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Abstract

We use hyperbolic wavelet regression for the fast reconstruction of high-dimensional
functions having only low-dimensional variable interactions. Compactly supported
periodic Chui-Wang wavelets are used for the tensorized hyperbolic wavelet basis on
the torus. With a variable transformation, we are able to transform the approximation
rates and fast algorithms from the torus to other domains. We perform and analyze
scattered data approximation for smooth but arbitrary density functions by using a
least squares method. The corresponding system matrix is sparse due to the compact
support of the wavelets, which leads to a significant acceleration of the matrix vector
multiplication. For non-periodic functions, we propose a new extension method. A
proper choice of the extension parameter together with the piecewise polynomial
Chui-Wang wavelets extends the functions appropriately. In every case, we are able to
bound the approximation error with high probability. Additionally, if the function has
a low effective dimension (i.e., only interactions of a few variables), we qualitatively
determine the variable interactions and omit ANOVA terms with low variance in a
second step in order to decrease the approximation error. This allows us to suggest
an adapted model for the approximation. Numerical results show the efficiency of the
proposed method.
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1 Introduction

The distribution of data points is a key component in machine learning. In many appli-
cations, a target variable has to be predicted from given high-dimensional samples.
We want to reconstruct an underlying function f to give an interpretable approxima-
tion algorithm, which allows a prediction of the target variable for new samples. We
consider the domains 2 € {T", RY, [0, 1]d} and also tensor products of these cases.
We consider the setting of reconstructing a d-dimensional function f: Q — C from
discrete samples on the set of nodes {y;, ..., yy} C €, which are distributed to the
continuous density o : & — R,. One main aim is to also deal with an unknown
density. Besides the natural question of finding a good approximation for f, we want
to consider the question of interpretability, i.e., analyzing the importance of the input
variables and variable interactions of the function.

Motivation

The starting point of our considerations is the question of whether it is possible to
transform the good approximation results and the related fast algorithms for periodic
functions on the torus T¢ to the domain 2. To investigate the scattered data problem
on the torus, we are engaged with the sample set X', the corresponding function values
f = (f(x))rex, and we constructed a recovery operator SIX in [26]. This operator
computes a best least squares fit

SEf=Y arvu, (1.1)

kel

in the finite-dimensional subspace spanned by semi-orthogonal wavelets ¥y : T — R
with indices in the hyperbolic cross type set /. Assuming i.i.d. uniformly samples X C
T9, we showed in [26, Corollary 3.22.]: Let m be the order of vanishing moments of the
wavelets and the sample size have logarithmic oversampling, i.e., |X| = r|I|log|!|.
For 1/2 < s < m, there is a constant C(r, d, s) > 0 such that for fixed Besov norm

£ 1B ey S 1

(log |X|)(d—1)(s+l/2)+s
|X[

(1 = S Flliarey < Cds) )= 1-202

(see Appendix 1 for the definition of the Besov space). Also, in [31], uniformly
i.i.d. samples on the torus in combination with different basis functions perform well,
and there are possibilities for dealing with the curse of dimensionality. The results
in [26] for the periodic case serve as a basis for this paper. In many practical applica-
tions, we have to take the data set as it is and have no uniform samples available. For
that reason, we study here the case where the given sample points J C 2 are sam-
pled from an arbitrary (but possibly unknown) density o(y). In Fig. 1, we illustrate
some random two-dimensional samples with respect to 0. We can not guarantee good
approximation rates and stability if we would use these samples directly.

To this end, we investigate transformations R of the given samples. The main result
of this paper is the transformed approximation operator S?) f. Besides the interesting
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results for Q € {’]I‘d JRY }, we use a new extension technique for the non-periodic case
= [0, 1]¢. Furthermore, we present a detailed error analysis.

The approach

Our main approach is to transform given samples } C €2 to the d-dimensional torus
T by X = R(})), using the idea of inverse transform sampling: Let F be the cumu-
lative distribution function of a distribution o and X ~ U([0, 1]). Then, the random
variable F~!(X) ~ o is distributed according to the distribution o. Based on this, we
give possibilities for constructing a transformation R in (3.2), which transforms the
samples ) C Q7 to X C T¢ on the torus. In Fig. 1, we show an illustration of what
our constructed transformation R does with the samples. In order to investigate the
scattered data problem on €2, we then use the recovery operator SIX from (1.1) on the
torus. This operator minimizes the £>-loss function

Y |ror0) - 5F (For )|
yey

by using an iterative LSQR algorithm. To transform the approximation back, we have
to apply the transformation R. We give some explicit densities and the corresponding
transformations in Example 4.3 for Q = R? and in Example 4.11 for Q = [0, 1]9.

Our procedure coincides with transforming the function f to the function f oR™!,
which is a function on the torus. In approximation theory, it is known that the error
decay gains from the smoothness of the function. We will introduce weighted function
spaces of mixed Sobolev smoothness H. (2, ¢) in Definition 4.6 and even for non-
periodic functions in Definition 4.10. For the more general function class of mixed
Besov spaces, we also introduce in Definition 4.9 weighted spaces B | (£2, ¢) on .
All our function space definitions rely on the definition of the perlodlc spaces. The
relevant facts about Sobolev and Besov spaces of mixed smoothness on T¢ have been
collected in the Appendix 1.

Since we take the position that we can only learn the function where we have sample
points, our aim is to find an approximation to the function f, which minimizes the L,-
error with respect to the density o. Indeed, it shows that for functions in the defined
weighted function spaces H. (2, 0) or B3 (R, 0), we receive in Theorem 5.1
the same approximation rates for the L, (€2, Q) error as in the periodic setting, i.e., we

transformed samples X’

Fig. 1 Transformation of the samples in the two-dimensional case
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provide that for 1/2 < s < m, r > 1 and logarithmic oversampling || = r|I|log ||,
there is a constant C(r, d, s) > 0 such that for fixed ||f||B§ L(Q.0) S 1

(log |y|)(d7])(s+l/2)+s
R4

B(If = S (f oR™)) o Rl 1y, < Cr.des) )12

Wavelets have many applications in signal processing. Most commonly, they are
used in compression, edge detection, noise reduction, and other signal enhancements.
The broad practicality of wavelets is mainly due to the localization properties of
wavelets in time and frequency, so that many signals can be sparsely represented.
Hence, the hyperbolic wavelet regression is a reasonable choice for our purposes.

The approximation of non-periodic functions is more challenging than the periodic
setting because of the boundary behavior. For wavelet approximation, one possibility
is to construct boundary wavelets (see [11, 21]). We avoid these complicated construc-
tions by extending the function, similar to Fourier extension [3, 5, 20]. Especially, the
Chui-Wang wavelets provide an opportunity for letting the approximation extend the
function itself, so that we do not have to construct the extension explicitly. We suggest
to choose the transformation with a fixed but small parameter n

)7
ROy) =1+ (1 —n)/o o()dr — 1.

More details are described in Sect. 5.1. Our new extension method with a properly cho-
sen extension parameter 7 relies on the compact support of the Chui-Wang wavelets.
With this approach, it is possible in Corollary 5.7 to end with nearly the same approx-
imation rate as in the periodic setting.

In some applications, we usually do not know the underlying density o, and we
only get the samples ). Therefore, we first estimate the underlying density by ¢ and
construct the slightly different transformation R in Sect. 6. Using an approximation
operator on T¢ is also in this case the core idea. Naturally, the approximation error
depends on the quality of the density estimation. But in Theorem 6.1, we state that
we expect similar approximation results as in the case where we know the density in
advance. Numerical experiments confirm this result.

