positive definite
multivariate matriz. Assume that M is R-banded with R > 0. Then

(2.5.4) M (e, B)] < 2IM 7ol Pl a, B € 27,

where

(2.5.5) = < conda(M) — 1) 7 |

econda(M) + 1

For the kernel matrix M we then have the following estimate.

Theorem 2.5.10. Let Q C R" be a bounded domain and let X C Q) be
a quasi-uniform set of sites with fill distance hx . Let ® : R" — R be a
compactly supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let &5 = §"®(-/0) be the rescaled kernel
where 0 is coupled to hx o as in (2.4.6) with overlap parameter v > 1. Let
the matriz M be defined by M, = ®5(x; — xr), 1 < i,k < N. Then there
exists a constant C > 0 such that estimate
llzi—zpllo

(2.5.6) M| < Cglye™ " ax
holds with

(2.5.7) _ 1 ( condy (M) — 1) |

= — lo
K 2max(vegy, 4)vn s condy(M) + 1
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Proor. With y,; and z; as in (2.5.2) and (2.5.3), respectively, we have,

together with the relation |[a| — |b]| > |a — b] — 1 for a,b € R the estimate

1 1
ly; — yill2 = %Hyi — Yl = %H%’ — zill2 —Vn
1
= 5—llzi = @illa = Vn

ax

for ¢ # k. Furthermore, we have with Theorem 2.5.8

M = M (s )| < 200 o7 vl

1 llzi—=gll2
< C2(eycqn)™ 67 x V"
7 D)
< COqgye " o
with n = —logn > 0. O

This theorem will prove to be an essential tool in the next chapter.
Another result we need in the next chapter is the following, uniform bound
on the entries of the inverse of M. The proof follows the same ideas as the
ones that lead to an analguous result in [46], Section 3.1].

Lemma 2.5.11. With the notation and assumptions of Theorem 2.5.10
there is a constant C' > 0 such that the estimate

(2.5.8) | MM < Cqy™
holds for all 1 < i,k < N.

We remark that the bound in (2.5.8) also holds for kernel matrices on

subsets of X, i.e., if X C X and we set M = (®s5(xi — 1)), zcx then

(2.5.9) M| < cay

holds with a potentially different constant C' > 0.

We note that the estimates in (2.5.8) and (2.5.9) still depend on the
scaling parameter §, although this dependence is implicit since we assume
that the set of sites X is quasi-uniform and we couple § to the fill distance
hx,o and hence, the occurring terms that involve the scaling parameter can
be rephrased into terms of the separation radius ¢x.






CHAPTER 3

Lagrange Functions and their Localization

In Section 2.3 we introduced the kernel based approximation space as the
set of linear combinations of the translates of a chosen (rescaled) RBF. This
yields the most obvious basis for this space, however, the question arises if it
is the best basis. The question has been the topic of several papers, see, e.g.,
[8, 26]. In this chapter we derive different bases for the approximation spaces
of rescaled Wendland kernels. We start with studying full Lagrange functions
in Section 3.1 and prove that they are a stable basis. Then we introduce
intermediate functions in Section 3.2. These, too, are an alternative basis
for the approximation space. Finally, in Section 3.3, we introduce and study
localized Lagrange functions. These are functions that satisfy the Lagrange
condition only on a subset of the set of sites but can be shown to be also a
basis. This chapter is motivated by [29} |46], where similar results are derived
for different kernel functions. The proofs in Section 3.1 are taken from [20]
and 93], an internal communication paper.

3.1. Full Lagrange Functions

We start by deriving and investigating a new basis for the kernel-based
approximation space

Vn = span{®s(- —x) : x € X}

of the rescaled, compactly supported RBF introduced in Section 2.4. The first
corollary we obtain is straight-forward, since the kernel matrix is positive
definite.

Corollary 3.1.1. Let Q@ C R"™ be a bounded domain. Let X = {x1,...,zN}
be a quasi-uniform set of sites in Q with fill distance hx . Let ® : R" — R be a
compactly supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier
transform of ® satisfies (2.2.2). Let &5 = 6 "®(-/5) be the rescaled kernel
where 0 is coupled to hx o as in (2.4.6). Let M = (®s(x; — ) )1<ik<N €
RN*N pe the kernel matriz. Then the linear system

x1(x) ®5(x — 1)
(3.1.1) M : = :
Xn () O5(x — zN)
has for every = € R™ a unique solution (x1(x),...,xn(x))T € RV .

37



38 3. LAGRANGE FUNCTIONS AND THEIR LOCALIZATION

The solution vector (x1(),...,xn(x))T is given point-wise. We can use

this to define for 1 < k < N functions yi : R — R by

N
(3.1.2) Xk =Y M ®s(- — xy),

i=1
where Mil denotes the entries of the inverse of the kernel matrix M. This
already yields that yx € V. Additionally, if we investigate the system in
(3.1.1) closer we see that, if we set = 1, an immediate solution is the
vector

x1(x1) 1
xz2(x1) _ 0
XN(CCI) 0

and since the solution to (3.1.1) is unique this allows us to derive the defining
condition of the functions xy.

Corollary 3.1.2. The functions x, € Vn defined by (3.1.2) satisfy for all
x; € X the Lagrange condition

1, k=i,
Xk (i) = O = {

0, ki

Indeed, the set of these functions is our candidate for the desired alter-
native basis of V.

Definition 3.1.3. We call the function xr € Vy, 1 < k < N, defined by
(3.1.2) Lagrange or cardinal function. We call the point x) € X the anchor

of Xk-
We now need to check that the Lagrange functions are a basis.

Lemma 3.1.4. With the notation and assumptions of Corollary 3.1.1 the
set of Lagrange functions {xx}1<k<n is a basis of V.

ProoOF. We only have to show linear independence, i.e.,

N
(3.1.3) > apxk(z) =0
k=1

for every « € R™ implies o, = 0 for every 1 < k < N. This can be seen by
setting & = x; and using the Lagrange condition of Corollary 3.1.2 in (3.1.3).
This leads to a; = 0. Repeating this for every 1 < i < N leads to the linear
independence of the set {xx}i<r<n. O

Often we call {xx}i1<k<n the Lagrange basis of Viy. We can now use the
properties of the kernel matrix M, in particular the exponential decay of
the entries of its inverse M ~!, (2.5.6), to derive further properties of the
Lagrange functions. First, we see that the Lagrange functions, too, decay
exponentially away from their anchor. This behavior is often called local,
see, e.g., [29} 45, 46]. The proof of the following theorem is taken from [20].
However, since this is one of the key estimates that enables us to derive the
results in Sections 3.2 and 3.3, we repeat the proof here.
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Theorem 3.1.5. Let Q@ C R"™ be a bounded domain. Let X = {x1,...,xN}
be a quasi-uniform set of sites in Q0 with fill distance hx o and separation
radius qx. Let ® : R — R be a compactly supported reproducing kernel
of H¥(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2). Let
Ps = 67" ®(-/0) be the rescaled kernel where § is coupled to hx o as in (2.4.6).
Let M = (®5(x; — xx))1<ik<n € RY*N be the kernel matriz. For 1 <k < N
let x1 be given by

N
Xk = ZMJJ(I)(;(- — CCZ)
i=1
Then there is a constant C = C(®,n, s,n) > 0 such that, for every1 < k < N,

0 D)

(3.1.4) Ixi(z) < Ce " ax T, xR,

where

1 1 condg (M) — 1
(3.1.5) n=-—— log .

2 max(vegy, 4)v/n \/eondo (M) + 1

PrROOF. We recall from Theorem 2.5.10 that the entries of the inverse of
the kernel matrix satisfy
il
M| < Cgie ™ i

with 7 as in (3.1.5). Additionally, we have, for 1 <i # k < N and € Bs(x;),

@i = zpll2 > [l — @plls — [ — 2ill2 > |2 — 242 - 6.

Using these two estimates in the representation of xj, (3.1.2), yields for
x € R" the chain of inequalities

N
k(@) <Y M @5 (0 — @)

=1
= Y M |@s(@ - @)

i |je—ai||2<é

= )
<C@n, )@@y Y, e =
i ||le—xi||2<d

)

_olle—mplle 5
< C(P,n,s) Z e T ax  elax

i |le—xi|[2<d

llz—=g o

< C(®,1n,8)(1 4 vegy) e e ax

In the last estimate we used Corollary 2.5.1 and that for quasi-uniform sets
X the inequalities

crgx <0 < VCqudx

hold, if § is coupled to hx g as in (2.4.6). O

We can use this local behavior of the Lagrange functions to show the
next result. For a proof we refer to |20, Corollary 2.4].
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Corollary 3.1.6. With the notation and assumptions of Theorem 3.1.5 the
Lagrange function xi, 1 < k < N, is Lipschitz continuous, i.e., there is a
constant Cr, > 0 such that

|z —yl2

|Xk:(w) - Xk(y)’ < CLT, xz,y € R™.

Furthermore, the Lagrange functions are uniformly bounded. This follows
from a more general result, taken from [20].

Corollary 3.1.7. With the notation and assumptions of Theorem 3.1.5 there
is a constant C > 0 such that for ¢ € Ny the estimate

N
D e —ayslxn(@)] < Chi g
k=1

holds for all x € R™.
Setting ¢ = 0 shows that

N
(3.1.6) Z Ixe(x)| < C, xeR"
k=1

This also implies the boundedness of the Lebesgue constant.

Next, we follow [45] and use the Lagrange condition, Corollary 3.1.2, the
local behavior, Theorem 3.1.5, and the Lipschitz continuity, Corollary 3.1.6,
to show that the Lagrange basis is stable. The proof given here is taken from
the internal communication paper [93].

Theorem 3.1.8. Let 2 C R™ be a bounded Lipschitz domain. Let X =
{z1,..., 2N} CQ be a quasi-uniform set of sites with fill distance hx q and
separation radius qx. Let ® : R — R be a compactly supported reproducing
kernel of H5(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2).
Let &5 = 67" ®(-/6) be the rescaled kernel where & is coupled to hxq as
in (2.4.6) with overlap parameter v > 1. For 1 < k < N let the Lagrange
function xi be defined as in (3.1.2). Then, for 1 < p < oo, there exist
constants c1,co > 0 such that the bounds
P
<2 ()" all

N
> akxk
k=1 Ly ()

hold for a € RN, where 1 is given by (3.1.5).

(3.1.7) cigyllall, <

ProoOF. We start by deriving the easier, upper bound. For p = co we
have immediately

N N
S ae(@)| < lafle 3 e(@)] < Cucllaloc,
k=1 k=1

where C is the constant from (3.1.6). For p = 1 we see that

N N
apxk(x)| dr < ar| max / xx(x)| do.
[P awt@)| do <3 laud ma, [ huio)
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Although the integrals on the right-hand side are already bounded we can
do better. Using (3.1.4) yields

le—myll2

/ k()] der < / @l dz<C [ & da
Q
IImHz
—0/ ax da:—C’/ “Max L gy
—C( ) / ettt dt,
n 0

where we increased the integration domain and introduced polar coordinates.
We can compute the last integral analytically and arrive at

N n
/ dw < CT(n) (”) lalh.
|~ 0

> apxi()
The result for general p then follows by operator interpolation, see Theo-
rem 2.1.8. To be precise, we have

N q n % 11
Sav| = (c(2)) ck lal
k=1 N

Lp()
Next, we prove the lower bound in (3.1.7). For p = oo, the estimate
follows directly from the Lagrange condition of x;. We have

N N
Z Ak Xk Z Ak Xk
k=1

k=1
For 1 < p < oo, the bound is significantly harder to obtain. The ideas of the
proof follow mainly those of [45, Section 3.2]. However they are modified to
fit our setting.

First, we note that we assume that €2 has a Lipschitz boundary. That
means it also satisfies an interior cone condition, see, e.g., |1 Section 4.11].
Hence, we find for each & € Q a cone C,(x) C 2 with a fixed opening angle
f and a radius r < rg, where rg > 0 is a fixed radius. This allows us to find
a constant v > 0 such that for all € Q and all r < ry we have

(3.1.8) vol(Cy(x)) > yvol(B,(x)) = v vol(B1(0))r"

Furthermore, if we set r = eqx, with a free constant € € (0, 1), all cones
Cegx (), iy € X, are disjoint. This immediately yields the lower bound

= max_lak| = flalo.
Loo (X)

Lo ()

N p
—/ Z%X}c(fb) dx
Ly % lk=1
N p
(3.1.9) > Z/ ( Zakxk(a:) x.
qu wz k=1

One main tool in the following will be the inequality

p M
(3.1.10) <MPTY
=1
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which holds for 1 < p < oo and all ay,...,ay € R, M € N. For M = 2 we
have in particular

(3.1.11) | [P > 21 Play + asl? — |aslP.

We introduce the shorthand notation, for fixed 1 < k < N,

IS

i £k =1
# ik

Using (3.1.11) with a; = ngvzl apxk(z) and ag = — 37, aixi(x), we
obtain for all € Q

(3.1.12)

N
Z aka(w)
k=1

> 21 Plagi(@) P — | Y amxm (@
m#i

Inserting (3.1.12) into (3.1.9) yields

N p
> Z/ Zaka(zc) dx
Lp(Q) i=1 7 Ceax (@) |21
p
> Z/ 2! “Plaixi(x Zame dx
5‘1X m£i

N
= ol-p Z |a7;]p/ |Xz )P dae — Z/ Z amXm(x)| dx.
i=1 G

€qx EqX (‘151 m#i
Now, we bound first term
N
2S ol [ o)l de
i=1 eqx (x4)

from below. We use the Lagrange condition, Corollary 3.1.2, and the Lipschitz
continuity, Corollary 3.1.6, to derive for & € C.q (x;)

r — I;
(@) — i) = hala) — 1] < OL”qX"Z < Cye.
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Hence, for such x we have y;(x) > 2/3 if we choose € < ﬁ This leads to

N p
Zaka >
k=1 Lp(2)
N p
=2 o | @ dw—z / S tmxm(@)| da
i=1 Ceqx (® Ceax (%) |z

N o\ P N
> ol-p Z |ai|l’/ <3> dx — Z/ Z amxm(x)| dx
i=1 (:) =1

Ceqx EqX(mz) m#i

2 Y ’

:3172|ai]p/ 1 da:—Z/ Zamxm(w) dx
i=1 cax Ceax (@) |
(3.1.13)
p

2 vol( By (

= 7 é 1 5q Z|az’p Z/ Zame(m) dz,
E‘IX m;éz

where we used (3.1.8) to arrive at the last inequality. It remains to bound

p

Z /C [ e e

ax () m#i

from above. We show that the term

1 ( 2yvol(B1(0
2 ( 3p 5QX Z |az|p

is a valid bound. We look at each summand of the outer sum and employ
(3.1.10) with M = 2, some constant I' > 1, which is independent of ¢ and
qx, and

o) = Z amXm(x) and ag = Z A X, ().

m##i m#i
lzm—2ill2<T'qx llem—x;|l2>Tqx
This gives
P
L o | Z i) o
OS‘YX(Q’Z mi
P P
—1
< 2P / Z ame(w) + Z ame(m) dx
Ceax () m#i m7i
lem—a;|l2<Tqx lem—2;|l2>Tqx

= 2" NI + II).
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We deal with both terms, I; and I[;, separately. We start by estimating I'[;
and define the annuli Ej(x;) to be

Ej(x;) = {x e R" : 2Tqx < ||z — zill2 < 7' Tgx}

for ¢; € X and 1 < j < N. A standard comparison of volumes shows that
the number of centers in such an annulus is bounded by

(3.1.14) #(X N Ej(x;)) < 2'n (T2HH)"

Next, we note that inductively applying (3.1.11) yields the estimate

M p Mo
(3.1.15) D ai| <Y 2 g,
=1 =1

This, together with the definition of the annuli, allows us to bound I1;.
We have

IIZ-:/ Z amxm(x)| dx
Cqu(mi)

lem—ill2>Tgx

/C Z Z amXm(x)| dx

cax (®i) J=0 & eEj(x;)

/C )ZQJHP 1 Z amxm(x)| dx
cax (@i

Tm € Ej (i)

< Z 2(j+1)(P*1) (#(X N Ej(:l?i)))pil Z ’ame(a;)’p dx
—0 Ceqx (x:) TmEE;(x;)

o0

<3200 (o (2 TS el [ o)l da
Ce )

]:0 :EmEE]- (:L',L)

where we used (3.1.10) with M = #(X N Ej(x;)) in the second to last
estimate.

Next, we use the exponential decay of the Lagrange functions. To be
more precise, we have for & € C.q, ()

T — X2 > |Xm — iz — |2 — x|]2 > T2qx — eqx
| 2> || ll2 — |l |2 > T2

and hence, by (3.1.4) and for ¢ € (0,1),

lz—=m |2

|Xm(x>‘ < CEeinT < CEe—nFQjene

T2
< Cpele M2
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for all & € C.q, (x;). This, together with (3.1.8), yields

II; <

< oG+ (1) ( (I‘QJ'H) ) fy(eqX)”Cpe"pe_”pr Z | |P
=0 T EE;(x;)

= CH(EQX)nFn(pil) Z 2/ (DBl Z |am|”

]:0 mmEEj(mi)

with Crr = CPyePnp~122n+1)(P=1) Now, we can sum up over all i, exchange
the summation and use (3.1.14) to derive

N 0 N
Zﬂi < Crr(eqx)"Tm®—1) Zgj(nﬂ)(pfl)efnpf?] Z Z |aml?
i=1 j=0 i=1 mm€E~( i)

= Cyr(eqx) TP~ 1)223(n+1 (p—1) —npl'2? Z Z | |?

00 N
< Cri(eqx )" TP~V Z2j(”+1)(p’1)e’”przj2”n T2 )" N " Jam?
7=0 m=1
0o N
= Oy n(eqy )T Y 200D DY S
j=1 m=1

To simplify the term in the last line, we can use that

o~ mPT20 _ npl'27 = j—npl'2 =Y gy —np29 !

holds for I > 1. This yields the bound

oo o0
T Z 9J(p(n+1)—1) ;—npl'2? <pnpe—np§) Z 9i(p(n+1)=1) ,—np2
i=0 '
The infinite sum in the second bracket is independent of I and using, e.g., the
quotient criterion, can easily be seen to converge. The first factor converges
to zero with I' — oco. This means that we can find a I'* > 1, which only
depends on n, 1, p, Cr and v but not on € and gx such that

1
(3.1.16) 2P ZH < 5379 (eqx) Zmp

holds for all ' > I'™*, ¢x, € and a;.

After fixing I'* and bounding the sum over all II; terms, we turn now to
the sum over all I; terms. We can use Corollary 3.1.6 to bound the Lagrange
functions by

o (@)] = o (@) — xom(@1)] < € 12 =Tl
qax

for all x € Cyy (x;), since x; # xy,. Then, (3.1.8), (3.1.10) and
(3.1.17) #(X N Brgy (x;)) < vol(B1(0))(I' + 1)

< CLE':,
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yield

Ii = / ame(a:) dz
Ceqx (1) Z

| —xm|l2<Tgx

AL M

lzi—2m|l2<Tqx
< Cjer (B Oy 0 [ S e
eqx (Li m#i

|lzi—2m|2<Tqx

< CPe? (vol(B1(0))P~H (T + 1)"P Dy vol(Bi(0)(eqx)" D> laml’
m£i
||:15i_:1:77L||2§FqX
= CreP(eqx )" Z lam|?

m#i
lzi—2ml2<Tqx

with C; = C¥ (vol(B1(0)))? v(T + 1)™P~1. Now, we can sum up over all 4,
exchange the summation and use (3.1.17) to obtain
N N
Y L < Creflegx)" ) > |am|?
i=1 1

i= m#i
|z —xm|2<Tqx

N
< CreP(eqx)" vol(B1(0)) (T + 1)™ Y laalP.
i=1
We can now choose € > 0 so small that this expression satisfies
N 1~ N
271N < 535 (c0x)" > ail?
i=1 =1
for all gx and a;. Together with (3.1.13) and (3.1.16) this finally gives the
bound

N
> arxn
k=1

with a fixed, sufficiently small € which does not depend on X nor a. O

1E
z 37‘1?( Dl
Lp(2) k=1

This stability result for the Lagrange basis of Vy allows us to prove a
Nikolskii inequality. This allows us to bound the L,-norm of elements of Vi
by their Lg-norm.

Corollary 3.1.9. With the notation and assumptions of Theorem 3.1.8 and
1 <p<q<oo, there is a constant C > 0 such that the estimate

n(3-2)
Isllz, @) < Cax “lIsllz, )
holds for all s € Vi, where (z)+ = max(x,0).
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Proor. Using the Lagrange basis, we can write s € Vi as

N
s = E ag Xk,
k=1

where, for the coefficient vector a € R, we have the estimate

(-1
lall, < NV 2+ lallg.
Applying (3.1.7) twice, once for p and once for g, yields

l
Il < cabllally < o NG

S B R
< EC(Q)quX dx HSHLq(Qy
where the assumption that X is quasi-uniform allowed us to estimate N <
C(Q)qy". Collecting the gx-terms and using x — ()4 = —(—x)4 finishes
the proof. O

Using the Lagrange functions {xj}1<x<n instead of {®s5(- — z) hr<k<n
as a basis of Vy has several advantages. First, we see that we can express
the interpolant in an explicit way.

Proposition 3.1.10. We can express the interpolant Ix o, f to f € H*(Q),
s>n/2, in VN as

=2

(3.1.18) Ixe,f(@)=>_ f@e)xi(@), =
k=1

Second, we do not have to use the point-wise definition of x as in (3.1.1).
The Lagrange condition yg(x;) = 0k, 1 < k,i < N, allows us to compute for

every 1 < k < N the coefficients ozz(k), 1 <¢ < N, in the expansion

N
Xk = oM s(- — @)
=1

by solving the linear system
(3.1.19) Ma'®) = e,

where e; denotes the k-th unit vector in R". This means that we have to
solve N-many NN x N sparse linear systems in order to obtain the Lagrange
basis of V. This is clearly more expensive than computing the interpolant

(3.1.20) Ixe;f(@)= >  a®s(x—m), €
i ||e—a || <6
where a is the unique solution of the linear system
Ma=f.

However, the Lagrange functions are independent of the data f(x;), 1 <i <
N, and only depend on the set of sites X = {x1,...,xn}. This separation of
data and sites means that we can compute the solutions to (3.1.19) a-priori,
store them and use them for several data sets, as long as X stays the same.
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In the case of (3.1.20) we have to solve a linear system every time we change
the data.

Using the Lagrange basis has a major downside. Numerical tests show
that evaluations of the interpolant (3.1.18) are expensive since the support of
Lagrange functions yj is too large. Nevertheless, in the next sections, using
the local behavior of x in (3.1.4), we derive a modification of the Lagrange
functions which have a smaller, compact support. Additionally, the size of
this support can be chosen by us.

For the sake of completeness we briefly discuss Lagrange functions for
penalized least-squares approximation. We recall that we can write the
interpolant as

N
IX,‘I:‘(Sf(m) = Zak(I)(S(a: - mk)a T c Qa
k=1

where the coefficient vector is given as a = M ~! f with f;, = f(x}). Intro-
ducing the notation r(x)T € RY with (r(x)); = ®5(x —x), 1 <k < N,
this yields for & €
N
Ix o f(x) = Zak%(w —xp) =r(z)
k=1

N
=r(@)" M= fl@r)x(@).
k=1

Hence, we can express the Lagrange function xj point-wise as
k(@) =r(x)* M te,, x=cR"

This idea also carries over to the penalized least-squares setting. In Sec-
tion 2.3.4 we saw that the coefficient vector a is the unique solution of
(M + M) = f, with the smoothing parameter A > 0 and I € RV*¥V
the identity matrix. Following the same ideas as above we can write the
approximant as

N

snp(@) =r(@) (M + M) =) fm)xy™ (@), = e
k=1

This motivates the following definition.

Definition 3.1.11. For A > 0 and 1 < k < N we define the modified
Lagrange or modified cardinal functions Xés)‘ e Vn by

(3.1.21) Xis”\(w) =r(x)T(M+X)"tey, xeR,
with (r(x)); = ®s(x — x;).

Although the functions {Xﬁs’)‘}lgkg ~ do not satisfy the Lagrange condi-
tion of Corollary 3.1.2, we choose the name modified Lagrange functions to
emphasize the connection to the full Lagrange functions {xx}1<k<n-

Definition 3.1.11 allows us to use the Lagrange representation of the
penalized least-squares approximant. However, for the rest of the chapter we
will focus on the Lagrange functions xy.
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3.2. Cut-Off Lagrange Functions

On the way to Lagrange functions with smaller compact support we have
to introduce an intermediate function. The idea is to use the exponential
decay of the coefficients M k_l.l and to not use the indices 1 < i < N in the
expansion

N
Xe =Y M '®s5(- — ;)
i=1
for which

N 7 D)

‘Mk_ll‘ <O¢ve " ix <

for a given threshold € > 0. Omitting the constant C' > 0 and rearranging
the second inequality means that we choose to ignore those x; € X which

satisfy
log (i) ‘ .
qx
(3.2.1) r(e) = X

og | —
n qy

With this in mind we have the next definition.

Definition 3.2.1. Let Q C R™ be a domain. Let X := {x1,...,xny} C Q
be a discrete set of sites. Let x € VN be the Lagrange function anchored in
x € X. Then the set X, (x) C X, defined by

(3.2.2) X, (z) := X N By (xk),
18 called the footprint of xr with radius r > 0.

X
|lz; — @y flo >

This gives the cut-off radius

We can use the same proof ideas which led to Lemma 2.4.4 to show that
the following estimate for the cardinality of the footprint holds.

Corollary 3.2.2. Let Q CR" be a domain. Let X = {x1,...,zn} CQ be
a discrete set of sites with separation radius gx and let r(e) be as in (3.2.1)
with sufficiently small € > 0. Then the cardinality of the footprint X, (xx)

satisfies, for every 1 <k < N,
2\" 5
(3.2.3) #Xo (o) (®h) < <> log (n>
n qx

Definition 3.2.3. Let Q@ C R"™ be a domain. Let X = {x1,...,zn} C Q
be a discrete set of sites. For 1 <k < N let X, (xy) be the footprint of the
Lagrange function x € VN with cut-off radius r > 0. We define the cut-off
Lagrange function X : R® — R by

(3.2.4) Xe= Y M os(-—m).

iz €Xr(x))

n

Clearly, we have still x; € Vy for all 1 < k < N. We emphasize that we
use the same coeflicients M ,;;1 in the expansion (3.2.4) as in the definition
of the full Lagrange functions y in (3.1.2). We only change the number
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of summands. This has several important consequences. First, the cut-off
Lagrange functions do not satisfy the Lagrange condition X (x;) = dx; for
x; € X and not even for x; € X, (xx). However, the Lagrange condition holds
for points of X in a smaller ball centered in @y, i.e., we have Y (x;) = O;
for ; € X N B,_s(xy), if we assume that r > 6.

Furthermore, the cut-off Lagrange functions Y has compact support in
B, 5(xr), which follows simply from the expansion (3.2.4) and the fact that
®s5(- — @;) has compact support in Bs(x;).

It turns out that the set of cut-off Lagrange functions { X }1<k<n is also a
stable basis of the approximation space Vi if the cut-off radius is sufficiently
large. First, we have to show linear independence of the functions, which is,
again, equivalent to invertibility of the matrix 7" = (Xx(x;)). To prove this
we quote a general perturbation result from [7].

Lemma 3.2.4. Let (V.|| - ||) be a normed space and let S : V — V be an
tnwvertible, bounded and linear operator whose inverse is also bounded. If
T:V =V is a linear operator such that

1
ClSllv-v

with a constant C > 1. Then T is invertible and

1S —=Tllvov <

1T Hlvoy < 1S Hvov-

Cc-1

In our setting we have V =RY . We set || - || = || - ||o and use for the
operator norm the matrix norm associated to the co-norm. Finally, we use
S =1 = (xx(xi))ki the identity. Then we have

N
1S —Tloo = 12}%)(1\7; Ixk (i) — Xe(2s)]
1=
3.2.5 <N - Y .
(3.2.5) <N max Xk = Xell Lo ()

Hence, if we can bound the error |xx — Xklr.. (o) then T = (Xi(z;)) is
invertible. Additionally, if this error is small enough we can carry over the
stability of {xx}1<k<n to the cut-off Lagrange functions. We summarize our
findings in the following theorem.

Theorem 3.2.5. Let 2 C R™ be a bounded Lipschitz domain. Let X =
{z1,..., 2N} CQ be a quasi-uniform set of sites with fill distance hx o and
with sufficiently small separation radius qx. Let ® : R™ — R be a compactly
supported reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform
of ® satisfies (2.2.2). Let &5 = 6 "®(-/5) be the rescaled kernel where 6 is
coupled to hx o according to (2.4.6). Let {xr}1<k<n be the Lagrange basis
of V with x defined as is (3.1.2). For 1 < k < N let Xi be the cut-off
Lagrange function defined in (3.2.4) with general footprint X, (xy). Assume
that there are constants C > 0 and J > n such that

(3.2.6) Ixe = Xillpw @) < Cax, 1<k<N.
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Then {Xi}1<k<n is a stable basis of Vi and the stability estimate
< Cogkally

N
> arxn
k=1 Lp(Q)

holds for all 1 < p < oo with constants Cy,Co > 0.

(3.2.7) Ciakllall, <

PRrROOF. We assume that the separation radius gx of X is sufficiently
small, i.e., there is a constant gy < 1 such that ¢x < go. Then we have with
Lemma 3.2.4, in particular (3.2.5) and the assumption(3.2.6), that

IS = Tlloo <N max |Ixx — Xkl (0)

1<k<N
—n J J—n
< Cqx'qx < Cqp
1
< -
[ [P

with C = C’q‘lj_” > 1 for sufficiently small g9 and sufficiently large J.
0

To derive the stability estimate (3.2.7) we first fix an @ € R" and set
s = Zivzl arpxr and § = chvzl axXk- To obtain the upper bound in (3.2.7)
we bound s — 5 in the L1(Q)- and Lo (2)-norm and use again the operator
interpolation Theorem 2.1.8. For the L;(Q2)-estimate we use the Holder
inequality and (3.2.6). We have

s — gHLl(Q) =

N
> an(xk — Xr)
k=1

< llallilxk = Xkllzw@) < Caxlal-
We can bound the Ly (£2)-norm directly.

N
Is = sl < llalle glggz Xk () — Xk ()]
k=1
< N -X
< llalle IIST}%XN Xk XkHLOO(Q)

< Cqg%"lalloo,

where we used that X is assumed to be quasi-uniform, i.e., N < Cqy". Using
operator interpolation yields finally

(3.2.8) Is = 3l 0) < Cax "aglallp-
The inverse triangle inequality for [|s — 3|1 () yields the chain of inequalities
Isllz,@) = lIs =3l < I8l < sl @ + [Is =5l @),
which gives with the stability estimate for the full Lagrange basis (3.1.7) and
(3.2.8)
crakllaly(1 = Cax ™) < IBllz,@ < e2akllally(t + Caf ™).

This is (3.2.7) if gx is small enough such that Cqy ™ < 1/2 and if we set
01261/2 und 022(362)/2. O
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Now we have to make sure that the assumption (3.2.6) holds if we

construct the cut-off Lagrange functions with the cut-off radius r(e) =
QTX ’10g (é) ‘ We will see that the main tool is an upper bound for the sum
of the tail of coefficients,

> M', 1<k<N.
ZmZGX\XT(E)(Ik)

Hence, we give the estimate before we bound the error x; — Y in different
norms.

Lemma 3.2.6. Let M,;l be the i-th coefficient in the expansion of xr as in
(3.1.2) Then, after cutting with r(c), there exists a constant C > 0 such that
the estimate

n n
(3.2.9) 3 MY < CS g2 /e,
szEX\XT(E)(wk) 77

holds for all 1 < k < N.

PROOF. We begin the proof with considering a general cut-off radius r >
0 and associated footprint X, (x)). The exponential decay of the coefficients
M;" in (2.5.6) yields

ol =z llo

Yoo MG sc Y dke

it €X\ X (zk) i lei—zgll2>r

We now want to control the sum by an integral. Therefore, we note that for
x; € X \ X, (xx) the estimate ¢% < C(n)vol(By, (x;) \ Br(xx)) holds. With
this we have for 1 < k< N

_plmimzglla
Y. IMgtsc Y ke
i @€ XA\ (@) it [l lo>r
_pllmimzglla
DD / 1 dy
i ||leg—xg||2>r By (i)\Br (k)

ly—=gllo
_77716

SC’e”/ e x  dy.
R™\ B ()

In the last estimate we have used that the sets (By,(x;) \ Br(xk)) are
disjoint since we assumed that x; € X \ X, (xx), and that for y € By, (x;)
the estimate

2k —yll2 < llzx — zill2 + |2 — yll2 < [ler — ill2 + gx,
and consequently
—llek — @ill2 < —llee — yll2 + ax

holds. This leads to the constant factor e”.
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Now, changing to polar coordinates and splitting n = 7/2 + n/2 yields

ly—=gl
S pailsce [ R,

i@ €X\Xr (k) R\ By ()

Next, we bound the integral by increasing the integration domain from [r, co)
to [0,00) and then compute the integral explicitly. We have

oo n
/ efgip"_l dp=2"(n—1)! <qx> .
0 n

This then yields the general bound

. IMgl<ce (qx>ne_g“;.

i :I:iEX\Xr(CCk) "

Finally, inserting the specific cut-off radius r(¢) = QTX ‘10g (q%)‘ gives
X
1 el nog
Z | M| < Cn*an(“-
P mieX\XT(E) (mk)

O

This estimate allows us now to bound the error between the full Lagrange
functions and their cut-off versions.

Theorem 3.2.7. Let 2 C R™ be a bounded Lipschitz domain. Let X =
{z1,..., 2N} CQ be a quasi-uniform set of sites with fill distance hx o and
separation radius qx. Let @ : R™ — R be a compactly supported reproducing
kernel of H*(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2).
Let &5 = 07" ®(-/6) be the rescaled kernel where ¢ is coupled to hx o according
to (2.4.6). For 1 < k < N let xx be the Lagrange function anchored in
x € X and Xy, be the cut-off Lagrange function with footprint X, ) (xy) with

r(e) = %{ ’log (q%) . Then there exists a constant C = C(Q2, ®,n,s) such
X
that for 0 <t < s the estimate

5 e _
(3.2.10) Xk — Xl e () < Cn*nqxt\@

holds for all 1 < k < N. Furthermore, there exists a constant C = C(Q, ®,n)
such that the estimate

_ en _n
(3.2.11) Xk = Xkl Lo () < Cn*anQ Ve

holds for all1 <k < N.
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PROOF. We begin with the H'(2)-norm estimate. For 1 < k < N we
have

Xt — Xkl He(0) =

N
=D M ®s(- — ;) — > My ®s(- — ;)

=1 i il:iEXT(a)(wk) H(Q)

= > M os(- — ;) ,

% iL‘iEX\X,.(S) (:ck)

HY(Q)

since we use the same coefficients M. ,;.1 for both functions. Using the estimate
on ||®s(- — )| grt() in Lemma 2.4.3 we obtain, with the help of the triangle
inequality,

Xk = Xellae@) = > M ®s(- — @)
0 2 €X\Xy (o) (k) Ht(Q)
< X MG IR =)l
ZwleX\X'r(s)(wk)
< 672 H|D|| regony Z |M

i :I:—L'EX\XT(E) (:I:k)

Next, we use (3.2.9) and the assumption that X is quasi-uniform. This yields

"Nl o) > | M|
% miéX\XT(E)(:I:k)

n_

Xk — Xkl e ey < 072

n _n_
SC(Q7©7n7S);7qX2 t‘]x\/g'

wl3

The same ideas lead to the estimate in (3.2.11). O

This result, in particular the error estimate in (3.2.11), together with
Theorem 3.2.5 proves the next lemma.

Corollary 3.2.8. With the notation and assumptions of Theorem 3.2.7,
the set of cut-off Lagrange functions {Xph<k<n is a stable basis of Vi if

e < q?g”‘" with a free constant J > n.

Inserting € = g% ™" into the cut-off radius r(¢) yields a radius

, q
r(gy ™) = QJ% llog(qx)| -

We note that for quasi-uniform X this is similar to the radius the authors of
[29, 146] use.

Although we know from Corollary 3.2.8 that the cut-off Lagrange func-
tions are, with the right choice of €, a stable basis of Vi their construction
still requires to set up an N X N linear system and to solve it N-times.
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3.3. Localized Lagrange Functions

We now construct yet another basis of Vv by enforcing the Lagrange
condition as in Corollary 3.1.2 only on the footprint X,.)(zy).

Definition 3.3.1. Let Q C R™ be a bounded domain. Let X = {x1,...,xN}
be a quasi-uniform set of sites in ) with fill distance hx . Let ® : R™ — R
be a compactly reproducing kernel of H*(R™), s > n/2, i.e., its Fourier
transform satisfies (2.2.2). Let &5 = 0" "®(-/d) the rescaled kernel, where
d is coupled to hx o according to (2.4.6). For 1 < k < N let X,(x) be a
general footprint defined in (3.2.2) with cut-off radius r > 0. For 1 <k < N
we define the localized Lagrange function Xif’c :R™ = R by

(3.3.1) o= Y o w),

iz €Xr(xy)
where the coefficient vector a®) s the unique solution of the linear system
M\Xr(wk)a(k) = ey.
The matriz M|x, (z,) € R#Xr (@)X #Xr (@) 45 given by
M|x, (@) = (P5(Ti — X)), ;€ X, (1)

and ey € R#X (@) denotes the k-th unit vector.

loc

Again, we see that x;”° € Viy, 1 <k < N and, with the same reasoning
as in Corollary 3.1.2, we see that the localized Lagrange functions satisfy the
Lagrange condition Xﬁc"c(azi) = 0 for x; € X, (xg), 1 <k < N.

We now work towards error estimates for xi — Xﬁfc. Using these allows
us, similar to Section 3.2, to show that the set {X?Chgkg N is a stable basis
of Vi, depending on the right choice for the cut-off radius r. To this end, we
fix ¢, € X and introduce for x; € X, () the vector y € R#Xr(®x)  which is

given component-wise as

(3.3.2) Yi = XK (@) = Xk (@) = i — Xi(s).
Additionally, we observe that
oc =~ k —
N -xe= > (@ - MpH®s(- - @)

iz €Xr(2r)
(3.3.3) = > Bl —xi).
i :I:iEXr(:I:k)
We see that the vector 8 = (8;); € R#Xr(®k) is the solution of the linear
System
MI|x, (@B =Y.

Next, we derive a bound for the matrix norm associated to the 1-norm
of M ])_(1 (1) We recall Lemma 2.5.11 which gives us the following uniform
bound on the entries of this matrix,

(M3 ), | < 0™,
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for all 1 <i,k < #X, (@) with a constant C' > 0. With this, we obtain the
bound

(3.3.4) HM];(M) < C(#X,(zr)) g% .

Recalling the component-wise definition of y in (3.3.2), y; = 0g; — Xr (i),
and using the fact that the full Lagrange function satisfies the Lagrange
condition xg(x;) = O, for &; € X, (xr) C X, we can estimate

loc

Ylloo = [IXK = Xt llow (X, (@0)) = Xk = Xkl (X0 ()
(3.3.5) < Ixk = Xkl Loo (-

Combining (3.3.4) and (3.3.5) with |y|1 < (#Xr(xk))||y||c yields finally
the estimate

> 18IS M,

iz €Xr(xk)

(3.3.6) < C#HXr (1)) q% 2 Ixk — Xl L)

With this we can now obtain bounds for the error Xﬁfe — xk for general cut-off

radius r > 0. After that we refine the estimate by using the specific cut-off
radius r(e) = ‘%‘ )10g (é) ‘

Theorem 3.3.2. Let {0 C R™ be a bounded Lipschitz domain. Let X =
{z1,...,xn} CQ be a quasi-uniform set of sites with fill distance hx o and
separation radius qx. Let ® : R™ — R be a compactly supported reproducing
kernel of H*(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2).
Let @5 = 07" ®(-/0) be the rescaled kernel where § is coupled to hx o according
to (2.4.6). For 1 <k < N let x; € VN be the full Lagrange function anchored
in xr € X and ngoc be the localized Lagrange function as in (3.3.1) with
general footprint X,(xy) and cut-off radius r > 0. Then there exists a
constant C = C(Q, ®,n) > 0 such that the estimate

(33.7) I = Xkl @ < (1+ CHXr (1)) %ax) Ixk — Xell Lo (@)

holds for all 1 < k < N. Furthermore, for 0 < t < s there is a constant
C=0C(2,P,n,t) >0 such that the estimate

gl

oc 2 _2s—t ~
(3.38) X = il < (1+ CE#Xn )0} ™) Ik — Rallecay

holds for all1 <k < N.