For dealing with the curse of dimensionality, we introduce the analysis of variance
(ANOVA) decomposition (see [6, 18, 27], [29, Section 3.1.6]), which decomposes the
d-variate function into 2¢ ANOVA terms fu,i.e.,

fmn=Y fubw
}

ucfl,....d

Each term corresponding to u only depends on variables y;, where i € u. The number
of these variables is called order of the ANOVA term. However, in practical appli-
cations with high-dimensional functions, often, only the ANOVA terms of low order
play arole in order to describe the function well (see [6, 12, 25, 32, 43]). For a rigorous
mathematical treatment of this observation, we work with functions of low effective
dimension, which allow for a truncation of the hyperbolic wavelet regression. The
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starting point of our work is [26], where the usage of the ANOVA decomposition was
also beneficial to approximate periodic high-dimensional functions.

Mathematical modelling of complex systems often requires sensitivity analysis to
determine how an output variable of interest is influenced by individual or subsets of
input variables. A global sensitivity analysis constitutes the study of how the output
uncertainty from a mathematical model is divvied up into distinct sources of input
variation in the model. We transform the classical sensitivity analysis from the torus
to a weighted function space. The transformation helps to tune the hyperbolic wavelet
regression. Our main suggestion is Algorithm 1, which gives a tool for approximating
high-dimensional functions from given arbitrary distributed samples from independent
input variables. Furthermore, it is possible to interpret the results, since we get a
knowledge about which input variables and variable interactions play a role and which
do not.

One main advantage of our transformation approach is that we can deal with dif-
ferent domains in every variable direction. In applications, it is often the case that we
have a mixture of periodic, non-periodic, and real-valued input variables on the larger
domain R. Our proposed Algorithm 1 is also applicable in these cases. Furthermore,
we can use information of the densities, i.e., we handle every input variable separately,
which enables a strategy to use density information where it is available. For a typical
example, see Sect.7.2.

Related work and other approaches

We will heavily use the results of [26], which gives approximation bounds and fast
algorithms for the periodic setting on T¢. In this paper, we want to generalize this
to a more general (tensor product) domain 2. Clearly, the main idea is the inverse
transform sampling. But beyond that, we study function spaces on €2, which provide
enough smoothness of the transformed function to fulfill the assumptions for the
periodic approximation. Further, new important aspects in this paper are the extension
of non-periodic functions, similar to Fourier extension and the idea of combining
density estimation and the transformation.

A nice introduction with a detailed description of the challenges in high-dimensional
approximation is given in the book [1]. The change of variables was successfully used
in many applications.

In [22], the authors construct a least squares approximation method for the recovery
of functions from a reproducing kernel Hilbert space on @ C RY. The key is to
construct the orthonormal basis (1) ,l{vzl in L, (€2, 0), which is in general not accessible
for arbitrary or unknown densities o. Also, the considerations [8, 9] are based on the
knowledge of the basis 1. With our approach, we construct the concatenated functions

e ker = W RO ker s

which form a semi-orthogonal basis in L, (€2, o). It is also possible to use other basis
functions on T¢ instead of the wavelet functions, but in any case, the benefit is that we
have the basis in L, (€2, o) available, even for a very general class of density functions.
Furthermore, we are able to transform the fast algorithms from T¢ to the domain 2. A
recent improvement was done in [ 13], where the authors used a weighted least squares
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algorithm with weights related to the Christoffel function and reduced the sampling
budget by canceling the logarithmic factor. But they also assume that an orthogonal
basis is known. Furthermore, in contrast to this literature, we give in Theorem 5.1
and Corollary 5.7 a concentration inequality for the approximation error based on the
probabilistic Bernstein inequality in comparison to estimating the expected value.

For the examples of the Chebyshev density, which is a special case of our
examples, [22, Section 10.3], [13] propose the Chebyshev polynomials ng(y) ~
cos(k arccos(y)) as basis in Lo ([—1, 114, 0) where the inner function coincides with
our transformation. The case that the samples are normally distributed was considered
in [33]. This approach coincides with our transformation. In Sect.4.2, we give more
details about the connection of our weighted function spaces to those in the literature.
We study the case of fixed given samples ). In contrast to that, the task of choosing
sampling points was solved successfully in [28] transforming rank-1 lattices from the
torus to R¥ or the cube [0, 1]¢.

Outline

This paper is organized as follows. In Sect. 2, we recall an approximation operator for
periodic functions, which is based on the hyperbolic wavelet regression and the well-
known ANOVA decomposition of a function on the d-dimensional torus. Section 3
describes the main idea of our approach, namely how we construct a transformation
R. Section4 is dedicated to the introduction of weighted function spaces. We study the
spaces of mixed dominating Sobolev regularity in Sect. 4.1, mixed dominating Besov
regularity in Sect. 4.3, and end with defining similar spaces for non-periodic functions
in Sect.4.4.

We study in this paper two settings: First, in Sect.5, we assume that the underlying
density is known. There, we show in Theorems 5.1 and Corollary 5.7 that we transfer
the approximation rates from the torus to our setting on 2. Second, we investigate in
Sect. 6 the setting where we are given only the samples ) and no density function .
Also, in this case, we are able to transfer the approximation results (see Theorem 6.1).
Finally, Sect.7 is dedicated to the presentation of Algorithm 1, which gives an inter-
pretable high-dimensional approximation. Our theoretical results are supplemented
by some numerical experiments in Sect. 7.2 that demonstrate the practical efficacy of
our algorithm.

2 Preliminaries

Let us introduce the general setting and notation. Let f: @ — C be a function
on a d-dimensional domain 2. Given are the function values f = (f(y)),cy at
random points ) C 2 with |)| = M. These samples are i.i.d. according to the density
0:Q2— R, ie., fQ o(y)dy = 1. We will assume in this paper that o(y) > 0, since
we otherwise omit parts of 2 where the density is equal to zero. Furthermore, we
assume that the density is continuous, sufficiently smooth, and integrable. We aim to
approximate the function f.
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Notation
Let us introduce the weighted L ,-norm,

l/,,
(fglf(y)l”g(y)dy> if p < oo,

sup | f(y)] if p =oo0.
yeQ

1fllL, .0 =

In the case where the density o is the uniform distribution, we use the usual notations
1SNl and || fll L (o). We focus on the case p = 2, since in this case, we have the
scalar product

(f. 8o =/Qf(y)g(y)9(y)dy-

The multi-dimensional Fourier coefficients on the torus are defined by

a(f) = / fx) e 2mitkex) gy, Q2.1
Td

This allows to write every function f € L, (T%) as a Fourier series

)= a(f)ermi,

kezd

In this paper, we denote by [d] the set {1, ..., d}. We work with a transformation
idea, so we will always denote the d-dimensional input variable of the function f
in Q by y and the transformed values by x € T¢. The subset vector is denoted by
Yu = (Vi)ieu for a subset u C [d]. The complement of those subsets is always with
respect to [d], i.e., u¢ = [d]\u. For an index set u C [d], we define the order |u| as
the number of elements in u.

We will study the cases where

Q=

X s

Q;, Q; e{T,R,[0,1]} foralli € [d].
1

i

Note that a general interval [a, b] with b > a can be transferred to the unit interval
viay Z:Z Similar to the vector notation, also, a subset of the domain directions

is denoted by 2, = X;¢,2; foru C [d].