Proor. With the triangle inequality we have

loc

I = Xnll o) < I = Xl zoo@) + 11Xk — Xell Lo (-
We bound the first term by
XK= Xl < D 1Bill®s — 2o

i :IBiEXr(:I:k)

<COQN)|®lLmmay” Y, B

i 2, €Xr(2k)
< C(Q, 2, n)qx" (#Xr (@) d% Ik = Xnll oo (-
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We employed the help of the estimate for the norm of the rescaled kernel in
Lemma 2.4.3, (3.3.3) and (3.3.6).
The estimate in (3.3.8) can be obtained with the same approach. (]

Next, we derive a refined bound for the specific cut-off radius r(¢) in
(3.2.1). The proof uses the estimate on the cardinality of the footprint in
(3.2.3) and the error estimates of Theorem 3.2.7.

Theorem 3.3.3. With the notation and assumptions of Theorem 8.5.2,
where we additionally assume that the localized Lagrange functions use the

footprint X, (o) (xx) with cut-off radius r(e) = qTX ‘log (i)) with an € > 0,

there is a constant C = C(2, ®,n) > 0 such that the estimate

e e e \|*" —n_as
(3.3.9) I = Xeell oo @) < CUW log <qn> ax’ Ve
X

holds for all 1 < k < N. Furthermore, for 0 < t < s there is a constant
C=0C(2,®,n,t) >0 such that the estimate

log <E>
ax

These error estimates, in particular (3.3.9), allow us to prove that the
set {X?Chgkg N is a stable basis of the kernel-based approximation space
V. It is easy to see that we can apply Theorem 3.2.5 in this setting and

obtain the stability of the localized Lagrange basis.

2n

2252t
2
qdx \/<g

el
(3.3.10) XS = Xkl e (o) < Cnﬁ

holds for all1 <k < N.

Lemma 3.3.4. With the notation and assumptions of Theorem 3.3.5 the set
of localized Lagrange functions {Xi;ochgng is a stable basis of Vv if e >0
is chosen sufficiently small such that the inequality

2n
( >
qX

—2-2s
C qX2 \/ESQ)JO

holds with a constant C > 0 and a free J > n.

el
77371

Lemma 3.3.4 implies that, assuming we chose the cut-off radius r(g) cor-
rectly, we can express elements of Vyy as a linear combination of {Xfrfc}lgkg N-

In particular, for a given f € H*(Q2), s > n/2, we have that

N
(3.3.11) T(f) = fae)xi € Viv.
k=1

This motivates the next definition.

Definition 3.3.5. With the notation and assumptions of Theorem 3.3.3,
where we choose € > 0 such that Lemma 3.3.4 holds, we define the local
Lagrange approximation operator Z!°¢ : H*(Q) — Vy by (3.3.11).

Clearly, the operator in Definition 3.3.5 is not an interpolation operator.
Approximations of the form (3.3.11) are often called quasi-interpolation,
see, e.g., [94, Chapter 3|. However, we usually require quasi-interpolants
to reproduce polynomials up to a certain degree. We can not expect the
local Lagrange approximation to have this property. Furthermore, with the
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same reasoning as in Section 2.4, we do not expect convergence of Z!°°(f)
towards f for hx o — 0. However, in the next chapter we will work towards
a convergent method using local Lagrange approximation operators.

Nevertheless, using the localized Lagrange basis has an advantage. To
compute the basis we need to solve only an #X,..y(x;) X # X, () linear
system for every x; € X. Each of these N-many systems will be sparse if the
cut-off radius r(g) is sufficiently larger than ¢ and depending on this cut-off
radius the computational cost will be lower than the solution of N-many
N x N sparse systems to compute the full Lagrange basis introduced in
Section 3.1.



CHAPTER 4

The Kernel-based Multilevel Method

We use this chapter to study a way to beat the trade-off principle
discussed at the end of Section 2.4. The idea of the kernel-based multilevel
method can be traced back to [73] and became publicly known through [27].
However, these early contributions only observe numerical convergence. The
first theoretical error analysis was given in [63], but for a different multilevel
scheme, where the basis functions for each level are not obtained by scaling
but rather by convolution of the RBF for the finest level. A first convergence
theorem for the multilevel method in the setting we use in this thesis was
provided in [36] if the domain is the sphere. This result was then generalized
to general bounded domains in [91]. We also refer to the survey paper [92].

We first introduce the setting of multiscale analysis in Section 4.1. This
can be seen as the transfer of the multiresolution analysis to the theory
of RBFs. In Section 4.2 we formally introduce the kernel-based multilevel
method before, in Section 4.3, we derive convergence results for the different
approximation methods introduced in Section 2.3. In all those error estimates
there appears a constant that potentially can spoil the convergence. In
Section 4.4 we give the results of numerical simulations and show that for
the, in the context of this thesis important, cases the analytically unknown
constant has no negative effects. Next, we briefly discuss two adaptive
versions of the multilevel method in Section 4.5. To close this chapter we
use the functions introduced in Section 3.1 to first derive an alternative
representation of the approximation operator and then the functions of
Section 3.3 to potentially speed up point-evaluations of approximations using
this representation. Additionally, we provide a convergence estimate.

4.1. Multiscale Analysis
We start by fixing a sequence of sets of sites X1, Xo, X3, -+ C Q, with
Xi={®i1,...,TiN, }s

in a bounded domain 2 C R"™. In many applications these sets will be nested,
that is, X; C X;11, however for the analysis of the multilevel method this
is not necessary. Nevertheless, we require that the sets become denser in €2,
which we quantify in the following way: We assume that the associated fill
distances h; := hx, 0, ¢ =1,2,3,..., decrease in a uniform way, i.e., we fix a
refinement parameter u € (0,1) independent of the level i and assume that
there is a constant ¢ € (0, 1] such that

(4.1.1) cph; < hitq < ph;, i €N.

Although it is useful to have the leeway the constant ¢ gives in the
coupling of h;11 and h; it makes some discussions unnecessarily cumbersome.

59
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Hence, for the following we assume that ¢ = 1 and we have h; 11 = ph;. In
some way the parameter i determines the growth of the cardinality of the
X;. If we recall that for quasi-uniform X; we have N, ™ ~ h; we see that
i~ (N;/Ni+1)™. Hence the choice of a small value of y, close to 0, leads to
a fast growth of the cardinality of X; and a value close to 1 ensures that the
X; fill out Q slowly. For practical considerations both of these extremes is
not preferable, we would rather choose a moderate value, e.g., u = 1/2.
Next, we follow the ideas of Chapter 2 and fix a radial basis function
® : R™ — R and scale this mother kernel with a level dependent scaling
parameter §; > 0, i.e., we define level-dependent rescaled RBFs by

(4.1.2) ®; = by, = 0; "D <> .
0;

This way, we obtain a basis function for every level ¢ € N. In principle, the
fixing and rescaling of one single mother kernel ® is not necessary and we
can choose a different kernel for each level. However, we want to follow [91]
92] and use the setup above.

On each level ¢ € N, we use the stationary setting of Section 2.4, i.e.,
we couple &; to h;. To be precise and recalling (2.4.6), we have constants
¢, € (0,1] and v > 1 such that

c,vh; < 6; < I/hi, 7€ N.

Note that neither ¢, nor v depend on the level i. In applications we often
couple the refinement parameter p to the overlap parameter v.
We define now the approximation spaces of the multilevel method.

Definition 4.1.1. Let Q C R" be a bounded domain. Let X1, X2, X3,--- C Q
be a sequence of sets of sites. Let ® : R™ — R be a radial basis function. For
1 € N let ®; be the rescaled kernel with level-dependent scaling parameter &;.
The local approximation or detail space on level i is given by

W; = Span{q)l-(- — :13) LT e XZ}
and the global approximation space on level L € N is defined as

Vi =Wy + WL

In the error analysis we are interested in the approximation power of the
space Vi, as L — oo, but in the numerical reality we fix a level L € N and
compute the approximation in V.

If we assume that the mother kernel ®, and hence the level-dependently
rescaled kernel ®;, is a reproducing kernel of H*(R™) we have the following
proposition for the local and global approximation spaces.

Proposition 4.1.2. Let Q C R" be a bounded domain. Fori € N let X; C Q
be a sets of sites with fill distance h;. Let ® : R™ — R be a reproducing kernel
of H¥(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2). For
i € N let ®; = 0; "®(-/0;) be the rescaled kernel where the scaling parameter
d; is coupled to h; as in (2.4.6). Set V; := {0}.

Then, for every i € Ny, the global approzimation space V; is a closed and
finite dimensional subspace of H*() and therefore of La(SY). Furthermore,
the following statements hold:
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(1) Vi € Viga, i € Ny,
(2) U2y Vi = La(Q) if we take the closure with respect to the La(€2)-

norm.

Additionally, for every i € N, the sum
Vi=VicioW;

1s direct, i.e., we have
o
P wi = Ly().
i=1

PRrROOF. The proof for the case that Q = S"~! is the unit sphere can
be found in [36]. The ideas there can be directly transferred to the case of
general bounded domains 2 C R". O

The properties of the local and global approximation spaces in Proposi-
tion 4.1.2 are the usual setup for the multiresolution analysis in the context
of, e.g., wavelets |18|. However, the setting for kernel-based spaces misses any
kind of refinement property, i.e., we can not expect that f € V; if and only if
f(-/0;) € V1 which would mean that the spaces V; are scaled versions of V].

4.2. Description of the Method

We now discuss the algorithmic approach to the kernel-based multilevel
method. The main idea is similar to the one of wavelets: We compute a
rough approximation on a coarse point set and then fill in the details which
we compute on finer and finer sets of sites. This section follows closely [91,
Section 2].

The general procedure is given in Algorithm 1 which we now discuss in
greater detail. We assume that we already know the family of point sets
(Xi)1<i<r. How to determine this set itself is part of ongoing research in
computer science and of no further concern in this thesis.

As input we expect the maximum number of levels L and the tuples
{(@ip, fxig)} CXs xR, 1 <3< L, 1<k <N If the sites are nested, i.e.,
X; C X;41 it suffices to know the data on the highest level L.

For every level 0 < ¢ < L we keep track of two functions. The global
approximation f; € V; and the residual e;, which represents the remaining
€rTor.

We initialize the global approximation on level zero as the zero function,
fo = 0, and the residual of the zeroth level as the target function ey =
f. In the i-th step we compute the local approrimation s; € W; as the
approximation to the residual e;_; of the preceding level using the sites
X; of level i, i.e., we compute a coefficient vector a(® € RNi according to
the chosen approximation method. The local approximation s; then has the
representation

N; )
S; = ZO&I(;)‘I’Z'(- — a:i7k).
k=1
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Next, we update the global approximation, f; = f;_1 + s;, and the residual,
e; = e;_1 — ;. To be more precise we have for the i-th level

(4.2.1) fl =81+ -+
(4.2.2) ei=f—(s1+-+s).

We follow this procedure until we arrive at level L and return the global
approximation fy.

Algorithm 1: Multilevel approximation

Data: Number of levels L, right-hand side f

Result: Approximate solution fr, € Vi, = W7 +---+ Wy,

Set fo =0,e9 = f;

fori=1,2,...,L do
Determine a local approximant s; € W; to e;_1 on Xj;
Set fi = fi—1+ si;
Set €; = €;—1 — Sq;

end

The algorithm can also be put in an alternative, matrix form. If we
assume that the approximation methods we use for computing the local
approximations s; are linear, we can find matrices M; € RNi*Ni 4 € N, such
that the coefficients a9 can be expressed as

a = M le;,

where e;_1 = e;_1]x,. For instance, in the case of interpolation we have
M; = Mx, o, and in the case of penalized least-squares approximation we
have M; = Mx, &, + X\iI. Note that we can, and we will see later that we
have to choose a level-dependent penalization parameter A;. In addition to
M; we introduce the evaluation matrix

B, = (g (xim — @1 p)) € RNk

which represents the evaluation of the kernel of the k-th level, centered in

points of X at points of X;. With these matrices we can express e;|x, as in
(4.2.2) by

i—1
M;a® = () ZBz‘ka(k)
k=1

with f(i) = flx, € R, 1 <i < L. Collecting these equations in one large
<Z¢L:1 NZ-) X <ZZL:1 N,-) linear system yields a block-triangular system of
the form

M1 a(l) f(l)
By Mo al? @
B31  Bsz M3 a® [ — | f®
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The method described in Algorithm 1 simply solves this system by
mimicking forward substitution, however since the entries are matrices, we
have to solve a linear system with a growing number of unknowns in every
step. At first glance this seems expensive, however from a numerical point of
view this scheme and the whole multilevel method is extremely efficient as
the matrices M;, 1 <1 < L, are essentially the kernel matrices discussed in
Section 2.5. With Corollary 2.5.1 we immediately obtain the next corollary.

Corollary 4.2.1. With the notation and assumptions of Proposition 4.1.2 let
M; € RN*Ni e defined by either M; = (Pi(xij —xi ) or M; = (Py(xs 5 —
x; )+ Nil). Then
(1) The number of non-zero entries per row of M; is independent of the
level 1.
(2) The number of steps required by a non-preconditioned CG method
1s independent of the level 1.

(3) The computational cost to solve the approxzimation problem on level
118 O(NZ)

From an operator point of view we can express the multilevel method
with the help of the following lemma.

Lemma 4.2.2. With the notation and assumptions of Proposition 4.1.2
let the local approximations s; € W; be computed with specific operators
Z; : H*(Q) — W, i.e., we have s; = Z;j(e;—1). Then, for each L € N, there is
an operator Ar, : H3(Q) — Vi, defined by

L
(4.2.3) AL(f) = Ti(ei 1)
i=1
such that fr, = Ar(f).
Proor. This is a direct consequence of (4.2.1) and (4.2.2). O

Definition 4.2.3. For i € N the operator Z; of Lemma 4.2.2 is called local
approximation operator and the operator Ay, is called global approximation
or multilevel operator.

Later, we will call the multilevel operator Ay, in the form (4.2.3) residual
correction scheme.

4.3. Convergence of the Method

Now, we investigate the kernel-based multilevel method further and
derive convergence results for the three different approximation methods
introduced in Section 2.3, interpolation, interpolation of rougher function
and penalized least-squares approximation. We will see that the key for the
convergence results is a recursion formula of the form

HEei-i-lHCPi < a”Eein)i—l

with a constant a < 1. With the right choice of the occurring parameters
this will lead to linear convergence of the method in all three cases.

The ideas of the proofs for all three approximation methods are taken
from [91], however, we keep meticulous track of the occuring constants.
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4.3.1. Interpolation. We start by investigating interpolation, i.e., the
local approximation operator Z; on level i is the interpolation operator Ix; o,.
This means we have

Ti(eim1) = s = Ix, o, (€i-1).

First, we have to make sure that Az (f) = 25:1 Ix, o,(ei—1) is indeed an
interpolant of f on X7y.

Lemma 4.3.1. For every 1 < i < L the function f; = Zzzl Ix, o, (ex—1)
interpolates f on X;.

PrOOF. We have by induction that ej|x, = 0 for 1 < k <. Furthermore,
for these k we have by (4.2.2) the relation f — fi = ej between the residuals
and the interpolants. Hence, fi|x, = f|x, — eilx; = f|x, holds. O

We find the following recursion inequality which allows us to bound the
®; 1 1-norm of the residual e; of level ¢ by the ®;-norm of e;_;.

Theorem 4.3.2. Let Q C R"” be a bounded Lipschitz domain. For i € N let
X; CQ be a set of sites with fill distance h;. Assume that cuh; < hip1 < ph;
holds for i € N with fixed constants u € (0,1), ¢ € (0,1] and hy sufficiently
small. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2, i.e.,
the Fourier transform of ® satisfies (2.2.2). Let ®; = 6; "®(-/6;) be the
rescaled kernel where the scaling parameter §; is coupled to h; according to
(2.4.6). Assume that the overlap parameter v satisfies hil > v. Assume that
f € H%(Q). Then there exists a constant C1 = C1(Q2, ®,s) > 0 such that

(43.1) |Eeillo, < Ci(u® +v ") Eeimilla,, i €N,

where E : H*(2) — H*(R™) is the extension operator introduced in Theo-
rem 2.1.7.

Proor. We start by estimating
0it1 = vhiy1 < vph; = po; < 9;.

This means that d;11 < 1 = vhy and with the assumption lel > v we have
d;11 < 1. Hence, we can use the norm equivalence for the rescaled RBFs in
(2.4.2) and obtain the bound

Bl = [ EAEL g
R ®;11(§)
1 — S
<= | 1Be(® (1+ 02 1€13)" de
1 JRn
1
with
I = / Eei(€)]* (1+ 62, 11€113)" de,
||§H2§ﬁ
I = /” Eei(€) (1+ 62, ]1€)13)" de.

>_1
£H2_5i+1
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We bound these two integrals separately.

First, we observe that the interpolants Ix, ¢,e;—1 and Ix, o,(Ee;—1) co-
incide, since the interpolant is uniquely determined by the values on X; C €.
Then we have with the properties of the extension operator and Lemma, 2.4.2

leillzs @) = llei-1 — Ix;.@;(€i-1) | ()
= |Eei—1 — Ix; 0, (Eei-1)| ms )
<|Eei-1 — Ix; 0, (Eei1)| s rr)

1
< e300 |Beia — Ix, 0, (Eei) e,

1
(4.3.2) < c30; °||Eeiia,-

To arrive at the last inequality we used the ®;-norm minimality of the
interpolant (2.3.8).

To bound I; we use that d;11||&]|2 < 1 and then the sampling inequality
(2.3.11), since e; vanishes on X;. This yields

L= /” |Eei(§)” (1+67,,11€13)" g

< 1
£H2_5i+1

<o / Bei(€)]? de
||€||2S¢

<2 [ |Bale)? ¢
.
= 2SHEei”%g(R”)
< 2°CRlleill, 0
= 2°CRllei1 — Ix, . (eim1)17,0)
<A, 9)2°CEh il (g

N hz 2s
<R, 5)2°Cey <6> |Eei13,

< o(Q,5)2°Chesv || Be; 1 |13,

where ¢(€2, s) is the constant appearing in the sampling inequality (2.3.11)
and ¢(Q, s) := ¢(2, s)c,. The constant ¢, is the constant from (2.4.6). The
application of the sampling inequality is possible since h; assumed to be
sufficiently small.

To bound I we first observe that §;11]/€||2 > 1. This yields

(L+ 07 1I€13)" < 2073, 1€N13° < 2707, (1 + II€]13)"
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Together with (4.3.2), we have

I = / Be(€)? (1+ 02, €13)° dé
[1€ll2>

_1
%it1

<zah [ Ba@P 1+ 1613)° de
= 2851'2j1|’E€i||%{S(R")

< 2°6%1 Clleill s

6+1 2s
§280%02(Z5 ) |Eei—1|3,

(2

= 2°Cheop™|| Eeiall3,.

Putting these bounds together gives the estimate (4.3.1) with
1

(4.3.3) C1 = max(¢(9, s),1)22Cpel.
0

In the proof of Theorem 4.3.2 we made an effort to keep track of the
constants appearing in the estimates. Unfortunately, although we can track
the individual factors contributing to C; quite precisely, sharp bounds are
not known. However, we will give numerical estimates of this constant in
Section 4.4.

We now use the estimate in (4.3.1) to derive convergence estimates for
the error f — fr in the Lo(2)-norm. We use again the sampling inequalities
of Theorem 2.3.4 and recall that ey |x, = 0. This then yields

1f = frllLo) = llecllLy@) < Chillenlms )
< Chil|Eerlmsmrny
< Chiopi | Berlle, .,

1 S
=c<w) |Besllo,,.

and since we assume that cuh; < h;1, with ¢ € (0, 1], we obtain

hy _ h _ 1

o1 vhpy = evp

Applying (4.3.1) L times, we obtain

1\° .
||f—anL2<Q>§c<w) [Cr + o] " | Ef o,

IN

1\ .
C<Vﬂ> [C1p® + Crv ]LHEfHHs(Rn)

IN

1\° s
C <> [C’lus+011/ ]LHfHHs(Q)
v

This proves the following lemma.
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Lemma 4.3.3. With the notation and assumptions of Theorem 4.3.2 there
exists a constant C' > 0 such that

1\° s
@34) I = il <€ (50) [0+ o] Il

holds for L € N.

The bounds in Theorem 4.3.2 and Lemma 4.3.3 are in the most general
form. However, we usually couple the two critical parameters p and v, i.e.,
we assume that there is a fixed v > 0 such that

1 Y
4.3.5 — >v>—.
(4.3.5) vz
With this, we can restate Theorem 4.3.2 and combine it with the specific

result of Lemma 4.3.3, see also [91, Theorem 1].

Theorem 4.3.4. Let Q C R"” be a bounded Lipschitz domain. For i € N let
X; CQ be a set of sites with fill distance h;. Assume that cuh; < hiy1 < ph;
holds for i € N with fixed constants p € (0,1), ¢ € (0,1] and hy sufficiently
small. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2, i.e., the
Fourier transform of ® satisfies (2.2.2). Let ®; = 6; "®(-/6;) be the rescaled
kernel where the scaling parameter 6; is coupled to h; according to (2.4.6).
Assume that the overlap parameter v satisfies hil > v. Assume that there is
a constant v > 0 such that p is coupled to v according to (4.3.5). Assume
that f € H*(QY). Then there exists a constant C; = C1(2, @, s,7v) > 0 such
that, with o = C1u®, the estimate

(4.3.6) IEeillo,,, < allBei-1]e,,

holds for i € N. E : H*(Q) — H*(R"™) denotes the extension operator
introduced in Theorem 2.1.7.

Let fr, = Ar(f) denote the multilevel interpolant. Then there ezists a
constant C > 0 such that the error bound

(4.3.7) If = frllza) < CCLE) P f s (o

holds for all L € N. Thus fr converges linearly to f in the La-norm if
a=Cp®<l1.

PROOF. We use the notation of the proof of Theorem 4.3.2. With the
assumptions on p and v we can bound I; by

I = / . |Eei(€)]* (1+ 021 11€13)° dg
lgllz<52~
< o(Q, 8)2°Chear™ || Bes |3,
2s
< ¢(9,5)2°Chey <:> ||E€i—1H%{>¢
The bound for
L= [ BP0+ s’
I€ll2>

Eey
< 2°Cheop®||Eei3,
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is unchanged. Putting these estimates into
2 1
| Eeills,,, < E(h + I2)

yields (4.3.6). Keeping track of the occurring constants means that we can
express C1 = C1(Q, ®,s,7) as

s 1 1
(4.3.8) C1=22Cgci (1+c(Q,8)77%)2.

We obtain the estimate in (4.3.7) the same way we proved Lemma 4.3.3.
O

Similarly, we get the Lo (£2)-norm error estimate if we use (2.3.4).

Lemma 4.3.5. With the notation and assumptions of Theorem 4.3.4 there
exists a constant C > 0 such that the error bound

o\ L
(4.3.9) 1f = Filli) < C (Cr™ %) I f i)

holds for all L € N. The constant C1 = C1(2, ®, s,7) can be expressed as in
(4.3.8).

4.3.2. Interpolating Rougher Functions. Next we investigate the
multilevel scheme applied to the escaping the native space method introduced
in Section 2.3.3. We recall that we derived error estimates for interpolation
when the target function is not in the native space of the kernel we use.

For briefness we omit the technical preparations for the proof of the
following convergence result. They can be found in [91, Section 5]. The main
idea is to use a recursion inequality as in (4.3.1), but not in the native space
norm of the rescaled kernel used to compute the interpolant but rather use
the rescaled kernel of the space the target function is an element of. The rest
of the proof is very much the same as the proof of Theorem 4.3.2

Theorem 4.3.6. Let  C R" be a bounded Lipschitz domain. For i € N
let X; C Q be a quasi-uniform set of sites with fill distance h;. Assume
that cuhiy1 < hy < phiyr holds for i € N with fixed constants p € (0,1),
c € (0,1] and hy sufficiently small. Let ® : R™ — R be a reproducing kernel
of H*(R™), s > n/2, i.e., the Fourier transform of ® satisfies (2.2.2). Let
O; = 0, "®(-/6;) be the rescaled kernel where the scaling parameter 6; is
coupled to h; according to (2.4.6). Assume that the overlap parameter v

satisfies % > v. Assume that there is a constant v > 0 such that p is

coupled to v according to (4.3.5). Let ¥ be a reproducing kernel of H'(R™),
n/2 <t <s, and let W; = §;"V(-/5;) be the rescaled RBF with the same
scaling parameter §;. Assume that f € H'(Q). Then there exists a constant
C1 = C1(Q, D, s,7) such that, with a = Cyut, the estimate

1Eeillw,,, < allEeia]w,

holds for i € N.

Let fr, = Ar(f) denote the multilevel interpolant. Then there ezists a
constant C > 0 such that the error bounds

If = frllza) < CC | fllme ),
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and

t—n\ L
1f = frllLe@ < C (Cm 2) £l £t (0
hold for all L € N.

4.3.3. Penalized Least-Squares Approximation. To close this sec-
tion we now give a convergence result for the multilevel method using
penalized least-squares approximation in every level. That means that the
local approximation operators Z; : H*(2) — W; are given by

(4.3.10) Z;(ej—1) = argmin Z lei—1(x) — s(x) >+ Nl 53,
SEHS () zEX;

Again, the proof of the convergence result is very much the same as in
Section 4.3.1. However, we have to use the error estimates of Theorem 2.3.21
which in turn leads to the assumption on A\;. We omit the proof and only
give the following theorem.

Theorem 4.3.7. Let Q C R"™ be a bounded Lipschitz domain. For i € N let
X; CQ be a set of sites with fill distance h;. Assume that cuhiv1 < h; < phig
holds for i € N with fized constants p € (0,1), ¢ € (0,1] and hy sufficiently
small. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2, i.e., the
Fourier transform of ® satisfies (2.2.2). Let ®; = 6; "®(-/6;) be the rescaled
kernel where the scaling parameter 6; is coupled to h; according to (2.4.6).
Assume that the overlap parameter v satisfies hil > v. Assume that there is
a constant v > 0 such that p is coupled to v according to (4.3.5). Assume
that f € H*(Q2). Let s; be the unique solution of (4.3.10) with smoothing
parameters \; such that \; < k (hi/di)% with a fixed constant k > 0. Then
there exists a constant C; = C1(Q, @, s,7v) > 0 such that, with o = C1u® the
estimate

[Eeillo,,, < alFei-1s,

i+1
holds for i € N.

Let fr, = Ap(f) denote the multilevel penalized least-squares approrima-
tion. Then there exists a constant C' > 0 such that the error bounds

(4.3.11) If = frllza) < CC1E) P f s (o
and

s—2 L
(4.3.12) 1 = Folliie < € (Coes™8) " fllirecoy

holds for all L € N.
We note that in Theorem 4.3.7 we have to choose the smoothing parameter

level-dependent and sufficiently small.

4.4. Numerical Estimate of C}

In the convergence results of the previous section, most importantly
Theorem 4.3.4, we see that the multilevel method converges if a = Cyu®
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is less than one. This can be achieved by choosing a suitable refinement
parameter p € (0,1) such that

1
p<Cj-.
Unfortunately, we cannot derive any analytic bounds on C; = C1(£2, @, s,7)
because of the unknown constants co and ¢(£2, s) appearing in (4.3.8). Fur-
thermore, we know bounds for Cg only in very specific settings, see, e.g.,
Lemma 2.1.9. However, in this section, we will give numerical estimates for
.
Before we come to the results we first discuss the setup of the experiment.
Following (4.3.7) we have the error at level L

Err(L) =|If = follzo) < CC®) | f s (-
Assuming equality and taking the quotient of the errors of two consecutive
levels yields

Bri(L+1) _ (Gl
Err(L) — (Cip$)t L
Hence, the estimated constant can be computed by the formula given in the
next definition.

Definition 4.4.1. For f € H*(Q), s > n/2, let Err(L) = ||f — frllL,)
denote the multilevel approzimation error on level L. We define the estimated
multilevel constant as

(4.4.1) Cest =

Err(L+1) _,

Err(L) ol
where € (0,1) is the refinement parameter used to compute the multilevel
approximation.

Although the theoretical constant Cy as in (4.3.8) is clearly independent of
u, the estimated constant C¢*! in (4.4.1) depends explicitly on p~%. However,
this dependence seems to be very mild as the numerical tests we give next
show. We suspect that this explicit dependence is partly compensated by the
implicit dependence of the error Err(L + 1) and Err(L) on p.

Looking at (4.3.8) we see that C depends on the domain 2, the smooth-
ness of the target function s and the parameter v, which couples the re-
finement parameter p to the overlap parameter v, see (4.3.5). Hence, our
numerical tests should cover different values for v and s on several domains.
Furthermore, to obtain as good of an estimate on C as possible it is impor-
tant to choose settings that yield approximations as close to the theoretical
bound C(Cyp*)* as possible.

In the following we focus on one-dimensional domains, i.e., 2 is an
interval, since those will be the main examples for the numerical tests done
in Section 7.3. Furthermore, we use target functions fs : 2 — R given by
f(x) = |z — 20]|*"%4, where zq is an offset chosen such that the kink is the
midpoint of the interval. We can control the smoothness of fs with the
parameter s € N. We see that fs € H*(Q) and f ¢ H*"(Q). To each of the
values of s we pick a reproducing kernel of the corresponding Sobolev Hilbert
space H*(R), to be more precise we choose the parameter k in the definition
of the Wendland functions ®4 j,, defined in Definition 2.2.18, to be k = s — 1.
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For a given refinement parameter p we construct the sets of sites X; C Q
as equidistant grids su;h that, for level 0 < i < L, the cardinality of X; is
given as #X; = HT+ .

4.4.1. Q= [-1,1]. We start by looking at the domain = [-1,1] and
test two refinement parameter, y = 0.4 and p = 0.5. The first choice leads to
a tripling where the second one leads to a doubling of the number of points
per level. To keep this section brief we provide here only the values of the
estimated multilevel constant C¢*'. The corresponding errors can be found
in Appendix A.l.

In Tables 2 to 4 we fix p = 0.4 and vary the parameter k£ = 1,2, 3 in the
Wendland function @1, and hence the smoothness of the target function.
In each of the Tables 2 to 4 we give a selection of values of the parameter ~,
which couples the overlap parameter v to the refinement parameter pu.

Similarly, we fix for Tables 5 to 7 the refinement parameter to be = 0.5
and again vary k and ~.

Taking a closer look at each of the tables we can see the dependencies
of C¢t on the parameters v and k. First, we see that in most rows of most
tables the value of the estimated multilevel constant decreases with growing
~v. We attribute the occuring exceptions to numerical artifacts we can not
explain. To check if this decrease is indeed with the right speed we would
have to conduct more thorough simulations. We limit ourselves to values of
~v between 1.5 and 4, since these values are used in applications and follow
[91].

Second, comparing the same entries in Tables 2 to 4 or in Tables 5 to 7
we can see the dependence on the smoothness. It is does not matter that we
approximate different functions since the constant C¢%! is independent of the
target function.

Third, comparing the entries in Table 2 with those in Table 5, and
similarly those in Table 3 with Table 6 and Table 4 with Table 7, we see
that the estimated multilevel constant C¢5! exhibits a dependence on the
refinement parameter p, however it is less than an order of magnitude going
from pu = 0.4 to u = 0.5.

And finally, we remark on the magnitude of C¢*'. We started this section
with the observation that a large value of C; can potentially spoil the con-
vergence of the multilevel method or forces us to use a very small refinement
parameter p. However, all of the estimated values in Tables 2 to 7 suggest
that C} is reasonably small. We even see that in Tables 2 and 5 C¢* < 1
which would lead to a speed up in the convergence of the method.

4.4.2. Q =[0,1]. We now consider the domain = [0, 1]. Partly, because
we will use this interval later in this text and partly because we want to test
how much the estimated multilevel constant C{*' depends on the domain.
Again, we provide the error tables separately in Appendix A.2.

We give the tables for the C¢*! for u = 0.4 in Tables 8 to 10 and for
u = 0.5 in Tables 11 to 13, where we again use k = 1,2,3 for each table
respectively and vary in each table the parameter ~.

Comparing the respective tables for Q = [—1,1] and 2 = [0, 1] we can see

the influence of the domain on the estimated multilevel constant and then
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Constant C¢

level v=1.5

=2

v=2.5

v=3

v=3.5

v=4

0.31607
0.95800
0.65534
0.62960
0.62923
0.62779
0.62748
0.62717
0.60645
10 0.20988

0~ O Uik W

Ne)

0.32947
0.58130
0.57147
0.55811
0.55711
0.55705
0.55706
0.55685
0.53746
0.26422

0.23046
0.54252
0.51464
0.50894
0.50835
0.50817
0.50812
0.50791
0.48984
0.24527

0.18635
0.49704
0.47583
0.47424
0.47418
0.47452
0.47484
0.47505
0.46070
0.29639

0.15303
0.48660
0.46317
0.46142
0.46262
0.46337
0.46421
0.46520
0.45721
0.38110

0.13762
0.43240
0.44478
0.44817
0.44779
0.45011
0.45207
0.45569
0.46031
0.50423

TABLE 2. Table of C¢ with Q = [-1,1], p

=04 and k£ = 1.

Constant C§s!

level v=1.5

v=2

v=2.5

=3

v=3.5

v=4

0.82799
5.68928
1.92980
217771
2.11381
2.12176
2.12110
2.12081
2.04177
10 0.26095

0 3 O UL W

Ne}

1.63520
2.08084
1.80891
1.81606
1.81312
1.81196
1.81155
1.81071
1.75246
0.91406

1.52119
1.55917
1.57349
1.58209
1.58387
1.58421
1.58427
1.58366
1.53297
0.92893

1.16660
1.30715
1.37658
1.38714
1.38871
1.38885
1.38882
1.38821
1.34048
0.80302

0.85756
1.22586
1.24928
1.25858
1.25999
1.26016
1.26016
1.25959
1.21471
0.72147

0.68003
1.13442
1.15059
1.15707
1.15758
1.15747
1.15738
1.15682
1.11519
0.67056

TABLE 3. Table of C¢! with Q = [—1,1], p

=04 and k = 2.

Constant Cf5

level v=1.5

v=2

v=2.5

v=3

v=3.5

=4

2.26544
7.83229
5.78067
4.45609
4.06979
3.95914
3.91723
3.90170
3.89133
10 3.88397

0 ~J O ULk W -

Ne)

2.48169
8.72575
3.46119
3.51350
3.27020
3.29986
3.27702
3.28426
3.28456
3.28690

3.87432
4.75761
2.92972
3.02509
2.96055
2.96274
2.95957
2.95929
2.95908
2.95904

4.43881
3.44157
2.77065
2.76465
2.74283
2.73522
2.73194
2.73048
2.72981
2.72949

4.28929
2.98691
2.60023
2.55332
2.54067
2.53661
2.53525
2.53478
2.53460
2.53453

3.76967
2.75450
2.42737
2.35799
2.34963
2.34830
2.34825
2.34840
2.34853
2.34861

TABLE 4. Table of C%°" with Q@ = [—1,1], p = 0.4 and k = 3.
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Constant C¢

—
@
<
@
—

vy=1.5

=2

v=2.5

v=3

v=3.5

v=4

0.22279
2.29454
0.79579
0.83834
0.79146
0.79081
0.78879
0.78870
0.78868
10 0.78873

0~ O Uik W

Ne)

0.34330
1.10363
0.76777
0.71410
0.70560
0.70187
0.70163
0.70092
0.70119
0.70101

0.39828
0.78488
0.64880
0.63988
0.64169
0.64063
0.64120
0.64135
0.64145
0.64150

0.30307
0.72231
0.62576
0.61081
0.61404
0.61406
0.61270
0.61322
0.61243
0.61282

0.26954
0.64636
0.63196
0.60489
0.61107
0.60853
0.60898
0.60986
0.61050
0.61102

0.29154
0.46929
0.66408
0.61174
0.59566
0.59918
0.60103
0.59971
0.60109
0.60135

TABLE 5. Table of C¢ with Q = [-1,1], p

=0.5and k£ =1.

Constant C§s!

—
[¢)
<
)
—

vy=1.5

v=2

v=2.5

=3

v=3.5

v=4

0.93686
3.86615
2.13099
1.97838
1.79629
1.80196
1.77513
1.77863
1.77427
10 1.77535

0 3 O UL W

Ne}

0.94794
3.50889
1.49701
1.58321
1.52290
1.52998
1.52780
1.52851
1.52865
1.52881

1.36523
1.91807
1.39912
1.40092
1.39165
1.38873
1.38729
1.38658
1.38623
1.38606

1.37125
1.52262
1.30027
1.27868
1.27627
1.27559
1.27530
1.27518
1.27511
1.27508

1.14448
1.37418
1.20697
1.17609
1.17535
1.17566
1.17571
1.17567
1.17564
1.17561

0.91606
1.28471
1.13139
1.10645
1.10492
1.10383
1.10317
1.10276
1.10255
1.10243

TABLE 6. Table of C¢! with Q = [—1,1], p

=0.5and k = 2.

Constant Cf5

level v=1.5

v=2

v=2.5

v=3

v=3.5

=4

2.26544
7.83229
5.78067
4.45609
4.06979
3.95914
3.91723
3.90170
3.89133
10 3.88397

0 ~J O ULk W -

Ne)

2.48169
8.72575
3.46119
3.51350
3.27020
3.29986
3.27702
3.28426
3.28456
3.28690

3.87432
4.75761
2.92972
3.02509
2.96055
2.96274
2.95957
2.95929
2.95908
2.95904

4.43881
3.44157
2.77065
2.76465
2.74283
2.73522
2.73194
2.73048
2.72981
2.72949

4.28929
2.98691
2.60023
2.55332
2.54067
2.53661
2.53525
2.53478
2.53460
2.53453

3.76967
2.75450
2.42737
2.35799
2.34963
2.34830
2.34825
2.34840
2.34853
2.34861

TABLE 7. Table of C¢% with Q = [-1,1], p = 0.5 and k = 3.
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make assumptions for the constant Cy. Clearly, we see that there is only a
slight influence of the domain, since halving the length of the interval leads
to less than halving of C¢*t. However, we do not expect to be able to derive
any analytical connection other than the one in (4.3.8).

We conclude from the results discussed in this section that even choices
of 0.5 < p < 1 are numerically justifiable.

4.5. Adaptive Versions of the Multilevel Method

We now briefly introduce two variations of the multilevel method, taken
from [92]. We focus on the case where the local approximation operators
Z; are interpolation operators although it is also possible to use the ideas
presented here for the penalized least-squares approximation.

The first version we want to investigate was first used in [35] in the
context of spheres and can be understood as a data compression scheme.

The main idea is that on each level ¢ € N we discard all coefficients a,(:) of
the local interpolation

N; )
S; — Zag)q),( — wi,k)
k=1

whose absolute value is less than a given level-dependent threshold ¢; € R.
That means, in particular, that we have to compute these coefficients first.
Hence, we do not reduce any computational cost, only the cost for storing the
coefficients is lower since we discard those with small absolute value. Further-
more, potential evaluations of the global approximation fr = s;+---+sp, can
be significantly cheaper. Since the discarding of the unnecessary coeflicients
is done during each level this method is named discarding dynamically. We
give the formal algorithm in Algorithm 2.

Algorithm 2: Multilevel approximation with dynamical discarding
Data: Number of levels L, right-hand side f, thresholds ¢;
Result: Approximate solution fL eVp=Wi+---+W
Set fo=0,¢0 = f;
fori=1,2,...,L do

Determine a local interpolant s; € W; to €;_1 on X;;

Drop all coefficients |a,(j)| < g; to define s;;
Set fi = fi—1 + si;
Set g@ = %71 — gi;

end

Clearly, we cannot expect the global approximation fL to be an inter-
polant to f in the centers X. However, it is still possible to show convergence
if the thresholds ¢; are chosen in a specific way. The proof of the next theorem,
which we quote from [92, Theorem 11], is similar to those in Section 4.3. For
details we refer to [35].

Theorem 4.5.1. With the notation and assumptions of Theorem 4.3.2 let
€ > 0 be given. Fori € N let ; > 0 such that e; < 055? holds with a constant
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Constant C¢

—
@
<
@
—

vy=1.5

y=2 =25 v=3

v=3.5

v=4

0.18267
0.46695
0.47645
0.47135
0.47671
0.47042
0.47844
0.46913
0.46265
10 0.20057

0~ O Uik W

Ne)

0.11634 0.08871 0.07532
0.45887 0.44441 0.42353
0.45255 0.44859 0.44910
0.43988 0.42583 0.41590
0.45508 0.46042 0.47035
0.43478 0.41858 0.41115
0.46522 0.48514 0.50647
0.42831 0.40816 0.40034
0.47031 0.51618 0.55219
0.19736 0.20151 0.19976

0.05430
0.42907
0.46948
0.39829
0.49797
0.38654
0.56504
0.37095
0.64077
0.19048

0.05973
0.41261
0.44107
0.39123
0.49390
0.37682
0.57141
0.36109
0.66191
0.18353

TABLE 8. Table of C¢5! with Q =[0,1], u = 0.4 and k = 1.

Constant C§s!

—
[¢)
<
)
—

vy=1.5

Yy=2 =25 v=3

v=3.5

v=4

1.02056
1.30313
1.37591
1.38703
1.38869
1.38885
1.38882
1.38821
1.34048
10 0.80302

0 3 O UL W

Ne}

0.59261 0.42169 0.29271
1.12281 0.93785 0.86576
1.14995 0.99473 0.88906
1.15695 1.00137 0.89424
1.15756 1.00230 0.89542
1.15747 1.00239 0.89559
1.15738 1.00238 0.89562
1.15682 1.00189 0.89518
1.11519 0.96440 0.86089
0.67056 0.57374 0.51060

0.24651
0.77084
0.80929
0.81778
0.81889
0.81895
0.81896
0.81854
0.78668
0.47695

0.18069
0.73705
0.76183
0.76471
0.76497
0.76468
0.76465
0.76420
0.73435
0.50754

TABLE 9. Table of C¢*! with Q = [0,1], u = 0.4 and k = 2.

Constant Cf5

level v=1.5

y=2 =25 v=3

v=3.5

=4

5.17231
4.42539
4.55747
4.58447
4.58956
4.59063
4.59085
4.58911
4.44359
10 2.83234

0 ~J O ULk W -

Ne)

3.10048 1.94825 1.36621
3.35325  2.78487 2.34507
3.55093 291917 2.46844
3.57766 2.93735 2.48278
3.58171 2.94010 2.48436
3.58231 2.94052 2.48442
3.58237 2.94056 2.48435
3.58068 2.93903 2.48292
3.44865 2.82131 2.37720
2.12802 1.70690 1.42198

0.97020
2.05810
2.14527
2.15452
2.15522
2.15511
2.15500
2.15370
2.05975
2.18957

0.76782
1.80285
1.89765
1.90677
1.90731
1.90714
1.90702
1.90592
1.84432
7.56504

TABLE 10. Table of C¢ with Q = [0, 1], = 0.4 and k = 3.
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Constant C¢

—
@
<
@
—

vy=1.5

=2

v=2.5

v=3

v=3.5

v=4

0.30307
0.72231
0.62576
0.61081
0.61404
0.61406
0.61270
0.61322
0.61243
10 0.61282

0~ O Uik W

Ne)

0.29154
0.46929
0.66408
0.61174
0.59566
0.59918
0.60103
0.59971
0.60109
0.60135

0.21912
0.60096
0.62556
0.58110
0.59461
0.59823
0.59942
0.59918
0.60136
0.60218

0.16619
0.66218
0.48702
0.63628
0.59785
0.59551
0.59982
0.60015
0.60355
0.60645

0.14380
0.50144
0.70708
0.55657
0.56521
0.59465
0.59560
0.60193
0.60693
0.61278

0.13096
0.52124
0.49862
0.66738
0.58586
0.58734
0.60164
0.61039
0.61664
0.62447

TABLE 11. Table of C¢! with Q = [0, 1],

uw=0.5and k =1.

Constant C§s!

—
[¢)
<
)
—

vy=1.5

v=2

v=2.5

=3

v=3.5

v=4

1.37125
1.52262
1.30027
1.27868
1.27627
1.27559
1.27530
1.27518
1.27511
10 1.27508

0 3 O UL W

Ne}

0.91606
1.28471
1.13139
1.10645
1.10492
1.10383
1.10317
1.10276
1.10255
1.10243

0.71151
1.18565
0.98395
1.00642
1.00652
1.00565
1.00504
1.00466
1.00446
1.00435

0.59491
0.99618
0.98509
0.94166
0.93744
0.93620
0.93557
0.93515
0.93492
0.93479

0.48975
1.07347
0.87005
0.88644
0.89111
0.89105
0.89070
0.89047
0.89033
0.89025

0.40856
1.06061
0.86797
0.86079
0.85664
0.85535
0.85476
0.85448
0.85433
0.85421

TABLE 12. Table of C¢*¢ with Q = [0, 1],

pn=0.5and k= 2.

Constant Cf5

level v=1.5

v=2

v=2.5

v=3

v=3.5

=4

4.43881
3.44157
2.77065
2.76465
2.74283
2.73522
2.73194
2.73048
2.72981
10 2.72949

0 ~J O ULk W -

Ne)

3.76967
2.75450
2.42737
2.35799
2.34963
2.34830
2.34825
2.34840
2.34853
2.34861

2.71233
2.40305
2.12771
2.05424
2.04634
2.04341
2.04227
2.04178
2.04156
2.04146

2.08448
2.24953
1.86877
1.84096
1.83343
1.83065
1.82954
1.82908
1.82888
1.82879

1.70679
1.97158
1.74893
1.68030
1.66832
1.66477
1.66332
1.66268
1.66238
1.66224

1.44576
1.83393
1.60265
1.54839
1.54206
1.53859
1.53714
1.53651
1.53622
1.53608

TABLE 13. Table of C¢ with Q = [0, 1], = 0.5 and k = 3.
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¢ > 0. Then there is a constant C' > 0 such that, with « = Cy(u” +v~7), the
estimate

"gi"¢i+1 < aHféZ’—lHq)z‘ + Ce

holds for i € N.
Let f1, denote the approrimant from Algorithm 2. Then there exists a
constant C > 0 such that

1—ab

l1—a

If = frllza@) < Ca||fllgo(q) + Ce

holds for all L € N.

The second version we discuss is a truly adaptive one, again taken from
[92]. It checks if the absolute value of the residual on level i evaluated on
the points of the upcoming level X;;; is larger than a given threshold. Only
these points will be used for the local interpolation problem on level ¢ + 1.

We now go into more detail. We deal with two point sets. First, we
assume that the family of sets of sites (X;);en are given and satisfy the usual
assumptions for the multilevel method, i.e., there is a uniform refinement
parameter p € (0,1) such that cuh; < hipq < ph; with a constant ¢ € (0, 1].
The other parameters of the multilevel method, in particular the overlap
parameter v and therefore also the scaling parameter §;, are all fixed relative
to these sets. The second family of sets are the adaptive point sets which are
actually used for the local interpolation. We denote these sets by (&X;)ien.
We now discuss the general approach which is given in Algorithm 3. After
computing the local interpolant s; on X; to e;_1 we check the error e; =
e;—1 — s; on the upcoming point set X; 1. However, instead of interpolating
e; on all of X; 1 we use only those points of X; 1 in which e; has an absolute
value larger than a given level-dependent threshold g; > 0. These points
define the adaptive set of sites X1 on level ¢ 4 1. Clearly, for all ¢ € N we
have the inclusion X; C X;. However, even if the original sets of sites (X;) are
nested we can not expect the adaptive point sets (A;) to satisfy A; C Xy,
1€ N.

An error analysis of the adaptive method in this setting is problematic
since the techniques of Section 4.3 require us to control ||e;l|s. (x,). However,
we only know that

61(93) = 67;_1(1') — IXi,‘I’i (ei_l)(m) =0, xedi,

and we have no information about e; on X; \ X;.

A way to remedy this situation is to create another loop in which we
check e; on X; and add those  to X; for which |e;(x)]| is still too large.
We then compute the new local interpolant and residual using this new A;
[92]. This way we can potentially control the residual e; on the whole set of
sites X;, which potentially enables us to derive a convergence result. A more
thourough exploration of this idea has to be done in the future.
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Algorithm 3: Adaptive multilevel approximation
Data: Number of levels L, right-hand side f, thresholds ¢;, point
sets X1,..., X
Result: Approximate solution fr, € Vi, = Wy +---+ W,
Set fo =0,e0 = f, &1 = Xy;
fori=1,2,...,L do
Determine a local interpolant s; = Ix, o,(€i—1) € W;;
Set fi = fi—1 + si;
Set e; = e;_1 — 83
for x € X;;; do
if |e;j(x)| > &; then
| X =X U{x}
end

end
end

4.6. Multilevel Method Using Lagrange Functions

In Section 4.2 we introduced the multilevel operator Ay, : H*(2) — V,
in its residual correction representation

L
AL(f) =) Tileir), fe€H(Q),
i=1

where the Z; : H*(2) — W; are the local approximation operators of level i
applied to the residuals of the preceding level. For the later application in
Chapter 7 however, we need a better understanding of the operator Ay, in
general and how it depends on the target function f in particular. This is the
goal of this section. First, we derive a different representation, eliminating
the residuals of the representation of A;. And then, we show one possible
way to deal with the downside of this representation using the localized
Lagrange functions of Section 3.3.

4.6.1. A Different Representation. We first derive a general, new
view on the multilevel method. First, we introduce a special kind of set of
integers.

Definition 4.6.1. We call a finite set u = {uq,...,ug,} C N an ordered
set if up < ug < -+ - < Uy

With this we can define a special combination of operators.

Definition 4.6.2. Let V be a linear space and L € N. Let W1,... Wy, CV
be subspaces. For 1 < ¢ < L let Z; : V — W; be given operators. Let

u={u,...,ux} C{1,..., L} be an ordered set. Then the combined operator
L,:V = Wy, is defined by

(4.6.1) Ty =Ty Tu,_,TLu,.-

k—1 "

We note that is crucial that the elements of u in the definition of 7,
are ordered since the operators Z; usually do not commute. Additionally,
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we stress that in the definition of Z,, we first apply the operator with the
smallest index then the one with next bigger index and so on.

We can now express the multilevel operator A; with the help of the
combined operators.

Theorem 4.6.3. Let Q C R"™ be a domain, let s > n/2 and let L € N. Let
Wi,...,Wr, be the local and Vi, = Wi+ - -+ Wy, be the global approzimation
spaces defined in Definition 4.1.1. For 1 < i < L let Z; : H*(Q2) — W; be
the local approzimation operator. Let w = {uy,...,ux} C {1,...,L} be an
ordered set. Let I, : H*(Q2) — W, be the combined operator defined in
Definition 4.6.2. Then the multilevel operator Ap : H*(Q2) — Vi, has the
general representation

L

(4.6.2) A = Z (—1)#tlT, = Z(_l)i-‘rl Z T,
uc{l,..., L} i=1 uC{l,..,L}
1<#u<L St

PRrROOF. We recall that we denote the identity operator by ¢. The def-
inition of the residual e; in level i, see (4.2.2), yields the recursion e; =
(t — Z;)e;—1. This means that the identity

er, — (L —IL)(L _IL—l) s ((, —Zl)f

holds, since we set e¢g = f. By induction we see that we can express the
operator on the right-hand side as

(C—Z)e—Tp1) - (—T) =1+ > (-1)*Z,
uC{1,...,.L}
u£0
Finally, together with the identity Ar(f) = fr = f — er, this yields the
stated representation. O

This general representation allows us now to derive specific representa-
tions for the multilevel approximation operator for both, the interpolation
and the penalized least-squares approximation. We use the general setup of
the kernel-based multilevel method in Section 4.2.

We start by investigating interpolation. Following the ideas of Section 3.1
we can express the local approximation operator Z;, ¢+ € N, as

N;
(4.6.3) (f) = f@ip)xip: [ E€H(Q),s>n/2,
k=1

where for each ¢ and 1 < k& < N; the function x; 1 € W; denotes the Lagrange
function anchored in x;; € Xj, i.e., x; satisfies the Lagrange condition
Xi,k(mi,m) = 5km7 1< k:)m < Nz

Using this representation in (4.6.2) yields the following result.

Theorem 4.6.4. Let Q C R"” be a bounded domain. Fori € N let X; C Q) be a
quasi-uniform set of sites with fill distance h;. Assume that cpuh; < hiy1 < ph;
holds for i € N with fized constants pn € (0,1), c € (0,1]. Let @ : R" — R be
a reproducing kernel of H*(R™), s > n/2, i.e., the Fourier transform of ®
satisfies (2.2.2). Let ®; = 6, "®(-/6;) be the rescaled kernel where the scaling
parameter §; is coupled to h; according to (2.4.6). For every 1 < k < N; let
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Xik € Wi :=span{®;(- —x) : = € X;} be the Lagrange function anchored
in ik as in (3.1.2). Let Z; : H*(2) — W; be the local interpolation operator
of the form (4.6.3). Let u = {u1,...,uy,} be an ordered set. Then, using the
notation k = (k1,...,kyy)T € N¥* and Ny = (Nyy, ..., Nygy)T € N#, the
combined operator I,, : H*(Q) — Wy, has the representation

Iu(f) = Z a(uv k)f(mul,h)Xu#u,k#u,

k<N,
where the coefficients are given by a(u,k) =1 if #u =1 and

#Hu—1
(u k H Xum7km(wum+lakm+l)
m=1
if #u > 1.
Moreover, the multilevel interpolation operator Ar, : H*(2) — Vi, has the
representation

(4.6.4) A= D D (1P k) f (B k) Xk

uC{1,. L} k<N,
I<#u<L

PRroOOF. We want to use the second identity of the general representation
of A, from (4.6.2). Hence, we fix an ordered set u = {uq,...,u;} with #u =14
and derive for the combined operator Z,

Iuf =Ly 1Iof

Nu,
=1Ly, Iz Z f(wul,lﬂ )thkl
k1=1
Nuy Nuy
=Zy;---13 Z Z Xui,k1 (mUQ,kQ)f(xul,kl)XUQ:kQ
ko=1k1=1
Ny, Nuy
= Z Z Xwi—1,ki— (@ k) - "XU1J€1(mU2,k2)f($U1,k1)XUi,ki
bug=1  ki=1

Z H Xt ko, :Uum+1, m+1) f(muhh)xuz‘,ki‘

k<N, Lm=1

Inserting this into (4.6.2) and some easy manipulation gives the representation
for the multilevel operator. O

At first glance it seems strange that only the function values f(x,, k,)
appear in the representation of Ay in (4.6.4). These are the function values
of points of the coarsest point set X,,. However, in (4.6.3) we sum over all
possible ordered sets u C {1,..., L} and therefore, one specific u is {L}, the
last level with the associated finest point set X . Hence, we indeed use point
data from every level.

We get a similar result for penalized least-squares approximation. To find
a representation for the multilevel approximation operator like the one in
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Theorem 4.6.4, we have to replace the Lagrange function y; » by the modified
Lagrange functions XZL;f . We recall their point-wise definition, (3.1.21), to be

Xin(@) =ri(@)" (M + NI)er, TeQ1<k<N,

where ri(z) = (P;i(x, x; 1), . .. ,(I)i($,$i7Ni))T e RN:,
This, together with the representation (4.6.2), gives the following result.

Corollary 4.6.5. With the assumptions and notation of Theorem 4.6.4,
where we replace the full Lagrange functions x; i with the modified Lagrange
functions X”f defined in Definition 3.1.11 and use the local approximation
operator at level i

N;
= fl@ipxti, feH(Q).

k=1

The multilevel penalized least-squares operator Ar, : H*(Q2) — Vi has the
representation (4.6.4), where we replace the full Lagrange functions with the
modified Lagrange functions.

Although Theorem 4.6.4 and Corollary 4.6.5 provide a valid alternative
representation of the multilevel operator Ay, and they are essential for
some results in Chapter 7, we stress that using them should be avoided
unless it is absolutely necessary. Even though all major computations for
the approximation with this representation can be done beforehand, as
soon as the point sets X1,..., X are fixed, numerical tests show that point
evaluations of the approximation Ar(f) to f are very expensive. We can
identify two reasons. On the one hand in (4.6.4) we have to sum over all
ordered sets u C {1,..., L} and on the other hand, for every point-evaluation
of Ar(f), we have to evaluate every x; 5, 1 <i < L, 1 <k < N;, since the
Lagrange functions have global support.

In the next subsection we will replace the full with the localized Lagrange
functions derived in Section 3.3 to deal with the second downside described
above.

4.6.2. Convergence of the Multilevel Method using Localized
Lagrange Functions. We already discussed at the end of Chapter 3 the
possibility to use the localized Lagrange functions in the approximation
operator defined in Definition 3.3.5. We recall that the defining identity is
given by

N
T°(f) = ) o)X
k=1

Similar to the discussion at the end of Section 2.4 we can not expect con-
vergence of T!°°(f) towards f if N — oco. However, we can, similar to the
ideas presented in Section 4.2 use these local approximation operators in the
residual correction scheme, i.e., we set fo = 0 and eé"c = f and on the i-th
level we have

loc Iloc( loc )
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and we update

(4.6.5) fi=soe 4.4 Séoc

(4.6.6) eloe = f — <8l1°c I Séoc) '
Again, we define the corresponding multilevel operator.

Definition 4.6.6. Let Q C R" be a bounded domain. For i € N let X; =
{zi1,...,ziN} CQ be a quasi-uniform set of sites with fill distance h;. Let
O : R™ — R be a compactly supported reproducing kernel of H*(R™), s > n/2,
i.e., the Fourier transform of ® satisfies (2.2.2). Fori € N let ®; = 6, "®(-/6;)
be the rescaled kernel where the scaling parameter §; is coupled to h; as in
(2.4.6). For every 1 < k < Nj let Xﬁ?ﬁ € W; be the localized Lagrange function
anchored in x; j, defined as in (3.3.1) with general footprint X; . (x; ) as in
(3.2.2) and level-dependent cut-off radius r; > 0. Let T°¢ : H*(Q) — W; be
the local approzimation operators defined in Definition 3.3.5.

Then we define the local Lagrange multilevel operator Q¢ : H*(Q) — V7,

by

L
o) = Yoo (el
=1

We remark that we have to use a set of localized Lagrange functions for
every level. Clearly, we can also use Theorem 4.6.4 to obtain an equivalent
definition of the local Lagrange multilevel operator.

Also, we do not expect that the operators Ifoc, 1 < ¢ < L, or the
operator QZI?C to be interpolation operators. However, we can still prove
convergence of local Lagrange multilevel method, for the level-dependent
footprints X, ,)(Tix), 1 <i < L, 1 <k < Nj, if we choose ¢; sufficiently
small. But we can not employ the techniques we used in the proofs of
Section 4.3 because we can not use estimates of the form (2.3.11).

For the following proof we need an equivalent formulation of the algebraic
decay of the Fourier decay of the chosen kernel function (2.2.2). The proof
of the lemma is straight-forward, see, e.g., [92].

Lemma 4.6.7. Let ® : R™ — R be a reproducing kernel of H*(R™), s > n/2.

Then its Fourier transform d satisfies (2.2.2) with constants c1,co > 0 if and
only if it satisfies

(4.6.7) al+lgl3) 7 <eE) <@+ g3 geRr
with constants ¢ = ¢127% and ¢y = co.

That also means that, if we assume that the Fourier decay of the kernel
& satisfies (4.6.7), the norm equivalence (2.4.2) between the Sobolev space
H*(R™) and the native space Ng, of the rescaled kernel ®5 = 6~ "®(-/J)
holds with constants ¢; and ¢s.

We are now in the position to state the convergence theorem for the
multilevel method using localized Lagrange functions.

Theorem 4.6.8. Let Q C R"” be a bounded Lipschitz domain. For i € N let
Xi=A{xi1,...,zin,} CQ be a quasi-uniform set of sites with fill distance
h; and separation radius q;. Assume that cuh; < hiy1 < ph; holds for all
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i € N with fized constants p € (0,1), ¢ € (0,1] and hy sufficiently small such
that g1 < 1. Let & : R™ — R be a compactly supported reproducing kernel of
H*(R™), s > n/2, i.e., the Fourier transform of ® satisfies (4.6.7). Fori € N
let ®; =6, "®(-/5;) be the rescaled kernel where the scaling parameter 6; is
coupled to h; as in (2.4.6). Assume that the overlap parameter v satisfies
h% > v. Assume that there is a constant v > 0 such that p is coupled to v
according to (4.3.5).

Fori € N and for every 1 < k < N; let Xloc € W; be the localized Lagrange
function anchored in ;) defined as in (3.3.1) with footprint X; (., (xi k)
as in (3.2.2) and cut-off radius r(g;) > 0 and ; > 0. For target a function
f € H5(Q) let ey = f and the residual of level i € N be given by €l =

loc Iloc( iocl)‘

(2
If €; 1s chosen small enough such that

2n
(4.6.8) c(Q, @, n)ng log <q€ > g CyE<1
(3 KA
then the recursion estimate
(46.9) 1B ]lay,, < a'l| el o,

holds for all i € N with
c . Cioclus’
where C1°¢ = C(Q, ®,n, s,7) > 0 is a constant.

PROOF. Similar to the proof of Theorem 4.3.2 we split ||Eel*®|p,,, into
two separate parts. However, here, we follow the approach of [92]. We have
with the norm equivalence, which follows from (4.6.7),

(4.6.10)
ocC OC 1
1By, < 5 [ IBHOF (1+ Gual€l)™) de = £ (1 + ),
with

L= [ B@P dg and 1= 8%, [ BRI

We start with bounding I;. With Plancharel’s theorem and the properties
of the extension operator, Theorem 2.1.7, we have

h= [ B d = Bl
< O3l | agey = G — T () aco

We introduce the interpolation operator Ix, ¢, which uses the full Lagrange
functions, and obtain

I < Chlley — To(el*) )
(4.6.11)
2
< G (el — T, (€12 oty + Ix, 0, (€12) = T ooy
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We bound the two norms in the bracket of (4.6.11) separately. For the
first term we have, with the sampling inequality (2.3.11), since Ix, o, (€;* loc 1)
interpolates €/, on X;, and (2.4.2), the estimate

162~ L)ty < A ey < c(09) () el
< o, 8)v %€l g, -
To bound the second norm in the bracket in (4.6.11) we use that
IX“@ ( loc ) — IX“@ (Eeloc ) and IZZOC( loc ) IlOC(EelOC )

since both approximation processes only use X; C (). This yields

1x,2,(e1%7) = Ti(ei?) a0 = I1x,0, (Bei?y) — Ti(Eei)) | o)

i 1
Z Eel®) () Xik — Z Bl (i 1) X\%
k=1 k=1

La(2)
(4.6.12)

< | B 1o X)Z ik — Xi% N Lo

To bound this further we see that the estimate
1B lewx) < 1B L0 ) < (2, 9) B (0
(4.6.13) < c(Q,®,5)5; || Eel ||s,

holds.
Using (4.6.13) in (4.6.12) leads to

0, (e129) = Ziel) o) < 1Bl xiy D ik = X%l o)
k=1

c(Q, ®, 5)67%|| Bl o, Z ik = Xi% L)
This yields for Iy

2
1< O (16125~ T, () o + 1,0, (629) T )

2
0(9@78)( S0 ZHXHC_Xz ||L2(Q)> 1Eei 13,
N; 2
(2, @, s) <1+h > ik = X%l o > T Bei |3,
k=1

N; 2
<d@@&w<HWﬁ§:Mm—ﬁﬂhm> W2 Bl |3,
k=1
(4.6.14)

< o(Q, @, 5,7)0 (| B |13,
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where we have used that p is coupled to v according to (4.3.5). To arrive at
(4.6.14) we used that we have, with (3.3.10),

i 2n
s oc &g _2s
S ik — Xy < C(@, Q. n)hy *Ni S5 [log (q‘ ) N
k=1 z i
£ 2n _n_sg,
C((I) Q n) 10g< > q 2 \/57
" qa
<1,

since we assumed that X is quasi-uniform, that €; is chosen such that (4.6.8)
holds and g, —n/2- q_n/2_4s, since ¢; < 1.

— 17
Using similar ideas for I leads to

B [ B @PIEE i€ < o [ 1B @Pa+ el
= 0 Bl ey < CROEANEX e ()
(4.6.15)
< CRo2y (Nl = Tx, o, (el2) oo+
2
s, (62) = T2 vy )

Again, we bound the two norms in (4.6.15) separately. The first norm can
be estimated as in (4.3.2). We have

el = Iy, (el 1150 < c(2,®,5)20; || Bely o,

To bound the second norm we use the same ideas that led to (4.6.13), using
(4.6.12). We have

Hx, 0. (e1%%) = Z(ei?) | ms () <

< O(®,9,5)6; || B ||a, Z ik = xi% s (@)
Putting these two estimates back into (4.6.15) yields the bound for I
I < Ca%y (1ol = T, (610l ooy +

loc loc( loc 2
1 x, (e1%5) = Tl o0 )

2
51' S i S 7 e
<ot (e(ﬂ,cb,s)( ) o) (5 rxz»,k—xé,kum)) ~
(2 Z k‘zl

B 3,

N; 2
<O, 2,s) (1 + > ik — Xf;?;fHHS(Q)) 1% || Bel ||,
k=1
(4.6.16)

< C(Q, D, 5)u> || Bel,|[3,.
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Again, we used that we can bound

i loc e'l E; m 4s
Z Ixik — Xi%kll o) < C(Q, ®,n, ) Nj—— |log <n> ZVE
k=1 i %
e &\ |*" 4
<C(Q,,n, S)nﬁ log P q; VEi
(3 1
<1,

since we assumed that X; is quasi-uniform and with the help of (3.3.10) and
our choice of ¢; such that (4.6.8) holds.

Putting the bound on I, (4.6.14), and the bound on I, (4.6.16), back
into (4.6.10) yields the claim with a constant C1°¢ := C(, ®,n,s,7) > 0. O

Clearly, we need to discuss this result in greater detail. We see that the
recursion estimate (4.6.9) has the same form as the one in Theorem 4.3.4,
only with a different constant Ci°¢. Again, this will allow us to show the
convergence of the local Lagrange multilevel method. In order for the recursion
estimate to hold, we have to choose ¢; for every ¢ € N small enough. On first
sight, that is a restriction. However, recalling Lemma 3.3.4, there is already
an upper bound for ¢; such that {Xé?ﬁ}lgkg N, is a stable basis of W;. It reads

2n n

as
E; - _92s5s—J
1og(q;> g T E <,
7

with a free J > n. Comparing this to (4.6.8) we see that these are the same
conditions for ¢; if J = 2s > n, since s > n/2. Hence, (4.6.8) does not
seem to be a restriction at all, since we want to work with a stable basis
(X% h<ken, © Wi anyway.

To end this chapter, we use Theorem 4.6.8 to obtain the analogue to
Theorem 4.3.4 for the local Lagrange multilevel method.

n
Co
T]n

Corollary 4.6.9. With the assumptions and notation of Theorem 4.6.8 there
is a constant C' > 0 such that the estimate

L
(46.17) I~ Qe < € () 110
holds for all L € N. Thus, Q'°(f) converges linearly to f if a!°¢ < 1.

The idea to use the localized Lagrange functions in the multilevel scheme
came to mind when we studied the alternative representation of the multilevel
operator in Section 4.6.1. Numerically, there is no advantage using this new
representation compared to the standard one in Section 4.2. However, in
our application in Chapter 7, it is necessary to use Lagrange functions.
Unfortunately, numerical tests show that this new representation is much
more costly. Although further research has to be done, we hope that the
local Lagrange functions will help in reducing the costs.



CHAPTER 5

Tensor Products

We give now an introduction into tensor products, an essential tool for
the rest of this thesis. This introduction is, in parts, more thorough than
necessary, however it provides a solid, theoretical basis for the applications
in Chapters 6 and 7. The groundwork provided here is mainly a synthesis of
[42], on the one hand, and [58], [76] on the other hand.

The chapter is organized as follows. In Section 5.1 we introduce the tensor
product as a bilinear mapping and study its codomain, the algebraic tensor
product space, and its elements, tensors. Then, in Section 5.2, we equip
the algebraic tensor product spaces with norms, where we are particularly
interested in crossnorms and their properties. In this section we provide
several examples of tensor Banach spaces which we will use in chapters to
come. Finally, we define the tensor product of operators in Section 5.3. This
will open the door to the main topic of this thesis in Chapters 6 and 7, the
construction of high-directional approximation operators by taking the tensor
product of approximation operators defined for each direction.

5.1. Algebraic Tensor Product Space

We start by giving the definition of a special property of bilinear map-
pings.

Definition 5.1.1. Let V., W and T be linear spaces. The bilinear mapping
p:V xW — T has the universal property if

(1) ¢ generates T, i.e.,
Im(yp) :=span{p(v,w) : ve Viwe W} =T,

(2) for every other bilinear mapping ¥ from V- x W into another linear
space S, there exists a linear map f : T — S such that the diagram

vxw Y. g
(5.1.1) %

T

f

commutes. This means we have f oo = 1.

We can combine (1) and (2) in Definition 5.1.1 into one single condition.
The proof can be found in [38].

Theorem 5.1.2. Let V., W, T and S be linear spaces. The bilinear mapping
© has the universal property, if for every bilinear mapping ¥ : V x W — S
there exists a unique linear map f : T — S such that (5.1.1) commutes.

87
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From this we can immediately show that the linear space T is uniquely
determined up to an isomorphism.

Theorem 5.1.3. Let V., W, T and T be linear spaces. If o : V. x W — T
and ¢ : V- x W — T are bilinear maps that have the universal property then
there is a linear isomorphism f: T — T.

PROOF. By using Theorem 5.1.2 for  and ¢, respectively, we have the
existence of unique linear maps f : 7' — T and f T — T such that & p=fop
and ¢ = fo ©. Here, we set S := T and ¥ := ¢, when using (5.1.1) for ¢
and S :=T and ¢ := ¢ for ¢.

This shows that ¢ = f fopand that o = fo f o @. This means indeed
that f and f are bijective and the inverse of each other. O

We can now use the result of Theorem 5.1.3 to define the algebraic tensor
product space.

Definition 5.1.4. Let V., W and T be linear spaces. Let o : VxW — T be a
bilinear map that has the universal property. Then T is the (algebraic) tensor
product or (algebraic) tensor product space of V' and W and is denoted by
VeWw.

The mapping ¢ s called the tensor product and denoted by ®. The
elements of T are called (algebraic) tensors. Tensors of the form v ® w :=
®(v,w) = p(v,w) are called elementary tensors or dyads.

We have only shown that if an algebraic tensor product space exists it
is, up to an isomorphism, unique without checking if there even exists a
linear map that has the universal property. This, however, is always true for
arbitrary linear spaces V' and W. For details we refer to, e.g., [38, Chapter 1.7].

We introduced the algebraic tensor product space as the tensor product
of two linear spaces. However, we can generalize the statements above to the
d-fold tensor product, d € N, in the following way: Let V1), ... V(4 be linear
spaces. Then define the (algebraic) tensor product space of order d, denoted
by ®§l:1 V0 .=V g...@ V@ by iteratively applying Definition 5.1.1 to
V=VWUg...oV®)and W =V*+) k=1, ... d— 1. This then yields
the algebraic tensor product space

(. .. (V(l) ® V(2)) ® V(3)) R ® V(d_l)) ® V(d)'

At first glance it seems that the order of the V) is important. However we
see next that the tensor product is commutative and associative. This also
justifies in some sense the term product.

Lemma 5.1.5. Let U, V, W be linear spaces.

(1) The tensor product is commutative in the sense that V @ W and
W ®V are isomorphic, i.e.,

Vew=waelV.
(2) The tensor product is associative, i.e.,

UVeW=ZUaV)eW=2Ue (VeW).
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PROOF. To show (1) we use the universal property. Consider two bilinear
mappings

V:VXWSWeV and o WxVsVeW
given by
Y, w)=wev and PY(w,v) =1 w,
respectively. By Definition 5.1.1 (2) there are linear maps
f: VW WV and g: WV VW,

such that the corresponding diagrams (5.1.1)

VxW LS wev WxV—YS5Vew
| 4 amd | 7
Veow WeV

commute. We now need to show, that f and g are inverse isomorphisms. For
v €V and w € W we have on the left-hand side

wv=pvw)=flvew)
and on the right-hand side, accordingly,
vRw = YP(w,v) = g(wv).
This implies on the one hand
wv=flvew)=f(glwev)).
On the other hand, we have

v@w=g(w®v) =g(flvew)).

This shows immediately that f and g are indeed inverse isomorphisms and
therefore the commutativity of the tensor product.

The proof of (2) follows the same ideas and can be found in, e.g., [38,
Proposition 1.10.1]. O

These results justify that, for this chapter, we only consider tensor
product spaces of order d = 2. Generalizations to higher orders are mostly
straightforward inductions over the number of factors d.

Until now, we studied properties of the tensor product ® as a mapping
from V x W to V® W. Now, we want to investigate the tensor space V@ W
and its elements closer. For later references we first collect several features
of elementary tensors. They all follow directly from the bilinearity of ® and
the universal property Definition 5.1.1.

Proposition 5.1.6. Let V and W be linear spaces.
(1) Every tensort € V.@ W has a representation

n
t= Z'Ui ® w,
i=1
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with v; € V, w; € W and an n € N. Here, the order of the terms
does not matter, i.e., for any permutation w: {1,...n} — {1,...,n}

we have
n n
t=D vi@wi=) vnmOw
i=1 i=1

(2) To formally define the linear space structure of V@ W, we charac-
terize the addition of two tensors by

n m m
Zvi®wi+ Z U¢®wi:Zw®wi,
=1 i=n+1 i=1

form > n.

The multiplication by a scalar a € K is described by

n
aZvl Qw; = Z(avi) Qw; = Zvi ® (aw;).
1=1 1=1
(3) Finally, the zero element Oygw is determined by the equation
oy @w=vQ 0wy =0ygw, veV,weW.

Here, we used the index to clearify, which zero element of which
vector space we use. We will omit it, if there is no risk of confusion.

Now, we want to construct a basis of the tensor product space V@ W by
using bases of the vector spaces V' and W. To do this we need the following,
preliminary corollary, taken from [38, Lemma 1.5.1].

Corollary 5.1.7. Let V and W be linear space. If v # Oy and w # Oy,
then v @ w # Oy gw -

Or, equivalently, if v ® w = 0, then at least one of the v and w has to be
the zero vector of the respective space.

This allows us to state the theorem which describes how to obtain a basis
of the tensor product space.

Theorem 5.1.8. Let V and W be linear spaces with tensor product space
V@ W. Let I and J be, not necessarily finite, index sets. Let {v;}icr be a
basis of V' and {w;}jes a basis of W. Then the set

B::{’UZ'(X)QUJ' : iGI,jEJ}
is a basis of V@ W.

PRrROOF. First, we prove that B is linearly independent. We need show
that >0 Z ", a0 ®w; = 0 implies o = 0 for every finite n and m such
that {1,. n}QIand{l,...,m}QJ.

With Proposition 5.1.6(2), we have

m n m
E Qijv; QW = E V; & E QW5
i=1 j=1

J=1

0=

HM:
I

(5.1.2) =Y v ® ;.

M:

1

<.
Il
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Now, we associate to every tensor > ;.  z; ® y; € V ® W an operator
AZ?:II@% : V* — W, defined by

(5.1.3) Asn iy (9) =D d(@i)yi.
=1

Clearly, such an operator is linear and Ag(¢) = 0 for all ¢ € V*.

Let {i}icq1,...ny € V™ be the dual basis to {vi}icq1,... n}, 165 @i(vk) = Oy
holds for all 1 < 4,k < n. Using (5.1.2) we see that for k € {1,...,n} we
have

(5.1.4) 0= Ao(¢r) = A5 piea, (06) = > o(0))W; = @y
=1

We recall that we set wy, = Z;nzl apjw; and that the set {w;} e, m} 18,
as a subset of the basis of W, linearly independent. This, together with (5.1.4),
yields ay; = 0 for all j € {1,...,m}. Furthermore, since k € {1,...,n} was
arbitrarily chosen, we have ay; = 0 for all k € {1,...,n}, j € {1,...,m},
which is the linearly independence of B.

To finish the proof, we need to show that span(B) = V @ W. We consider
a tensor t € V ® W, with representation ¢t = >}, vy, ® wy. Each vy, itself
admits a representation in the basis, i.e., vy = >, I afvi, and similarly
wy, = ZjeJk 5§ij with finite sets I, C I and J, C J.

The representation for ¢ becomes, by Proposition 5.1.6,

n

t:Z Zafvi ® Zﬂfwj

k=1 \i€l} j€Jk
n
k gk
=2 (2l |uiew;,
i,J k=1

where the length of the outer sum is finite for ¢ and j. Hence, we have
V ® W = span(B). O

We will later see that the operator introduced in (5.1.3) plays an impor-
tant role in representing tensors of V @ W. We also remark that we can just
as well define a corresponding operator as a mapping from W* to V without
any significant change in the proof.

Before we discuss these points further, we use the preceding theorem to
introduce the first examples of algebraic tensor product spaces.

Theorem 5.1.9. The tensor product space R ® R is isomorphic to R.

PRrROOF. {1} is a basis of R. This means by Theorem 5.1.8 that {1® 1} is
a basis of R®R. Assume that t € R®R has a representation t = """ | a; ®b;,
with a;,b; € R, 1 <7 < n. Then we have
n n

tzzai®bizzai®(1'bi)ZZ(az"bi)®1
i—1

=1 =1

:zn:(ai'bi'l)@l:Z(ai'bi)1®l'
i=1 i
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Hence, we define the linear map f: R® R — R given by

f <i a; & bi> = iaibi'
=1 =1

It is easy to see that Im(f) = R and Kern(f) = 0. That means that f is the
isomorphism between R ® R and R. O

The proof of the preceding theorem implies that we can identify tensors
t € R ® R with representation ¢ = )" | a; ® b; with real numbers Y | a;b;.
We will meet more of these kinds of identifications later on.

The next example concerns the tensor product of functions.

Theorem 5.1.10. Let S C R™ and T C R"2, ni,ne € N, be given non-
empty sets. Assume that V(S) ={v:S — R} and W(T) = {w : T — R} are
linear spaces of functions on S and T, respectively. Define the elementary
tensorsv @w : S xT — R by

(5.1.5) (vew)(s,t):=v(s) w(t).
Then the tensor product space V @ W is given by
(5.1.6) V(S)@W(T) =span{v@w : ve V(S),we W(T)}.

PROOF. We omit the full proof here and just summarize the main ideas.
Clearly, for V(S) ® W(T) defined in (5.1.6) we find a bilinear map ¢ :
V(S) x W(T) — V(S)® W(T) defined by ¢(v,w) = v ® w, where v ® w is
defined point-wise as in (5.1.5). This ¢ satisfies V(S) @ W(T') = Im(yp).

All that is left is to show that ¢ has the universal property. To this end,
it is necessary to show that the set {v ®@w : v € By,w € By}, where
By C V and By C W are bases of their respective spaces, is a basis of
V(S) @ W(T). Here, we can not directly quote Theorem 5.1.8 since we have
to use the specific definition of v ® w in (5.1.5). However, the ideas of the
proof of Theorem 5.1.8 carry over.

Having the basis of V(S) @ W(T') then allows us to finish the proof since
for any linear space U and any linear map ¢ : V(S) x W(T) — U we can
define the linear map f : V(S) ® W(T) — U by its values on the basis to
show that f(v ® w) = ¥ (v, w). This then shows that ¢(v,w) = v ® w with
v ® w defined in (5.1.5) has the universal property and V(S) ® W(T) is
indeed a tensor product space. O

This allows us to easily evaluate the elements of algebraic tensor product
function spaces.

After these two examples we now study representations of tensors in
more detail. From Proposition 5.1.6 we know that we can express a tensor
teVeWast=> . v;®w. However one of the most important results
is that this representation is not unique. This fact will lead to an alternative
way to represent tensors, used in, e.g., |58, |76]. First, we find that for tensors
t # 0 we always find a representation with a minimal number of summands.
This number is sometimes called the rank of the tensor.

Lemma 5.1.11. Let V and W be linear spaces with algebraic tensor product
space V@ W. Every tensort € V@ W 1is either Oy gw or there is an r € N
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and a representation

,
t= Z v; @ wy,
i=1
where {v1,...,v.} TV and {wi,...,w,} C W are linearly independent.