2.1 Hyperbolic wavelet regression on the torus

In this section, we introduce an approximation operator for periodic functions. For a
more detailed description, see [26]. We introduce the notation v/; x (x) = 2/ 124 (20 x —
k), for j € Ny, k € Z and a wavelet function . We use the periodization

YIee =Y vix+0),

LeZ
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where wﬂ?o(x) denotes the scalar function as well as the tensorization

d

Yo = [ Twhs @,

i=1

where j = (ji)le, ji € {—1,0,2,...} and k = (k,~)l‘.1:1 are multi-indices k € ;.
Hence, we define the sets

_ 0,1,...25 —1} if j; >0,

N LU if ji = —1.

Furthermore, we introduce the parameter n, which always denotes the maximal
level of the used wavelets, i.e., 7, = {j € 74 | j = —1,|jl1 < n}. For notation
shortening, we introduce the index set

In={(. k)| j €T kel

To construct an approximation operator which takes given samples X', we solve the
overdetermined system Aa = f, where

A = W5 @)rex el € CY 22)

is the hyperbolic wavelet matrix with M > N. We will always denote the number of
parameters, i.e., the number of columns of our wavelet matrix by N with N = |[,|
and the number of samples by | X'| = M. A detailed connection between the maximal
wavelet level n and the number of wavelet functions N can be found in [26, Lemma
3.11]. We compute the coefficientsa by a = (A*A) “lax f- We will do this iteratively
by minimizing the norm ||Aa — f|,. This gives us the wavelet coefficients of an
approximation S,f( ftof,ie.,

SEf=Y" Y aj , V% (2.3)

JjeTn kel;

A further analysis of this operator can be found in [26, Corollary 3.22]. The estimates
there are valid for general wavelets, which are compactly supported, i.e.,

supp ¥ = [0, 2m — 1],
have vanishing moments of order m, i.e.,

o0
/ v@)xPdx=0, B=0,....m—1,
—0o0

and the periodized wavelets form a Riesz-Basis for every index j with
2

2/ -1 2/-1 2/ -1
Y Y 1l < | D disyli o <om Y il 24)
k=0 k=0 L(T) k=0
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Because of this semi-orthogonality, we have to use the dual basis w})e;,*’ such that

every function f € L(T?) can be decomposed as

f — Z Z f wper* per (25)

—1keZ;

Furthermore, this decomposition gives us a connection between the wavelet coef-
ficients,

Fovfd = D e v,

kK eZ;
In [26], we also introduced and analyzed the projection operator onto the wavelet
space,
Z Z per* per. (2.6)
JjeTn kelj

The following estimates are a short summary of the results from [26] for periodic
functions. For the definition of the function spaces, see Appendix 1.

L = Pafllgyerey S 27" "D 0 Fllgm pay 2.7
1f = Pafllpgcray S 27" V20D fllgn gy, (2.8)
P(If = S FI3 ey S 2720 11 ) 21— 2M 7, 29)

(I = ST I 0y S 27200 N1y o)) Z1=2M7, S <s<m
(2.10)

where the last result holds for some r > 1 if we have M = rN log N and uniformly
ii.d.samples X'. We will focus our numerical experiments on Chui-Wang-wavelets,
where we will always denote by m the order of the wavelets, which denotes the number
of vanishing moments of the wavelets.

2.2 The ANOVA decomposition

The curse of dimensionality comes into play whenever one deals with high-
dimensional functions. The aim of sensitivity analysis is to describe the structure
of multivariate periodic functions f and to analyze the influence of each variable. A
frequently used concept is the following [6, 18, 27].

Definition 2.1 Let f be in Lz(Td). For a subset u C [d], we define the ANOVA
(analysis of variance) terms by

fulew) = /T o TV dXu = ) o). 2.11)

vCu
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The ANOVA decomposition of a function f: T¢ — C is then given by

d d
fE) = fo+ Y fun)+ Y funGix)+- -+ fian®) = Y fulxa).
i=1 i#j=1 ucC[d]
(2.12)
The terms (2.11) are the unique decomposition (2.12), such that they have mean
zero and are pairwise orthogonal. Additionally, the decomposition (2.5) of a function
f e Lg(']I‘d) in terms of wavelets can be written in ANOVA terms, i.e.,

fa@) = D aix¥i, I={G, 0 | jue =1L keI
(j.k)el

The same connection holds true for a truncated wavelet decomposition with | j|; <
n. That means, all hyperbolic indices (j, k) € I, can be decomposed in a disjoint
union of index sets belonging to one ANOVA term with index u C [d], i.e.,

I, = U ', 1" ={((j, k) el | jye=—1)}. (2.13)

This connection is illustrated in Fig. 2 for d = 3 and n = 3. The crucial property
is that for an index u, the corresponding functions wp have to be constant in all
directions i ¢ u, i.e., j, = —1. For further details, see [26 Section 4].

To get a notion of the importance of single terms compared to the entire function,
we define the variance of a function by

2
o2(f) :=/ ‘f(x)—/ F)dx’ dx=/ R dx — f2.
Td Td Td

The idea of the ANOVA decomposition is to analyze which combinations of the
input variables x ; play arole for the approximation of f. The variances of the ANOVA
terms indicate their importance; hence, we do the following. For subsets u C [d] with
u # J, the global sensitivity indices (GSI) [39] are defined as

2
o (fu)
Su, f) = € [0, 1], (2.14)
o2(f)
[3 = f W ](1} ] 1{2} U] I{Z} U] I{l 2} UI{l 3} {2 3}U I{l 2,3}

Fig. 2 Illustration of the ANOVA indices of a three-dimensional function. Every cuboid belongs to one
index j. The size represents the number of translation indices k € Z;, which gives this dyadic structure.
All indices in I3 are decomposed into indices belonging to the ANOVA terms with index u C [3]
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where the variance of the ANOVA term f; is
a%ﬁ)=ﬂ%¢nuuﬁdnh

since the mean of the ANOVA terms is zero. The L, (T¢)-orthogonality of the ANOVA
terms implies that the variance of f(x) for L>(T%)-functions f can be decomposed
as

() =Y o*(fu)-

ucld]

u#J
This implies
Y Sw. =1
ucld]
7835

The global sensitivity index S(u, f) represents the proportion of the variance of f(x)
explained by the interaction between the variables indexed by u. These indices can
also be computed using only the wavelet coefficients of a function with the connec-
tion (2.13).

3 Transformations of functions to the torus

In this chapter, we introduce our main approach: the transformation procedure. We
transform a function defined on some domain 2 to the torus, use the well-studied
approximation operator for periodic functions, and transform the result back to a
function defined on 2. The univariate setting

The basis for our transformation is the cumulative distribution function F : Q —
[0, 1], which fulfills

d
d—F(y) =o(y). 3.1
y
Subsequently, we identify [0, 1] with the torus by the bijective mapping y — y — %
Similarly to the cumulative distribution function, we define the transformation

y
/ o(t)dr — 1 ifQ =T,
_|v/2

R: Q- [-4, 11, R := /} o(t)dr — 1 ifQ =R, (3.2)

¥
n+(1—n)/ o)dr— %, 0<n<1 ifQ=[0,1].
0

This transformation R gives us a possibility to transfer the function f to a function
f o R™!, which has its domain on the torus. Since we require that the density o is
positive, the cumulative distribution function is strictly monotone increasing and has
a well-defined inverse function R™!. In the case of a non-periodic function, we have
to use an extension with parameter 7, since otherwise the transformed function is
not even continuous. Our transformation R transforms the function f from [0, 1] to

@ Springer
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[='/2+ n, /2], which means we extend the function on the boundary [—!/2, —!/2 + 7]
to receive a periodic function f: T — C with

r _ —1
f|[_]/2+71»1/2] - f oR™.