PrOOF. Let t € V ® W with representation t = Z?zl v; @ w;. If one of
the sets {v;}1<i<n or {w;}i<i<p is not linearly independent, we may assume
without restriction that {v;}i1<i<, is not linearly independent. Then we
can express at least one v; by a linear combination of the others. Without
restriction we assume that

n—1
Up = E ;U5
=1

Then, with the rules of Proposition 5.1.6, we have

n—1 n—1
Uy ® wp, = (Z am) ®wp =Y v; @ (i),

i=1 i=1

which leads to

n—1 n—1
t= (Zw@wi) +Un®wnzzvi®ﬂ;iv

i=1 i=1

with w; = w; +a;w, € W. This is a shorter representation of t. We can repeat
this process until we either arrive at a representation in which {vy, ..., v, } and,
after doing the same for the set {w;}, {w1,...,w,} are linearly independent
or we end up at one of the representations 0 ® wy or v ® 0 and so, by
Proposition 5.1.6, t = 0. U

Both, Theorem 5.1.8 and Lemma 5.1.11, have an immediate very im-
portant consequence. They both show that the representation of a tensor
t € V ® W is not unique. If we have t = > | v; ® w; for some v; € V and
w; € W and an n € N, we can always add a dyad vp+1 ® wpt1, with vy
and wy,41 a linear combination of {v; }1<i<n and {w; }1<i<p, respectively, and
obtain a new representation for the same tensor t.

We now work towards a better way to represent tensors. We need the
following definition formalizing (5.1.3).

Definition 5.1.12. Let V and W be linear spaces with algebraic tensor
product space V@ W. We define a linear operator AZ?:lvi@@wi VE=W
associated to a representation t = ;' jv; Qw; of t € V@ W by

AZ?=1 v¢®wi(¢) = Z ¢(v@)wz
i=1

We will see this operator provides a way to represent tensors in a unique
way. However, first we need to discuss how a linear mappings ¢ : V — R
and ¢ : W — R act on the corresponding components of tensors.
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Lemma 5.1.13. Let V and W be linear spaces with algebraic tensor product
VeW. Let o) € V* and 2 € W*. Assume that

n m
(5.1.7) Zvi@)wi:ij@yj
i=1 j=1

forvg,x; €V, wi,y; € W and n,m € N. Then the identities

(5.1.8) S oW @wi =" ¢W (a5)y
i=1

1

<

and

(5.1.9) Do) - 6P (wi) =" oM (a)) - 6 (yy)
i=1 j=1

hold.

PROOF. We start by showing (5.1.8). A fixed ¢(!) € V* induces a bilinear
map

PNV X W S W, (0,w) = ¢ (v)w.

By the universal property of Definition 5.1.1, there is a unique linear map
f: VW — W with

foow) =W (,w) = ¢ (v)w.
Applying this to the identity in (5.1.7) we find

qu(l)(vi)wi f (Z v; ®w,;> =f ij ® Yy,
i=1 i=1 j=1

oM (5)y;.

M

1

J

We used the linearity and bijectivity of f.
The second equality (5.1.9) follows simply from the linearity of ¢(?) and
(5.1.8). O

Next, we see that only the zero operator is associated to representations
of the zero tensor.

Lemma 5.1.14. Let V and W be linear spaces with algebraic tensor product
space V@ W. Then Asn .00, = 0 if and only if, 377, v; @ w; = Oygw .

PROOF. Assume that )" ; v; @ w; # 0. Then, by Lemma 5.1.11, there is
an r € N such that ZZ‘L:I v; Qw; = ZZ:I Ti ®Y; with {xi}lgigr and {yi}lgigr
linearly independent sets and x1 # 0. Consequently, we can find a ¢ € V*
such that ¢(x1) # 0. The linearly independence of {y; }1<i<, then implies that
Sy d(xi)yi # 0. Applying Lemma 5.1.13 leads then to Y ;" | ¢(v;)w; # 0
and therefore

AZ?:1 view; 7 0-

The other implication follows from the definition of the operator. O
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We combine Lemmas 5.1.13 and 5.1.14 to obtain the required theorem,
which gives a way to identify if two finite sums of dyads are representations
of the tensor t e V@ W.

Theorem 5.1.15. Let V and W be linear spaces with algebraic tensor product
space V@ W. Two expressions Y ;| v; @w; and Y ,- | T @ Y are represen-
tations for the same tensor t € V.@ W if and only if, the associated linear
operators AZEL viow; and AE;n:l z;0y; @5 in Definition 5.1.12 are equal.

For further information on algebraic tensor product spaces and the role
of the operators of Definition 5.1.12 we refer to [76].

5.2. Norms on Tensor Product Spaces

We now extend the concept of tensor product spaces form the purely
algebraic setting to normed spaces. We recall that the algebraic tensor
product space of the linear spaces V and W is given by

VoW =span{fv@w : veV,we W}

We start by giving the definition of a norm on the tensor product space.
We follow |76l Definition 2.1] and account for the non-uniqueness of the
representations of an element of the algebraic tensor product space directly
in the definition. This is necessary because we define the tensor product
norm as a function on the representation of a tensor.

Definition 5.2.1. Let (V| - |lv) and (W,| - |[lw) be normed spaces with
algebraic tensor product space VW . We call a mapping o : VW — [0, 00)
a norm on the tensor space V. W if the following conditions hold:

(1) a3 vi@w;) =0 if and only if, Y ;- vi @ w; = 0.
(2) a(ad i vi @w;) = la|a(d i, vi ® w;) for any a € R.
(3) a(Yim vi®@wi+ 00 xj@y;) < ad ol view)+a3 T, 2 @y;).
(4) a3 vi®@w;) = a3 5L, 75 @yy), if Yol vi@w; = Y5 1 @y;.
For given normed spaces V' and W there are several ways to construct
a norm on V ® W. To make clear which normed space we investigate, we
introduce the notation V ®, W for the normed space (V @ W, ).

A first candidate for a norm as in Definition 5.2.1 uses the operator of
Definition 5.1.12.

Definition 5.2.2. Let (V,| - |lv) and (W,| - |[lw) be normed spaces with
algebraic tensor product space VRQW. The A or injective norm A : VW —
[0,00) is defined by

(5.2.1) A (Z v; ® wl-) := sup { Z o(vi)w;
i=1 i=1 w

We check that this mapping satisfies Definition 5.2.1.

Lo eVl = 1}.

Theorem 5.2.3. The A-norm s a norm.

PRrOOF. We have to verify the four conditions of Definition 5.2.1. (4)
follows immediately by Lemma 5.1.13, i.e., the norm is independent of the
representation of the tensor. (1) follows from Lemma 5.1.14.
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(2) and (3) fare a consequence of the linearity of ¢ and the fact that
| - |lw is a norm. O

If we take the A-norm of a dyad v ®@ w € V® W we have
A(v @ w) = sup{[|¢p(v)wlw : ¢ € V", [|¢]y+ =1}
= sup{|¢p(v)|[[wllw : ¢ € V", [|§]v+ =1}
(5.2.2) = [[vllv]lw|lw-

This means the norm of the dyad equals the product of the respective norms
of the components of the dyad. This is a desired property of norms on tensor
product spaces. We study these norms in the next subsection.

5.2.1. Crossnorms. We formalize (5.2.2) in the following definition.

Definition 5.2.4. Let (V)| - |lv) and (W,|| - [lw) be normed spaces with
algebraic tensor product space VQ W. Let a be a norm on V@ W. We say
that o is a crossnorm if, for allv € V and w € W,
(5.2.3) a(v@w) =[]y |w|lw
holds.

We are mostly interested in working with crossnorms. Hence, we introduce
the notation || - || if the norm of the normed space V ®, W is a crossnorm.

If we want to emphasize the linear space we will write || - ||o,vew.
We have already proven the next statement in (5.2.2).

Lemma 5.2.5. The A-norm of Definition 5.2.2 is a crossnorm.
Another example for a crossnorm is the next mapping.

Definition 5.2.6. Let (V|| - |lv) and (W,| - |lw) be normed spaces with
algebraic tensor product space VW . The - or projective norm v : VW —
[0,00) is defined by

n n
(5.2.4) ~(t) := inf {Z villv lwillw = vi € Viws € Wit = v ®wl} .
i=1 i=1
Again, we see that v is indeed a norm and a crossnorm.

Theorem 5.2.7. The v-norm is a norm and a crossnorm.

PROOF. First we need to show that 7 is a norm. To show Property (1)
in Definition 5.2.1 we first see that (¢) = 0 if ¢ = 0. Assume that t # 0.
Then we find a representation

n
t= Zvﬂ@wi, n e Nyv; € V\{0},w; € W\ {0}.
i=1
By Lemma 5.1.14 the to t associated linear operator A : V* — W is not the
zero operator. Hence, for any ¢ € V* with ||¢|y+ = 1 we have

> dviw;
=1

n n
<Y lsllwillw < lvillv[lwillw-
=1 =1

0 < [[Ae(P)llw =

w
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We recall Theorem 5.1.15 which states that the operator Ag is independent
of the representation. Hence, taking the infimum of all representations of ¢
in the inequality above, yields

0 <[ Agllvmw < ().

Property (2) in Definition 5.2.1 is obviously satisfied since || - ||y and || - ||w
are norms. Property (4) is also fulfilled since we take the infimum of all
representations of t. To show the triangle inequality we choose an ¢ > 0 and
representations t = » 31 ; v; @ w; and w = YU, x; ® y; with

n m
g 9
S leilivllwslw < 9@+ 5 and S lalvlivslw < v(w) + 5
i=1 j=1

for tensors t,u € V. W.
For t + u we have a representation

n m
t+u:Zvi®wi+ij®yj
i=1 j=1

and, the definition of the v norm gives

n m
Yt +w) <Y lloillvllwillw + Dl llvlly;lw
i=1 j=1
<) +v(u) + e
As e > 0 was arbitrary, this yields (3) of Definition 5.2.1. Hence, v is indeed
a norm.

To complete the proof we need to show that v satisfies Definition 5.2.4,
i.e., it is a crossnorm. Suppose that ¢ € V ® W has one the hand the
representation v ® w and on the other hand the representation Y " | v; ® w;.
First, we obviously have

V() =v(v@w) < [oflv]lwllw.
We have to prove the reverse inequality. We have, by Lemma 5.1.13, for all

pevV*
d(v)w = Z o(v;)w;.
=1

This holds for a particular ¢ € V* with ¢(v) = |Jv|ly and [|¢[ly+ = 1. Such a
functional exists as a consequence of the Hahn-Banach theorem [3]. For this

q~5, the norm properties of || - || give

n n
D owwil| <D lillvlwlw.
i=1 wooe=l

As this holds for all possible representations of ¢, we see

ol lwlw = ||#@w]| =

[vllv llwllw < ~(t).
[

We will see that the A- and y-norms are particularly important. However
first we need to discuss tensor products of functionals on normed spaces.
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Definition 5.2.8. Let (V,| - |lv) and (W,| - |lw) be normed spaces with
algebraic tensor product V@ W. For ¢ € V* and ¢ € W* we define a
linear mapping ¢V @ 63 V@ W — R by

(60 ©6) vo w) = oV() - 67 (w)

and more generally, fort =" v; ® w;,

((z)(l) ® ¢(2)> (t) = Zn: ((;5(1) ® ¢(2)) (v; @ w;) = z”: M (vy) - ¢ (w;)

i= i=1

In Lemma 5.1.13 we have already proven that the value (gf)(l) ® qS(Q)) (t)
is independent of the representation of t € V' ® W. Furthermore, this inde-
pendence also guarantees the linearity of the mapping. In turn, this means
that ¢ @ ¢2) is an element of the algebraic dual space of V@ W. We can
also equip this space with a norm.

Definition 5.2.9. Let (V| - |lv) and (W,| - |lw) be normed spaces with
normed tensor product space (V ®@ W,«). We define the to a dual norm
a* V@ W* —[0,00) by
(5.2.5) o (¢(1>®¢<2>) — sup \(¢<l>®¢<2>) (t)j.

tevew

a(t)=1

We have by definition that ¢ ® ¢@ e V* @ W*, if o) € V* and

2 e W*. However, that does not mean that ¢() @ ¢ is a bounded linear
functional on (V ® W, «) and this will be in general not the case. The next

definition gives a sufficient condition on the tensor product norm such that
oM @ ¢ e (Vo W)

Definition 5.2.10. Let (V.|| - |[v) and (W,| - [[w) be normed spaces with
algebraic tensor product V@ W. A norm a: V @ W — R is reasonable if

o (60 0 o®) = [0 6] . o v o ew.

This definition is given for general norms «. However, we are mainly
interested in crossnorms, hence we now give a way to check if a given norm
is a reasonable crossnorm.

V*

Lemma 5.2.11. Let (V,||-|lv) and (W, ||-|lw) be normed spaces with algebraic
tensor product V@ W. Assume that the norm a: V@ W — [0, 00) satisfies

(5.2.6) alv@w) < |v|v|wlw, veV,weW,

and its dual norm o : V* @ W* — [0, 00) satisfies

(5.27) o (d><” ®¢(2)> < H¢<1)‘ ¢<2>HW*, oW e v*, 6@ e W,
Then « is a reasonable crossnorm.

ProOF. For any ¢(1) € V*, ¢(2) ¢ W* v € V and w € W we have
6V ()o? (w) = (60 @ 6?) (v & w)
(5.2.8) <o (qf)(l) ® ¢(2)> alv @ w).

V*
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We use this to show the reverse inequalities to (5.2.6) and (5.2.7). This proves
that « is a reasonable crossnorm.
We start by deriving the reverse inequality to (5.2.6). Using (5.2.7) in
(5.2.8) gives the bound
2 H av®w).

(5.2.9) sV w)| < 6] |6 .

We recall that we can always express the norm on V by its dual norm. We
have

[vllv = sup  [o(v)].

PpeEV*
lBlly«=1
This allows us to estimate
ollviwllw = sup oM (@)  sup [P (w)|
sMev* o@D ew*

¢ |y« =1 ¢ [y« =1

= sup 6™ (0)]]¢® (w)|
loW Iy« =[P |lyy==1

< a(v @ w),

where we used (5.2.9) to obtain the last bound.
Similarly, combining (5.2.8) with (5.2.6) yields the bound
o ()6 (w)| < ollvlwlwa” (60 & ¢@)
which leads, with the definition of the dual norm o* in (5.2.5), to

oDy 162w+ = sup ¢V (v)] sup [P (w)|
veV weW
lvllv=1 flwllw=1

= swp 9D ()]|¢P (w)]

lolly=wllw=1
<o (¢<1> 2 ¢<2)> .
0

We now come back to the A\- and y-norms and see that they both are
reasonable crossnorms. Additionally, the A-norm is the strongest and the
~v-norm is the weakest reasonable crossnorm.

Theorem 5.2.12. Let (V.|| - ||[v) and (W,|| - [lw) be normed spaces with
algebraic tensor product space V@ W.

(1) The \- and ~y-norms are reasonable crossnorms.
(2) If || - || : V@ W — [0,00) is a reasonable crossnorm, then

[Ellx < NIEl < (Il
holds for allt € V@ W.
PROOF. The proof can be found in, e.g., [42]. O

We will revisit both the A- and the v-norm for examples later on. But
first we come back to the tensor product space R ® R from Theorem 5.1.9.



100 5. TENSOR PRODUCTS

Theorem 5.2.13. Let || - |[rgr be a reasonable crossnorm on the tensor
product space R @ R. Then

n
Z a; ® b;
i=1 R®R

holds for all a;, b; e R, 1 <i<n,néeN.

n

Z aibi

i=1

PrOOF. We show that
n n

Z a; @b;|| = Z a; @ b;

i=1 A i=1 o

which together with Theorem 5.2.12 (2) yields the stated identity. We first
note that we have for every ¢ € R*

[0]lr = sup [¢(a)| = sup |¢(1)a] = |¢(1)].

|a|=1 |a|=1

This yields for t = > | a; ® b; the lower bound

bz Z )

[ty = sup §,‘¢ (a:)$™ (b;)
160 | =1
7=1,2

16 [lex =1 | =1

7j=1,2
n
D
= sup  |o( Zaz il = aibs
||¢<])||]R* 1 i=1
71=1,2

i=1

>1nf{

Zaz i

=1

1] - | tzzn:(aibi)l@)l}

= [t
Y

O

5.2.2. Tensor Product Banach Spaces. We now return to general
norms « and investigate the normed space V ®, W further, especially
regarding completeness. In general, even if we start with two Banach spaces
(V|| - |lv) and (W, | - |lw) the tensor product space (V @ W, «) will not be
complete. However, we can always complete the algebraic tensor product
space V ® W with respect to the norm a.

Definition 5.2.14. Let V and W be linear spaces with algebraic tensor
product space V@ W. Let o : V@ W — [0,00) be a norm on V @ W. Then
the tensor product space (V@W, a) is the completion of V@ W under the
norm .

Again, if a is a crossnorm write V@) W instead of V®,W. This is the
case we are most interested in.
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First we see that we do not necessarily have to take the closure of the
algebraic tensor product space of the Banach spaces (V/ ||-|v) and (W, |- ||w).
Completing the tensor product of dense subspaces Vyp C V and Wy C W
suffices. We obtain the same Banach space either way.

Theorem 5.2.15. Let (V.| - ||v) and (W,|| - ||w) be Banach spaces with
algebraic tensor product space V@ W. Let || - || : V@ W — [0,00) be a
crossnorm on V@ W. Let Vo and Wy be dense subspaces of (V.| - ||v) and
(W, - [lw). Then the algebraic tensor product space Vo @ Wy is a dense
subspace of V@ W, i.e.,

Vo @y Wo = Ve W.

PrOOF. We have to show that for any € > 0 and any t € V@), W there
isat. € Vo ® Wy such that ||t — .|| <e.
Since V@) W is the closure of V ® W with respect to the crossnorm
| - || we find at' € V®W such that ||t — t/|| < e/2. By Lemma 5.1.11 it has
n /

a representation t' = > | v, @ w} with v} € V, w; € W and n € N. Next,
we fix

P / /
Crnaz = 11%1%}% {Hvz'HV, szHW}
and choose 0 > 0 small enough such that

(5.2.10) 1n8(2Cmaz + 8) < %

Because Vy and Wy are dense in V and W, respectively, we can find
elements v; € Vp and w; € Wy with ||v] — v;]|v < 6 and ||w] — w;||w < § and
set

n

t. = Zvi ® w;.

i=1
Finally, we have, together with Proposition 5.1.6, the bound

n
1 =t = || () @ w) — 01 0 )
i=1
n
= Z[(U; — ;) @wi + v ® (W, —w;) + (v; — v)) @ (W] — w;)]
i=1
n
<D [llvf = wsllllwfll + vl ] = will + [loi = vl |wf — w;]]
i=1
< n5(2cmax + 5) < %7
where we have used the triangle inequality, the fact that || - || is a crossnorm

and finally (5.2.10). This allows us to estimate
[t —tll <[t =t + 1t —tl| <c/2+¢e/2=¢.
O

These statements also hold in a more general setting, see, e.g., |42, Lemma
4.40], but since we are only interested in crossnorms this version suffices.
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We now come back to the two examples of crossnorms we discussed
before and connect them to two important function spaces. We will see
that the completion of C(S) ® C(T') with respect to the A-norm, defined
in Definition 5.2.2, leads to the space C(S x T'). Similarly we can interpret
Li(S xT) as the space L1(S)® L1 (T"), completed with respect to the y-norm
of Definition 5.2.6. The proofs have two steps: First, we will see that we
have an isomorphism between certain Banach space valued mappings and
the tensor product of the corresponding spaces. In the second step we use
the right function space for the Banach space in step one and obtain the
required isomorphism.

We start by looking at continuous functions. We introduce the notation
C(S,W) of the Banach space of all continuous maps f from a compact
S CR™, n; €N, to a Banach space (W, || - |lw) with norm defined by

[flloc := sup || f(s)lw-
ses

On C(S) we use the Lo (S)-norm defined by

19l Lo (s) = Sup lg(s)], geC(S).
se

Theorem 5.2.16. Let S C R™, ny € N, be compact and non-empty. Let
(W, ||-llw) be a Banach space and let A be the norm defined in Definition 5.2.2.
Then we have

(CSHW, |- [Ix) = (C(S, W), || - [loo) -
Proor. Consider an element t of the algebraic tensor product space
C(S) ®x W with representation t = Y 1" | v; ® w;, v; € C(S) and w; € W.
For this t we define a Fy € C(S,W) by

n
Fi(s) = Zvi(s)wi7 s€S.
i=1
Obviously, F; is linear in ¢.
Next, we take the A-norm of ¢, however we use it as a mapping W ®
C(S) — [0,00). This yields

n n
A(t) = sup Y(wi)vi|| = sup sup|D h(w;)vi(s)
pew* || L vewrses |
l¥ll=1 l[¥]l=1
n
=sup sup |¢ Zvi(s)wi =sup sup |[Y(F(s))]
seS Yew* i1 seS Ppew™
ll¥ll=1 [¥ll=1

= sup [|[F¢(s)[lw = || F¢|oo-
seS

We used in the second to last step that we can express a norm on a linear
space by

I llw =" sup [&()].
pew
Il =1
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This shows that the linear map t — F; is an isometry from the algebraic
tensor product space C(S) @y W to C(S,W) that can be continuously
extended to a map from C'(S)@,\W into C(S, W).

Next, we show that the image of C'(S)®, W under F; is dense in C(S, W).
Completion with respect to the A-norm then yields the claim.

Let f € C(S,W) and let € > 0. The continuity of f and the compactness
of S yield that K := f(S) is also compact and thus totally bounded. Therefore
there exist finitely many ws, ..., w, € K such that the open balls B.(w;)
with radius € and center w; cover K. Hence, we can find a partition of unity
on K, i.e., a family of smooth functions g1,..., g, : K — [0, 1] such that

i1
Next, for 1 <14 <n, define v; := g; o f. Then we have

n
v; € C(S), 0<v;<1 and Zvi(s) =1, s€b.
i=1
We use these v; in the representation of ¢, t := Z?:l v; Qw;. If s € .5 we
have

n

> vils)[f(s) = wil

=1

Hf<s> =3 wils)w;

=1

w w

<D uils)llf(s) —willw <,
i=1

because v;(s) = 0, if || f(s) — w;|[w > e. Therefore, we have || f — Ft||« < €,
which completes the proof.

With this result we can now show that the tensor product of spaces of
continuous functions can be identified with the space of continuous functions
on the Cartesian product of the domains.

Corollary 5.2.17. Let S C R™ and T C R"™, ny,no € N, be com-
pact and non-empty. Consider the Banach spaces (C(S), | - HLOO(S)) and
(C@), | I zoor))- Then we have

(C(SBC(D), || -113) = (C(S x T), | I paw(sxT)) -
PrOOF. We use Theorem 5.2.16 with W := C(T") and have
C(S)@,\C(T) = C(S,C(T)).

Hence, we need to find an isomorphism mapping C(S,C(T)) into C(S x T).
Associate to any f € C(S x T') a function f by setting

f(s) = f(s,)), se€S.

Then, this function satisfies f € C(S, C(T)) and is the required identification.
U
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This result makes working with elements of the tensor product of spaces
of continuous functions easy as we can always interpret them as two-variate
continuous functions.

The situation is slightly more complex for differentiable functions. Con-
sider compact, non-empty intervals S,T C R. The standard norm on C*(S)
is

[ fller sy = max{ || £l oo (s)s 1 11 oo (5) }-
It is well-known that the normed space (C1(S), || - lc1(s)) is a Banach space.
Similarly, the standard norm on C*(S x T) is given as

[fllersxry == max [|IDYfll L (sxr)-
acR
lleefl1<1

However, by constructing a counter example, we can show that this norm
is not a crossnorm on C!(S) ® CY(T). This means that the Banach space
(CHS % T), |- lcr(sxr)) can not be identified with (C*(S)@CHT), | - [|x). It
turns out that we have to take the mixed derivatives D®f with a = (1,1)T
into account which then yields the mized regularity space. We formalize this
in the next definition.

Definition 5.2.18. Let S C R™ and T' C R™2, ny,ng € N, be compact and
non-empty. Let K := 8 x T. For f : K — R and al) := (agj) 047(1]])) €
Ngj, 7 =1,2, we will write
3||a“’||1+Ha(2)||1f
()M g(g1))a®
aHa(l)H1+||a<2)||1f

D(a(l)’a(2))

(@) - @)y @0y - (@l
where () = (xgj), xgj)) € R, j =1,2. Then, for m € N3, the mixed
regularity space C'" (K) is given by

Cmo(K) = {f € C(K)
D(a(l)va(z))f (= C( ) fO'f’ (8 ) S NOJ, Ha Hl S mj;] = 172}7

e., the normed space CT" (K) consists of all functions f € C(K) which,
together with all their relevant derivatives, are continuous. The norm on

Cm™m. (K) is defined by

mix

o a®
(5.2.11) Ifllom ()= max max D@L e,

e I7LE a0l <m,

If my = mg = m we also simply write C)"; (K).

One can show that the space (C77%, (K), || - [[om (x)) is a Banach space.
The special case m; = mo = m and n; = ne = 1 is widely used. In that

situation we simply have

Here, we see also that the mixed regularity space controls far more derivatives
than the classical space of continuously differentiable functions.
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We will see in the next corollary that the mixed regularity space coincides
with the tensor product space C™(S)®,C™2(T).

Corollary 5.2.19. Let S CR™ and T C R™ be compact and non-empty.
Let K :== S x T. Let m € N2 be given and consider the direction-wise
Banach spaces V. = C™.(S), with norm |[v|ly = max|q|<m, [[D*[|L.(s)
and W = C™2(T), with norm ||w|lw = max|q|<m, [D*0|| 1 (7)-

Then the norm || - [|om (k) defined in (5.2.11) is a crossnorm on the
algebraic tensor product space C™(S) @ C™2(T'). The identity
IFlx = 1 Fllem., e

holds for all f € C"™(S) ® C™(T).
Furthermore, the space C}' (K) is the corresponding tensor product
space, 1.e.,

(€™ (SEC™(T), |- 1) = (o (), - e, ac)) -

maixT

PRrROOF. The proof follows the same ideas of and the same techniques as
the proofs of Theorem 5.2.16 and Corollary 5.2.17. O

We now come to the space of integrable functions. We follow the same
ideas as for the space of continuous functions and will see that we can
identify the Banach space (L1(S)®L1(T), || - ||y) with the well-known space
(L1(SXT), |||l (sx))- Since the proof ideas are virtually the same, however
require some technical preparation, we omit the proofs here and refer the
reader to, e.g., [58]. We only state the final theorem.

Theorem 5.2.20. Let S C R™ and T C R™, ny,ng9 € N, be measurable.
Then

(Li(S)BLAT), || - ly) 2= (La(S X T), || |2y (sx7)) -

On the basis of these examples we have seen that we can interpret popular
function spaces on sets, which are Cartesian products of lower-dimensional
sets, as the tensor product of the functions spaces on the single sets. There
are several other examples, most importantly the class of the p-nuclear norms
ap, 1 < p < oco. These norms would allow us to extend the results above
to Lyp-spaces. For further information on these norms we refer to [58, 1.45
Definition, ff.].

The given examples and this discussion motivates that we can interpret
the v-norm as the tensor product Li-norm, the p-nuclear norms as tensor
product L,-norms and the A-norm as the Lo-norm. Consequently, we could
expect an identification of Loo(SXT') as Loo(S)®xLeo(T). However, in general
this is not possible as the next theorem, taken from [58), 1.53 Theorem], shows.

Theorem 5.2.21. Let S C R™ and T C R™2, nq,ny € N, be measurable.
Then the space Loo(S)®xLoo(T') is a subspace of Loo(S x T'). This subspace
s usually proper.

This circumstance will make the L,-error analysis in the later chapters
more involved as we first have to embed this space in a suitable tensor
product space, the mixed regularity space of Definition 5.2.18. The existence
of such an embedding will be discussed in Theorem 5.3.9.
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5.2.3. Tensor Product Hilbert Spaces. The rest of this section is
devoted to the tensor product of (pre-)Hilbert spaces. We will see that in
this setting things are much easier than in the case of general normed spaces.
First, we see that the inner product on the algebraic tensor product space of
pre-Hilbert spaces is easily constructed.

Definition 5.2.22. Let (V,(:,-)v) and (W, (-,-)w) be pre-Hilbert spaces.
Then the induced inner product on the algebraic tensor product space V@ W
is the bilinear mapping (-, Yyyew : (V@ W) x (V@ W) — R defined by
(5.2.12) t, s)yvew = (v,t)y(w,Yw, t=vRW,s=rQyY

and more generally, for t =37 v; Qw; and s =Y ", T @ Y

(5.2.13) (t,s)vew = Y Y (v, zi)v (wi, ye)w-

i=1 k=1

Next, we establish that the mapping in (5.2.13) is indeed an inner product
and that the definition is independent of the representations of £ and s.

Lemma 5.2.23. Let (V,(-,-)v) and (W, (-, -)w) be pre-Hilbert spaces. Then
the induced inner product of Definition 5.2.22 is well-defined and an inner
product on the algebraic tensor product space V& W.

PROOF. We start by showing that the definition is independent of the
representation of the tensors. Assume that ¢ € V@ W has two representations
t=>",vQw; and t = >, 0; @ w;, with n,n € N, v;,v; € V and
w;, w; € W. The inner product with an elementary tensor s = x ® y is then
given by

=1

n n
<Zw®wm$®y> = (v, 2y (wi, y)w
vew =1

and

A A
<Z@'®@i,x®y> = (@i, )v (@i, y)w
vew  i=1

=1

With the Riesz representer theorem we find two functionals ¢ € V* and
#? € W* such that ¢ = (-,z)y and ¢ = (-, y)w. This yields

<Z v; ®wi,x®y> = W ()@ (wy)
Vew 1

i=1 =1

and

n n
<Z Ui ® Wi, @ y> = oW @)@ (@)
=1 VW =1
Following Lemma 5.1.13 the right-hand sides of both equations are equal,
hence we have the independence of the actual representation of ¢. The general
case, in which s is also a linear combination of elementary tensors follows
accordingly. This shows that the induced inner product is well-defined.

To see that it is a proper inner product on the algebraic tensor product
space V@ W we only need show definiteness. Bilinearity and symmetry follow
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directly from the definition. From Lemma 5.1.11 we know that, for a tensor
t # 0, we find a representation t = >, ; v; ® w; with a minimal » € N and
linear independent {v; }1<i<, and {w;}i<i<,. We have

T

) yaw = D (i vy (wi, wehw
ik=1

Hence, we define the symmetric, positive definite matrix A = ((v;, vk)y) €
R™". There is a symmetric and positive definite root B € R"*" such that
A = B2 We see that

T T
(tthvew = D (i ve)v(w,ww = Y Aig(wi, wehw
ik=1 ih=1
T '
= > > BipBp{wi,wi)w
ik=1p=1
T I I8
S NOILI SERA R
p=1 \i=1 k=1 W
since {w; }1<i<, is linearly independent. O

Hence, the induced inner product induces a norm on the algebraic tensor
space V@ W.

Definition 5.2.24. Let (V, (-, )v) and (W, (-,-)w) be pre-Hilbert spaces with
algebraic tensor product space VQW . The B- or induced norm 5 : VW —
[0,00) is defined by

B(t) = <ta t>V®W-
For at € V@ W with representation t =Y ;" | v; ® w; we have

1
n 2

B <2Uz‘®wi> = D (v vy (wi, wi)w
=1

ik=1

For a dyad v ® w we immediately have

Blv @ w) = (v, V) (w, whw)"”

This already proves part of the next lemma.

= |lv[lv[lw]lw-

Lemma 5.2.25. The S-norm is a reasonable crossnorm.

PROOF. It remains only to show that 5 is a reasonable norm. We use
Lemma 5.2.11 and only have to show that

16 @ ¢@[lg- < (|6 l+116® |-

for ) € V* and ¢ € W*. Assume that t € V ® W is given and has
a representation t = > ' | v; ® w;. Assume further that #M e V* and
# e W* are also given. By the Riesz representation theorem there are
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elements v € V such that ¢™M(v;) = (v,v)v, |6V |lv+ = |Jv]|y and w € W
such that ¢ (w;) = (w, w;)w and |||+ = ||w|w. Thus,
=1 (v, vy (w, wi)w

(e %) 0] -
= i=1

=t v@w)vew| < |t]sllu ©wls

2 (w;)

) ‘

= [l sllellvlleollw = [1l15 )

which shows ||¢™) @ ¢@|g- < |60 [y« |0 |yy- O

We emphasize that, contrary to the normed space setting, induced norms
on the algebraic tensor product space are always reasonable crossnorms.

We can extend Theorem 5.1.8 to the pre-Hilbert space setting, i.e., we
obtain an orthogonal system on the algebraic tensor product space V@ W
by taking the tensor product of the orthogonal systems of V' and W.

Lemma 5.2.26. Let (V,(-,-)v) and (W, (-,-)w) be pre-Hilbert spaces with
algebraic tensor product V@ W. Let I and J be, not necessarily finite, index
sets. Let {v;}icr and {w;};jcs be orthogonal (orthonormal) systems in V' and
W, respectively. Then

B:={vi®w; : iel,jeJ}

is an orthogonal (orthonormal) system in V@ W.
If {vi}ier and {w;};jcy are orthonormal bases, B is an orthonormal basis

of Vo Ww.

We can now formalize the definition of the algebraic tensor product
pre-Hilbert space.

Definition 5.2.27. Let (V, (-,-)y) and (W, (-, )w ) be pre-Hilbert spaces with
algebraic tensor product space V@ W. Then (V@ W, (-, )vew) is called the
algebraic tensor product pre-Hilbert space.

We will also use the notation V @z W.

Again, in general, the algebraic tensor product pre-Hilbert space V @ W
will not be complete, even if V and W are Hilbert spaces. However, as in
Section 5.2.2, we can complete the tensor product pre-Hilbert space V ®g W
with respect to the -norm to obtain a Hilbert space V®@gW.

We now give some examples of popular tensor product Hilbert spaces.
We start by looking at the tensor product of La-spaces. First we show that
we can associate a function f: S x T — R to a tensor t € La(S) ® Lo(T).

Lemma 5.2.28. Let S C R™ and T C R™, ny,ny € N, be measurable.
Let t € Ly(S) ® Lo(T) have a representation t = > - ; v; ® w; and define
f:SxT—R by

n

Fls,8) = > vils)wi(d).

=1

Then f € La(S X T) and if t = 0 then f =0 almost everywhere.
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PRrROOF. Let pu and v be the measures on S and 7', respectively. Let
o = ® v be the product measure. With t = """ | v; ® w; we have

sser = [ Pt ot = [ [P0 dutsjane)

_ /S /T D wil)wi(t)oy(s)wy (1) du(s)dv (1

2,7=1

:ing/SUi(S)Uj(S) dﬂ(s)/jﬂwi(t)wj(t) dv(s)
= Z<’Ui,Uj>L2(S)<’wi,’wj>L2(T)

=1
= (&, 1) 1y ($)@pLa(r) = B(D).

This already shows that f € La(S x T'). To show the second claim, assume
that ¢ = 3" | v; ® w; = 0, this means its norm is also zero, 5(t) = 0, and
therefore, by the equations above ||f|1,sx7) = 0. Hence, f = 0 almost
everywhere. O

Note, that the proof above is more general than necessary. In the proof
we use different measures on La(S) and Lo(T"). However, in our application
both spaces use the Lebesgue-measure.

Lemma 5.2.28 has several consequences. First, it implies that the function
f € La(SxT) associated to the tensor ¢ does not depend on the representation
of t. Second, the mapping t — f is linear and by the main equation in the
proof,

(5.2.14) IFIZ sy = B2(8),

it is norm-preserving. We will use these facts to prove the main theorem,
which states that the completion of La(S) ® Lo(T) with respect to the
B = - [l Lo($)@Lo(r)-nOrm is isomorphic to La(S x T').

Theorem 5.2.29. Let S C R™ and T C R™, nq,ny € N, be measurable.
Let 3 be the norm induced by the La(S)® Lo(T') induced inner product. Then
we have

(L2(S)BLa2A(T), || - llg) = (L2(S x T), ||+ a(sxm)) -

PrOOF. With Lemma 5.2.28 we have that Lo(S) ® Lo(T) C Lao(S x T')
with equality of norms on the subset. Thus, the closure of the normed space
(L2(S) ® La(T'), | - ||g) is a closed subspace of La(S x T).

To complete the proof we show that the only f € Lao(S x T') that is
orthogonal on La(S) ® Lo(T) is f = 0. To this end, suppose that

(f,v®w>L2(SxT) =0, v®w ELQ(S)@LQ(T).

By Fubini’s theorem, we write this as

(f;v@w)py(sx) = / w(t)/gv(s)f(s,t) dsdt = 0.

T
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Since w € Lo(T') is arbitrary we conclude that for almost all ¢t € T,
/ v(s)f(s,t) ds = 0.
S

Since v € Ly(S) is in turn arbitrary, we conclude that for almost all ¢
f(-,t) =0 1in Ly(S). Hence

/fgst ds—//fst dsdt = 0.

Similar to the spaces of mixed regularity introduced in Definition 5.2.18
it is possible to generalize this result to Sobolev Hilbert spaces.

O

Definition 5.2.30. Let S C R™ and T C R"2, ny,no € N, be measurable.
Let Q = S x T and m € N3. Then the Sobolev Hilbert space of mixed
regularity or anisotropic Sobolev Hilbert space H™ (Q) is defined as

HIL(9) = {f € La(Q) -
Dleves) £ e [,(S x T),a; € N ||l <my,j = 172}

with norm given by
1/2

1F )= D Yo DR fR g

leet[l1<ma [leea||1<me

Similar to the discussion in Chapter 2 we are not restricted to integer
smoothness. However we have to define the resulting space on the whole
R™ x R™2.

Definition 5.2.31. Let s € [0,00)2. Then the Sobolev Hilbert space of
mixed regularity or anisotropic Sobolev Hilbert space H? . (R™ x R"?) is
defined as

miz

HE, (R™ x R™) := {f € Ly(R™ x R™) :

(€ HH(1+H£ 8)? 7, 62)] € L™ x B

with norm given by

HUHH:M.I(RM xRn2) 1=

2
(
/wgﬂ(“”ﬁ“ 13)” (7, 6@ ae,e®)

As in Chapter 2 we can restrict function in H?, (R™ x R"?) to a mea-

surable subset Q2 = § x T C R™ x R"2 and obtain the anisotropic Sobolev

Hilbert space H? . (2) for non-integer smoothness s € [0, o).

2
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Proposition 5.2.32. Both versions of the anisotropic Sobolev Hilbert space,
(Hm (Q)v H ’ HHm (Q)) and (H:;m,x(Q)a H ’ HHfmr(Q))i are Hilbert spaces.

mix miz

Again, as in the situation of continuous functions, Theorem 5.2.29 gener-
alizes to the mixed regularity Sobolev Hilbert spaces.

Corollary 5.2.33. Let S C R™ and T  C R™2, ny,ne € N, be measurable.
Let Q=S x T, m € N2 and s € [0,00)2. Then, with the respective 3-norms
on the tensor product spaces, we have

(H™ (YBH™(T), | - 115) = (Hya (), 1+ )

and
(H (SYEH(T) | 115) 2= (Haa (] s, o)) -

We will see in the next section that these mixed regularity Sobolev Hilbert
spaces have an additional advantage over classical Sobolev Hilbert spaces on
high-dimensional domains: We have much lower requirements for an analogue
of the embedding as in Theorem 2.1.13. This advantage, however, is bought
with a stricter norm.

Before we discuss this embedding and operators on tensor product spaces
in general, we give another example. It concerns the tensor product of native
spaces that were introduced in Section 2.2. The proof of the following theorem
can be found in, e.g., [61], Satz V 6].

Theorem 5.2.34. Let S C R™ and T C R"™ be domains. Let the Hilbert
spaces (N1 (S), (-, ) gy) and (N (T), (-, -) k) be the native spaces of
the continuous, symmetric and positive definite kernels KV and K3 . Let 8
be the norm induced by the inner products (-,-) ) and (-,-) g . Then

N (9)@Nge (T), [ - 15) = Nk (S < T), || - | k)
holds with K : (S x S) x (T'x T) — R given as

K(z,y) = KV (xu),y(l)) LK@ (w@),y@))
forx = (W, )T, y = (yD,y) T and 2V, 2 € S and yV, y? e T.

This means that the tensor product of native spaces Ny ) and Ny (2) is
again a native space with reproducing kernel that is the point-wise product
of the respective kernels K1) and K®.

5.3. Tensor Products of Operators

To finish this chapter we study tensor products of operators. We start
by defining the purely algebraic construction.

Definition 5.3.1. Let V., W, S and T be linear spaces with algebraic tensor
product spaces VRW and SQT. Let A:V — S and B: W — T be linear.
Then the tensor product operator AQ B: V QW — S®T is defined by

(5.3.1) (A@B)(t) =) Alvi) ® B(w),
=1

where t € V@ W has a representation t =" | v; @ w;.
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Theorem 5.3.2. The tensor product operator A ® B defined by (5.3.1) is
independent of the representation of the argument and if there is a second
tensor product operator (A ® B)" defined by (5.3.1), then
A® B=(A® B),
e., the tensor product operator is unique for fixred A and B.

Proor. We start by showing that the definition of the tensor product
operator is independent of the representation of the argument. Hence, assume
that t € V ® W has two representations

n m

i=1 j=1

Next, let {bfel) : £ € IM} be a basis of V and {b§2 ¢ € I} be a basis of
W. Then we have the representations

= Z Ozi’gb(l), 5j = Z ajvgbél)

Ler) 1)
and
2 -~ ~ (2
= Dby, wy= Y by
eI eI

where in each of the sums all but finitely many of the coefficients are zero.
Setting I = I x 1) it follows from (5.3.2) and the multilinearity of the
tensor product that

Zzaz€1azﬂg 2) ®bg2 = Zza]ha]&bél) ®b( )

i=1 Lel j=1 eeIl
Exchanging in both sides the inner and outer sum and using the linear
independence of the bg) ® bg) shows

n m
E :ai7€1ai,€2 = E :O‘j,flaj,fg'
i=1 Jj=1

From this we have immediately that

Z Avy ® Bw; = Z Z ai,flai,fzbg) ® bg)

i=1 el i=1

= Z Z Qo Oé] £2b€1 ® b(2)

Lel j=1

m
= Av; ® B,
j=1
i.e., the independence of the representation of ¢.
Uniqueness then follows from the fact that a linear mapping is uniquely
determined by its values on a basis. O

IfV, W, S and T are spaces of real-valued functions we have an especially
easy way to evaluate functions in the codomain of A ® B.
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Proposition 5.3.3. Let V(QW) = {v: Q1) = R}, S(QW) = {s: Q) —
R} and W(Q®) = {w : Q@ = R}, T7(Q®) = {t : Q@ = R} be linear
spaces of real-valued functions on domains Q) and Q2. Denote by V(QM))®
W(Q) and S(QM) @ T(Q®P)) the respective algebraic tensor product spaces.
Let A:V(QW) = S(QW) and B : W(Q®) — T(Q®?) be linear. Then the
tensor product operator A® B : V(QW) @ W(Q®) = QW) o T(Q?) is
given by
(A B)(B)() = (Ae B)®)(=,2®) = 3" (A0) (@) - (Bu) (@?),
i=1

where (V) € QW 22 € Q) andt € V(QM)@W (Q®) has a representation
t = Z?:l v; @ wj.

We now consider normed spaces. Assume that we equip the algebraic
tensor spaces V@ W and S ® T with the y-norm from Definition 5.2.6 using
the respective norms of V and W or S and T. We recall that, in order
to avoid any confusion, we denote the norm on V ® W by vygw and the
norm on S ® 7', accordingly, by vsgr. Consider a tensor t € V @ W with
representation ¢t =y ;" ; v; ® w;. Taking the yggp-norm of its image under
the tensor product operator A ® B yields

n n
YseT <Z Av; ® Bwi) < Z | Avs|| s || Bw|r

i=1 =1

n
< AllvoslBlwor Y lvillv llwillw.
i=1
Now take the infimum on both sides over all representations of . We obtain
the inequality

Vser((A® B)()) < [|Allv-sBllw—r - rvew(t).

These types of inequalities are important for the error analysis in the later
chapters, especially if we use different norms the domain and codomain of
the tensor product operator. Note that we assume in the next definition that
the involved operators are linear and bounded.

Definition 5.3.4. Let V., W, S and T be normed spaces with algebraic tensor
product spaces V@ W and S @ T. Two norms aygw : V@ W — [0,00) and
aser S ®T — [0,00) are called uniformly compatible if

(5.3.3) 1A ® Bllvew-ser < [|AllvoslBllw-r,

for all Ae L(V,S) and B € LW, T).
If VoW =8®T, a norm which is compatible to itself, is called a
uniform norm.

Definition 5.3.4 yields immediately that a tensor product operator of
bounded operators that is a mapping between two normed algebraic tensor
product space with uniformly compatible norms is bounded.

If the norms on V ® W and S ® T' are crossnorms, the situation gets
even better.
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Theorem 5.3.5. Let V., W, S and T be normed spaces with algebraic tensor
product spaces V@ W and S®T. Let || - |lver : V@ W — [0,00) and
|- llser : S®T — [0,00) be crossnorms. Then the norms are uniformly
compatible if and only if

(5.3.4) A ® Bllvew-ser = [|Allv-slBllw-r,
forall Ae L(V,S) and B € L(W,T).

PrOOF. Clearly, if (5.3.4) holds, then (5.3.3) also holds. Now assume
that (5.3.3) holds. We need to show

1A ® Bllvewsser > [|Allv=sl|Bllwor.

We use the usual definition of the operator norm

|A® Bllvew—ser == sup [[(A® B)(t)|ser
teVew
Itlvew=1

and estimate
[A® Bllvegw—ser = sup  [(A® B)(¢)|lser

teVeWw
ltlvew=1

>  sup  [[(A®B)(v@w)|ser
vRWEVRW
lvew|lyew=1

= sup  |[Av[s|Bw|r
vRWEVRW
[lvew|lvew=1

> sup [Av[s sup [|Bwlr

IS weW
llvllv=1 llwllw=1

= [[Allv—slBllw -1
O

Before we show that the examples for crossnorms given in the previous
section are uniformly compatible, we remark that the construction of the
tensor product operator is purely algebraic. Hence, we need to discuss the
case when the domain and codomain are tensor product spaces, e.g., closures
of algebraic tensor spaces with respect to certain norms. This, however, is
an easy corollary of Theorem 2.1.12.

Corollary 5.3.6. Let V, W, S and T be normed spaces with algebraic tensor
product spaces VW and SQT. Let aygw and ager be uniformly compatible
norms. Let A € L(V,S) and B € LW, T). Then the tensor product operator
ARB: VW — S®T has a unique extension AQB : VW — SQT, such

that |A ® Bllvew-ser = [|A@B|vaw _sar-

We now come back to the examples of crossnorms introduced in Sec-
tion 5.2. We will see that all these norms are pairwise uniformly compatible.
We recall that the A-norm is defined in Definition 5.2.2 and the v-norm is
defined in Definition 5.2.6.

Theorem 5.3.7. Let V, W, S and T be normed spaces with algebraic tensor
product spaces V@ W and S @ T'. Then the following relations hold between
the A-, v- and any other reasonable crossnorms || - |lvew and || - ||seT-
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(1) || Iavew and || - ||xser are uniformly compatible.

(2) Every reasonable crossnorm || - |[vgw is uniformly compatible with
I Iser-

(3) | |y vew and || - ||y.ser are uniformly compatible.

(4) || - llv,vew is uniformly compatible with every crossnorm || - | ser-

PROOF. The theorem is a generalization of a result given in [58], however
the proof ideas there can be applied in the same way. O

This means in particular that the A-, v- and S-norms are uniformly
compatible. Additionally, we see that all induced norms are compatible.

Theorem 5.3.8. Let V., W, S and T be pre-Hilbert spaces with algebraic
tensor product spaces V@ W and S ®T. Then the induced norms || - ||3,vew
and || - ||g,se7 are uniformly compatible.

PROOF. Assume that A € L(V,S), B € LW, T). Let t € V @ W.
Following Lemma 5.1.11 we find an » € N and linearly independent sets
{vihi<i<r € V and {w;}i<i<y € W such that t has the representation
t= Z;:l V; @ wj.

We define an r x r matrix C' = ((Bw;, Bwy)w ). This matrix is symmetric
and positive-definite and can therefor be written as C = DDT with a
symmetric and positive-definite r x r matrix D.

With this, we can bound

T 2 T
Z Avi ® Bw; = Z <A’Ui, A’Uk>s<B’wi, Bwk>T
i=1 B,SxT  Lk=1
T T
= > (A, Avg)s Y digdy
ik=1 =1

r

> <Z digAvi, dEkAUk:>
=1 \i=1 k=1 s
y = Z A (i diﬂ}i>
S /=1 i=1
<A Ss ) <Z digvi, » dzkvk>
(=1 \i=1 k=1 7

= A} s Z (vi, v)v Zdiedek
=1

ik=1

2 2

r

r
dizAUZ‘
1

1=

/=1

S

= A} S5 > (i, o)y (Bwi, Bug)w.
i,k=1

Next, we use that the r X 7 matrix C' = ((vi, vg)w) is symmetric and positive
definite and can hence be written as C' = DDT. Using the same trick as
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before yields

r

Z <Ui, Uk>v<Bwi, Bwk>W =

- 2
ik=1 =1 T

r ~
Z diKBwi
=1

)
< 1Bl3or S sy (wi wihw

ik=1
- 2
2
= Bl Zvi @ w;
i=1 B,VeWw
Hence, we have shown that
. 2 , 2

SaveBu| < JARLIBRor [Yuew]|

=1 B,S®T =1 B,VeW
which means that the norms are uniformly compatible. (]

The whole next chapter will be dedicated to an application of the theory
presented here. Before we discuss this special tensor product operator in detail,
we come back to the anisotropic Sobolev Hilbert spaces H" (2) defined
in Definition 5.2.30 and its generalization introduced in Definition 5.2.31
Hp . (). For these spaces we give now an analogous result to the Sobolev
embedding theorem in Theorem 2.1.13.

Theorem 5.3.9. Let S C R™ and T C R™, ni,ne € N, be Lipschitz
domains. Let s € R? such that s; > n1/2 and s3 > ny/2. Then there exists a

bounded, linear embedding operator ¢ : H . (S xT) — C(S xT).

Proor. From Theorem 2.1.13 we know, under the assumptions on s;
and so, that there are continuous, linear operators () : H51(S) — C(S)
and +®) : H®2(T) — C(T). Taking the tensor product of these operators
yields an operator :(!) @ (2) mapping the algebraic tensor product space
H*'(S) ®g H*>(T) into the algebraic tensor product space C(S) @y C(T),
ie.,

D@2 BHY(S) @ H?(T) — C(S) @ C(T).

By Theorem 5.3.7 the norms on H*'(S) ® H**(T') and C(S) ® C(T) are
compatible, hence :V) @12 is bounded. This means it can be extended to an
bounded and linear operator ¢, which maps H?, (S xT') into C(S xT). O

Theorem 5.3.9 allows us to embed mixed regularity Sobolev spaces
into spaces of continuous functions with much lower assumptions on the
smoothness, in particular, if the dimension of the domain, ny + ns is large.
This, however, is paid with a stronger norm.



CHAPTER 6

The Smolyak Method

We are now able to introduce and examine a special tensor product
operator in detail. This Smolyak operator allows us to handle high-directional
approximation problems by solving approximation problems in the single
directions and then combining these approximations in an orderly fashion.
In Section 6.1 we study this method in the most basic setting. Next, we
follow the literature and restrict ourselves to a special kind of index set which
we first study in more detail in Section 6.2 and then use it in the Smolyak
method in Section 6.3, where we also repeat and refine the results obtained
in the first section of this chapter. Finally, we briefly introduce a general way
to adaptively obtain an index set for a fixed target function in Section 6.4.

6.1. Basic Smolyak Algorithm

The Smolyak method uses two tools. First, tensor products which we
studied in detail in Chapter 5 and second, special subsets of N¢. We discuss
these sets in the next subsection.

6.1.1. Monotone Index Sets. We start by introducing and studying
non-empty subsets of N¢ which exhibit a special structure. The restriction
to these special index sets is necessary for the Smolyak method to be well-
defined.

Definition 6.1.1. A non-empty index set A(d) C N¢ is called monotone if
X € A(d) and v € N® with v < X implies that v € A(d).

Sometimes monotone index sets are also called downwards closed. We
can reformulate this definition in a way that makes it easier to check if an
index set is monotone.

Proposition 6.1.2. The non-empty index set A(d) C N? is monotone if
and only if for each A € A(d) with A\; > 2,1 < j <d, also A —e; € A(d),
1 < j <d. Here, e; denotes the j-th unit vector in RY.

In Fig. 1 we give two examples of index sets. Although A(d) is defined
as a subset of N¢ it has become customary to display the set as is done
here. The elements of A(d) are the respective right upper corners of the gray
boxes. The left depicted index set is monotone. However, the right one is an
example of a non-monotone set. The index (2,4)T is an element of this index
set but (2,3)T is not. This is a violation of the condition in Proposition 6.1.2.

For every direction 1 < j < d we find a unique value A; 4, which is the
maximum value of the j-th component of any multi-index in A(d).

117
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FIGURE 1. Example of a monotone index set (left) and a
non-monotone index set (right).

Definition 6.1.3. Let A(d) C N? be a bounded index set. Then the mazimum
value of the j-th component of any multi-index X € A(d) is defined as

(6.1.1) Njmaz = max{; : A€ A(d)}.

Clearly, for bounded index sets this value always exists and is for every
1 < j < d unique. However, there is not necessarily only one A € A(d) which
has Ajmaz as its j-th entry. Indeed, as we see in in the left set of Fig. 1
there are two multi-indices, (1,4)T and (2,4)T, whose second components
are A2 maz = 4.

The special structure of the monotone index set A(d) allows us to incre-
mentally build it direction by direction. To do this, we need to introduce two
further sets, which are subsets of A(d).

Definition 6.1.4. Lfit A(d) CN¢, d €N, be a monotone index set. Define
for 1 <i<d the set A(i) C A(d) by
(6.1.2)

A(i) == {X eN' : there is a A € A(d) such that Ay = Am,1 < m < z}

and for 1 <i<d—1 and 1 <k < ANiy1,maz the set K(k,z) C A(d) by
(6.1.3)

Ak, i) := {3\ eN' : there is a A € A(d) such that Ay = Am,1 < m < i,
mMAlek}

The index set A(i) C N in (6.1.2) is the restriction of the monotone
index set A(d) to the first i directions. The set A(k,4) in (6.1.3) is a special
restriction to the first 7 directions where we only take elements of A(d) whose
(7 + 1)st entry is equal to k. We give examples of these sets in Fig. 2.

From Definition 6.1.4, the following proposition is straight forward.

Proposition 6.1.5. Let A(d) C N¢, d € N, be a monotone index set. Then
the following statements hold.

(1) For fized 1 < i < d — 1, the sets A(k,i) are nested for 2 < k <
>\i+1,max; i'e';

A(k,i) C Ak —1,4).



6.1. BASIC SMOLYAK ALGORITHM 119
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FIGURE 2. Examples of A(3) (top) and the associated subsets
A(2), the restriction of A(3) to the first 2 directions defined
in (6.1.2) (bottom left) and A(3,2), the restriction of A(3)

to the first 2 directions using those A € A(3) with A3 = 3,
defined in (6.1.3) (bottom right).

(2) We can construct A(d) inductively. We have A(1) = {1,..., M maz }
and fori=2,...,d we have

)\i,maz

(6.1.4) A= |J Alk,i—1) x {k}.

k=1
And obviously, A(d) = A(d).

In Fig. 3 we give three examples of two-directional monotone index
sets. The one on the left is usually called isotropic, i.e., it is extended in
all directions uniformly, and the one in the middle is most often called
anisotropic, i.e., the extension of the set in each direction can be different. We
will see in Section 6.2 that isotropic index sets can be seen as special cases
of anisotropic ones. We will study anisotropic index sets in more detail there.
The right most set is an example of a full product set. This set is, for fixed
AM,mazs - -+ » Ad,maz the index set with the most elements of all monotone sets
and usually an undesired extremal case.

6.1.2. Definition of the Basic Smolyak Operator. We now give
the precise definition of the Smolyak operator. We assume that we have
two families of linear spaces, VY, ..., V(@ and SO ... S These spaces
may coincide, i.e., VO = V0 60 = §0) or even VW = SO, for some
1 <1,7 < d, however we do not require them to. Usually these spaces are
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F1GURE 3. Three examples of a monotone index set: Isotropic
(left), anisotropic (middle) and full product (right).

either Sobolev spaces on lower-dimensional domains QU) C R ,1<5<d

and n; = 1,2,3, ie., v = W;?(Q(j)) and SU) = chj?(Q(j)) with 1 <

pj,q; < ooand 0 < oj,7; < oo for every 1 < j < d, or spaces of continuously

differentiable functions C*s(QU)), k; € Ng U {oo} on QU). Another suitable

choice is SU) = R, if we are interested in quadrature rules, see, e.g., .
On these spaces we define special operators.

Definition 6.1.6. Let V(l), V@D and SO S pe linear spaces. For
1<j<d, keN let A,(CJ) V) — SU) be linear operators and set A(()]) =0.
For1 < j<dandk € N we define the difference operators A,(g) V) — §0)
by

(6.1.5) AP .= A9 A0
Definition 6.1.6 means that we can express Ag ) as a telescoping sum
k
(6.1.6) AP =N"AY 1<j<d keN,
i=1

with, again, A(()j) = 0.

In the original construction of Smolyak in || the operators Ag ) were
univariate quadrature rules. Later on, e.g., in [11}, 90|, different interpolation
and approximation operators have been used. In this thesis we will set A,(j )
to be different kernel-based approximation operators. Special interest lies

in the choice of multi-level operators A(L]()j) of certain, direction dependent

levels LY. We studied these operators Chapter 4 in detail.

The original idea of Smolyak was to combine tensor products of the
difference operators to obtain an operator which maps the algebraic tensor
product space V) @ .- @ V@ into the algebraic tensor product space
SM @ ... ® 8@, This combination is done in such a way that the resulting
tensor product operator retains the approximation properties of the direction-

wise operators (A,(j )) keN but is also not too expensive to compute. The idea

is that this combination is done according to a given monotone index set
A(d) C N4,

Definition 6.1.7. Let VD, ... V@ gnd SO, ... S be linear space with
algebraic tensor product spaces ®;l:1 V) and ®?:1 SU). Let A(d) € N? be a
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monotone index set. For linear operators A](Cj) VU 5800 1<j<d keN,
let A,gj) = Ag) — A§£1 be the difference operators defined in Definition 6.1.6.

Then the (basic) Smolyak operator Ay g : ®;.l:1 v — ®§l:1 SG) s
defined as the tensor product operator

d .

AEA(d) AeA(d) j=1

We will also call this operator (basic) Smolyak method or (basic) Smolyak
algorithm. The definition of Ay 4) makes it obvious why we require the index
©)
k

set A(d) to be monotone, otherwise the difference operators A’/ would not

be well-defined.
Following Corollary 5.3.6 we can extend A, g to an operator on the
closure of the algebraic tensor product spaces.

Proposition 6.1.8. For 1 < j <d let (VU ||-|,o)) and (S, |- |l50)) be
normed spaces. Let ®?:1 v and ®?:1 SU) be the respective algebraic tensor
product spaces. Assume that the tensor product norms o : ®?:1 V) =0, 00)
and & : ®?:1 S — [0,00) are uniformly compatible and let VIVE ... @V (@)
and SVG - @SD be the closures of the algebraic tensor product spaces with

respect to o and a. Assume further that the operators A,(f ) v 6) 5 S6) are
bounded for all 1 < j < d and k € N.

Then there exists a unique extension of the Smolyak operator to an
operator VAVR ... gV — sWg... g5,

We write for this extension again Ay (q)-

We now derive some alternative, but equivalent, representations of the
Smolyak operator Ay 4. First, we note that for d = 1 we have, with (6.1.6),

/\l,maac
_ _ (1 _ 4
A= D Ba= D AT =4
AeA(1) k=1

This is simply the one-directional operator of the highest index.

)

Next, we follow [90] and express A, (g) in terms of the operators Ag . To
do so, we need to resolve the tensor products of the difference operators in
(6.1.7). We find that, for a fixed A € A(d), the identity

d d
— U) _ B ()
M=QAT= > (P AT,
J=1 Be{0,1}¢ J=1
A-B>1

holds. Here, we used that we set A(()j ) = 0, 1 < j < d. Inserting this represen-
tation into (6.1.7) yields a formula which is universally called combination
technique.
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Proposition 6.1.9. With the notation and assumptions of Definition 6.1.7
the Smolyak operator can be expressed as

(6.1.8) Avay= > > | ||B||1< Ue "'®A(§?)-

A€A(d) Be{0,1}¢
A+BeA(d)

This representation allows us to use the operators A,(g ) directly instead
of having to compute the difference operators first. This makes an imple-
mentation of the Smolyak operator particularly simple. It also allows us to
derive an explicit formula for the point-evaluation of the codomain of Ay 4.

This is an easy conclusion of Theorem 5.1.10.

Proposition 6.1. 10 For1<j<dlet QU) C R™, nJ e N, be a domain.
Assume that V@ (QU)) = {v0) : QU) = R} and S J)( D) ={s) . Q) -
R} are linear spaces of functions defined on QW) with algebraic tensor product
spaces @7_, VU(QY)) and @7_, SYV(QY)). For all1 < j < d and k € N
let A](CJ) : VO(QU)Y - SUNQUY) be linear operators. Let A(d) € N be a
monotone index set.

Let Apq) : ®;-l:1 vV (QW)y ® @(QU)) be the Smolyak operator.
Then the identity

d

Anay (0P @ - =Y 3 el (A(Ai)vu)) (z1),

A€A(d) Be{o,1}4 Jj=1
A+BeA(d)
holds for all v @ --- @ v ¢ ®;l:1 VO(QU)Y and x = (2M),... @) T ¢
x4_, Q0.

Another way to represent the Smolyak operator is by means of a recursion
formula, i.e., expressing the d-directional operator A, using a d — 1-
directional Smolyak operator and a one-directional difference operator. The
key is to use the recursive representation of the monotone index set in (6.1.4).

That is, we can express A(d) as a union of sets (A(k,d — 1) X {1k 1<k <M amae-
We have

Z ®<A(a ;) )

AEA(d) j=1

Acl,'maz d—1
_ () () (@) _ 4(d)
- k:zl xe%:d—l)égl) <AAJ A;m) ? (A’“ A’H)

)\d,maz

- ; AR (k1) @ <A](€d) - A;@l) :

Hence, we have a second alternative to express the basic Smolyak operator.
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Proposition 6.1.11. With the notation and assumptions of Definition 6.1.7
the Smolyak operator can be expressed as

Ad,m.az

d d
k=1

This representation will prove essential when we show some of the prop-
erties of the Smolyak operator in Section 6.1.4.

The last representation we give follows the same ideas but uses recursion
in a different way. It is based on the following observation.

Proposition 6.1.12. Let A(d) C N¢ be a monotone index set and A(i) be
the restriction of A(d) to the firsti, 1 < i < d — 1, directions. For every

X € A(i) we find a unique Nip1(X) € N with
Aip1(A) = max {k: € {1, Nisrmas) © NE)T € MG+ 1)} .

This allows us to express the Smolyak operator in a different recursive
way.

Proposition 6.1.13. With the notation and assumptions of Definition 6.1.7
the Smolyak operator can be expressed as

(6.1.10) Avay = D ®A ®A

AeA(d—1) 7=1
where Ag(X) is as in Proposition 6.1.12.
PROOF. With Ag(A) as in Proposition 6.1.12 we have

Ay = Y ®A 7

AEA(d) j=1
aX) d—1

- T S @y (- an)

AeA(d—1) k=1 j=1

&.

- Xa(X)
- Y @aYs| X (4 -4)
AeA(d—1) J=1 k=1

In the last step we used the multilinearity of the tensor product. Resolving
the telescope sum

$ (- 42) -l

yields the claim. O

We will use this form of the Smolyak operator to derive error representa-
tions of ¢ — Ay (). We note that for general monotone index sets A(d) we

can not give an explicit formula for )\d(;\). However, later, we discuss the
anisotropic Smolyak operator and there we can give a closed form for this
quantity.
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6.1.3. Sparse Grids. Sparse grids are inseparably linked to Smolyak
operators. This goes even so far that the corresponding methods are often used
as synonyms, see, e.g., |70, Chapter 15]. Assume that the low-dimensional
operators (AZ(] ))iGNa 1 < j < d, are approximation operators that use point
data of the target functions. Then the point sets the Smolyak operator of
(6.1.7) uses are called sparse grids. We now go into more detail.

We assume that every low-dimensional domain QU C R, n; € N,

1 < j < d, contains a sequence of point sets (Xi(j))ieN with cardinality
#Xi(J) = NZ.(])7 i.e., for i € N, we have

() . (7) () j
X7 {wz,jlv wifoj)} c u.

We assume that these Xi(] ) get denser and denser in Q) i.e., NZ.(] ) < Nl(i)l,
1 <j<d, i€N, and, although in applications this will often be the case,
we do not require them to be nested.

We assume further that for every 1 < j < d we have spaces of functions

V@ (QU) and S (QU)) defined on QU). We assume further that for every

i € N we find in SU)(QU) a set of Lagrange functions {XEJ,"ZI}1<m<N(j) :

SG) (Q( )) — R corresponding the set X; ) We recall that Lagrange functions
are mappings that satisfy X(J)( () m) = Opm forall 1 <k, m < N( 7

i,k

We then define operators AE ) :VO(QU) - SOI(QU)) by

Nb_(j)

AP =3 FOENG, S0 € V), 5 € X0
k=1

Examples for these operators are approximation operators using piece-wise
linear splines, see, e.g., [11], Lagrange polynomials of certain degree, see, e.g.,
[90], or, in the case of this thesis, kernel-based (multilevel) operators using
Lagrange functions, see Chapters 3 and 4.

Using these operators in the formula of the combination technique, (6.1.8),
with a monotone index set A(d) C N yields for f € ®?:1 VO (QL)

Ar@)(f) =

N(l) N(d> p
Z Z ”5”1 Z Z f < L1 k1 Ad,kd> ®
AeA(d) Be{o0,1}¢ ki=1 kq=1 j=1

A+BeA(d)

Investigating this identity closely yields that the Smolyak operator only
uses functions values of f € ®?:1 V) (QU)) on special combinations of the

point sets Xi(j) .

Definition 6.1.14. For 1 < j < d let QU C R%, n; € N, be low-

dimensional domains and let (Xi(j))ieN C QU be a sequence of sets of
sites. Let A(d) € N? be a monotone index set. Then the sparse grid Hy) C
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X?Zl Q) is defined by

(6.1.11) Hya = | (X0 % x x17).
AEA(d)

In Fig. 4 we give examples of two-directional sparse grids in [—1,1]2. In
each column we use the corresponding index set depicted in Fig. 3 and for
each row we use a different direction-independent family of one-dimensional
point sets (X;);;~,. Here we omit the superscript. In each of the three
families the sets have cardinality Ny =1 and N; = 2"1 +1,4 =2,3,4. In
any of the three cases we set X; = {0}.

On the top row we discretized the interval [—1, 1] uniformly with fill
distance h; = 27! for 2 < i < 4, i.e., the point sets X;“”f are defined as

XM= (C104k-hy : 0<k<27'), 2<i<d4

In the middle row we use the extrema of the i-th Chebyshev polynomial.
These can be computed to be

cc (W'(/‘ﬂ—l)

e ), 1<kE<N;,2<i<4
(3

1 . 1 . 1 .

0 . 0 . 0 .
71 : 71 : 71 :

-1 1 -1 0 1 -1 0 1
1 T 1 * 1 4

0 - 01 - 0 -
1 2 -1 + -1 !

-1 1 -1 0 1 -1 0 1
1 - 1 1 =
0 = 0 = 0 <
Y A : e L C : R R R
-1 0 1 -1 0 1 -1 0 1

FIGURE 4. Examples of sparse grids for the index sets of
Fig. 3 for uniformly distributed points (top row), Clenshaw-
Curtis points (middle row) and i.i.d. drawn points (bottom
row).
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yielding the Clenshaw-Curtis points
X7¢ = {alf + 1<k <N}

In the bottom row we have drawn N; independent and identically dis-
tributed points using the C++ -class std: :uniform_real_distribution<>
to obtain the point sets (XI9™).

The first two families, (X/"*/) and (XCC), are examples for nested point
sets. Another often used example for a nested point set are the Leja-points
defined recursively in the following way, see, e.g., [53]: Define X1%* = {}
for a given point xg, and for i = 2,3, ..., define the Leja point set XiLEja by

i1
xkeae = xteg e - om = argmaxH & — x|, xp € XF90R
ze[-1,1]

While the cardinality of uniformly distributed and Clenshaw-Curtis point
sets doubles from ¢ to ¢ 4+ 1, the growth of the cardinality of the Leja point
sets is just 1.

The point sets (X dm) are with high probability not nested. This leads
to sparse grids with higher numbers of points.

For each if these families of point sets we see the influence of the index
set A(2) on the sparse grid. In the first column of Fig. 4 we used the isotropic
index set which leads to the isotropic sparse grid, which in turn is a special
case of the anisotropic sparse grid in the second column. The grids in the
third column do not exhibit any sparseness and are full tensor product grids.
Although the underlying index sets fit the theory presented so far we do
not study these kinds of product grids further and focus in Section 6.2 on
anisotropic index sets.

In early works on Smolyak methods, see, e.g., |11} 30], give error estimates

in terms of the fill distance of the sparse grid, hHA(d)7><?:1 oGy to allow a

comparison to already known, classical results in approximation theory.
However, the development went away from it, as this quantity is not suitable
to represent sparse grids. In more recent works error estimates are given in
the total number of points # Hyq) of the sparse grid, see, e.g., [16, |43}, 169].
This has also drawbacks. Primarily, we lose information about the potential
anisotropy of the problem as there are many sparse grids with the same
number of points but completely different families of direction-wise point
sets (X,g])) or with different index sets A(d).

Additionally, for given Xi(] ), 1 <j <d, €N, and monotone index set
A(d) we know only for very few exceptions the exact number of distinct
points in the corresponding sparse grid Hy(4). This makes finding an answer
to the question which sparse grid to use to achieve a certain error bound
hard.

Nevertheless, we give now two examples where we do know the exact
value of #Hyg).
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First, if A(d) is the full product index set and therefore Hj 4 the full
tensor product grid, the cardinality is simply

d /\] max

i =TT S (#9 —#x{L,).

j=1 \j=1

We used again the convention that X(()J ) = (). This means that the cardinality
of Hy(g) grows exponentially with the number of directions d. We reiterate
that this set plays a subordinate role.

The second example is more interesting. If A(d) is the isotropic index set
and the families of low-dimensional point sets (Xi(] ))ieN are independent of
the directions 1 < j < d and nested, i.e., X; C X;+1, we know by [78, Section
3.3] that the cardinality of the corresponding isotropic sparse grid can be
computed according to the following theorem.

Theorem 6.1.15. Let A(d) be an isotropic index set with uniform largest
possible entry in any component of any multi-index Apmqz. Then the cardinality
of the sparse grid Hyq) constructed with a nested, uniform family of low-
dimensional point sets (X;)ien satisfies

#Hpa) = > ol

(h17"'7h)\ma:c)€‘]>\mazvd

d' )\maz

, H HX\ —H#Xr )",

hAmar

where we set #Xo = 0 and used the index set

Im.d = {hG {0,...,d}™ : ||h|l1 = d and Z(n—l)hn Sm—l}.

n=2

Although this theorem gives a formula how to compute the exact number
of #H gy it is only valid for a very restricted case. We note that in the setting
Theorem 6.1.15 and even in the case of non-nested, direction independent
X; there is a more easily computable upper bound on #Hyqg), see, e.g., [70,
Lemma 15.5]. For more general monotone index sets or non-uniform point
sets we know of no analogue.

6.1.4. Selected Properties of A). One important aspect of the
construction of the Smolyak algorithm is that it carries over certain nice
properties of the low-dimensional approximation operators.

The first of these properties we want to study in more detail is exactness.
We recall that we denote the embedding operator by .

Definition 6.1.16. Let V and S be linear spaces. Let I C 'V be a subspace.
We call the operator A :V — S exact on II, if

A(f) =u(f), fell

We see that if the family of operators (A(j))ieN, 1 < j < d, is exact then

(2
the Smolyak operator is also exact in a specific subspace of ®;l:1 17428

Theorem 6.1.17. Let VD . ,V( ) and S( ). S(d) be linear spaces with
algebraic tensor product spaces ® V and ® . Let (HE ))ieN C
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v 1 1 <j <d, be a sequence of nested subspaces i.e.,

Assume that, for 1 < j < d and i € N, the operator Agj) VO = 80D s
ezact on HZ(]). Then the Smolyak operator Apq) : ®§l:1 v - ®;l:1 SG) s
exact on Y xep(a) Hf\ll) ®-® Hg\i), i.e

Axa () =uf), fe Z ) @ - eIy,
AEA(d
The operator ¢ = ®] L ® VO - ® ) denotes the tensor

product embedding opemtor

PROOF. The main idea of the proof is to use the recursion identity
(6.1.9) and to do an induction over the number of directions d. Since all
operators involved are linear it suffices to show exactness for elementary
tensors f = fM @ -+ @ f@ . Assume there is a multi-index A* such that

fe ®;.l:1 HE\?. Hence, for 1 < j < d, we have
A%)(f(j)) =W, U e HE\];’
since we assume that A(Aj*) is exact on HE\JQ. We now need to show that if
A* € A(d) then the Smolyak operator A, 4 is exact on ® HA*).
First, consider d = 1. We have AA(l) = AE\?,MI and A1 maz > A]. The
nestedness of H,(:). in particular HE\? C ngll),maz’ yields for f) e Hg\?
(f0) = AJ () = (),

For the induction step d — 1 ~» d we recall the recursion formula of the
Smolyak operator

Any(f0) = A

Al,mam

Aol,maac

d d
(6.1.12) A = D Axgan © (A7 — AP,
k=

In direction d we know that A(;i) is exact on Hg\@ and by the nestedness

of the H; ) we know that as long as k — 1 > X\ we have, for [ e H(d)

AP (D) = A0, (FD) = LD (7).
This means that
AP (D) — AP (1 D) =0

holds for £ — 1 > X). Hence, we can truncate the sum in (6.1.12) at A} and
obtain

(6.1.13) ZA fan ® (A7 =42
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We assume that A* € A(d). This means that (A},..., A5 )T € K(AZ, d—1).
And by Proposition 6.1.5(1) this also implies that (A},..., A5 )T € A(k,d—1)
for every k < . Hence, the induction hypothesis guarantees that

Ax(k,d—l)(f(l) R ® f(d—l)) — ®L(j) (f(l) Q- ® f(d_l)),

Putting this in the recursive representation of the Smolyak operator of
(6.1.13) and applying it to f € ® HA*) yields

Apayf = ZA Kodo1) f(”@"'@f(d_”)@(Aff)—A;(ﬂl) (f@)
— D (V@@ fdD)ygAD @
= ®L] (f ® ® f )®A>\;(f )
]:

2 fAD) g @) (@)

I
~
—
<
=
~—~
kﬁ
~
=
=

I
=
~

O

The proof has been given for different contexts in several publications,
see, e.g., [23,69]. The proof given above follows |16], which also investigates
the case of general index sets and operators.

Next we see that if the operators Agj ) are interpolation operators on sets

X i(j ), 1 <j <d, i €N, the Smolyak method yields an interpolation operator
on the corresponding sparse grid.

Theorem 6.1.18. For 1 < j <d let 0U) c R", n; € N, be a domain. Let
vy, v@Qd) and SO@QW), ... SDQD) be linear spaces of
functions such that for every 1 < j < d the inclusion V), S0U) € C(QW)
holds. Let ®?:1 VO (QU) and ® @) (QY)) be the respective algebmzc ten—
sor product spaces. For 1 < j <d let L( D v = S0 and e : ®j:1 174%
®?:1 SU) be the respective embedding operators.

For every 1 < j <d let (Xi(j))ieN C QU) be a nested sequence of sets of
sites, 1.e.,

0 =: X((]j) C Xl(j) C Xéj) C...c QW

Assume further that for every 1 < j < d and i € N the operators Agj) :
VO (QW) = SU)(QW) are interpolation operators on Xi(j), i.e., they satisfy

Azﬁj)(f(j))(m(j)) = DDy (z)), fO) ey (QW), £U) ¢ Xi(j)

Let A(d) € N? be a monotone index set.
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Then the Smolyak operator Apqg) : ®?:1 v (QU)) - ®;l:1 S6) QW)
satisfies

d

Ara)(F)(@) = u(f)(@), Fe@QV QD)

j=1
for all © € Hyq), the sparse grid defined in (6.1.11), i.e., Apq) is an

interpolation operator on Hyq).

PROOF. The idea of the proof is similar to the one of Theorem 6.1.17.
We again use the recursion identity of the Smolyak operator in (6.1.9) for an
induction over the number of directions d.

For d = 1 we again have Ay = Ag\ll)’mw. This is by assumption an

interpolation operator on the point set X ﬁ)mz. Since we assumed the X ,gj )

to be nested, we have Hy) = X /(\?mm and therefore the claim for d = 1.
For the induction step d — 1 ~» d we use the recursion formula

Ad,maz

Avay= Y AR ha-1) © (Al(cd) - Al(cd—)1> :
k=1

And again, since all occurring operators are linear, we assume without
restriction of generality that f = fM) @ ... @ f@ ¢ ®?:1 VO (QUY) is an
T

elementary tensor. We fix an x, = <:c£1), .. .,m&d)> € Hj(g) and find a

1 < M\ < Agomae such that ¥ € XD\ x@  This A\* is the index for
d , A5 Ai—1 d

which the point ar:,(ﬁd) occurs for the first time in the sequence (X ,gd)) geN. The

remaining d — 1 components of x, satisfy
(1) (d-1\ T
(m* s, Iy ) GHK(A;,dfl)'
Additionally, we have for all \; <k < Agmaz — 1
d d d
(A" - 4l) (F D)) =0,

since the operators are assumed to be interpolation operators.
Together with the induction hypothesis this then yields for the Smolyak
operator

Ana)(F)(.) =
)‘d,maz
_ d—
= > Az (V@@ fE) @D, 2.
k=\}
d d d
(A7 = A2)) (5D @)
d d X d
i i 1 -1 d d
= | @9 | @, 2l ) 3 (4 - A (1) @),
j=1 k=1

Resolving the telescope sum yields the claim. U
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6.1.5. Approximation Error Estimates. We now derive a represen-
tation of the approximation error for the Smolyak operator. We can use
this representation, together with the theory introduced in Section 5.3 and
minimal assumptions, to obtain basic approximation error estimates.

Theorem 6.1.19. Let VY ... V@D gnd SO .. S be linear spaces with
algebraic tensor product spaces ®?:1 VU and ®;l:1 SU), For1<j<dlet
(V@) 86 and e ®?:1 v - ®§l:1 S0 b? the respective embedding
operators. For every 1 < j < d and k € N let A,(CJ) V@ 5 8O be linear

operators. Let A(d) C N? be a monotone index set. Then the error operator
t—Apa) ¢ ® VO - ® 1S can be expressed as

(6.1.14)
d
7j=2 ]72
where

(6.1.15) RGj)= 3. QA « < - A(Aj)(»)

PROOF. We use the representation of the Smolyak operator (6.1.10)
and recall Proposition 6.1.12. We find for every A € A(i) a A\ji1(A) €

~ ~\NT ~
{1, Ais1maz} such that ()\, )\Hl()\)) e A(i+1).
We have with the multilinearity of the tensor product

t—Aprg =t — Z ®A(] ®A>\d()\)

AeA(d— 1) J=1

:ém_ 3 ®A(J (A<d )_<d)>_ 3 ®A(J®L

J=1 AeA(d 1) J=1 AeA(d—1) J=1

®AO ( Ai?@)) +

XeA(d-1)
d—
(@0 ¥ @ap]en
j=1 XeA(d— 1)J 1
with R(j) as in (6.1.15). O

This representation of the error operator ¢ — Ay (g) is remarkable. It
allows us to express the operator by a combination of the low-dimensional
error operators 1) — AEJ ) and the difference operators AZ(-] ) for 1 <j<d
and suitable 1 <4 < A\gmqe. Additionally, we see the exact influence of each
direction on the tensor product error operator.
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With the theory introduced in Section 5.3 we obtain the following general
error estimate.