We give more details about this extension in Sect. 5.1. The connection between the
functions is illustrated here:
R
Q———T

>\ ‘/foR_I or f

The transformation R has the property that

R-!
C

o(y) if @ e {T, R},

d
—R(y) =
& V= dZ et i@ =[011.

A variable substitution shows for 2 € {T', R} the important relation

1175 .0 = /Q LF 0 Pe(y) dy = /T SR G)Po®R™ )R (x) dx

= [ 1R )R w0 gk av = [ 1A RGP dx = 1f o R M (3.3)

In the case where 2 = [0, 1], we have

1
(I—=mn)

2 _ ! 2 _ ]/z —1 2
1010 = | 1FO)Pe()dy = |F R (o) dx
0 —1/+n

_ )
- (1—1) IfoR ||L2([*'/2+7)"/2]) :

This relation between the Ly-norms motivates to transform the samples ) C Q2 to
the transformed samples & = R(}V) and then use an approximation operator on T. In
this paper, we use the operator S,f( , defined in (2.3). But in general, the transforma-
tion can be applied to any approximation operator on T. At the end, we receive the
approximation

(SY(foR)oR, (3.4)

which takes the given sample points ) and gives back a function defined on €.

In fact, we change the function and approximate the transformed function f oR™!,
which is a function on T. For the approximation operator on T, it is known that the
smoother the function, the better the approximation. Indeed, it is not clear whether the
transformed function f o R™! inherits the smoothness of the function f itself, if the
density is smooth enough. So far, we do not know which regularity the transformed
function f oR~! has. In the following, we will show that if we request more regularity
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from the density o, the regularity in the Sobolev and Besov norm is preserved under
the transformation, i.e., our aim is to introduce suitable weighted norms on €2, namely

I1F s (2,00 and 1 fll By (2,0)- Such that

I f oR_1||H:(']1‘) < ||f||HS(SZ,Q) 3-3)
1f o R Mgy ey <118y (.0 - (3-6)

The multivariate setting

In the multivariate setting, we consider the domain Q = X?=1Qi with Q; €
{T,R, [0, 1]} for i € [d]. We require that the input variables y; are independent,
which means that the density o(y) is a product measure,

d
o =]]aiGw. 3.7)

i=1

We build up a d-dimensional transformation R: € — T¢ from one-dimensional
transformations (3.2) by

d
R(y) := Ri(y1), ..., Ra(ya)) with ——R;(y) = (3.8)

0i (yi) if ; € {T, R},
dyi

A =mei(y) if2; =[0,1].

From time to time, we use the notation R, (y,) = (R;(¥i));cu, Which is similar to
the notation for vectors with index u. The inverse transformation is given by

1 .
_ _ _ ) d __ —T if Q; € {T, R},
R = Ry Ry ) with TR =8, 0 9 - (0.1]
/ =m0 R; 1)) PR
(3.9)

The relation that we will use through this paper can be seen in this illustration:

R
samples: yeyY— —*xelX
Rfl
, R
domain: Q——— T

NR(CI l/foR_' orf~

By the observation that the Jacobi matrix
' 9 —(R_ll( ) if Q; € {T, R},
DR Hx); = —R; '(x) =8 ;14
DR (X)), o, i (x) =i, | £ = [0, 11.

(1-n) i (R; ' (1))
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is a diagonal matrix because of the product structure (3.8) of our transformation, it
follows that, similar as in the univariate case (3.3),

11750 = ]Q If D Pe(y)dy = /T NFRTI@) PR ()] det (DR (x) | dx

=/ If(R™'(x))>dx = !
Td (1

1f o RN, pay » (3.10)
-1

yd

where d = {i € [d] | ©2; = [0, 1]}| is the dimension of the non-periodic variables of
f. The norm equality (3.10) ensures that the transformation R preserves the L;-norm
of the function f, up to some factor for the non-periodic setting.

One main advantage of our transformation approach is that we have in addition a
semi-orthogonal system on 2 with respect to g, i.e.,

per —1 _ per 1y be P
(Wi o RV oR e =85 50 (W 4V po)-

The next chapter is dedicated to the introduction of weighted function spaces on €2,
such that also the smoothness of the function is inherited, i.e., we want to generalize
the equations (3.5) and (3.6) to the function spaces of dominating mixed derivatives.

3.1 The transformation R meets the ANOVA decomposition

For an L,-function on the domain Q = x;jzlﬁi with ; € {T, R, [0, 1]} fori =
1, ..., d with respect to the density g, it is possible to define a generalized ANOVA
decomposition. We assume in this paper that the input variables y; are independent,
which means that o(y) has a product structure (3.7). Hence, for an ANOVA index
& #u C{l,...,d}, we define the marginal distributions

ou: 2~ R, ou(yy) =[]ai).

icu

Then, the ANOVA decomposition with respect to the measure o is defined by

FM =" fulyw) (3.11)

ucld]

where the ANOVA terms are expressed, analogously to (2.11) by a recursive formula

fo = fQ Ffe(y)dy

Fulya) = /Q F3I0u ) Ay = 3 Folya), (3.12)

vCu

see also [14, 25, 34] for the case in R9. Our main idea is to transform a function f from
Q to the torus T¢. Using Definition 2.1, we have a decomposition of periodic functions
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on the torus, i.e., for the function f o R~L. If we transform this decomposition back
to 2, we receive the decomposition (3.11). This can be seen by the following.

Lemma 3.1 LetQ2; € {T, R} foralli € [d]. The ANOVA terms defined in (3.12) are the
same as the transformed terms of the periodic function f oR ™! with the transformation
defined in (3.2), i.e.,

(f o R™DuRu(yu)) = fuyu)-

Proof We defined the ANOVA terms on Q as well as the terms on T¢ recursively
(see (2.11) and (3.11)). Hence, we show by induction over the order |u| with the help
of the substitution R(y) = x:

(for o = [ f®Rwnar= [ foemdy = fo.
-1 _ -1 _ -1 o -1
(7 oR DRl = (F oR Do) = [ PR dxae = T R ()

vCu

= [ 500w ) dpe = S R Rar)

vCu

= [ 0w ) v = X 5ot = uly

vCu
This gives the assertion. O

The decomposition (3.11) of f € L2(2, o) preserves the orthogonality of the
ANOVA terms, since a simple substitution similar to (3.10) shows that

(fu> fo)o = fQ FuOw) fo(yp)o(y)dy = fT d(foR‘l)u<xu>(foR‘1)v<xu)dx

_:O ifv £u,

ICF o R™Dally oy if0=u.

Hence, the variance of the ANOVA term of the transformed function (f o R™1),
is equal to the variance of f; with respect to the density o,

o2(fu) = fg P T 0000 dya (3.13)

i€cu

Analogously to the unweighted case (2.14), we define the global sensitivity indices
for functions defined on €2 by

o2(fu)

S D=3

e [0, 1]. (3.14)

Remark 3.2 (Dependent input variables) Note that there is no natural way to decom-
pose f into ANOVA terms for dependent input variables. Consider the extremal case
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where y; = y; fori # j: It is not possible to say which proportion of the variance
belongs to f; or f;. Problems arise when the input variables are correlated. If we inte-
grate over some distribution, when in reality features are dependent, we create a new
data set that deviates from the joint distribution and extrapolates to unlikely combina-
tions of features, which can indicate unwanted variances for feature decompositions.
Thus, there has to be a precomputation step to avoid such dependencies. It would be
possible to preprocess the given data by a PCA and a linear data transformation. Fur-
thermore, there are approaches to generalize the ANOVA decomposition to dependent
variables (see, for example, [19, 35]). The generalized ANOVA decomposition is very
difficult to estimate, and the generalization of our approach to this setting is behind
the scope of our paper and provides an opportunity for further research.