Theorem 6.1.20. For 1 < j < d let (V(j || lya)) and (SO - llsi)
be normed spaces. Let ® V(J and ® ) be the respective algebraic
tensor product spaces. Assume that these spaces are equipped with uniformly
compatible crossnorms || - ||y g...qv@ and || ||gn)g..gg@ - For 1 < j < d let
(v 5 86 gnd e ®?:1 v - ®?:1 SU) be the respective embedding
operators. For 1 < j <d andi € N let Agj) : V) — SU) be linear operators.
Assume that the following estimates hold for all 1 < j < d with constants
BY, ¢, cf), D) > o:

(6.1.16) 1Ly o)y 500 < BY
(6.1.17) 169 = AP o) Ls < CPDY' i >0
(6.1.18) 1A |y 50 < C9' DO i > 1,

Let A(d) € N% be a monotone index set and An@) : ®?:1 7452 ®§-l:1 S0)
be the Smolyak operator.
Then estimate for the tensor product error operator

d
1 . )\l,masc
le = As@ g vor gt s < etV [[BY (D(1)> +
=2

(T e®) o () M)
3 ((e)er 11 89) 5 (TH(e)") (o)

Jj=2 k=2 k=j+1 XEK(j—l) k=2
holds.

PROOF. In this proof we omit the indices of the occurring norms. We
use the representation of the tensor product error ¢ — Ay(g) in (6.1.14).
By assumption the crossnorms on ®§l:1 V) and ®?:1 SU) are uniformly
compatible. This means that we have, with the help of the triangle inequality

d

A HHL H+ZHR T 1.

k=j+1
To bound ||R(j)|| we use the representatlon of R( ) in (6.1.15) to obtain

. k)
rol= > 11 1A%
XeA(j—1) k=2
Hence, we have with the assumptions (6.1.16), (6.1.17) and (6.1.18)

d
Al,maz -
e — Ar@yll < Cfl) (D(1)> . | | B4
i=2

+§d: > (ﬁ@k)(Dw))%)Cm( ) H Bk

7=2 Xeh(j—1) k=2 k=j+1

lle — Apayll < [ -

A(J)
A (N
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Rearranging the right-hand side yields the claim. U

We note that the assumptions in (6.1.16), (6.1.17) and (6.1.18) are rea-
sonable. (6.1.16) means that for all 1 < j < d the embedding operators
1) are continuous. The assumption (6.1.17) means that the operators Al(j ),
1 <j <d, i €N, approximate the corresponding embeddings. Clearly, we
are only interested in operators Agj ) with DY) < 1.

In this most general setting the error estimate of the preceding theorem
is hard to interpret. However, depending on the application the constants
Cfﬂ ), Céj ) and DY do not explicitly depend on the direction j. Furthermore,
we often work with function spaces which have a canonical embedding, i.e.,
BU) = B = 1. In this case, the estimate of Theorem 6.1.20 reduces to the
following corollary.

Corollary 6.1.21. With the assumptions and notation of Theorem 6.1.20 we
additionally assume that the constants C’fj), Céj) and DY) to be independent

of the direction j, that BY) =1, 1 < j <d and that D < 1. Then the error
estimate

le = Ap@)ll < C1max(1, C§~2)dDT MmO mars - Admaz) A (d).
holds.
ProoOF. We use the error estimate of Theorem 6.1.20 and obtain

le = Ax@ll <

d ~ ~ ~
S ClD)\l,maz + Z 05—201 Z D)\2+---+)\j,1 D)\j()\)
J=2 XeA(j—1)

d
S CID)\l,maz + Z 057201 Z D(]_l) min(>\2,maz7-~-7>\j,ma;n)
J=2 XEA(i—1)
< ¢y DMmar 4 Oy max(1, C§~2) DAY min(emas, - Admaz) (g — 1)4A(d)
< Cy max(1, C42)dDIminAmazsAdmaz) 4 A (d).

O

In contrast to the error bound obtained in Theorem 6.1.20 the estimate
in Corollary 6.1.21 is far easier to interpret. However, we only obtain a
convergence order of dmin(Ai magz, - - - Admaz)- This can be understood in
the sense that only the worst low-dimensional approximation determines the
convergence order and the approximations in the other directions do not
matter at all.

The convergence results in Theorem 6.1.20 and Corollary 6.1.21 can be
seen as two extremes. The former retains as much information of the problem
as possible but is hard to interpret while the latter gives a closed form but
loses generality. We have to keep this in mind in the convergence results we
give later and find a way to moderate these two extremal cases.
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6.2. Anisotropic Index Set

We now study the anisotropic index set in more detail. This special set
got a lot of attention in the most recent publications, see, e.g., [40, |43}, 71]
and is the index set we want to use for the rest of this thesis. We already
mentioned this set as an example of monotone sets in Section 6.1.2 and
showed an example in Fig. 3.

6.2.1. Definition and First Properties. We start with giving the
definition of the anisotropic index set and then derive alternative representa-
tions.

Definition 6.2.1. For given weight vector w € ]R‘i and threshold ¢ € N we
define the anisotropic index set Z, (¢, d) C N% by

d

(6.2.1) To,(t,d) :=={ Ae N : ;(AJ —1w; < elgljjgdwj

The vector w allows us to assign different importance to different direc-
tions. The larger w; the less important direction j is for us and Z, (¢, d) is
less extended in this direction. In the special case that w; = we = -+ = wy
the set is called isotropic. Without loss of generality we can assume that
w is ascendingly ordered, i.e., w1 < we < -+ < wy. We can always achieve
this by permuting the single directions. It is also possible to normalize the
weight vector such that, if we assume an ascendingly ordered w, we have
minj<j<qw; = wi = 1, This will not change the anisotropy, i.e., the quotient
of the weight in direction j and direction k, but it will change the geometric
shape of Z, (¢, d).

We will use the following recursive representation of the anisotropic index
set.

Proposition 6.2.2. Let w € Ri be a weight vector and £ € N a threshold.
Recall that Agmaz is defined by (6.1.1). Set wyip := minj<j<qw;j. Then we
can express the anisotropic index set L,({,d) as

)‘d,maz

(6.2.2) T,(td) = | Ig (e —(k—1)
k=1

Wd

,d_1> < (K},

mn
with @ € R such that wj=wj, 1 <j<d-1.

PRrRoOOF. We have

To(l,d) =S AN ) (N — Dwj < lwmin

o,
i M&
I

d—1
ERPYE Nd : ()\j — l)wj < Abwmin — ()\d — 1)wd
j=1
d—1 w
= )\ENd : ()\j—l)wjg <€()\d1) d )wmm
Wmin

.
I
=
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We see that \g can only take values in {1,..., A\gmaz}. This then leads to

d

Iw(e, d) =< A€ Nd : Z()\J — 1)Wj < <€ — (/\d — 1)wwdi ) Wmin
=1 min
Ad,maz d—1 w
_ d
— kUl Ae NIt E(Aj—l)% < <£—(k—1)wmm>wmm x {k}.
= ]:

O

To use the anisotropic index set of Definition 6.2.1 in the Smolyak
operator we need to show that it is indeed a monotone set.

Proposition 6.2.3. For every weight vector w € R‘i and threshold ¢ € N
the anisotropic index set Z,,(¢,d) is a monotone indez set.

PrROOF. We use Proposition 6.1.2 to check that for A € Z,(¢,d) the
multi-index A —e;, 1 < j < d, is also an element of Z,,(¢,d). Take A €
Z,(¢,d) such that A\j» > 2 for a 1 < j* < d. Then X — e~ satisfies, with

Wimin 1= Mminj<j<qwj and 1:=(1,...,1)T € R,
d d d
Z(A—e]*—l rWE = Z)‘k_(sk]*_l Z)\k—lwk<€wmm
k=1 k=1 k=1
Hence, A — e € 7, (¢, d). O

Next, we can explicitly compute the largest possible j-th component

)\j,ma:c-

Proposition 6.2.4. For any weight vector w € Ri and threshold ¢ € N
the largest possible value in the j-th component of any multi-index in the
anisotropic index set Z,,(¢,d) can be expressed as

14 min
(6.2.3) Ajmaz = V’J +1,
w;

with Wmin +— minlgjgd wj.

We see that if the weights in direction j and j + 1, w; and wjy; differ
not too much we can still have Aj ez = Aj+1maz- This means that those
two directions are isotropic although the weights are not. This can lead to
numerical artifacts. We will quantify how much w; and w; 1 have to differ
such that Aj ez 7 A\j+1,mae in Section 6.2.3.

6.2.2. Cardinality of Z,(¢,d). The cardinality of the index set occurs
in some error estimates for the Smolyak operator, e.g., in the estimate given
in Corollary 6.1.21. We now give an estimate on #Z (¢, d) for every w € Ri
and ¢ € N.

There are several papers, see, e.g., [40l 43| |71], which give bounds on
#7.,(¢,d). They all exhibit the similar behavior of ¢ as £ — oo. However,
the upper bound given in [43, Lemma 5.4] seems to be the sharpest one yet
obtained. For this result it is essential that the weight vector is ordered.
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Lemma 6.2.5. Let w € Ri be an ascendingly ordered weight vector and
let ¢ € N. Then the cardinality of the anisotropic index set L, (¢, d) can be
bounded by

(6.2.4) w(l,d) < H (M - 1)

JWj

PROOF. We use an induction over the number of directions d. We start
with d = 1. Here, we have with (6.2.3)

Al,maz

#HLo(01) = D> 1= Az =L+ 1.

k=1

For the induction step d — 1 ~» d we recall (6.2.2) and use that we can
express the set Z,, (¢, d) by

)‘d,maz

T.(t.d) = |J Iz (é—(kz—l)i‘j,d—l) x {k},

k=1
with @ € R4! such that wj = wj, 1 <j <d— 1. Hence, we have

/\d,maa:

oy — ()Y g
;#Iw(é (k 1)w1,d 1>.

Inserting the induction hypothesis for d — 1 and some easy manipulation
leads to

Ad,maz d—1 (1 1\wd

J
>\d mazx d—1 ‘ewl (k 1)wd + 1

d—1
_ ety Jwi
o < +1> 2 11 ol

]:1 k=1 ] 1
d—1 E(JJ >\d max d—1 w
1 d
6.2.5 = —+1 1—(k—1)——.
( ) <]wj > Z H b + jw;

k=1 j=1
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By assumption, the vector w is ascendingly ordered, i.e., wg > w; for every
1 < j < d. This yields for the sum in (6.2.5)

> Il
i b + jw;
)‘d maz d—1 W
< 1— (k-1 d
; 31;[1 ( )€w1 + jwq
d—1 Ad,maz d—1
=1 <EW1 + Jwq = =1 Wy
d—1 Wd Ad,maz d—1 Zw
6.2.6 = S '+1—k+1>.
(6.26) ]1_[1 (gwl +de> kzl ]1_[1 (j wd

Again, we need to bound the sum in (6.2.6). Here we use [43, Lemma 5.3],
which states that for all L € N, d € N and § € Ry the estimate

L-1d-1

ZH]+5+k Clil:[LJr(SJrj

k=0 j=1
holds. In our case we set L := Ajnq, and 6 := ewl + 1 — L > 0. Substituting

k:=L—k and changing the direction of summatlon yields

Ad,maz d—1 fwy L-1d-1
> H( + o —1> ZH j+O+k)

k=1 j=1

Hence, we have in (6.2.6)
>\d maz d—1 1 (,(_) d—1 /\d,maac d
— Dwq
<
ST e

k=1 j=1
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Inserting this in (6.2.5) yields

i Jwj i bwr + jw;
d—1 d
1 14 1
< <w 1) "”+1>=H<“’1+1)
j=1 N dhod j=1 M
O
For the isotropic case, i.e., w; = wy = -+ = wy the bound in (6.2.4)

becomes

[1(52 ) = 1) -allee

j=1 j=1 N
o (+d)Y e+ d
oodter o\ d )

which is the exact number of elements in the isotropic index set, see, [43].
This means that the estimate (6.2.4) is sharp for isotropic index sets. The
question arises naturally how much the given bound overestimates #Z, (¢, d)
in the general, anisotropic setting.

We give the results of numerical tests for different choices of the weight
vector w. For every given d and choice for the weight vector we can generate
the index set Z,, (¢, d) and compare its cardinality to the bound (6.2.4). We
tested three different kinds of weights.

For the first test we chose w € Ri such that w; =1 and wj;1 = wj + 1,
1 < j < d-—1. We plot the resulting value of the bound and the actual
cardinality of Z,,(¢,d) in Fig. 5 for d = 2,5,7,10. We see that for small
d the estimate is quite sharp however for growing d the bound starts to
overestimate the actual number of multi-indices in Z, (¢, d) significantly. This
can be explained by the fact that for small d the anisotropy in w is not yet
important and also not large enough. However, for, e.g., d = 10, the weight
for the first direction and the last differ a lot.

For the second example we chose w € Ri such that wy =--- =wy_1 =1
and wg = d + 5. This means the corresponding index set Z,,(¢, d) is in nearly
all directions isotropic. Investigating Fig. 6 we see that we have we an effect
similar to the one in the first case but with the opposite result. For small d
the anisotropy in w is large and hence the actual cardinality of Z,, (¢, d) and
the bound differ. As the number of directions grows the index set is nearly
isotropic and therefore the bound given in (6.2.4) is almost sharp.

In Fig. 7 we give the plots for the third test case where we chose the
weight vector w € ]Ri such that w1 =1 and w; =d + 5 for 2 < j < d. Here
we can see that the estimate in (6.2.4) overestimates #Z,,(¢,d) more and
more as d grows.

Additionally, we have an interesting effect in the upper left plot in Fig. 6
and all four cases in Fig. 7. Apparently the growth of cardinality of Z, (¢, d)
exhibits in some cases significant kinks. These can be explained if we recall
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FIGURE 5. Plots of the actual number of elements in Z,, (¢, d)
and the upper bound given in (6.2.4) for w = (1,2,3,...,d)T
as a function of ¢ and for different numbers of directions:
d = 2 (upper left), d = 5 (upper right), d = 7 (lower left) and
d =10 (lower right).

that we can compute Aj 40 by

)\j,maw = LMJ + 1.
Wi
This term itself does not grow linearly in £ and most often the growth curve
will be piece-wise constant. This then affects #Z,,(¢, d) as we can see in the
mentioned plots. For example, looking at the upper right diagram in Fig. 7,
this is the case d = 5, we see that the kink appears from ¢ = 9 going to
¢ =10. We see that for f =9 and w=1and wj =d+5=10,2<j < d we

have
Ewl 9
Nimar = | — 1=|— 1=1
o= | +1= 5 +

and for £ =10
)\j,ma:v = 2.

While A1 ez = £+ 1 grows linearly with ¢ we see that for 2 < j < d the
corresponding Ajmq. changes abruptly. The weight is chosen in such a way
that this change happens in all directions simultaneously which leads to the
described kinks.
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FIGURE 6. Plots of the actual number of elements in Z,, (¢, d)
and the upper bound given in (6.2.4) forw = (1,1,1, ..., d+5)T
as a function of £ and for different numbers of directions: d = 2
(upper left), d = 5 (upper right), d = 7 (lower left) and d = 10
(lower right).

6.2.3. Robustness towards Perturbation. From the discussion to-
wards the end of the preceding subsection we see that the anisotropic index
set 7, (¢, d) exhibits some erratic behavior. This is mainly caused by \; maz,
1 <5 <d. From

)\j,maz = {J +1
Wy
we see that small perturbations in the weight in direction j, w;, have no
influence on the value of \; ;,q4.. We now derive bounds on these perturbations.
We fix a direction j and the weight w; € R,. For a perturbation 7 € R
set wj := wj + 7. To derive bounds on 7 such that

0 0 ~
)\j,mam — \‘le +1= \‘i‘)lJ +1= /\j,ma:c

Wi Wy

(6.2.7)

we have to distinguish whether 7 > 0 or 7 < 0.
If 7> 0 we have wj < w; = w; + 7. Hence, (6.2.7) is equivalent to

|

&ul

Wi

|

&ul

< =< —.

Wi

&dl
Wi



6.2. ANISOTROPIC INDEX SET 141

102 F T 5
1015 - T ; "
L /./‘
o )
o
£ 10t 1 2
=]
2 2 = ]
109 - e #T,(6,d) || . e #T,(4,d)
d fw d lw
| | | | 4\.7 H{ZI (\]Ti f 1) | | | | | 4\.71_[‘\7:1 (\]Ti J’\’ 1) \7
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Threshold ¢ Threshold ¢
102 j\ T T T T . \i 102 j\ T T T T . \i
L » ] r - §
" o

Number
Number
L \
?
.

10" | " ] 10! | e
/ . #T(d) ] i —— #T.(0d)
d w d
Il Il Il Il 4\.71—1.\7:1 (:Tlr -i\_ ) \7 Il Il Il 4\.7 Hl\]:1 (;%ll 4\_ 1> ]
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Threshold ¢ Threshold ¢

FIGURE 7. Plots of the actual number of elements in Z,, (¢, d)
and the upper bound given in (6.2.4) for w = (1,d+5,...,d +
5)T as a function of £ and for different numbers of directions:
d =2 (upper left), d = 5 (upper right), d = 7 (lower left) and
d = 10 (lower right).

This is in turn equivalent to

bun -1 W iy

-~ > etV > 737

wj €w1 ij
or, in other words,

g 71
OST:LNUJ'—W]‘S(\‘MJ> Ewl—wj

wj
€w1
= — —uwj.
Aj,max -1 !
Similarly, if 7 < 0 we have w; = wj + 7 < wj. In this case (6.2.7) is
equivalent to
lor o VWJ .
Wi Wi
With the same arguments as above we obtain
_ l !
OZT_wj—wJ‘Z<\‘W1J+1> Ewl—wj
Wy
&dl

= — Wj.
J
Aj,maz
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We summarize this in the next lemma.

Lemma 6.2.6. Let w € Ri be an ascendingly ordered weight vector and
¢ € N. Let 1 < j* < d be a fized direction. Set wj+ := wj= + 7, with a
perturbation T € R. Then

bw bw ~
)‘j*,maz: { IJ“‘l: \:v 1J+1:)‘j7mafﬂ
Wj* wj*

if and only if

o o
— Wyx <7<
Aj*,maz J*maxr — 1

—Wj*.

Later we will couple the weight vector to the smoothness of the function
we want to reconstruct. With this lemma we can make sure to correctly
translate the anisotropy in the smoothness to the index set. Or, if a choice
of weights is not possible, explain the numerical artifacts.

6.3. Anisotropic Smolyak Method

We now introduce the specific version of the Smolyak operator we want
to use in Chapter 7. For this version we use the anisotropic index set Z, (¢, d)
of Section 6.2 in Definition 6.1.7.

Definition 6.3.1. Let VD, ... . V@ qnd SO, ... S be linear spaces with
algebraic tensor product spaces ®?:1 V) and ®?:1 SU) . Let w e Ri be an
ascendingly ordered weight vector and ¢ € N. Let Z,,(¢,d) be the anisotropic
indez set defined in Definition 6.2.1. For linear operators A,ij) V) — s0),
1<753<d, keN, let A,(cj) = A,(Cj) —A,(Ql be the difference operators. Then the
anisotropic Smolyak operator Az, q) : ®;.l:1 v - ®;l:1 S is defined
as the tensor product operator

d
(631) AIL‘,(Z,d) = Z A)\ = Z ®A&]j)

XEL,, (4,d) AEL, (¢,d) 5=1

In comparison to (6.1.7) we only replaced the general monotone index
set A(d) with the anisotropic index set Z,(¢,d). The changes are more
significant if we investigate the analogue to the general combination technique
respresentation in Proposition 6.1.9.

Proposition 6.3.2. With the notation and assumptions of Definition 6.3.1
the anisotropic Smolyak operator AIW(E,d) can be expressed as

(6.32)  Ar,up= . S (-l (A(All)®"'®f4(f?>»
A€Jw(l,d)  Bef0,1}4
A+BEL, (4,d)

with the index set

(6.3.3) Tw(l,d) =T, (0,d) \ T, (z— ”“’”Hd).

w1
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PROOF. We can use (6.1.8) with the anisotropic index set Z, (¢, d) and
obtain the representation of the anisotropic Smolyak operator

Az, 0a) = Z Z (—1)lBlh <AE\11) 9. ®Ag\d)> .

A€ZL,(Ld)  Be{0,1}¢

A+BET, (4,d)
‘We now need to show that for all A € 7, (E — %, d) the inner sum
1 d
(6.3.4) Z (_1)||ﬁH1 (qu) Q- ® Ag\d))
Be{0,1}¢
A+BEL, (¢,d)

is zero.

Hence, we assume that A* € Z,(¢,d) is an element of Z,, (E - %, d)_

This means that for any 8 € {0,1}% the multi-index A* + 3 is an element of
T.,(¢,d). From combinatorics we see that the set {3 € {0,1}?} has precisely

24=1 elements with a | - |[[;-norm that is even and 2%~! elements with an
uneven || - ||;-norm. Consequently,
1 d
S (-neh (A(M) ®"'®A(Ad)) — 0,
pe{0,1}
A+ BT, (¢,d)
which finishes the proof. O

In the case of the isotropic index set we can simplify this respresentation
even further. Here, we can give an explicit expression for (6.3.4).

Proposition 6.3.3. For the isotropic case, that is, if the weight vector
w € ]Rflir is given as w = (w,...,w)T, with w > 0, the isotropic Smolyak
operator can be written as

_ d—1 d
A 150 — —1 t+d ”A”l ( ) A(l) ® tee ® A( )
e Aejg(é d)( ) C+d— A ( M Ad)

with the index set
Jiso(t,d) = {A eENY:L+1< A5 < €+d}.

The set ., (¢, d) can be understood as the surface of the index set Z,, (¢, d)
in the sense that it contains all X € Z, (¢, d) whose neighbor A + 1 is not in
Zo(4,d). In Fig. 8 we give three illustrations of these surfaces.

The refinements of the results given in Section 6.1.4 are straight forward
and we omit stating them here. We only restate the error representation of
Theorem 6.1.19. With the special choice of A(d) = Z,,(¢,d) we can give an

explicit representation of A;(A). This result is well-known and can be found
in, e.g., [43, 68].

Theorem 6.3.4. Let VIV ... V@D gnd SO . S pe linear spaces with
algebraic tensor product spaces ®?:1 V) and ®?:1 SU). For1<j<d let
{9V 5 86 and e ®?:1 v - ®?:1 SU) be the respective embedding
operators. For every 1 < j < d and k € N let A,(Cj) V) — SO be linear
operators. Let w € Ri be an ascendingly ordered weight vector and £ € N. Let
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>
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>
[N}

FIGURE 8. Examples of the surface Jw( d) for different d
and w in green: J1(3,2) (top left), J(; 2)7(3,2) (top right)
and J1(3,3) (bottom).

T, (¢,d) C N? be the anisotropic index set deﬁned in Definition 6.2.1. Then
the error operator v — Az, 4,q) ® V N ® S(J can be expressed as

L= Az, (ta) = < W — Af\ll maz) ®® U4

d . d
(6.3.5) +> > ®A(Xi)® (L(])_A(Ajj)(xH) ® Q) W

I=2 Xe T (1) F=1 S

where for X € I, (£, j — 1) the index )\j(;\) is defined as

j—1
(6.3.6) N = 242 ST -
wj = wj
We will use this version of the error representation to show the conver-
gence of the newly developed approximation method in Chapter 7.

6.4. Direction Adaptive Smolyak Method

Before we introduce this new method we discuss an adaptive version of the
Smolyak method. In the construction of the anisotropic Smolyak method we
have to a-priori choose the monotone index set A(d) which greatly determines
the performance of the corresponding Smolyak operator. A wrong choice
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of this set, and especially the weight vector w € Ri, leads either to a bad
approximation or to an operator that is too expensive to compute numerically.
In the setting of the anisotropic Smolyak operator, a way to determine the
weight vector w is to inspect the problem, e.g., the smoothness of the target
function f, and choose the weights accordingly. Such a strategy has at least
two drawbacks. First, we need information of f we may not have, and second,
more generally, the class of anisotropic index sets itself may be inadequate
for the given reconstruction problem. This can happen, e.g., if more or less
multi-indices in mixed directions are required.

The basic idea of the direction adaptive Smolyak method was first
introduced for sparse grid quadrature in [33]. We give a generalized version
of the method in Algorithm 4 and discuss it in greater detail. To this end
we define a special mapping which helps us to decide in which direction we
have to adapt.

Definition 6.4.1. Let VY ... V(@ be q linear space with (possibly com-
plete) tensor product space ®§l:1 VO, For f € ®?:1 V) et errory :
N? - R a decreasing and costy : N? — R be an increasing mapping. Let
g: RxR — R. For f € ®?:1 V0U) and weight w € [0,1] we define the
weighted error estimator gg , : N? 5 R by

1
(6.4.1) 9fw(X) i=q <w error¢(A), (1 — w)costf()\)> .

The value errors(A) in (6.4.1) should be chosen such that it represents
the expected (relative) error of the chosen tensor product approximation
method at the multi-index A € N%. Similarly, cost £(A) should expresses the
(relative) cost to compute the approximation Axf for A. The function ¢
should moderate between these two values. A suitable choice is, e.g.,

q(+;-) = max(-, ).

The weight w € [0, 1] is introduced to moderate between comparatively too
high work and comparatively too small error. Choosing w = 1 leads to a
greedy approach, disregarding the cost completely. This should be the choice
if the target function is very smooth and f can usually be approximated
well. In this case the error estimate decays with increasing A anyway. For
w = 0 only the costs are included in the error estimate and this leads to a
classical sparse grid approach [33].

The general procedure of Algorithm 4 is the following: We iteratively
build a monotone index set AU, where 2 represents the active indices and
9 the set of indices that are offline. In every iteration, these sets are disjoint
and precisely one multi-index A* € 2 goes offline, i.e., it gets removed from 2
and is put into ©. This is precisely the multi-index with the largest weighted
error indicator gy, (A*). In the same iteration we add those neighbors of
A A+ e, 1 <k <d, to 2 such that, for all 1 < j < d, the multi-index
A" + ey, — e; is already offline. This leads to the fact that the resulting index
set AUOU{X" + e} is monotone. Omitting the check if X* + e; — e; is
already offline can, in the worst case, lead to non-monotone sets in later
iterations.
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Algorithm 4: Direction-adaptive Smolyak Algorithm

Data: Error tolerance ¢, right-hand side f, weighted error estimator
9f w

Result: Adaptive Smolyak Approximation f,.

Initialize A := (1,...,1)T € N%

Initialize O := 0;

Initialize A := {A};

Initialize f, := Axf;

Compute g¢ ., (A);

Set 1 := gf w(A);

while > ¢ do

Select A* from A with largest gg ., (A*);

=2\ {A\}
O =9OU{NY}
n=1n=9fwN);

for j=1,...,ddo

Set T := A" +e;j;

Compute g¢ ., (T);

if T—e, €O forallk=1,...,d then

A=AU{7};
fe=Ff.+AS;
n="n+9gfw(T);
end
end
end

Adding and removing multi-indices increases and decreases the global
error estimate 1 € R by the value of the error indicator of the added or
removed multi-index. The algorithm terminates if n is smaller than a given
error tolerance €.

Clearly, in every iteration the approximation f, has the form

d
o= A= > | ®aY | ).
AeAuO AeAUO \ j=1
In Fig. 9 we give a two-directional example of the iterative emergence
of an monotone index set following the algorithm presented in Algorithm 4.
The active indices are colored in green, the offline indices in gray and the
multi-index with the largest error indicator is the one having the arrows
attached, indicating the new candidates of multi-indices to be added to the
active index set. We remark that in the example in the middle the index
(2,3)" will not be added to the active set since its neighbor (2,2)" is not
offline.
We emphasize that the resulting index set in the right-most picture is not
an anisotropic index set Z, (¢, 2). There is no combination of weight vector
w € Ra_ and threshold ¢ € N such that Z,, (¢, 2) has this appearance.
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FIGURE 9. A few snapshots of the evolution of the direction-
adaptive Smolyak algorithm. Active indices are green, offline
indices are gray. The active indices with the arrows have the
largest error indicators and are thus selected for insertion into

the offline index set.
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CHAPTER 7

The Tensor Product Multilevel Method

We are now in the position to introduce the tensor product multilevel
method. This is a new method to compute approximations of high-directional
target functions by combining the anisotropic Smolyak method of Section 6.3
with the kernel-based multilevel method introduced in Chapter 4.

In Section 7.1, after recalling the general setup, we introduce the new
method in two different representations, depending on whether we have
access to the direction-wise information or not. In Section 7.2 we then derive
convergence estimates for different kinds of reconstruction processes, interpo-
lation, penalized least squares and local Lagrange multilevel approximation.
We give numerical examples that support these theoretical results in Sec-
tion 7.3, at least for interpolation. To finish this chapter we introduce the
idea of the double-adaptive tensor product multilevel method which not only
constructs a monotone index set but also chooses the direction-wise point
sets adaptively.

The ideas and results presented here are also part of [54] which is currently
under review.

7.1. The Method and its Representations

We start by describing the new tensor product multilevel method by
first repeating the setup, especially for the now direction-dependent kernel-
based multilevel method, and then discussing the algorithmic structure
of the new high-directional approximation method. We will see that it is
advantageous to distinguish two cases. First, we assume that we have access to

the direction-wise data <m%), f (j)(m%)))K . and second, if we only know

the high-directional data (&, f (wm))1§m; ~ without any further knowledge
on eventually existing low-dimensional functions f) or no access to the

values fU )(w%)). We emphasize that in any case we have to have access to

0 (@)

the components of &, = (zn/, ..., Tm
First, we recall the notation introduced in the previous chapters and
adapt it to fit the high-directional setting.

7.1.1. The General Setup. We have to assume that the domain 2 C
R™, n € N, has cartesian product structure, i.e., there are low-dimensional
domains QU) C R™, n; € N, 1 < j <d, such that

0O=00 ... x

The effective dimension of ) is therefore n = Z;l:l n; > d. We use linear

spaces of functions on these low-dimensional domains, V) (Q0)) € C(QW)),

149
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1 <j<d,and denote the corresponding algebraic tensor product space as

(@) = ®j_, VI (QW) c C(@).

The goal is to recover a function f € V(Q2) by only using point-wise
information (m, f(Zm))1<pmen S 2 xR

Next, we recall the setting of the kernel-based multilevel method of
Chapter 4. Although the ideas stay basically the same the notation gets
significantly more convoluted since the main terms are now all direction-
dependent.

For each 1 < j < d and each QU) C R"% We ﬁx a sequence of discrete
point sets (X( )) en € QY with cardinality #X N(J) To be precise we

assume that we can write Xi(y), 1 €N, as

G . ) .0 ()
X’ ‘—{ T, JNu)}'

Associated to these point sets we have the fill distance and the separation
radius, defined in (2.3.1) and (2.3.2), respectively. However, they are also
direction-dependent, i.e., we write for every 1 < j <d

h(j) =B

i X(J) Q0 i

and q(j) =dqy0, teN.

As before, we assume that the relation between the fill distances of the
point sets of two consecutive levels can be expressed with a, now direction-
dependent, refinement parameter u(j) € (0,1). That means we assume that,
for every 1 < j < d, there is a constant ¢\9) € (0,1] such that

@R < hﬁ)l < pu@Dp . jeN.
Next, we choose for every direction 1 < j < d a continuous, compactly
supported radial basis function ®U) : R% — R. This mother kernel is then
rescaled with a level- and direction-dependent scaling parameter (51-(] )

which is coupled to the mesh norm hgj ) of the point set XZ-(j ) on level i.
This means we have a direction-dependent overlap parameter () > 1 and a
constant ¢,y € (0,1] such that

e, vDh? <59 < OpD e N

This then leads to direction- and level-dependent rescaled kernels ® ( ) defined

by
() . () o) j
¢, = <5¢ ) (5(])> i €N,

With these kernels we define the direction-dependent local approximation
spaces as

(7.1.1) Wi(j) := span {@Ej)(- —2W)y : 20) ¢ Xi(j)} , 1€N,

and the direction-dependent global approximation space up to a level LU e N
by

(7.1.2) v

(4) (4)
L) _le W]

LG
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Following the ideas of Chapter 4 further, we use local approximation operators
9. vy 5 w9, ieN

and the multilevel approximation operator of level LU) in direction j

(7.1.3) AV vy v

The specific form of the local approximation operators Ii(j ) now not only

depends on the approximation process we want to use but also on the type

of information available. We will go into more detail in the next subsections.
Finally, for the Smolyak method introduced in Chapter 6, we use the

anisotropic index set in d directions Z,, (¢, d) with ascendingly ordered weight

vector w € Rﬁlr and threshold ¢ € N. Then the Smolyak operator is given as
a mapping

Az, (0a) ® vOQU) = Vi, (04,
7=1

where V7z,,(sq) is an approximation space we have to characterize further.
Following (6.1.7), the operator has the representation

Azeay= Y ®( -47)

AEZ, (¢,d) =1

- ¥ S CPAD g g AW,

AcJw(td)  Bef0,1}¢
A+BET,, (4,d)

where

w1

Toll,d) = To(t,d) \ T (e— "‘*’"l,d)

is the surface of Z,, (¢, d) defined in (6.3.3).

The form of the direction-wise operators Al(-j ) depends on the kind of
information we have at our disposal. However, what we can do already is
to characterize the tensor product approximation space of the method, the
codomain of the operator.

Lemma 7.1.1. For 1 < j <d let the local and global approzimation space
VVZ-( D and Vé& be defined as in (7.1.1) and (7.1.2). Letw € R% an ascendingly
ordered weight vector and £ € N. Let T,,(¢,d) C N¢ be the anisotropic index
set. Then the approzimation space of the tensor product multilevel method is

given by

(7.1.4) Vi = P @W(J

AET, (4,d) j=1

Proor. We have
d Aj,mam

d
Vil = ® Nmas ®@Wi@.
J=1 i

=1
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The representation in (7.1.4) follows form the multilinearity of the tensor
product. O

7.1.2. Simple Representation. To introduce the ideas of the tensor
product multilevel method we first investigate the simple case, that is, we

assume that we are given the direction-wise information <:c,(ﬂ;), f (j)(a}%))>,

1<m < N and 1< j<d, or evaluable functions f(j) € V(j)(Q(j)). The goal

is still to reconstruct the high-directional function f € ®;i:1 VvO)(QW).
Given this kind of data we can use the residual correction scheme we

introduced in Chapter 4 for every direction 1 < j <d. That means we set

the residual e((]') on level 0 to ) ' = £, and compute for i = 1,2, 3,.

(4 )( (J) )

( j)

on the data sites on level 1, XZ-

()

the local approximation Z; to the residual of the previous level e;

. The residual on level 7 is then given by

e = f0 =3 1)),

k=1

The global approximation on level LU) € N to fU) is, following Section 4.2,
then given as

L)
(7.1.5) Agm F@) ZI U (e

These are the operators the Smolyak algorithm uses to build the tensor
product operator Az, (s q). To be more precise it uses the difference operators

Az(.j) = (Agj) — Agi)1> which have, with (7.1.5), the form

AP = (AP — a2, = ZI () ZIU ()

(7.1.6) =79 (9).

7

This is simply the local approximation operator of level i, applied to the
residual of level ¢ — 1. This means that the tensor product multilevel method
has the following easy representation.

Theorem 7.1.2. For every 1 < j <d let Q) CR", n; €N, be a domain
and let VO(QU)) € C(QY) be a linear space of functions on QU). Let
w € Ri be an ascendingly ordered weight vector and ¢ € N. Let Z,,(¢,d) be
the anisotropic index set defined in Definition 6.2.1 and let \jmae be given
by (6.2.3). For 1 < j < d and 1 < i < Ajaz let T; : VO(QU)) - W)
be local approximation operators and let Az(j) : V(j)(Q(j)) — Vi(j) be the

multilevel operators given in (7.1.5). Assume that f € ®?:1 VO(QU) has
a representation

F=fMg.. g9
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Then the tensor product multilevel operator Az, 4 : ®;l:1 VO QW) -
V., (e,d) s given by

d
(7.17) AreaB) = > QT ).

AEL, (¢,d) j=1

Clearly, all operators in the theorem above are linear. That means we can
extend the result to functions f € ®?:1 V) (QU)) that have a representation

.
1 d
k=1
Following Theorem 5.1.10, point-evaluations of the approximation are
particularly easy.

Lemma 7.1.3. With the notation and assumptions of Theorem 7.1.2 the
evaluation of Az, .qa)(f) in = € QW x o x QD with = (M, ... @7
s given by

(718) AIW(Ed Z Z HIO 6)\-—1k’ (J))

k=1 AeZ, (¢,d) j=1

Algorithm 5: Tensor-product Multilevel Algorithm
Data: Right-hand sides fO, ..., £ weight vector w, threshold ¢,
sets of sites {Xi(j)}
Result: Smolyak approximation Az, ¢,q)(f)
Generate Z,,(¢,d) and determine (A maz; - - -, Admaz);
for j=1,...,ddo

Compute multilevel approximation A(] ( 1) ) to f @) on

X0, xP)
end
Combine the (A(]J) (f(j))> iy to Az, (¢,q)(f) according to
max _j_ ?
(7.1.7);

In Algorithm 5 we see how easy it is to compute the tensor product
multilevel approximation in its simple representation. Since the direction-wise
approximations AZ(-] )( fU)) are independent of each other. We note also that
we do not need to construct high-directional sparse grids. Although the
operator Az, (4 implicitly approximates f on the sparse grid Hz,, (s q), it
is a Smolyak operator after all, we only use the low-dimensional point sets
Xi(j) - Q(j), 1<j<d,1<1i<Ajmaz, to compute the approximation.

We remark that if we have access to the fU) there is no advantage to
use the combination technique representation of Az, 4). Indeed inserting
the multilevel operators AZ(] ) into the combination technique representation
of Proposition 6.3.2 yields (7.1.7).
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7.1.3. General Representation. The situation is significantly worse
if we have no access to the low-dimensional functions fU) e V) (Q0U)),
1 < j < d. This is the case if, e.g., the high-dimensional target function f is
not in the algebraic tensor product space ®?:1 VO (QWU) but rather in a
complete tensor space. Then we know from Chapter 5 that f may not even
allow a representation f = >, _, f,gl) Q- ® féd). Another example where we
cannot use the simple representation of the previous subsection is, if we are
only given information (€, f(€m))i<m<ny C 2 x R, and we have no further

knowledge about f (j)(az%)), even if the functions fU) € V) (QU) exist.

However, we have to assume that the x,, are points of a sparse grid
Hr,,00) = Uxezw(e,d) X,(\ll) X X X,(\i)
wise point families (Xi(])), 1< <d, 1 <8< Ajmaa-

The fact that we can not identify the direction-wise functions f\@) has
two consequences. First we can not use the multilevel method in its basic
representation as a residual correction scheme anymore. We rather have
to use the alternative representation of Section 4.6. And second, this time
we have to use the combination technique representation of the Smolyak
operator.

We recall the basics of Section 4.6. There, we introduced combined

operators Il(l{}) :VO(QL)) — Wiz(j) given by

and we have access to the direction-

(G ._ 70) (4) (4)
(7.1.9) Ly =L Lo Lo
#u(@) Tgpa(i) _1 1

where ul/) = {ugj), . ,ugilm} is an ordered set and Ii(j) V@ (QU)) - Wi(j)
are local approximation operators. These combined operators allowed us

in Theorem 4.6.3 to find a new representation for the multilevel operator
A(LJ<)J') : V(j)(Q(j)) — VL({J) in direction j up to level L(j)7
) _ @ 41+)
(7.1.10) Al‘,j(j) — Z (_1)#u + quj)-
u@c{1,..,.L0}
1§#u<7>§L(j)

Inserting this in the combination technique representation of the anisotropic
Smolyak operator,

AeTu(bd) Bef01)?
A+BET, (£,d)

then yields the following representation of the tensor product multilevel
operator.

Theorem 7.1.4. For 1< j < d let QU) C R™, n; € N, be a domain and let
V@(QL)) C QW) be a linear space of functions on Q). Let w € RL be
an ascendingly ordered weight vector and ¢ € N. Let the anisotropic index set
Z.,(€,d) be defined by (6.2.1) and let \j max be given by (6.2.3).

For1<j<dandl<i<X\ma let Z7 : VO (QD) 5 W be the local
approzimation operators and assume that the operators AZ(]) : V(j)(Q(j)) —

v are giwen by the multilevel operators in (7.1.10) with the combined

)
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where ul9) = {ugj),. e } is an

operators I({) : V(j)(Q(j)) — W(j) s 6)

W) ()7
ordered set. '
Then the Smolyak operator Az, (s.q) : ®;l:1 VO (Qb)) - V1, has the

representation

Az, 0.d) = z 2

AeTu(td) Bef0,1}¢

A+B€eLy (¢,d)
1 d
(7.1.12) S Y I e 0Tl
uMC{1,.. M} w1, 2}
1<t 1<HuD <y
where J,(¢,d) denotes the surface of Z,,(¢,d) defined in (6.3.3) and
cau®, .. u®) = (—1)IBlhrdtu ol

Proor. We only have to find a representation for the tensor product

operator A(All) Q- ® A(;? for a given multi-index A € N%. We use the

representation of A(Ai) in (7.1.10) for every direction 1 < j < d and have

(1) d) _
A/\l ®...®A)\d =

4. (@) (1 d
= Z Z (—1) Dbt Il(l(l)) ®...®Iﬁ(3>_
Wl A} w1, 00}
1<puM <N 1<#ul® <Ay
Inserting this into (7.1.11) then yields the claimed respresentation. (|

We immediately obtain the similar representation for the isotropic Smol-
yak operator. Again, we can explicitly compute the coefficients.

Corollary 7.1.5. With the notation and assumptions of Theorem 7.1.4,
however the weight vector w € ]Ri satisfies w1 = -+ = wqg = w, with an
w > 0, the isotropic Smolyak operator Aziso(s.q) : ®;~l:1 VO (QW)) — Viso(e,d)
has the representation

Aziso,a) =

d
-y S Y @) e o 1@
AeTige(bd) uMC{1,.., 01} uDC{1,... A4}

1<#uM <N 1<#ulD <Ny
where Ji°(0,d) = {X € N : £+ 1 < ||A|1 <L+ d} is the surface of the

1sotropic indexr set and

d—1
baw®, . u@) = (-1 €+d—||>\1+#u<1)+~-~+#u<d)< >

Following Theorem 7.1.4 we only have to find a representation of
(1) (d)
(Iu(l) ®-® Iu(d)> (f)

for a given f € ®;l:1 V(j)(Q(j)) without using direction-wise functions
f9 e v (Q(j )). The tool that allows us to do this are the Lagrange functions
introduced in Chapter 3 and then in Theorem 4.6.4 used in the context of
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multilevel approximation. We recall that in every local approximation space

WY 1<j<d, ieN, we find a basis { (],2} 0 € W7 such that the
i Xi 1<k<NY) ’

Lagrange condition X(] )( ) ) = Okm is satisfied for all wgﬂ)n eX i(j ),

ik zm

Theorem 7.1.6. For1 < j < d let QU) C R™, n; € N, be a bounded domain
and let VW (QU) € C(QY) be a linear space of functions on QU). Let
(X»(]))ZeN be sets of sites in QU) with fill distances h;, satisfying hl(Jr)1 < h( ),

)

1€ N. Let {Xi k}1<k<N(j) - Wi( D pe Lagrange functions for X-(]
For every 1 < j < d let ul¥) = {ugj) i# (])} be an ordered set. Let

Ii(j) : V(')(Q(j)) — Wz-(j) be local approximation operators and let L) :

vQW) W#(;)”
combined operator

be the combined operator. Then the tensor product

70 &

RO (d) ® Vi@ ® W;f @)

has the form
(7.1.13)

(1)

d
- N - (1) (d)
— E - E | | a(])(u(]), k(])) f (mu(l) PCOLERER mu(d) k(d)> )
1 1 1 oM

&) (@ =1
KUSN ) BYSN @)

(Zhe-eI1l) (! =

(1) (d)
X, m @ OX @ @
#u(l) ’ #u(l) #u(d) #u(d)

T
where Nﬁj(z) = (N({J)-)a--~ N({z) ) e N#*Y denotes the vector of car-
“ )
#u
dinalities of the sets X(J(z) and the coefficients a(j)(u(j),k(j)) are given by
U

D kDY =1, if #ul) =1, and else by
#u(J) 1
; ()
a(a)( H X m £ ( <J>+17k<3>+1> :

PrOOF. We know from Theorem 4.6.4 that we have for every 1 < j <d
and ordered u()

19 () = Y a@ @), k)0 (wi]()j) o ) D
kO <N ) to Y un(i) #u(])

Using the multilinearity of the tensor product and then Theorem 5.1.10 leads
to the claim. O

We note that, similar to the simple representation of the tensor product
multilevel method in Section 7.1.2, point-evaluations of the approximation
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Az, (0,4 (f) follows directly from Theorem 5.1.10. We only give the formula
for the evaluation of the tensor product of the combined operators.

Lemma 7.1.7. With the notation and assumptions of Theorem 7.1.6 the eval-
uation OfII(1<11)>®. : ~®I£f13)(f) inz € QW x...xQ@ withx = (M, ... z@)T
s given by

(7.1.14)

<ILE(11)) - ® Il(jg)) (f)(x) =

d
) . . 1 d
— E e E Ha(J)(u(J),k(]))f (mi()l) JACORRR 7mi(?i) k(d)> ’
1 M 1 "1

(1) (d) =1
k SNu(l) k SNu(d)]

d
foj<)3'> ) (7).
1

=1 ) )

We have several remarks. First, we emphasize that this representation of
the tensor product multilevel method can also be used in the simple case,
that is, if we have the direction-wise information (f() (:1:(J )))1§m§ ~- However,
since the numerical costs are much higher we would advise against it.

Second, the representation in (7.1.13) together with (7.1.12) is indepen-
dent of the approximation method we use. The specific choice of reconstruc-
tion process, e.g., interpolation, penalized least-squares approximation or
approximation with local Lagrange functions, only enters the tensor product
multilevel method through the Lagrange functions ng), Xi,f’(j ) or xﬁf’,ﬁ’“ ),

And finally, although the formulas in (7.1.13) and (7.1.12) may seem
complicated, the algorithmic procedure is easy to implement and most of
the computations can be made in an offline phase, as soon as the input
parameters, in particular the direction-wise point sets Xi(] ), are fixed. We
give a brief idea of the algorithmic approach in Algorithm 6. Once the
Lagrange functions are computed we only have to combine the resulting
operators.

Algorithm 6: Tensor-product Multilevel Algorithm, Version 2
Data: Right-hand side f, weight vector w, threshold ¢, sets of sites
{x7
Result: Smolyak approximation Az, s,q)(f)
Generate Z,,(¢,d) and determine (A1 maz; - - - > Admaz);
for j=1,...,d do
fori=1,...,\jmaec do

. te L functi < (j)> .

ompute Lagrange functions { x; 1<keNG)
end

end

Use (7.1.13) in (7.1.12) to construct Az, s.q)(f);
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7.2. Convergence Results

Now, we analyze the approximation power of the new tensor product mul-
tilevel method and give convergence results for the different approximation
methods introduced in Section 2.3. We combine the representation of Theo-
rem 6.3.4 with the error estimates of Section 4.3 and Section 4.6.2. We have to
make sure that the spaces involved are equipped with uniformly compatible
crossnorms. First, we have to refine the assumptions of Section 7.1.

We assume now that for every 1 < j < d the domains QU C R™,n; € N,
are bounded Lipschitz domains. Furthermore, we switch from general linear
spaces of functions on Q) to specific normed spaces. We set V) (Q0)) :=
H%3 (QU)), the Sobolev Hilbert space of smoothness s; > n;/2, and equip
this space with the induced norm, see Definition 2.1.4. We know from
Theorem 2.1.13 that the assumption on s; implies that there is a continuous
embedding operator +9) : H% (QW)) — C(QY). Following Theorem 5.3.9

these give rise to a continuous embedding operator ¢ : H?. (2) — C(Q),

where s := (s1,...,54)" and Q := QW) x ... x Q@) We recall that HS, (?)
is the anisotropic Sobolev Hilbert space of Definition 5.2.31, which we equip
with the induced crossnorm || - |5 g= ()

Additionally, we assume that the direction-wise mother kernels ®\) :
R™ — R are reproducing kernels of H®% (Q(j) ), 1 < j < d. Consequently,
the level-dependently scaled kernels (I)l(] )
space.

We are now interested in estimating different operator norms of the error
operator ¢ — Az, (4,4)- We distinguish again different approximation methods,

however we can combine the two types of interpolation into one case.

are also reproducing kernels of this

7.2.1. Interpolation. We start with deriving error estimates in the
case that the local approximation operator are kernel-based interpolation
(7)

operators on X;*’, i.e., we have, for 1 < j <d,

Ii(J) = IX(j)’q)(j), 1€ N.
We remark that in this case, the tensor product multilevel operator is indeed
an interpolation operator. This follows directly from Theorem 6.1.18.

It turns out that we can treat both the classical interpolation, i.e., the
target function is an element of the native space, and the escaping the
native space case, see Section 2.3.3, simultaneously. In the former case we
understand that t; = s;, the order with which the Fourier transform of the
reproducing kernel @E] ) decays, and for the escaping the native space case
we have t; such that s; > t; > n;/2. With this, the local approximation

operators are mappings Ii(j) : Htﬂ'(Q(j)) — Wi(j), 1<j5<d,i€eN, and we
can express the multilevel interpolation operator Agj ).t (QU)) — VZ-(J ) as

(7.2.1) ]) f(j ZI]) ek 1) Z ) () ek 1)
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First, we focus on La(€2)-estimates. Recalling Theorem 4.3.4, we have
the direction-wise error estimate

(7'2-2) HL(]) - Agj)HHtj (Q))— Ly (QW)) < C(]) <C£J) (N(])) J) , teN.

We also recall the representation of the error operator of Theorem 6.3.4,

t— Az, (0 = (L(l) — Ay maz) ® ® U4

jl d
DD ®A;’; (A5 ) o @ o

j= QAGIM(,] l)k‘ 1 k=j+1
d
(04, ) @i+ SRS @
= k=j+1

where for XA € Z,(¢,j — 1) the index Aj (X) is defined as

i—1
A = {2 M% - jZ(Xk - 1)Z’?J
J

I k=1

and we set
(7.2.3) Rt = S AP g (Lm AW > ‘

To simplify the notation, we will from now on suppress the index at
the occurring norms. Essentially, we are only dealing with operator norms
e Q) Lo(20)) OF Il - HH;SMZ(Q)_>L2(9) and it should be clear from the
context, which norm is meant.

We set C':= maxi<j<q CU), the maximum of the constants appearing in

(7.2.2). Furthermore, we use the notation
ald) = ¢V (M@)“ <1

and recall that [|¢0)] =1, 1 < j < d. We know from Theorem 5.3.8 that the
induced crossnorms on Hfmx(Q) and Ly(2) are uniformly compatible. This
then yields

d
(2a) |(0-aD Ye@| =0 -al <o (a®)

Al,m.n..'z )\l,m(m: -

Jj=2
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and for 2 < 5 < d also

d j—1
ReHe @ O =Irel s Y Al -aVy
k=j+1 XETL(0,5—1) k=1

IA
P
O
Q
VN
QA

=
N——
ol

L

~
/N
S
N

<

>

L

(7.2.5) _ 9i-1¢ Z (ﬁ (a(k)>)‘k1> (Oé(j)))\jox)*l‘

XeT,,(6,j—1) “k=1

This motivates the first, general theorem. It covers both the classical
interpolation and the escaping the native space case.

Theorem 7.2.1. For 1 < j < d let QU C R%, n; € N, be a bounded
Lipschitz domain and let s; > t; > n;/2. Set Q = QW x oo x Q) Let
w € R‘i be an ascendingly ordered weight vector and £ € N. Let T,,(¢,d) C N?
be the anisotropic index set of Definition 6.2.1.

Assume that, for 1 < j < d and i € N, the low-dimensional reconstruction
AZ(.j) CHY(QU)) — Vi(j) is given by the multilevel interpolant (7.2.1). Assume
further that this multilevel interpolant is built using a rescaled, compactly
supported reproducing kernel of H® (R™) with scaling parameter (5§J) and set

of sites Xi(]) as outlined in Section 7.1.

For1<j<dlet 9 : H%(QU) = Ly(QU) be the canonical embedding
operator and ¢ : HY,; () — Lo(Q) the tensor product embedding operator of
Theorem 5.3.9.

Then the interpolation error operator v — Az, (pq) « HE;, () = La(Q)
satisfies the bound
(7.2.6)
4 i1 o\ ! VM1
e = Az, (eayll < ZQJ ¢’ Z H (a ) : (04] ) ;
k=1

J=1 XET, (£,j—1)

where for j =1 we set Z,(¢,j — 1) := {1} and A\ (X) = A\ ez + 1 and for
2<j<dand A €Z,({ j—1) the index \j(X) is given by

i—1
A = {2 02 ]Z(Xk - 1)“?J .

w w
J k=1 J

Furthermore, we use the notation C' = max;<;<qCY) and

ald) = ) (Mu))tj '
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Proor. All involved norms are uniformly compatible. Hence, we have,
with (7.2.4) and (7.2.5),

d d d
o= Areall < ||(0 =43, ) 2 @+ 3 |REH O @
=2 =2 k=j+1
d ji—1 ~ ~
NGNS LSS <h(¢@”l>@myw>3
J=2 XETu(t,j—1) \k=1

Setting, for j =1, the index set Zo,(¢,j — 1) = Z,(¢,0) := {1} and defining
A (A) = A mag + 1 allows us to write

(1) Mmaz _ 0 ®) Xk—1>. o )\1(3\)—1.
(a > Z (1};[1 <O‘ ) <a )

AEZ., (£,0)

This then yields the claim. (]

Similar to the error estimate for the general Smolyak method in Theo-
rem 6.1.20 the estimate in its most general form (7.2.6) shows the contribution
of each direction j and, in particular, preserves information of anisotropy, but
is difficult to interpret. We will now trade this information for readability.

First, we look at the exponent in (7.2.6),

j—1
)~ 1= {2%“’? —Zuk—l)“”?J -1,
Wi o4 wj

fora X\ € To(l,j—1),2 < j<d. Since we assume that o) e (0,1) we want
to bound it from below. We assume in Theorem 7.2.1 that the weight vector
w is ascendingly ordered, i.e., w;_1 < wj for all 2 < j < d. Hence, we have

j—1
N 1= {24+ S R - 2| -1
Yi= Wi
w izt
> VIJ +1-Y - 1)
Wi k=1
Inserting this in (7.2.6) yields
S i = -1 A\ A (=1
e — Az, o)l < 223_103 Z ( (a(k)> ) . (a(3)> J
j=1 XET, (L,j—1) k=1
‘ L m\ ! VﬂJ—&-l
i=tci o (o@D
<> 2 (m)) (a) L=
j=1 XeT, (L,j—1) \k=1

d L\ \ Ajman
(7.2.7) :;29—109 3 <m> -(a@)’ :

XETL(L,j—1) \F=1
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where we used (6.1.1),

To simplify this further we assume that we choose the direction-wise refine-
ment parameters p?) in such a way that aU) = o for all 1 < j < d. Such
a choice is reasonable since it reflects the different smoothness t; in every
direction. The larger t; is, the easier the reconstruction problem and hence
we can use a larger refinement parameter u(j) € (0,1). With this, the error
bound in (7.2.7) becomes

- j j = a(k) Mt 3\ Aj,maa
o Azeal <200 Y H((}()) (o)

J=1 XET, (L,j—1) \k=1
d
— Z 27— i g Nismaz Z 1
J=1 XETL, (£,5—1)

d
€SP e

j=1
This is the statement of the next corollary.

Corollary 7.2.2. With the notation and assumptions of Theorem 7.2.1 we
choose the direction-wise refinement parameters p\9) € (0,1) such that there
is a uniform o < 1 such that o = o) = C{j) (u(j))tj, 1 <j < d Then
the interpolation error operator ¢ — Az, (s.q) : HE . (Q) — La(Q) satisfies the
bound

d
(7.2.8) le = Az el < #Lu(l,d) Y 277 CIatimes,
j=1
Going from (7.2.6) to (7.2.8), we lose some information about the
anisotropy. However, we still see the contribution of every direction 1 < j < d
to the error in form of the direction-dependent exponent A; qr = V“”J +1,

which is the maximum number of levels in direction j.
Going even further, with the assumption w; < wy < -+ < wy, we can use
the bound on #7Z,,(¢,d) given in Lemma 6.2.5 and obtain

con onsa<1(52 ) <l o9 - (19

JWj

Furthermore, we can bound for every 1 < j <d

Lwq

lw
(7.2.10) aNimas — oi “j J“ < ek
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since we assume that a < 1. Inserting (7.2.9) and (7.2.10) into (7.2.8) yields

d
le = Az, 0.l < #Lo(0,d) Y 2771 CIatimes
7j=1

Lwq

d . .
< (04 ayalSlny20C

4!

J=1

Corollary 7.2.3. With the notation and assumptions of Corollary 7.2.2
the interpolation error operator v — Az, pq) : H},: () — La(Q) satisfies the
bound

fwy
(7.2.11) e — Az (el < eQC(ud)daMJ“.
The bound in (7.2.11) is much easier to interpret compared to the ones
of (7.2.6) and (7.2.8). However, we lost nearly all information about the

anisotropy, encoded in the weight vector w. We have only the exponent of
Lwq

the convergence generating term OAWJ , where we see the quotient of the
weight in the first direction and the last, w;/wg, with no influence of the
directions 2 < j < d — 1 on the convergence. However, (7.2.11) allows us to
see the asymptotic behavior for £ — oo.

Corollary 7.2.4. With the notation and assumptions of Corollary 7.2.2 the
asymptotic behavior of the error bound for the interpolation error ¢ — Az, (6,d)
for £ — oo is given by

Lw
(7.2.12) e — Az all < c(d)eial ST

Before we give analogous results for the isotropic case, we make a brief
remark. So far, we have not coupled the smoothness s of the target function,
which, for this discussion, we assume is ascendingly ordered, to the anisotropic
index set, in particular to the weight vector w. However, our arguments
above suggest we should choose w = s. This leads on the one hand to
M,maz = *** 2 Admaz, Which means that we use more levels in the direction

of the least smoothness. On the other hand, because al/) = ij) (,u(j))sj =«
we also have ) < ... < (@ As the number of points #Xim is proportional
to (M(j ))_Z/nj , this means that we have more points in those directions of
lower smoothness.

Again, the situation is much easier if we consider the isotropic case. We
consider a constant weight vector w € R‘i, i.e., there is a w > 0 such that

w = (w,...,w)T. Furthermore, we assume that all other occurring terms are
uniform in every direction. This then yields the following theorem.

Theorem 7.2.5. Let Q) C R™ | ny € N, be a bounded Lipschitz domain
and let s >t >n1/2. Set Q=W x ... x QW Let w > 0 and w € R% be the
constant vector w = (w,...,w)T. For a threshold £ € N let T3°(¢,d) C N¢ be
the isotropic index set.

Assume that, for 1 < j < d andi € N, the low-dimensional reconstruction
A; - HH(QW) = V; is given by the multilevel interpolant (7.2.1). Assume
further that this multilevel interpolant is built using a rescaled, compactly
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supported reproducing kernel of H®(R™) with scaling parameter §; and set
of sites X; as outlined in Section 7.1.
Let v : HY(QW) = Ly(QW) be the canonical embedding operator and v :
HE . (Q) — La(Q) the tensor product embedding operator of Theorem 5.3.9.
Then the interpolation error operator ¢ — Agiso(s.q) HE. (Q) = L2(Q)
satisfies the bound

l+d
(7.2.13) le = Agzisoqr.ayll < 27" max(C?, 1)< g >0/+1.
Finally, before coming to the case where the local approximation is
done by penalized least-squares operators, we note that we also can derive
Lo-error estimates. We use the direction-wise error estimate of Lemma 4.3.5,

, , , , RN
(7.2.14) [ — AZ(J)||H%(Q(J'))_>LOO(Q<J’>) <cW (ng) (M(J)) iT3 ) _

We see that we can use the same techniques as in the Lo-case above, if we

set all) = ij) (u(j))tj_%. That is, as long as we make sure that we use
tensor spaces with uniformly compatible norms. This can be achieved if the
operator 1) is now the embedding operator H% (Q)) — C(Q)). Then we
obtain the similar convergence estimates, however with the changed a(7).

Theorem 7.2.6. For 1 < j < d let QU C R, n; € N, be a bounded
Lipschitz domain and let s; > t; > nj/2. Set @ = QW x ... x Q@ Let
w € Ri be an ascendingly ordered weight vector and ¢ € N. Let T,,(¢,d) C N?
be the anisotropic index set of Definition 6.2.1.

Assume that, for 1 < j < d andi € N, the low-dimensional reconstruction
AZ(-]) CHY(QU)) — Vi(]) is given by the multilevel interpolant (7.2.1). Assume
further that this multilevel interpolant is built using a rescaled, compactly
supported reproducing kernel of H® (R") with scaling parameter 51(]) and set

of sites Xi(]) as outlined in Section 7.1.
For1 < j <dlet 9 : HY(QU) = C(QY) be the bounded embedding

operator of Theorem 2.1.13 and let ¢ : HE . (Q) — C() be the bounded

tensor product embedding operator of Theorem 5.3.9.

Then the interpolation error operator ¢ — Az, gy + Hfi () = C(Q)

satisfies the bound

e = Az, a)llmt, (@)= La(@) <
i—1

o ( ® Xk1>. R
S N (GO )

XeZ,,(6,j—1) “k=1

)

where for j = 1 we set T,(£,j —1) = 0 and A\ (X) = M maz + 1 and for

2 < j < d the index \j(X) is given by

i—1
N = {2 02 JE:(XI@ - 1)5’?J ,

w
A J
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Furthermore, we use the notation C' = maxi<;j<qCY) and
. . s;i—d
o) = oW (u(”) T

With the same ideas as in the Lo-case we arrive at the analogue of
Corollary 7.2.2.

Corollary 7.2.7. With the notation and assumption of Theorem 7.2.6 we
choose the direction-wise refinement parameters p9) € (0,1) such that there

is a uniform o < 1 such that a = al¥) = C’{j) (u(j))sj_%, 1<j5<d. Then
the interpolation error operator ¢ — Az, (s.q) : HE . (Q) — C(Q) satisfies the
bound

d
le = Az el @) srm) < #Lw(l,d) Y 2 I imar,
j=1
And finally the most closed form of the error bound, the analogue of
Corollary 7.2.3.

Corollary 7.2.8. With the notation and assumption of Corollary 7.2.7 the
interpolation error operator ¢ — Az, s.q) : HE. (Q) — C(Q) satisfies the
bound

C S|
le = Azl @) sro@) < €€+ d)dahd |+ .

7.2.2. Penalized Least-Squares Approximation. We now give sim-
ilar error estimates for the case that we do not use interpolation but rather
penalized least-squares approximation operators as building blocks for the
tensor product multilevel method. To be precise, we assume that the local

approximation operators Ii(j )l (Q(j )) — Wi(j ) are given by

Ifj)(egﬂ) = argmin
sWeH* (QW) | 121

' . 2 Vo (s
e(J)1($z(,jk);) - S(J)(a’z(,]k)) + )‘z('j) ”S(J)H?b(.j)

where )\Ej) > 0 is the now direction- and level-dependent smoothing parameter.

As pointed out in Theorem 2.3.19, this minimization problem has for every

N2 ()

a unique solution, which is an element of W;.
Again, the direction-wise multilevel operators AEJ ) H QW) — Vi(] )
are given as

(7.2.15) AP (D) =31 (e?)), ieN
k=1

and we have the following direction-wise Lo-error estimate, see Theorem 4.3.7,
169 = AP 153 000y Loy < CV) (Cﬁj) (M(J)) ]) :
©)

)

, () 2%
(7.2.16) A9 < @ (B ieN
1 — 6(]) Y 9

)

where the smoothing parameter \}’/ has to satisfy
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with a level-independent £ > 0.

Following the same ideas as in Section 7.2.1 we obtain the following main
theorem and series of corollaries which, again, trade information about the
anisotropy for readability.

Theorem 7.2.9. For1 < j <d let Q) C R"™, n; € N, be bounded Lipschitz
domains and let s; > n;/2. Set Q = QW x .. x QD Let w € R‘i be
an ascendingly ordered weight vector and ¢ € N. Let T,,(¢,d) C N¢ be the
anisotropic index set of Definition 6.2.1.

Assume that, for 1 < j < d andi € N, the low-dimensional reconstruction
Az(j) c H5(QU) — Vi(j) is given by the multilevel approzimation (7.2.15).
Assume further that this multilevel approximation is built using a rescaled,
compactly supported reproducing kernel of H® (R™) with scaling parameter
(51@ and set of sites XZ-(j) as outlined in Section 7.1 and assume that the

)]

. . , 25
smoothing parameters )\E]) is chosen such that )\Z(-j) < kW) (Z@) , 1< <

d, 1 € N, with a fized constant k) > 0.

For1<j<dlet 9 : H(QU) = Ly(QU)) be the canonical embedding
operator and ¢ : H3 . () — La(Q2) the tensor product embedding operator of
Theorem 5.3.9.

Then the error operator v — Az, u.q) : Hyyi () — L2(Q) satisfies the

bound i
(7.2.17)
d j—1 < .
e — Az, (el < ZQj*lC’j Z (H <a(’f)>/\’“ 1> . (a(j))AJ(A) 17
k=1

J=1 AETw (4,5—1)

where, for j =1, we set L,(¢,j —1) =0 and A\i(A) = A maz + 1 and, for
2 <j <d, the index \j(X) is given by

j—1
A(A) = {2 0= JZ(Xk - 1)“”fJ ,
Yio4 wj
Furthermore, we use the notation C = maxi<j<q c) and
o = W) (MU))S]' .
Again, using a uniform a we obtain the next corollary.

Corollary 7.2.10. With the notation and assumptions of Theorem 7.2.9
we choose the direction-wise refinement parameters pl) e (0,1) such that
there is a uniform o < 1 such that « = o) = C’{j) (u(j))sj, 1<j<d. Then
the error operator ¢ — Az, p.q) + Hyip(2) — L2(Q) satisfies the bound

d
le — Az, .|l < #Zw(¥,d) Z 9i=1(2i g Nimaz
j=1

And finally the closest form of the error estimate.
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Corollary 7.2.11. With the notation and assumptions of Corollary 7.2.10
the error operator v — Az (p.q) : Hyir () — La(S2) satisfies the bound

mix

le — Az, e.all < €2 (0 + d)a 3]+

We obtain the same error bounds as in Theorem 7.2.9, Corollary 7.2.10
and Corollary 7.2.10 for the case, if ¢ : H?. () — C(Q) is the embedding
operator and the error operator maps H? . (2) — C(2) and C(€2) is equipped

mix

) ; AN G d
with the Lo (Q)-norm. In this case we have to use o) = C’fj) (,u(f))sj 2.
This is again completely analogous to Section 7.2.1, therefore, we do not
elaborate on it further.

7.2.3. Local Lagrange Multilevel Method. Finally, we give similar
convergence estimates if we use the local Lagrange multilevel operators,
introduced in Definition 4.6.6, as low-dimensional approximation operators.
The key to derive the error bounds is, again, to use the direction-wise estimate
(4.6.17) in the error representation for the Smolyak method of Theorem 6.3.4.

We recall Section 3.3. For a fixed set of sites X, we construct the localized
Lagrange function y; anchored in &; € X with cut-off radius r by enforcing the
Lagrange condition Corollary 3.1.2 on those ), € X such that ||@; —x||2 < r.

Following this construction for every Xi(j ), 1<j<d, 1<i<LY yields the

direction-dependent local Lagrange multilevel operator QILO(CJ)(] )

given by
L)

(7.218) QYL (fV) = ZI“W (€5, 9 e B QD)5 > 2,

c,(5)

where the local approximation operators IZ-O are given by

(7:2.19) T = 30 @

Using the same ideas that led to the convergence results in Sections 7.2.1
and 7.2.2 we obtain the following general theorem and series of corollaries,
where we trade, again, generality for readability. Similar to Section 4.6.2 we
are only interested in localized Lagrange functions that use the footprint

xU )( 0 with cut-off radius r(el(-j )), whose size we control with the now
) NS

direction- and level-dependent parameter z—:l(-j ) > 0.

Theorem 7.2.12. For 1 < j < d let QU) C R, n; € N, be a bounded
Lipschitz domain and let s; > n;/2. Set Q = QW x .. x QD Letw e Rf{_
be an ascendingly ordered weight vector and ¢ € N. Let T,,(¢,d) C N? be the
anisotropic index set of Definition 6.2.1.

For1 < 5 <dandi € N let X(]) be a quasi-uniform set of sites

with fill-distance h(j sufficiently Small such that q( D <1 and assume that

3
the local approximation operator I in (7.2.19) is built using localized

Lagrange functions {Xioc’(]) Wi(j defined as in (3.3.1) with

}1§k§Nf”
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footprint x@ (xik) as in (3.2.2) and cut-off radius r(sij)) > 0. Assume

i,r(sij))
that 6§J) > 0 small enough such that (4.6.8), i.e.,
2n;
@) (4) ! MGy
nz . - 48 .
C’(Q,@,n)ef log [ i (qi(])> 2 5§J) <1,

() )
holds.

For1 < j <dandi €N, the low-dimensional reconstruction Qloc’(j) :

7
HSJ(Q(j)) — Vi(]) 1s given by the local Lagrange multilevel approximation
(7.2.18).

For1<j<dlet 9 : H%(QU) = Ly(QUY) be the canonical embedding
operator and ¢ : H3 . () — La(Q2) the tensor product embedding operator of
Theorem 5.3.9.

Then the approximation error operator ¢ — Az, s.q) * Hy:(2) = La(€2)
satisfies the bound

d j—1 < =
le = Az, all <> 27107 Y (H (aloc,(k)yk 1> , (aloc,(j)))‘f()‘) 17
g=1 XeT, (0,d) \k=1

where for j =1 we set Z,(£,j — 1) := {1} and A\i(X) = A ez + 1 and for
2<j<dand A€ I,({,j—1) the index \j(X) is given by

i—1
A(A) = {2 + z% - JZ(Xk —~ 1)““’?J

/A — Wi
We use the notation
aloed) = ¢loed) (M(j))sj _
and C = maxi<;<q c\),

Similar to the ideas in Section 7.2.1 we can now try to obtain a more uni-
form estimate. Again, we have to choose the direction-dependent refinement
parameter 1) such that there is a uniform a < 1.

Corollary 7.2.13. With the notation and assumptions of Theorem 7.2.12,
we choose the refinement parameter u(j), 1 < 5 < d, such that there is a
uniform !¢ < 1 such that o!°¢ = a!°%) for every 1 < j < d.

Then the approzimation error operator ¢ — Az, s.q) : Hyip(2) — La(€2)
satisfies the bound

)\j,'maz

d
o = Az ea)ll < 32T CHTL (L~ 1) ()
j=1

Finally, we use the bound on the cardinality of the anisotropic index set
(7.2.9) to obtain the analogue of Corollary 7.2.3.

Corollary 7.2.14. With the notation and assumptions of Corollary 7.2.13

approzimation error operator ¢ — Az p.q) : Hpi(2) — La(S2) satisfies the
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bound

Lwy
o = Az g all < €+ d)* (o) (St

7.3. Numerical Examples

We now provide numerical examples to support the theoretical results
of Section 7.2. We only focus on interpolation since we want to verify the
convergence results and the estimates for the penalized least-squares method
are virtually the same as the ones for interpolation. In all cases discussed
below we will use uniformly distributed point sets Xi(j ) cCQU 1< 7 <d,
1 € N, such that, for numerical reasons,

1 -‘ offset +1i

o _ [ 1
(7.3.1) #xV) = LN')

We introduce the parameter offset € N to control the cardinality of the set
of sites on the first level X 1(j ),

7.3.1. Algebraic Tensor Product Functions. We start with testing
functions that are elements of algebraic tensor product spaces. This allows us
to use the simple representation of the new tensor product multilevel method
introduced in Section 7.1.2.

The first example is based on a well-known problem in rational approx-
imation, see, e.g., |84] and has already been used in the context of sparse
grid approximation in |72]. We set the direction-wise univariate functions
f9) 0 [=1,1] = R to be fU)(z) = |2|%, 1 < j < d with 8; > 0. These
functions are Holder-continuous with exponent 3; and hence are elements
of HBi1((=1,1)). We also recall that we used these functions already in
Section 4.4.

Following Chapter 5, the function f = fM @ ... @ f@ : [-1,1]¢ - R
can be represented by

d d
f(z) = H 9 (z)) = H 125
j=1 j=1

where = (z,..., 2(¥)T and it is an element of the algebraic tensor
product space HA1((=1,1)) ® --- @ HIPl((—1,1)).

Throughout Section 7.2 we emphasized that certain results retain more
information about the anisotropy of the problem than others. However,
here, we will restrict ourselves to two-directional anisotropic problems and
compare the numerical results to the bound (7.2.11). Using this bound in
the low-directional case is reasonable since it already incorporates the whole
anisotropy.

Now, we describe the setup of the first experiment in more detail. We
choose the exponent vector 8 to be 8 = (1.6,3.6)T. This means that f(!) ¢
H?((—=1,1)) but O ¢ H3((—1,1)). Similarly, ) € H*((-1,1)) but f? ¢
H®((—1,1)). This yields that f € H?, ((—1,1)?), with s = (2,4)T, but not
in any Sobolev space of mixed, higher-order regularity.
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F1cUrEe 10. Plot of the target function f.

Next, we fix the weight vector w € ]R%r. It should represent the anisotropy
in H2. ((—1,1)%) and hence, we set w = s and normalize it such that w; = 1.
This yields the weight vector w = (1,2)7T.

To fix the parameters for the multilevel method we first look at the
functions f() and f(). We chose these functions such that they are elements
of the native spaces of the Wendland kernels ¢ 1 and ¢ 3, respectively. We
recall that these functions are given as

¢ra(r) = (1—=r)3(3r+1)
p13(r) = (1 — )L (217" + 1972 4+ 7r + 1).

We fix the refinement parameter in the first direction to be x(!) = 0.4 and
compute (2 such that the assumption of Corollary 7.2.3 is satisfied. That
means, the refinement parameter in the second direction has to be computed
such that there is a uniform « < 1 such that

(7.3.2) a=aol) = C{l) <u(1))81 = 0{2) (u(2)>82 =a®,

To determine () from (7.3.2) we have to know the constants C’F) and CP).
Unfortunately, these constants are unknown and we have to rely on the
numerical estimates presented in Section 4.4. In the first direction we are in
the setting which lead to Table 2. We choose to use (1) = 3.5 which then
leads to CfSt’(l) ~ 0.46. However, we use a more conservative estimate and

set C?um’(l) =1.0.
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Inserting the choice for C?um’(l) and p(M into (7.3.2) and rearranging
for u? yields

1
cmum,(1) o 2
@_ (% (0
' = 1
(C{“m’@)( > )
1 5\
(7.3.3) =——(04)?%] |,
@)

with C}' um(2) 4till to determine. We recall that this constant depends strongly
on 7@, whose choice we justify next.

First, we recall that one of the remarkable properties of the tensor product
multilevel method is that it has two ways to deal with anisotropy. First, by
using the anisotropic index set and second, using different sets of sites in
each direction. In (7.3.1) we fixed the growth of the cardinality of these sets.
In this first experiment, the function in the second direction is smoother
than in the first and hence, we would expect that we need less points in
this direction to get a good approximation and therefore, we should be able
to use a larger u®. We fixed p(!) = 0.4, which leads to #Xi(l) = goffset +i_
a tripling of the number of points per level. Following the idea above, in
direction two, it should suffice to use u® > 0.5. The cardinality of the set
of sites then behaves like #XZ-(Q) = 20ffset +7 which leads to a doubling of
the number of points per level. As discussed in Section 2.5, for fixed point
set XZ-(] ), this number depends on the overlap parameter ). In the first
direction, this parameter is fixed to be
M 35

2

v >

T

In this experiment, we choose to use v ~ v(!) = 8.75. This, together with

the ideas above yield, that
7?2 ~8.75u? > 8.75-0.5 = 4.375.

Hence, the choice v(2) = 4.5 is reasonable. Using Table 7, with reservations,
since we neither know x nor is our choice for (2 in this table, suggests

that C}' um(2) & 2.1 is a sensible value for the unknown constant. Inserting
this choice into (7.3.3) then leads to

1 ~0.52.

Direction j @) p@ 0 wj 5§ Bj al)
1 3.5 0.4 8.75 1.0 2 1.6 0.16
2 45 052 865 2.0 4 3.6 0.155

TABLE 14. Choices for the different parameters for f(x) =
1|16 - o3,
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For the convenience of the reader we repeat our choices for the parameters
in Table 14. There we also see that we achieved that a(®) ~ a2 ~ 0.16 and
v@ ~ (D) = 8.75.

After introducing and explaining our choices for the parameters in the
first experiment in detail we now discuss the numerical result. In Fig. 11 we
provide an ¢s-error plot of the tensor product multilevel interpolation error,
evaluated on a uniform grid with 15000 x 15000 points in [—1, 1]%. The error
is depicted as a function of the threshold ¢, which determines the anisotropic
index set Z(y 9)(¥, 2), and therefore, the maximum number of levels per
direction Aj mqz. As the solid green graph we give the interpolation error and
as the dashed green graph we provide the bound (7.2.11), (¢ + 2)20.16L0'5ZJ+1.
We can see the solid graph exhibits plateaus where the interpolation error
stays constants. These are caused by the robustness towards perturbation of
Ajmaz Which we discussed in Section 6.2.3. This led also to the kinks seen
in the examples provided in Section 6.2.2. Here, this robustness causes the
anisotropic index set to change only every odd £. These plateaus make it also
hard to compare the error to the theoretical bound and therefore, we also
provide a linear fit to the two graphs in orange. Comparing the slope of the
two orange lines suggests that the tensor product multilevel interpolation
converges slightly faster than expected.

Although these results look promising, the question arises if it is necessary
to pay this meticulous attention that the parameters of Table 14 representing
the anisotropy in f. Hence, we also computed the tensor product multilevel
interpolations for three other parameter settings. First, we forewent the
anisotropy in the sets of sites, i.e., we used the same refinement parameters
p) = 132 = 0.4 in both directions but kept on using the anisotropic index
set. We denote this setting as isotropic u. Second, we used different sets of
points for each direction but set w = (1,1)T, i.e., we used the isotropic index
set, denoted as isotropic w. And third, we combined these two cases and used

T T T T .
100 L x. —#— Interpolation error | |
. >, |-%- Bound (7.2.11) ||
107t 8 g
— I ]
g 102 ; ;
¢ E E
<& " ]
1073 8 g
1074 8 £
L | | | | | i

0 2 4 6 8 10 12

Threshold ¢

FIGURE 11. Error plot for the tensor product multilevel
interpolation of f with parameters as in Table 14.
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{o-Error
14 theory isotropic g isotropic w fully isotropic
1 6.7421e—02 1.3593e—02 6.7421e—02 1.3593e—02
2 6.4081e—02 1.0730e—02 1.6698e—02 9.2063e—04
3 1.6558¢—02 7.4758¢—04 3.7867e—03 7.1249e—05
4 1.6677e—02 7.0332¢e—04 8.4628e—04 5.8777e—06
5 3.7791e—03 5.0826e—05 1.8833e—04 5.0076e—07
6 3.8022¢—03 4.8318e—05 4.1854e—05 4.3428e—08
7 8.4518¢—04 3.5061e—06 9.2975e—06 3.7381e—09
8 8.5022¢—04 3.3372e—06 2.0651e—06 3.1656e—10
9 1.8810e—04 2.4226e—07 4.5865e—07 1.7636e—11
10 1.8923e—04 2.3063e—07 1.0184e—07 1.2145e—12
11 4.1803e—05 1.6736e—08 2.2522e—08 8.1582e—14

TABLE 15. The ¢s-interpolation errors of f for different pa-
rameter settings.

LI 1 11 1 O A 11 B
1072} g
107° | g
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—+— isotropic w
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10_14 T Y Y T BB
102 10° 10* 10> 10° 107 10%
#HIu (€7 2)

F1cURE 12. The #>-interpolation errors for different parame-
ter settings as functions of the points of the sparse grid.

the fully isotropic setting, i.e., () = 4 = 0.4 and w = (1,1)T. We call this
setting fully isotropic. We give the corresponding errors in Table 15, where
we also included the values of the interpolation in the parameter setting of
Table 14 in the second column, theory. Not surprisingly, the fully isotropic
setting performs the best since it uses the most information.

To make a fair comparison of the parameter settings we computed the
corresponding sparse grids and map the error as a function of the points
in the sparse grids in Fig. 12. Surprisingly, we see that even here the fully
isotropic case performs much better than all others in the sense that for
a fixed number of points the error is the smallest. Furthermore, even the
cases were we used only one uniform parameter, either the weights or the
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refinements, perform better than the case where we used the parameters
according to the convergence results.