4 Weighted function spaces

In this chapter, we introduce weighted function spaces on €2, which generalize smooth-
ness from periodic functions to functions defined on €2 using the transformation R. The
general idea is to study the smoothness of the concatenated function f o R, since in
the periodic setting we know from [26] the higher the smoothness, the better approxi-
mation results using hyperbolic wavelet regression. On the torus, there are results for
the Sobolev and Besov regularity, which is based on the wavelet coefficient decay in
these spaces. For that reason, we study these two cases, in which functions on 2 are
transformed to a smooth function on T¢. In Sect. 4.1, we study the Sobolev norm (A.1)
or (A.2), which requests the norm inequality (3.5) to preserve smoothness. For that
reason, we introduce in Definition 4.6 a weighted Sobolev norm on €2, which can be
generalized to fractional smoothness by (4.10). In Sect. 4.2, we present the relation to
function spaces already known from the literature. To preserve Besov regularity with
the transformation R, we use in Sect. 4.3 the characterization (A.3) and we introduce
the weighted Besov spaces in Definition 4.9, which fulfill (3.6).

First, we will study in the following the case where 2; € {T,R} for all i € [d].
In Sect.4.4, we then show that the non-periodic setting is similar, up to some slight
modifications.

4.1 Weighted Sobolev spaces

For measuring the smoothness of the transformed function f o R™!, we have to cal-
culate the derivatives of the concatenation f o R™! (see Definition (A.1)). We use the
transformation (3.2) and consider in this subsection only the case €2; € {T, R}. The
slight modification for non-periodic functions, i.e., n > 0 is described in Sect.4.4.

The univariate setting
We use Fad di Bruno’s formula, which generalizes the chain rule for « > 1 to

o

dv ; .
T TR =3 F00) Bai(RTHV ), RTHP ), RTHETT D)),

i=1
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where B, ; are the Bell polynomials

o! Xk \ Jk
Ba,i(x],'-wxafi#»]):Zf 1_[ (F) ,
k=1

Jilja e ja—itr!
where the sum is taken over all sequences ji, ja, ..., ja—i+1 Of non-negative integers,
such that these two conditions are satisfied:

a—i+1 a—i+1

dYodk=i ) kji=c
k=1 k=1

We use the substitution R(x) = y. Note that for the differentials of the inverse
transformation, R~! holds

1)
—0 ()’)’ (Rfl)(3)(x)=

@ 3
R-HD L RHO) = o (y) 0
RO = ) RTw = () o*(y) 0>y

<
d 1 oMy ( 1 >k+2 W

- -k — .

(Q(y)) (g(y)) (gZ(y)) o0 ) W

Thus, every derivative of (R™ Hy® (x) can be expressed by a term containing only
derivatives of o(y) up to order k — 1 as well as power of 5 up to order 2k — 1. This
allows us to shorten the notation by

Byi(y) = By i(R™HP (), RTHP (), ..., R7HET D). “.1)
With this notation, Fad di Bruno’s formula reads as
- . - ,
T TR ) =3 Bai ) fO ).
i=1

The Bell polynomial B, ; can be expressed in terms of derivatives of o(y) up to order
o — 1 and powers of o up to order 4o — 2i — 1. We have for small indices,

Bii(y) = ﬁ,
Bri(y) = — &5, B12(Y) = 7155+ “2)

@ o2 A
_ _e”W» 4 3y _ =30y
B3 i) = ="a T 50 B32(») = ) B33(y) =

The L>(T)-norm of the derivatives of f o R™! can thus be expressed as

2 o
= dx < Z/
Ly (T) /;T k=1 k=172
o 2
=y HDkf(y)
k=1

2
Bux(MD*f(»)| o(y)dy

w k(N D £ ()

| forteof

La(Q.|Baik M Pe(y)
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For the Sobolev norm, we have to sum over « and interchange the sums, which
yields

a- R
dx—afORf (x)

m
—1,2 2
||f oR ||Hm(’]1‘) = “f”LZ(Q,Q) + Z
o Lo (T)

<Ifl 0.0 + i Z HD"f <y)\

a=1k=1

e+ XY [0 0]

k=1 a=k

2
Lo(8,1Bak(MIP0())

2
La(R,1Bax ) 20(y)

This motivates us to generalize the Sobolev norm to functions defined on €2 by the
following definition.

Definition 4.1 For m € N, we define the function space
H"(Q,0) :={f: Q2= C| | flumq.o < oo},

where the norm is defined by

m
2
2 k
mia =Y D ‘ 43
I Tima = 3 L “3)
and the density Y}, i is defined by
" |B 2 if 1 <k<m,

T 4 (y) = > o=t | Bax 170 () : m @4)

o(y) if k = 0.

Note that we have for m > 2 the useful recursion formula,
Yok () = Tt k() + [Bu s (0 P0(9).
We state the previous definition for the cases 1 < m < 3 explicitly:

2 2 2
111000 = 1/ 1000 + 1 Wiy
2 2 2 2
17 V2.0 = 1 a0 + I @iy + 1 Wip@)

) 2 2
1 Ve .00 = 112,00 F IS W Lot i~ oo
2
+ ||f//||L2(Q,l/93+9(g’)3/g7) + ”f

"y 2
12y -

This can also be interpreted as follows: the function f can not have a large L>-norm
of its derivatives up to order m in areas where o is small. One can not expect to capture
such functions, since where the density is low, we can not approximate derivatives
of the function f well. Note that only in special cases, where the derivatives of the
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density o and the density itself are bounded from below and above, this defined norm
is equivalent to a norm defined using the derivatives of a function, weighted with the
density o.

Lemma4.2 Let m € N be positive and the density o fulfill 0 < ¢ < ”Q(i)”LOO(Q) <
cy <oofori =0,...,m— 1. Then, the norm in (4.3) is equivalent to the norm

m
1/l = Y |DV /|
k=0

L2(R,0)

Proof Since every derivative DR~ can be expressed in terms of derivatives of o up
to order kK — 1 and we also assume that g itself is bounded from above and below, the
terms Y, x(y) can be bounded by

0<Co(y) < Tmi(y) < Co(y) < oo,

with some constants 0 < C, C’ < oo. This yields the assertion. O

Example 4.3 We give three examples for distributions on 2 = R. We plotted the
density function, the transformation R, and the densities Y, x(y) from (4.4) in Figs. 3,
4, and 5.

i) Standard normal distribution on R

The density

on(y) = A= 45)

is the standard normal distribution. Because of this very smooth density, we expect
that this transformation passes the smoothness of f to f oR~!. The corresponding
transformation is

R(y) = - f(y) h fly) = 2 foo - 4
= — eI — 1, where er = — € .
Y 2 V2 Y vy

ii) Cauchy distribution on R

[T ] = [T 7 10 7 9
0.4 0.5 Tia
TQ‘I
0.2+ - 0 - 103 - - TQ‘Z
Ts1
Ts,2
0f; L 1 —0.5 L ] 100 £ o Ts3
-5 0 5 -5 0 5 -1 0 1
(a) Density function on(y). (b) The transformation R(y). (c) The functions Y., x(y) de-
fined in (4.4).

Fig.3 The standard normal distribution oy on R
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0.3 8 0.4} B — Ty,
0.2 * 5 Yo
- e 10° [ 8
0.2 ol | Yoo
T3
0.1} e 02} B ,
0 4 T3
0kl I = -0 Li I \7 100,\\\—’_’/‘, Ts3
-5 0 5 -5 0 5 -1 0 1
(a) Density function oc(y). (b) The transformation R(y). (c¢) The functions Y, x(y) de-

fined in (4.4).