We have two reasons for this, at the first glance, negative result. First,
we believe that the problem simulated here is simply not anisotropic enough
which means that computing the interpolant in any of the three isotropic
settings, isotropic refinement parameter, isotropic weights or fully isotropic
is just not expensive enough to compensate for the lower approximation
error. And indeed, adding more and more directions with parameters set
as in direction 2 and computing the interpolation suggests that the theory
case begins to deliver better results. However, for these high-directional
problems the available memory is insufficient and we can not compute
more than a few levels. This is a problem intrinsic to the method and
there is no real way to avoid it, since approximation schemes derived from
Smolyak’s construction still need memory that grows exponential in the
number of directions, albeit with a smaller base than full-grid methods, see,
e.g., the discussion in Sections 6.1.3 and 6.2.2. The second justification we
can think of, ties in with the discussion of Section 6.1.3. In classical numerical
approximation we measure the error in terms of the fill distance of the set
of sites. For higher-directional problems and in particular with Smolyak
methods this is not reasonable. One way out is to use the cardinality of the
used index set or, in this case, the number of sparse grid points. However, it
is still unclear if these numbers are the right tools and if they lead to the
best results.

7.3.2. Testing Package of Genz. After the thorough tests of Sec-
tion 7.3.1 we now briefly provide numerical results for a package of test
functions established in [31]. The examples presented here serve only as a
proof of concept that the tensor product multilevel method works in higher
dimensions and for a wide variety of target functions. The testing package
was originally designed for numerical integration, see also [82] but in [6]
these functions are also used for high-dimensional interpolation. The package
consists of a family of six functions fy,..., fg : [0,1]? — R, in arbitrary
dimension d € N. Each is given a name or attribute by which we will refer
them as. The functions are defined as follows:

(1) OSCILLATORY:

d

fi(x) =cos | 2m6 + Z c(j)xj ,
j=1

(2) PRODUCT PEAK:

d
Folw) = [J(c;® + (z; — 0,)*) 7,

J]=

—_

(3) CORNER PEAK:

—(d+1)

d
falm)= |1+ ¢z ,
=1
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(4) GAUSSIAN:

d
fal@)=exp =D G ;

7=1
(5) CONTINUOUS:

d
fs(x) =exp ZCJ|5UJ

7j=1
(6) DISCONTINUOUS:

0, if:l,’l >91 or T2 >02,
Fol) = exp (E?:l cjxj) , otherwise.

Each function depends on one or two parameter vectors, ¢ and 8 € Ri.
The parameter 0 acts as a shift parameter and ¢ determines the difficulty
of the function [31]. Our examples are for d = 7. We follow the ideas of [6]:
For each function we generate 6 and ¢’ randomly but independently and
uniformly distributed in [0, 1]7. To obtain ¢ we normalize ¢’ such that

7
d =ty 1<k<6
j=1
where by, depends on the function f; and is given in Table 16.

Independently of the values of the parameters 8 and ¢ we see that the
functions PRODUCT PEAK, GAUSSIAN and CONTINUOUS are elements
of a smooth algebraic tensor space and the functions OSCILLATORY and
CORNER PEAK are elements of a smooth tensor space. The functions
named DISCONTINUOUS is not continuous in the first two but smooth in
the other directions.

The interpolations to f1,..., f were all computed in the fully uniform
setting. In part, because the numerical results in [6] were obtained in this
setting and in part, because the functions do not exhibit significant anisotropic
properties. Hence, we use an isotropic index set, i.e., we set the weight vector
to be w = 1 and for the multilevel method we use in every direction the
uniform refinement parameter y = ,u(j) = 0.5, 1 < j < 7. This leads to a
doubling of points from level to level. For the overlap parameter v we
choose the uniform value v = vU) = 4.0. Additionally, we use the Wendland
kernel ¢11 for every direction.

Error computations for problems in higher directions is difficult itself
since the set of sites used for the evaluation of the error function should be
finer than the point set used for the interpolation. This leads to a potentially
numerically unfeasible effort. Hence, it is custom to follow the idea of the

k|1 2 3 4 ) 6
b, 9.0 725 185 7.03 204 4.3

TABLE 16. Choices for the normalizations by, 1 < k < 6
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Monte Carlo method and randomly distribute an arbitrary number of sample
points in the domain and average the error function at these points. We use
this approach and generate one houndred random points 1, . . ., €190 € [0, 1]7
and compute the discrete £,.-error.

{so-Error

I1 fa I3 fa Is fe

1.3465e—02 4.0097e—04 1.5206e—03 6.7757e—02 2.8715e—02 1.5620e4-02
3.9069e—03 7.3510e—05 1.9847e—04 8.5338e—03 1.4227¢—02 1.0296e+02
6.5404e—04 1.2211e—05 4.8816e—05 2.8317e—03 3.9765e—03 2.4964e+01
1.7643e—04 4.2503e—06 8.4589e—06 4.3021e—04 1.8163e—03 7.5011e+4-01
4.3791e—05 1.1884e—06 2.7708¢—06 1.1511e—04 2.5722¢—03 2.3303e+01
3.3497e—06 1.6768e—07 2.1714e—08 5.3655e—05 5.5128e—04 2.0630e+01

TABLE 17. The {-interpolation errors for the functions of
the testing package of Genz.

SR WN -

In Table 17 we give the respective ¢, interpolation errors. Similar to the
observations in [6], we see convergence of the method for f,..., f5. For the
target function DISCONTINUQOUS we observe slow to no convergence at all.
That is not surprising since fg is not even continuous.

All the results in Table 17 were obtained by using an implementation
of the tensor product multilevel method in general representation, see Sec-
tion 7.1.3, i.e., we used only the high-directional data (x;, fi.(2i));<;<n €
[0,1)" x R, 1 < k < 6. In Table 18 we provide the number of information N
used per threshold ¢. These are the numbers of sparse grid points with index
set Z1 (¢, 7) and one-dimensional sets of sites (X;)i<i<¢+1. We use the sets of
sites to construct the Lagrange functions.

Additionally, we provide a comparison of computation times of the two
representations of the tensor product multilevel method. At the end of
Section 4.6.1, we already remarked on the high cost of a point evaluation
of the multilevel approximation if we use Lagrange functions. These costs
are even higher for the tensor product multilevel approximation in general
representation. To give an indication of this, we show in Table 19 the
computation time of the one-houndred point evaluations of the approximation
to the target function GAUSSIAN, f5. The times were taken on a Linux
workstation with using an Intel Xeon Silver CPU with 2.2 GHz and the
C++-class std: :chrono without any parallelization. We choose this target
function since the tensor product multilevel method can be used in both
representations to compute the approximation to this function. We can see
that the evaluation of the approximation operator in general representation
takes several orders of magnitude longer than the one in simple represenation.
This is a problem inherent of the representation by Lagrange functions and

¢ |1 2 3 4 ) 6
N | 2187 12393 53217 198369 676161 2163969

TABLE 18. Number of information NV per threshold #.
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Time for 100 point evaluations (s)

{ general representation simple representation
1 3.1581e+00 3.9870e—03
2 2.6251e+01 1.4082e—02
3 1.8862e+-02 4.5716e—02
4 1.2655e+-03 1.6535e—01
) 7.7446e+03 3.0210e—01
6 4.4451e+04 6.9959e—01

177

TABLE 19. Times for 100 point evaluations of the tensor prod-
uct multilevel interpolant to the target function GAUSSTAN
in seconds, for threshold £ =1,...,6, using the general and
simple representations introduced in Section 7.1.

suggests that a naive implementation of (7.1.12) quickly becomes numerically
infeasible. We hope that in the future we find a better way to represent the
tensor product multilevel method and that the use of the localized Lagrange
functions will help in reducing the computational costs.

7.4. Double-Adaptive Tensor Product Multilevel Method

To finish this chapter we introduce a double-adaptive version of the
tensor product multilevel method. We restrict ourselves to the easy case, i.e.,
the target function is an element of an algebraic tensor product space and we
have access to the direction-wise information. For the general case it would
be necessary to do a thorough cost analysis of the tensor product multilevel
method in its general representation.

We start by refining the ideas discussed in Section 6.4 for the new tensor
product multilevel method. In Definition 6.4.1 we introduced, for a fixed
target function f, the weighted error estimator gz, : N¢ — R given by

9fw(AX) i=q <w error¢(A), (1 — w)costlf()\)> ,

with two mappings errory : N¢ — R and cost fo N¢ — R which should
represent the expected (relative) approximation error and the expected
(relative) cost to compute the approximation. The mapping ¢ : R x R - R
moderates these two values for each multi-index A € N¢. We fix

q(-,-) = max(-, )
and discuss our choices for the remaining two mappings.

Since we assume that we use the simple representation we have access to

the direction-wise data (a:,(cj), f(j)(w,gj))), 1 < j < d. Hence, we can use the
residual correction representation of the multilevel operator, described in
Section 4.2, for every direction independently. That means in particular that

we can compute the residuals el(-j), 1eN, 1 <5 <d.
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First, we fix the mapping errory. An obvious choice would be to use the
recursion inequality (4.3.6),

H Emega‘)”% < aqu(ﬂeg@lH@y),

with a() < 1, for every direction 1 < j < d and therefore we would like to
set

d
error () := H HE(j)eg\Jj) o
j=1 At
This way we guarantee monotonicity of the mapping errory. However, in
numerical reality the residual is only known point-wise and computing a
continuous norm is therefore hard.

Hence, our idea is to use a discrete norm. We take a closer look at the
multilevel method in Algorithm 1 and briefly omit the superscript for the
dependence on the direction. We implicitly have to evaluate the residual
of level i, e;, on the data sites of the next level X, to prepare for the
approximation on level ¢ + 1. This is computational work that is usually
done at the beginning of the for-loop with index i=i+ 1, however we can
also move this work to the end of the loop, which means that we obtain the
data (e;_;(x7,))1<k<n. at the end of the for-loop with index i as long as
the current level is not the last. T hus, in levels 1 < ¢ < L we can obtain the
value |le;|ls.. (x,,,) with minimal additional computational cost, we only have
to find the maximum of the values (e;(«;+1,)) which we already computed.
This idea motivates our choice for errory,

(4)
d ||e,\j71||@ (X(]'))
o0 A/.
error¢(A) = H 0 i,
7=1 ||€0 ||500(X£j))

for A € N%. We also introduced an optional relativation with He(()j ) I, (

”f(j) Hfoo(Xiﬂ)'

We already noted that this choice leads to minimal additionally compu-
tational costs, however, there is a larger downside of this choice of errorg.
Unfortunately, we can not guarantee that this mapping is monotonously
decreasing. Nevertheless, we will use it in applications.

Second, we have to fix the mapping cost g, which represents the costs that
arise when computing the approximation corresponding to the respective
multi-index. Again, we recall Chapter 4, in particular Corollary 4.2.1. We
know that the computational cost to solve the direction-wise approximation
problem is linear and hence, we fix costy by

x0T

1 N9
cost £ () _j:1 N)(\i)'

This yields the following definition.

Definition 7.4.1. In the case of the simple representation of the tensor
product multilevel method Section 7.1.2 we define the weighted error estimator
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gf,w:Nd — R by

(4)
d He}\j—le (x )y d (4)
_ H NN . H Ny
j=1 0 Em(X:EJ)) J=1 2V

for fized f and w € [0,1].

The combination with the truly adaptive version of the multilevel method
of Section 4.5 is now straight forward. We recall that in this version we
evaluate the residual on level 7 in the sites of the upcoming level and use
only these points for which the absolute value of the evaluated residual is
larger than a given threshold. That means that we can also use the weighted
error estimator of Definition 7.4.1 in this case if we keep in mind that we
do not use the original direction-wise sequence of sets of sites Xi(] ), 1 €N,
but rather the adaptive point sets XZ-(J ), Clearly, we then have to also use

the cardinality of Xi(j ) for cost f-
To test these two adaptive methods we revisit the problem from Sec-
tion 7.3.1, i.e., the interpolation of the two-dimensional target function

FrFLIP =R f(@) =W PP

First, we use the standard kernel-based multilevel method in both direc-
tions with parameters as in Table 14 however, we construct the index set of
the Smolyak method adaptively using the error estimator of Definition 7.4.1.
We test only the two extremal cases, w = 0.0 and w = 1.0.

We recall our discussion in Section 7.3.1, in particular the phenom
encountered in studying Fig. 12. We saw that the tensor product multilevel
method with fully isotropic parameter setting performs much better than the
one in the fully anisotropic setting, in the sense that the error as a function of
the number of sparse grid points decays a lot faster. In Fig. 13, we added the
interpolation errors of the single-adaptive tensor product multilevel method.
At the end of every iteration of the while-loop in Algorithm 4 we evaluated the
interpolant on a uniform grid with 15000 x 15000 points and also computed the
number of points in the sparse grid associated to the inductively constructed
index set. We see that the single adaptive tensor product multilevel method
performs as good as the fully isotropic one, independent of the value of the
weight w. Clearly, in every iteration of Algorithm 4, the change of the number
of points in the sparse grid changes much less than in the non-adaptive tensor
product multilevel method since at most two, the number of directions, multi-
indices are added to the adaptive index set. We see also that, depending
on the indices that are added, i.e., there may be not a large decay in the
interpolation error.

In Fig. 14 we show snapshots of the evolution of the adaptively constructed
index set for the single adaptive tensor product multilevel method with weight
w = 1.0. We note that the evolution of the index set for w = 0.0 looks similar.
Again, the active indices are marked in green, the offline indices in grey and
the index with the largest local error estimator is the one that has the arrows
attached. We remark two things: First, we see that the index sets at iterations
9, 12 and 14 are not anisotropic index sets according to Definition 6.2.1, there
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FIGURE 13. The /y-interpolation errors of f(z) = |z |16 .
|2(2)|36 for different versions of the tensor product multilevel
method, as functions of the number of points in the, to the
used index sets, associated sparse grids.

is no combination of weight vector w and threshold ¢ such that Z,(¢,2) has
this shape. And second, more importantly, in this example, the algorithm
for the adaptive Smolyak method, Algorithm 4, seems to prefer the direction
in which the target function f is smoother, in the sense that it chooses to
extend the adaptive index set further into the second direction than the
first. This is remarkable, since our intuition suggests that we need more
levels in the direction where the target function is rough to obtain a better
approximation. This is the reason why, in Theorem 7.2.1 and all following
convergence results for the tensor product multilevel method, we assume that
the weight vector w is ascendingly ordered. This means that the theoretical
results in Section 7.2 can not be applied for the adaptive tensor product
multilevel method and have to be revised to obtain convergence results for
this adaptive method.

For the sake of completeness we give the values of the global error estimate
7 for weights w = 0.0 and 1.0 in Fig. 15. We recall that this value determines if
the adaptive Smolyak method, described in Algorithm 4, terminates. Because
of the relativation, 7 is set in the initialization phase to 1 and, in our examples,
decays monotonously towards zero. This has not always to be the case and
is highly dependent on the problem at hand. However, we expect that after
enough iterations the value of n becomes sufficiently small for the algorithm
to terminate.

Next, we demonstrate the double-adaptive version of the tensor product
multilevel method. We use the same setting as before, i.e., the parameters
given in Table 14 and the same target function as above. Again, we construct
the index set adaptively following Algorithm 4 with the already discussed
changes to the weighted error estimator of Definition 7.4.1. However, in this
version of the method we use the refinement parameters x( and pu® to
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FiGure 15. The global error estimate n as a function of
the number of iterations of the adaptive Smolyak algorithm
Algorithm 4, using the weighted error estimator g¢ ., as in
Definition 7.4.1 for weights w = 0.0 and 1.0.

obtain the direction-wise sets of sites (Xi(l)) and (Xi(2)), respectively, and

choose among their elements the adaptive point sets (Xi(l)) and (XZ-@)) as is
described in Algorithm 3. We then use these as data sites for the interpolation
problem. We recall that we add an « € XZ.(i)l to Xz(er)l if \ez(-j )(w)| > 51(3 ) with
a threshold 52(-] ) that we can choose. We follow the ideas of [92] and set

(7.4.1) e =1073. max Y (@), ieN,j=1,2

:ceXi(i)l
We emphasize that we use different refinement parameters in the two direc-
tions but the same thresholding strategy. If this is the right strategy should
be explored in the future.

Applying the double-adaptive tensor product multilevel method to the
model problem of Section 7.3.1 leads to the £s-errors plotted in Fig. 16, again
computed on a uniform grid with 15000 x 15000 points. We compare the
errors to the fully isotropic and fully anisotropic setting of the standard tensor
product multilevel method. We see that the double adaptive tensor product
multilevel method again performs as good as the fully isotropic setting if we
choose the weight w = 0.0 in the weighted error estimator. We recall that for
w = 0.0 we adapt the index set on the basis of the relative costs. Surprisingly,
for w = 1.0, the behavior of the error is much more erratic with a quasi
constant error for a number of iterations, a sharp drop and then again quasi
constant error. Looking for an explanation, we start by studying the evolution
of the index set in Fig. 17. We see that that the drop in the error happens
when the algorithm of the adaptive Smolyak method decides to extend the
adaptive index set in the first direction and the error stagnates when the
index set is extended into the second direction. Furthermore, looking at the
evolution of the global error estimator 7 in Fig. 18, for w = 1.0, we can again
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observe this behavior with two distinct peaks. These are at the number of
iterations where the sharp decay of the graph in Fig. 16 happens. Again, for
w = 0.0, the global error estimate decays monotonously. The final explanation
for this phenom comes from Fig. 19. There, we plotted the maximum of the
residual ez(-j ) on level 1, evaluated on the upcoming point set Xl-(i)l for both
directions. We recall that for w = 1.0, we only refine on the basis of the
residuals. We can see that the residual in the second direction grows from the
start before it begins to fall monotonously from level three onward. This ties
in with the beginning of the chapter where we discussed the choice for error.
In general and particularly for the adaptive multilevel method, we can not

and therefore our choices for

errory decay monotonously or even decay at all. The behavior of 61(-2) stems

from the adaptive multilevel method. Obviously, we need a deeper theoretical
understanding of this method to incorporate it into the thresholding strategy
in (7.4.1) to hopefully avoid this behavior in the future.

guarantee that |]e§J)||€OO(X_<j> or ||e§j)H

) oo (X))
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FIGURE 16. The fo-interpolation errors of f(x) = |z(V]'6.
|2(2)|36 for different versions of the tensor product multilevel
method, as functions of the number of points in the, to the
used index sets, associated sparse grids.
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CHAPTER 8

Conclusions and Outlook

Motivated by a model problem, the reconstruction of a quantity of
interest of the solution of a parameteric partial differential equation, the aim
of this thesis was the development of a new method to solve high-dimensional
approximation problems. We achieved this goal by combining two well-
known methods. Our idea was to use the Smolyak method which enabled us
to construct an high-dimensional approximation operator from families of
arbitrary low-dimensional ones. This method is known to be flexible enough to
use different reconstruction schemes in different directions. This is helpfull if
the target function exhibits, e.g., different smoothnesses in different direction.
Additionally, the construction of the Smolyak operator done such that the
new reconstruction method exhibits nearly the same approximation features
as the building-block operators and is perfectly suited for use with multilevel
schemes.

This motivated us to use kernel-based multilevel methods as the low-
dimensional approximation operators. These methods are based on a residual
correction scheme and are known to be fast and stable if it uses compactly
supported radial basis functions and have the advantage that we can use
scattered data in nearly general domains.

The combination of these two methods, the Smolyak algorithm on the one
hand and the kernel-based multilevel method on the other yielded the tensor
product multilevel method. It is a scheme that allows us to recover unknown,
anisotropic tensor product functions from meshless high-dimensional data
in arbitrary Lipschitz domains using different reconstruction schemes such
as interpolation and penalized least squares approximation. For working
with tensor product functions it is reasonable to differentiate two cases,
whether we have access to the low-dimensional, factor functions or not. In
the former case we employed the residual correction representation of the
multilevel method in each direction and obtained an easy representation of
the tensor product multilevel method, see Section 7.1.2. In the latter case,
it was necessary to derive a different representation of the low-dimensional
approximation method in Section 4.6.1 and to get a better understanding
how the reconstruction operator depends on the target function, thereby
getting rid of the residuals altogether by introducing Lagrange functions.
This way we obtained the tensor product multilevel method in its general
representation in Section 7.1.3 which is also easy to implement.

Following the introduction of the tensor product multilevel method we
gave a rigorous error analysis. The key was that the Smolyak operators allows
us to use direction-wise error estimates if we use Banach spaces as domain
and codomain of the operator that have uniformly compatible tensor product
norms, see Section 6.1.5. With these results the error estimates of Section 7.2

187
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were straight forward since the convergence of the multilevel method for
interpolation and penalized least squares approximation are well-known, see
Section 4.3. However, the results in their most general form are hard to
interpret, see, e.g., Theorem 7.2.1 for interpolation, since they contain a
maximum amount of information about the anisotropy of the target function.
That is why we gave a series of lemmas in which we traded this information
for readability of the estimate. The resulting results, e.g., in (7.2.11), are in
a very closed form, however only contain information about the first and last
direction.

Preliminary numerical tests indicated that the tensor product multilevel
method in its general representation is very expensive but we have to use
this version of the reconstruction scheme if we have no information about the
target function. The cost became already numerically unfeasible for moderate
dimensions and moderate numbers of levels. This can be attributed to the
necessity to use the Lagrange functions and the exponential growth of the
number of evaluations per level. This was the motivation to establish another
basis of the approximation space, the localized Lagrange functions. The idea is
to enforce the Lagrange condition only on a small subset of the set of sites and
we derived conditions under which these localized Lagrange functions form a
basis of the kernel-based approximation space, see Lemma 3.3.4. This allowed
us to introduce a quasi-interpolation-like approximation scheme, which we
also used in the multilevel scheme. This yielded the local Lagrange multilevel
method. The estimates derived in Section 3.3 allowed us to obtain convergence
results for this new method, which in turn were used in Section 7.2.3 to
derive error bounds for the high-dimensional approximation problem.

Although inspired by previous results the introduction and study of
localized Lagrange functions in the context of Wendland functions is original
work and the results presented in Section 3.3 are still crude. In particular
the practical use in the multilevel method should be studied in more detail
in the future. We introduced them as a first way to make the tensor product
multilevel method in its general representation feasible. Another possible
way to speed up this method is a closer look at the new representation of
the multilevel operator in Theorem 4.6.4. At least for a nested sequence of
sets of sites we know that many of the coefficients a(u, k) are zero and we
should be able to significantly reduce the number of point evaluations.

Furthermore, we want to take a more thorough look at the adaptive
versions of the multilevel method in Section 4.5 and their combination with the
direction-adaptive Smolyak method in Section 7.4. The former method clearly
lacks a proof of convergence and the latter needs to be studied in greater
depth. Obviously, we need to generalize the discussion held in Section 7.4
to the case that we do not have the direction-wise information. Again, this
requires a better understanding of the tensor product multilevel method in
its general representation. Additionally, a more thorough investigation of the
version given here is in order. However, initial numerical results give us hope
that the double-adaptive version of the tensor product multilevel method
can resolve the numerical phenomenon encountered in Section 7.3.1.



APPENDIX A

Error Tables to Section 4.4

We provide here the error tables of the numerical simulation which leads
to the estimated multilevel constant in Section 4.4.

Al Q=[-1,1]
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fo>-Error

vy=15

v=2

vy=25

7=3

v=3.5

y=4

—_ =

= O © 00 O Ui Wi

4.8796e—01
2.9681e—02
5.4722e—03
6.9015e—04
8.3623e—05
1.0126e—05
1.2234e—06
1.4774e—07
1.7832e—08
2.0812e—09
8.4063e—11

4.8796e—01
3.0939¢—02
3.4612e—03
3.8067e—04
4.0886e—05
4.3836e—06
4.6994e—07
5.0380e—08
5.3990e—09
5.5844e—10
2.8396e—11

4.8796e—01
2.1642e—02
2.2596e—03
2.2379e—04
2.1919e-05
2.1444e—06
2.0972e—-07
2.0508e—08
2.0045e—09
1.8896e—10
8.9196e—12

4.8796e—01
1.7499e—02
1.6739e—03
1.5328e—04
1.3990e—05
1.2767e—06
1.1659e—07
1.0654e—08
9.7401e—10
8.6358e—11
4.9259e—12

4.8796e—01
1.4370e—02
1.3457e—03
1.1995e—04
1.0652e—05
9.4834e—07
8.4569e—08
7.5552e—09
6.7640e—10
5.9516e—11
4.3650e—12

4.8796e—01
1.2924e—02
1.0754e—03
9.2056e—05
7.9398e—06
6.8423e—07
5.9270e—08
5.1565e—09
4.5221e—10
4.0060e—11
3.8873e—12

TABLE 20. Table of errors for £k =1 and pu = 0.4.

lo-Error

v=1.5

=2

v=25

7=3

v=3.5

=4

4.0162¢e—01
2.1332e—02
7.7855e—03
9.6382e—04
1.3465e—04
1.8258e—05
2.4851e—06
3.3815e—07
4.6005e—08
6.0257e—09
1.0087e—10

4.0162e—01
4.2129e—02
5.6236e—03
6.5258e—04
7.6025e—05
8.8426e—06
1.0279e—06
1.1945e—07
1.3875e—08
1.5598e—09
9.1461e—11

4.0162¢e—01
3.9192¢—-02
3.9200e—03
3.9568e—04
4.0158e—05
4.0803e—06
4.1467e—07
4.2143e—08
4.2814e—09
4.2103e—10
2.5090e—11

4.0162e—01
3.0056e—02
2.5203e—03
2.2256e—04
1.9805e—05
1.7643e—06
1.5719e—-07
1.4005¢—08
1.2472e—09
1.0725e—10
5.5247e—12

4.0162e—01
2.2094e—02
1.7375e—03
1.3924e—04
1.1242e—05
9.0868e—07
7.3457e—08
5.9382e—09
4.7982e—10
3.7390e—11
1.7305e—12

4.0162e—01
1.7520e—02
1.2750e—03
9.4108e—05
6.9852¢—06
5.1871e—07
3.8515e—08
2.8596e—09
2.1221e—10
1.5182e—11
6.5306e—13

TABLE 21. Table of errors for £k = 2 and u = 0.4.
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level

{>-Error

vy=1.5

v=2

¥y=2.5

7=3

v =35

v=4

— =

— O © 00 3O Uik Wi+

3.4923e—-01
2.3306e—02
1.2226e—02
1.7556e—03
3.0099e—04
4.6721e—05
7.3208e—06
1.1311e—06
1.7423e—07
2.6359e—08
3.1046e—09

3.4923e—01
4.4288e—02
7.4969e—03
9.2141e—-04
1.1624e—04
1.4586e—05
1.8286e—06
2.2916e—07
2.8704e—08
3.4635e—09
1.4745e—10

3.4923e—01
5.1376e—02
5.9601e—03
6.6342e—04
7.3812e—05
8.2025¢—06
9.1110e—07
1.0118e—07
1.1232e—08
1.2080e—09
7.7261le—11

3.4923e—-01
4.5944e—02
4.3588e—03
4.2522e—04
4.1691e—05
4.0917e—06
4.0166e—07
3.9430e—08
3.8693e—09
3.6765e—10
2.2267e—11

3.4923e—01
3.6961e—02
2.9607e—03
2.5243e—04
2.1696e—05
1.8676e—06
1.6081e—07
1.3848e—08
1.1919e—-09
9.9048e—11
5.1707e—12

3.4923e—01
2.8228e—02
2.0287e—03
1.5420e—04
1.1799e—05
9.0367e—07
6.9223e—08
5.3027e—09
4.0601e—10
2.9941e—11
1.3624e—12

TABLE 22. Table of errors for £k =3 and pu = 0.4.
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lo-Error

=15

=2

¥=2.5

v=3

v=3.5

y=4
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4.8796e—01
3.8436e—02
3.1181e—02
8.7728e—03
2.6002e—03
7.2761e—04
2.0344e—-04
5.6734e—05
1.5820e—05
4.4112e—06
1.2301e—06

4.8796e—01
5.9225e—02
2.3109e—02
6.2729e—03
1.5837e—03
3.9509e—04
9.8041e—05
2.4320e—05
6.0268e—06
1.4941e—06
3.7030e—07

4.8796e—01
6.8711e—02
1.9067e—02
4.3737e—03
9.8947e—04
2.2448e—04
5.0845e—05
1.1527e—05
2.6136e—06
5.9274e—07
1.3444e—07

4.8796e—01
5.2285e—02
1.3352e—02
2.9541e—03
6.3794e—04
1.3849e—04
3.0068e—05
6.5133e—06
1.4121e—06
3.0576e—07
6.6248e—08

4.8796e—01
4.6501e—02
1.0626e—02
2.3743e—03
5.0776e—04
1.0970e—04
2.3601e—05
5.0816e—06
1.0957e—06
2.3650e—07
5.1090e—08

4.8796e—01
5.0296e—02
8.3451e—03
1.9593e—03
4.2377e—04
8.9244e—05
1.8906e—05
4.0174e—06
8.5180e—07
1.8102e—07
3.8487e—08

TABLE 23. Table of errors for £k =1 and pu = 0.5.

l>-Error

vy=1.5

v=2

v=2.5

7=3

v=3.5

vy=4

4.0162e—01
6.6514e—02
4.5459e—02
1.7125e—02
5.9891e—03
1.9018e—03
6.0580e—04
1.9010e—04
5.9771e—05
1.8747¢—05
5.8837e—06

4.0162e—01
6.7300e—02
4.1746e—02
1.1047¢—02
3.0919e—-03
8.3238e—04
2.2513e—04
6.0803e—05
1.6429e—05
4.4396e—06
1.1998e—06

4.0162e—01
9.6927e—02
3.2865e—02
8.1286e—03
2.0130e—-03
4.9523e—04
1.2158e—04
2.9816e—05
7.3082e—06
1.7909¢—06
4.3881e—07

4.0162e—01
9.7355e—02
2.6204e—02
6.0233e—03
1.3615e—03
3.0717e—04
6.9266e—05
1.5616e—05
3.5201e—06
7.9346e—07
1.7885e—07

4.0162e—01
8.1254e—02
1.9739e—02
4.2115e—-03
8.7560e—04
1.8193e—04
3.7810e—05
7.8583e—06
1.6332e—06
3.3942e—07
7.0538e—08

4.0162e¢—01
6.5037e—02
1.4770e—02
2.9541e—03
5.7781e—04
1.1286e—04
2.2022e—05
4.2947e—06
8.3722e—07
1.6318e—07
3.1801e—08

TABLE 24. Table of errors for £ = 2 and pu = 0.5.
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level

{>-Error

vy=1.5

v=2

¥y=2.5

7=3

v =35

v=4

—_
— O © 00 3O Uik Wi+

3.4923e—-01
6.9928e—02
4.8410e—02
2.4735e—02
9.7422e—03
3.5045e—03
1.2264e—03
4.2462e—04
1.4644e—04
5.0366e—05
1.7291e—05

3.4923e—01
7.6603e—02
5.9081e—02
1.8074e—02
5.6131e—03
1.6224e—03
4.7322e—04
1.3707e—04
3.9789e—05
1.1552e—05
3.3560e—06

3.4923e—01
1.1959e—01
5.0290e—02
1.3023e—02
3.4821e—03
9.1118e—04
2.3861e—04
6.2419e—05
1.6327e—05
4.2702e—06
1.1169e—06

3.4923e—-01
1.3702e—01
4.1679e—02
1.0207e—02
2.4942e¢—03
6.0468e—04
1.4619e—04
3.5300e—05
8.5194e—06
2.0556e—06
4.9592e—07

3.4923e—01
1.3240e—01
3.4954e—02
8.0336e—03
1.8130e—03
4.0715e—04
9.1286e—05
2.0456e—05
4.5830e—06
1.0267e—06
2.3001e—07

3.4923e—01
1.1636e—01
2.8330e—02
6.0782e—03
1.2668e—03
2.6309e—04
5.4608e—05
1.1334e—05
2.3527e—06
4.8837e—07
1.0138e—07

TABLE 25. Table of errors for £k = 3 and pu = 0.5.
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A2. Q=0,1]

level

l>-Error

vy=1.5

v =2

vy=25

7=3

v=3.5

v =4

— O © 00 3O Ui Wi
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1.8148e—01
6.3800e—03
5.7334e—04
5.2571e—05
4.7687e—06
4.3750e—07
3.9608e—08
3.6469e—09
3.2926e—10
2.9317e—11
1.1316e—12

1.8148e—01
4.0653e—03
3.5901e—04
3.1268e—05
2.6469e—06
2.3182e—07
1.9397e—08
1.7366e—09
1.4315e—10
1.2957e—11
4.9211e—13

1.8148e—01
3.0983e—03
2.6499e—04
2.2876e—05
1.8748e—06
1.6612e—07
1.3382e—08
1.2494e—09
9.8139e—11
9.7491e—12
3.7808e—13

1.8148e—01
2.6309e—03
2.1444e—-04
1.8534e—05
1.4834e—06
1.3428e—07
1.0625e¢—08
1.0356e—09
7.9799e—11
8.4801e—12
3.2601e—13

1.8148e—01
1.8963e—03
1.5659e—04
1.4148e—05
1.0844e—06
1.0393e—07
7.7311e—09
8.4069e—10
6.0016e—11
7.4010e—12
2.7130e—13

1.8148e—01
2.0862e—03
1.6566e—04
1.4062e—05
1.0588e—06
1.0064e—07
7.2981e—09
8.0255e—10
5.5770e—11
7.1044e—12
2.5093e—13

TABLE 26. Table of errors for £k =1 and p = 0.4.
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{>-Error

vy=1.5

v=2

vy=2.5

v=3

v=3.5

v=4

— O © 00 3O Uik Wi+

[EEra—

8.5701e—02
5.6108e—03
4.6904e—04
4.1399e—05
3.6836e—06
3.2816e—07
2.9237e—08
2.6048e—09
2.3197e—10
1.9947e—11
1.0276e—12

8.5701e—02
3.2580e—03
2.3467e—04
1.7311e—05
1.2848e—06
9.5406e—08
7.0841e—09
5.2597e—10
3.9032e—11
2.7923e—12
1.2012e—-13

8.5701e—02
2.3183e—03
1.3948e—04
8.9003e—06
5.7173e—07
3.6761e—08
2.3639e—09
1.5200e—10
9.7694e—12
6.0440e—13
2.2245e—14

8.5701e—02
1.6092e—03
8.9374e—05
5.0973e—06
2.9241e—-07
1.6796e—08
9.6498e—10
5.56442e—11
3.1838e—12
1.7583e—13
5.7592e—15

8.5701e—02
1.3552e—03
6.7014e—05
3.4791e—06
1.8252e—07
9.5879¢—09
5.0371e—10
2.6463e—11
1.3895e—12
7.0124e—14
2.1456e—15

8.5701e—02
9.9340e—04
4.6970e—05
2.2955e—06
1.1261e—07
5.5260e—09
2.7107e—10
1.3297e—11
6.5185e—13
3.0708e—14
9.9979e—16

TABLE 27. Table of errors for £ =2 and p = 0.4.

¢o-Error

v=15

v=2

¥=2.5

7=3

v =35

v=4

4.3772e—02
4.8413e—03
4.5813e—04
4.4646e—05
4.3767e—06
4.2953e—07
4.2164e—08
4.1392e—09
4.0618e—10
3.8595e—11
2.3375e—12

4.3772e—02
2.9020e—03
2.0809e—04
1.5800e—05
1.2088e—06
9.2577e—08
7.0915e—09
5.4323e—10
4.1594e—11
3.0673e—12
1.3957e—13

4.3772e—02
1.8236e—03
1.0859e—04
6.7785e—06
4.2576e—07
2.6767e—08
1.6831e—09
1.0583e—10
6.6510e—12
4.0125e—13
1.4645e—14

4.3772e—02
1.2788e¢—03
6.4125e—05
3.3847e—06
1.7970e—07
9.5461e—09
5.0714e—10
2.6941e—11
1.4304e—12
7.2710e—14
2.2109e—-15

4.3772e—02
9.0811e—04
3.9965e—05
1.8333e—06
8.4462e—08
3.8925e—09
1.7938e—10
8.2660e—12
3.8068e—13
1.6767e—14
7.8502e—16

4.3772e—02
7.1868e—04
2.7706e—05
1.1243e—06
4.5839e—08
1.8695e—09
7.6241e—11
3.1090e—12
1.2671e—13
4.9971e—15
8.0835¢—16

TABLE 28. Table of errors for £k = 3 and pu = 0.4.
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{>-Error

vy=1.5

v=2

¥y=2.5

7=3

v =35

v=4
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1.6097e—01
1.7247e—02
4.4046e—03
9.7447e—04
2.1044e—-04
4.5686e—05
9.9186e—06
2.1486e—06
4.6583e—07
1.0086e—07
2.1854e—08

1.6097e—01
1.6592e—02
2.7528e—03
6.4633e—04
1.3979e—04
2.9440e—05
6.2365e—06
1.3252e—06
2.8099e—07
5.9715e—08
1.2696e—08

1.6097e—01
1.2470e—02
2.6496e—03
5.8604e—04
1.2040e—04
2.5312e—05
5.3536e—06
1.1346e—06
2.4035e—-07
5.1101e—08
1.0880e—08

1.6097e—01
9.4578e—03
2.2142e—-03
3.8126e—04
8.5768e—05
1.8129e—05
3.8169e—06
8.0944e—07
1.7175e—-07
3.6650e—08
7.8588e—09

1.6097e—01
8.1833e—03
1.4508e—03
3.6268e—04
7.1367e—05
1.4261e—05
2.9984e—06
6.3180e—07
1.3446e—07
2.8852e—08
6.2508e—09

1.6097e—01
7.4527e—03
1.3735e—03
2.4213e—04
5.7131e—05
1.1834e—05
2.4573e—06
5.2271e—07
1.1280e—07
2.4593e—08
5.4297e—09

TABLE 29. Table of errors for £ =1 and pu = 0.5.

—
@
<
@
—

lo-Error

=15

=2

¥=2.5

v=3

v=3.5

y=4

—_ =

= O © 00O Uik W N

6.6242¢—02
1.6058e—02
4.3221e—03
9.9347e—04
2.2456e—04
5.0665e—05
1.1425e—05
2.5756e—06
5.8060e—07
1.3087e—07
2.9499e—08

6.6242¢—02
1.0727e—02
2.4362e—03
4.8724e—04
9.5303e—05
1.8615e—05
3.6323e—06
7.0836e—07
1.3809e—07
2.6915e—08
5.2452e—09

6.6242¢—02
8.3318e—03
1.7463e—03
3.0375e—04
5.4041e—05
9.6155e—06
1.7094e—06
3.0370e—07
5.3938e—-08
9.5775e—09
1.7004e—09

6.6242e—02
6.9664e—03
1.2268e—03
2.1364e—04
3.5563e—05
5.8934e—06
9.7534e—-07
1.6131e—07
2.6667e—08
4.4072e—09
7.2829e—10

6.6242¢—02
5.7351e—03
1.0883e—03
1.6739e—04
2.6230e—05
4.1319e—06
6.5084e—07
1.0248e—07
1.6132e—08
2.5389e—09
3.9957e—10

6.6242¢—02
4.7843e—03
8.9701e—04
1.3764e—04
2.0944e—05
3.1716e—06
4.7956e—07
7.2463e—08
1.0946e—08
1.6531e—09
2.4963e—10

TABLE 30. Table of errors for £k = 2 and pu = 0.5.
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2.8800e—02
1.1300e—02
3.4372e—03
8.4176e—04
2.0569e—04
4.9867e—05
1.2056e—05
2.9112e—06
7.0259e—07
1.6952e—07
4.0899e—08

2.8800e—02
9.5961e—03
2.3363e—03
5.0126e—04
1.0447e—04
2.1697e—05
4.5035e—06
9.3473e—07
1.9402e—07
4.0276e—08
8.3608e—09

2.8800e—02
6.9045e—03
1.4665e—03
2.7580e—04
5.0078e—05
9.0577e—06
1.6360e—06
2.9531e—07
5.3295e—08
9.6170e—09
1.7353e—09

2.8800e—02
5.3063e—03
1.0551e—03
1.7427e—04
2.8357e—05
4.5954e—06
7.4358e—07
1.2024e—07
1.9440e—08
3.1425¢—09
5.0796e—10

2.8800e—02
4.3448e—03
7.5715e—04
1.1704e—04
1.7383e—05
2.5633e—06
3.7718e—07
5.5453e—08
8.1494e—09
1.1974e—09
1.7593e—10

2.8800e—02
3.6804e—03
5.9658e—04
8.4509e—05
1.1566e—05
1.5764e—06
2.1438e—07
2.9127e—08
3.9558e—09
5.3713e—10
7.2927e—11

TABLE 31. Table of errors for £k = 3 and pu = 0.5.
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