Fig.4 The Cauchy distribution oc on R

The density
1
= — 4.6
ec) = =75 4.6)
is a Cauchy distribution. The corresponding transformation is
1
R(y) = — arctan y.
T
iii) Laplace distribution R
The density
I _p2
oL(y) = 3¢ 7 4.7

is a Laplace distribution, and the corresponding transformation is

R(y) = % sen(y — 2) (1 _e “"12‘) .

So far, we characterized for natural numbers m function spaces where the trans-
formation R preserves the smoothness. The definition of the Sobolev norm using the
decay of the Fourier coefficients in (A.2) allows us to study functions of fractional
smoothness. Hence, we define fractional smoothness for functions defined on 2.

Definition 4.4 Let s > 0. Then, we define

H(R2,0) ={f:2— C||flus .o <o},

T
04 f 1010 8 — Ty
0.1} B 0.2} 7 T2
T
0 - 51 | 2,2
_02l | 10 T3,l
' T3
—0.4 - * _— T3
L L L I ! ! ! 100 1 ! :
-2 0 2 4 6 -5 0 5 10 0 2 4
(a) Density function or(y). (b) The transformation R(y). (c) The functions Y., x(y) de-

fined in (4.4).

Fig.5 The Laplace distribution o7 on R
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where the norm is defined by

1 W30y = D IRCOPA + k)

keZ

with the Fourier coefficients c,i) (f) of the transformed function c,f (f) == ck(foR™
and the Fourier coefficients for periodic functions are defined in (2.1).

Remark 4.5 The norm in the previous definition is for m = s € Ny equivalent to the
norm from Definition 4.1, since the terms Y}, x () are chosen such that

m m
I o RTDI = Y | D]
k=1 k=1

2
Lo Q. Cmp)

because of the norm equality of the norms (A.1) and (A.2), see [24].

The multivariate setting

The theory from the one-dimensional case can be transferred to the d-dimensional
setting. Again, we have to use (A.1) and have to estimate norms of derivatives of the
transformed function f o R~!. Using the equations (3.9), we have that

D*(f oR™H(®) = Y Baa(») D £ (y), 4.8)

k=1

where we define the multivariate analogon to (4.1) by

d
Bak(y) = [ | Bay.ts Gk)- (4.9)

i=1

This motivates to generalize Definition 4.1 to multivariate Sobolev spaces of mixed
dominating smoothness by

Definition 4.6 For m € N and ; € {T, R}, we define the function space
it (2,00 = [ £ : Q= ClIfllun 0.0 <0},

where the norm is defined by

2

11 @0 = 2 HDkf(y)’

Ly(22,7,
0< Iklloo<m 22T k)

and the density Y}, x(y) is defined by

d
Yok ) = [ | Conks Ge)

i=1

where the one-dimensional functions Y}, i, are defined in (4.4).
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This H (2, 0)-norm is equivalent to a norm definition using the decay of the
Fourier coefficients of the transformed function ci (f oR™1) like in (A.2), which can

be generalized to the case of fractional smoothness by

Hyn(@,0) = { £ 12 > C1If s, .00 < 0. (4.10)

where the norm is defined by

d
11 @00 = 2 Ik A + 1k 4.11)
i=1

kezd

The function spaces Héﬁx(Q, o) are defined such that the transformed function
fo R~ ! inherits the smoothness of the function f,ie.,

Lf 1l s

mix

@0 Slfo R_l||H;ﬁX(11‘d). (4.12)

4.2 Weighted function spaces in the literature

There is a huge literature about weighted function spaces. We restrict ourselves to a few

references closely related to our approach. Sobolev norms as defined in Definition 4.1,

where the norms of the derivatives are measured with respect to a different density

are also considered in [14] in the case m = 1. For the one-dimensional case on
— 2 __ 2 1 1 2

Q = R, the authors showed that the norms || f |5, = ||f||L2(RQ) + ” ID f”h(Rw/r)

and || f1I3, = | /%o fFe () dy> + % ID! 117,y are equivalent under certain
conditions on the density 1. We are in the special case where ¥ (y) = !/o(» and
meet the conditions in our examples. The authors also showed a norm equivalence for
multivariate functions.
Another example of weighted norms is [30], where the authors weight the derivatives of
functions with some exponential term in order to integrate functions on R numerically.

In [40], several weighted function spaces were introduced. On R?, the authors
defined the weighted counterpart to the classical Sobolev spaces by introducing a
weight function w for weighting all derivatives of the function f similarly, i.e., in our
notation

]/2
1wy = D ID*FI7, g2,

lee] 1 <m

An admissible weight function w has the following properties (see [40, Definition
6.1]).

Definition 4.7 The class W¢ of admissible weight functions w is the collection of all
positive functions w € C>®(R¥) with the following properties:

i) Forally € Ng, there is a positive constant ¢, with

ID? w(y)| < cyw(y) forall y € RY. (4.13)
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i) There are two constants ¢ > 0 and o > 0 such that

D(/z
0 < w(yy) < cwlyy) (1 Fly — y2|2) forall y, € RY, y, € RY.

We have the following connection between these weighted spaces W' (R?, w) and
the spaces H™(R¥, o) defined in this paper.

Theorem 4.8 Let m € N, o € W be an admissible weight function with o(y) < oo
forall y € RY. Then
W ®Y, ™" C HM(RY, o).

Proof We begin with the one-dimensional case. First, we show that for the Bell poly-
nomials defined in (4.1), there holds

[Bak M| S o)™

by induction over «. The condition (4.13) of an admissible weight function and the
examples (4.2) show that this is true for @ < 3. The Bell polynomials can be described
recursively by [4]

a—k+1

Bak() = ) ('j - })Ba_l,k_1(<R*‘)“><x), RHP ), ..., RTHETHFH @) RTHDP RO
j=1
(4.14)
The derivatives of R™! can be bounded by
, 1
I(RTHV RIS —, forj > 1 (4.15)

o(y)

since (R™HD(R(y)) = ﬁ and inductively every further derivative (of the sum of
several terms which are fractions of polynomials of derivatives of o and a power of o
in the denominator) either increases the power of ¢ in the denominator while adding
a ¢’ in the nominator or just increases the derivatives of ¢ (but not the degree of the
polynomial) in the nominator. The condition (4.13) shows than (4.15), which gives by
induction and using (4.14) the result (4.15). This again gives us that

Tk P S ———,
kOIS G

which is also true in case where m = 0 because of the condition that o(y) < oco. The
choice w = ot € W gives then

ID* £l 1y @t w2y < ID* flly e v, 00
for 0 < k < m. The multivariate case follows from the fact that o is assumed to be

a product density, such that the weight w is also a product weight, since the densities
Y k(y), defined in (4.11), are also products of the one-dimensional functions. m]
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Note that, for instance, the constant function is in all H™ (Rd, 0), but not in
W™ (R?, o=+, since limy_, +o0 0(x) = 0. The Cauchy distribution (4.6) belongs
to the set of admissible weight functions. It is also possible to extend this theory of
weighted function spaces to other weight functions, for instance, exponential weights.
Then, one has to change the definition of admissible weights (see [40, Remark 6.4]),
but the connection to our function spaces via Theorem 4.8 is nevertheless possible.

4.3 Weighted Besov spaces

So far, we studied the smoothness of the transformed function f o R in Sobolev
spaces with dominating mixed derivatives. The advantage of Besov-Nikolskij spaces
compared to the Sobolev spaces is that they are a much more general tool in describing
the smoothness properties of functions.

Be aware that we will use in this chapter the indices j and k not as wavelet indices,
but k as index of the Fourier coefficients and j as index of dyadic blocks in which we
decompose the indices k.

We use the Fourier analytic characterization of the spaces (A.3). Therefore, we intro-
duce the dyadic blocks

I (keZ|2/7V <kl <27} ifj>1,
T oy if j =0.

For j € Nd,we define
Jj = Jj x..x Jj,,

if all components belong to Ng. Using these dyadic blocks, we decompose the Fourier
series of the function f into

= fito) with fj(x) := > cp(f)e?m 0, (4.16)

jeNg keJj

Furthermore, we introduce the Fourier coefficients for functions defined on €2, using
the Fourier coefficients of the transformed function f o R™! from (2.1) by

h = [ R e D de = [ (e ERgey) ay.

Therefore,
) =) G mRmE,

kezd
This yields immediately by (3.10).

S GO =111 ,0.0 -

kezd
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For the Definition in (A.3), we have to split the periodic function f oR™! in dyadic
blocks belonging to the indices j. For a fixed index j € Ng, we define u = {i €
[d] | ji > 0}. Similar to the decomposition with wavelet functions, one can describe
a connection of Fourier coefficients and ANOVA terms (see [31]) for a function g €
Lo(T%)

ck(gu) # 0 & suppk := {i € [d] | ki # 0} = u.

and
ck(8) = Ciy (Zsuppk)- 4.17)

The splitting of the function f o R™! in dyadic blocks j # 0 gives for

ae{aeNg|suppa:u,Zai =m)},

i€u
using |ex(g)| = +cx(g’) and (4.8) that

I oR™IZ ) = 2 lex(f o R Z 3 g, ((f o R

kel kel

1 dou 1
(m(f oR )u)

- % e [
|20 u
e, Mieu I

2

2
oy
4.8 1
= W Chky ZBau,ﬁ(yu)Dﬁfu(yu)
key; Llicu ™ B=1
ay 1 2
<Y R /T Ba, g (R, (x) DP f (R, (x))e 2Ti0¥wkad) e,
p=1kes; 11

2

—Z > o ‘k T ‘ [ Bu, 8(3,) D fu (3, )e M Ru-B g, (3, ) dy,
IEu

B=1keJ;

I

2
e (Bu s 0 D fu )|
B=1keJ; ' licu

\k |2a,~

where we used the notation from (4.9) and g € N/*|_ In the special case j = 0, we
have k = 0 and

1 -1 _
||(fOR )J”Lz(T‘I) /TdfOR (X)dx—fg
Therefore, we define a Besov norm for functions defined on €2 by

Definition 4.9 Lets > 12 and m = [s]. Then, we define

et (Buu s D futr)[

20jls
HfHB: Q.p) ‘= Mmax | fo, sup 2 sup sup
12
(20 jend wyerinl 1<p<en (g Llicu [Kei | =i
J#0 lotu|=m
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This definition yields the estimate
1f o R gy ey S 1B (2,00 - (4.18)

In contrast to the norm || f o R4 BS __(Td)> which deals with the transformed func-

tion on T¢, the norm defined in Definition 4.9 considers products of the function f
with terms consisting of powers and derivatives of the density o.

4.4 A note on non-periodic functions

So far, we studied function spaces for the case 2; € {T, R} for all i € [d]. A key
difficulty in the approximation on 2 = [0, 1] is the non-periodicity of the function, i.e.,
the behavior at the boundary. No matter how the density o looks like, a transformation
which equals the cumulative distribution function can not ensure that the function
f oR™!is periodic. Therefore, we introduced in the transformation (3.2) the extension
parameter 7. We denote the extension of the function f by f with f |[71 hnip] =
f o R™!. The L-norm of the function f itself behaves like the L,-norm of the
transformation up to some factor (see (3.10)). The same is true for the derivatives. For
o € N with o < m, we have

o

)12 _ (@) 7112 k 2
15N 0.y = I AWy + 755 > I I 0,11 B oo
k=1

= ID FIIT ooy + Z ID* £11?

La(10. 11 Bk 0P 50 |
(4.19)

Hence, for every non-periodic direction, we get the additional factor (1 — n). This
gives us the reasonable assumption that extension f at the boundary has to have
a small Sobolev norm. For more details, see Sect.5.1. Since the factor (1 — 7) is
a constant for fixed 5, we define for the sake of simplicity for function on [0, 1]¢
the weighted function spaces in the same manner as for periodic functions with the
following definition.

Definition 4.10 For m € N, let the extension of f o R~ to the boundary be in the
Sobolev space H™. (T\[—!/»+ 1, 1/2]%). Then, we define the function space

mix

H" ([0, 119, 0) := {f 10,11 - C | ||f||H[;1"ix([0,1]d,Q) < OO}

where the norm is defined by

2 _ k
||f||Hrrrr1Lix([0’l]d’Q) - Z H f(y) HL »([0. l]d Tm o

0Kkl oo Sm

@ Springer



Variable transformations in combination... Page 27 of 61 53

and the density Y, x(y) is defined by

d
Yok () = [ | Conks o)

i=1
where the one-dimensional functions Y, i, are defined in (4.4).

Of course, this definition can be mixed with Definition 4.6 for a mixed function,
which has different domains 2; for different i € [d]. Analogously, the function spaces
for fractional smoothness s and for mixed Besov spaces are defined like in the periodic
case.

If the function f has certain smoothness m on the interval [0, 1], the transformed
function inherits the smoothness of this function, as in the cases for periodic functions.
This means, if the Sobolev norm of the extended function f at boundary is finite, we
have

feH (0,117, 0) & foR™ € HY (-5 +n. 31 & f e Hy (T,

Let us finish this excursion to the non-periodic setting with an example for the
distribution p.

Example 4.11 Beta distribution on the interval [0, 1]
Let Q2 = [0, 1] be the unit interval. For « > 0, we define by
I'Ca)

T2 Yy =yt (4.20)

OB,a (y) =

the beta distribution with the shape parameter «, where I be the Gamma function.
For o = 1, this is the uniform distribution. For o > 1, the cumulative distribution
function is the regularized incomplete beta function, so the transformation in the case
n = 0 reads
I'Ca) / Yo, _1
ROY)=—= | =0 'dr—1,
W =rgr | @@= ]

which can be computed analytically for fixed «. These functions are plotted in Fig. 6
for different parameters «.

Remark 4.12 The beta distribution g1/, coincides with the Chebychev distribution,
whichisdefined on [—1, 1]. Inthis case [22, Section 10.3], [13] propose the Chebyshev
polynomials as basis in Lo([—1, 114, 0B,»). This coincides with using our transfor-
mation R and the cosine basis on T¢.

5 First setting: known density p

In this chapter, we study the case where we assume that the underlying density o of the
samples is known, and it is a tensor product density (3.7). With this information, we
use the transformation (3.2), transform the given samples ) C €2 to the transformed
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3 R 0.5 ’ 103 |-

2| . 0 5

n | 100 | = S [T
// - Ty,

of . —0.5 | . ---Tap

I | | | | | —3 L1 | |
0 0.5 1 0 0.5 1 10 0 0.5 1

(a) Density function ¢B,a(y). (b) The transformation R(y) for (c) The functions Y, x(y) de-
n=0. fined in (4.4).

Fig.6 The beta distribution op o on the interval [0, 1] for o € {!/2, 2, 3}

samples X = R(})) on the torus, and apply the approximation operator S,f( , given
in (2.3). With the introduction of weighted function spaces in the previous chapter,
we estimate the error of this approximation if the function f itself is in a weighted
function space. In fact, we formulate the following theorem.

Theorem 5.1 Let Q; € {T, R} the density g; be in Cm_l(Qi)fori € [d], and let
m € N be the order of vanishing moments of the wavelet \r. Let the function fulfill for
alli € [d] where Q; = R that

lim f(y)= lm_f(».
Yi—>00 Yi—>—00

Let furthermore M be the number of samples satisfying M 2 rN log N, where
N = |I,| is the number of wavelet functions and r > 1. Let Y = (yj)i!’lz1 cC Q
be drawn i.i.d,. at random according to o, f € C(2) a continuous function and the
samples Y transformed to X = R()) using (3.7). In the case where 1/2 < s < m,
we have

B(If = ST (f oR™) oRlLy0 S 2702 I fllpy @) = 1-2M7".
5.1
And in the case s = m, we have

@)= 1-2M".

P(If = SY(f R oRlIpy@0) S 27002 £l
(5.2)

mix

Proof The theory from in [26] studies the behavior of periodic functions on T¢.
Because of the assertions, the function f o R~! is a function on T¢, and the sam-
ples X = R())) are uniform i.i.d. Hence, [26, Corollary 3.22] is applicable to the
function f o R™!. Together with the definitions of the Sobolev and Besov norms for
functions of mixed smoothness, for which we have (4.12) as well as (4.18), this yields
the assertion. O

This theorem is about the case where we do not have non-periodic variables y;
involved. We introduced in (3.2) the extension parameter 7 to also deal with non-
periodic functions. In the next chapter, we will give a similar result for the non-periodic
case. Of course, these results can be mixed if the domain has different parts €2;.
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5.1 Extensions of non-periodic functions

Here, we study the case where 2 = [0, 1]‘1 . Of course, one can interpret a function on
[0, 1]¢ as a (possibly non-continuous) function on the torus by gluing the endpoints
together. This coincides with the transformation (3.2) with no extension n = 0. Since
the function f oR ™! is then non-continuous, Theorem 5.1 does not give us a reasonable
error decay. For that reason, the aim of this section is to show that the transformation
idea also works for non-periodic functions with a reasonable choice of the extension
parameter 7 in the transformation (3.2).

For Fourier approximation, there is the approach of Fourier extension [3, 5, 20],
where the function is continued outside of the interval [0, 1] to a smooth function.
See also [2] for a nice overview and the connection to the frame approach. We use
a similar approach by introducing the extension parameter 1, which allows us to
extend f on the boundary [—'/2, —!/> 4 5] in an appropriate way. On one hand, this
gives better approximation rates, but on the other hand, the stability gets worse. The
occurring problem is that we have to bound the condition of the approximation matrix
A (see (2.2)). To circumvent this, in the mentioned literature, the authors use for
instance the truncated singular value decomposition. We do not want to set up the
whole matrix A, but rather use a least squares algorithm which gets only the result
of a matrix-vector multiplication with A and A". We will see in this chapter that an
appropriate choice of the extension parameter ensures stability.

Remember, rather than taking the cumulative distribution function of the density
0, we use the modification

y
R(y)=n+1- n)/o o(r)dt, (5.3)

where 0 < 1 <« 1is some extension parameter. In fact, we get the transformed samples
X = R(Y), which are uniformly distributed on the cube € := [—!/2 + 7, !/2]¢. This
procedure transforms and compresses the original function f into the box 2 and allows
to extend this function to a function f defined on T¢. Figure 7 shows an illustration
of the two-dimensional domains. On the boundary [—!/2, —!/ + n], we extend the
function f. As mentioned in the discussion before Definition 4.10, it is reasonable
to choose an extension which has Sobolev smoothness. For the following result, we
introduce the notation of restricting function spaces V. C Lo (T%) to some smaller
domain by

V|[u,b]d = {g|[ayb]d: g€ V}
for some cube [a, b]¢ c T?.

Lemma 5.2 Let m be the order of the Chui-Wang wavelets and n the maximal wavelet
level. Denote the hyperbolic function spaces by

VD = span{y 2 | (G, k) € I} € Lo(T9).
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Fig. 7 Illustration of the
two-dimensional extension

N|—

~

N —=
N
N[~

Let the function g: S — C fulfill the boundary conditions

gl _ L€ V- Y1 gl 1 v,fd—“|[7%+n 1 foralli & [d),

m%ﬁ xi=—75+1
|g(‘”)(x)| < 00, forallx with x; € {—7 + 7, %}foralla =0,...,.m—2,

where e; denotes the unit vector (e;) ; = §; ;. Let furthermore the extension parameter

fulfill

m—1
n b

2[d]+1

where [a| denotes the smallest integer, which is bigger than a. Then, there exists an

extension

n= (5.4

5 - 1 1 d d
g: =5, —3+nl" —>C, geV()| I

Proof Let us begin with the one-dimensional case. The function space V,,(l) is the
space of all spline functions, which are piecewise polynomials of degree m with
discontinuities of the (m — 1)-th derivative only at the grid points { 2" <k <

2"}. These grid points divide the domain T naturally in pieces of length 2=+ The
function g is defined on 2"*! — (m — 1) of them. The function g has to be a piecewise
polynomial of degree m — 1 with m — 1 pieces. To construct the coefficients of the
function g, one has to solve a system of linear equations, which are independent. In fact,
we have m (m — 1) coefficients and (2 + (m —2)) (im — 1) = m (m — 1) constraints (at
the boundary and the conditions for piecewise polynomials). This system has always
been a solution. Figure 8 is an illustration of the one-dimensional case. Form = 2, a
simple linear interpolation between g(— %) and g(—% + 1) does the job.

For the multivariate case, we have to observe that we use the index set 7, of hyper-
bolic structure. That means we need an index j with |j|; < n, such that n > 50 +11)
foralli =1, ...,d. Since all indices j; are natural numbers, multiplication and taking
the d-th root of these inequalities lead to the condition (5.4). O

on+l |
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Fig.8 The extension of the
function g to g for the
dimension d = 1 and the order
of wavelets m = 2

Remark 5.3 If we choose not the hyperbolic index set I,,, but the tensor index set
{U.B)-1<j<nlLkelj},
the corresponding tensor product spaces are
d
Vi = Qv = span{y G [ lljllee < n.k € Zj).
i=1

For the case d = 1, this coincides with the previous lemma. But for d > 2, we need
m—1

in the previous proof only an index j with |j|eo < n, such that n > 26T for all
i =1,...,d. This leads to the condition > ’;,1}.

Remark 5.4 Consider the ANOVA decomposition (3.11) of a function f € L, ([0, 114,

0). One ANOVA term f,(y,) is a function, which depends on only |u| variables.

Transforming fy to fy oR, ! needs only a |u|- dimensional extension. For that reason,

it is enough to choose n > ﬁ for the transformation R,,. We will go more into
ol lul

details in Chapter 7.
Motivated by the previous lemma, we make the reasonable choice

m—1
zﬂﬂﬂ'

In the remaining part of this section, we will focus on the one-dimensional
case, because this can be also applied to high-dimensional functions with only low-
dimensional interactions. The following ideas can be generalized to d > 1, but in this
case, we have to omit boundary wavelets to ensure stability.

n= (5.5)

The one-dimensional case
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The following lemma shows that the projection operator (2.6) applied to the extended
function f indeed inherits the approximation rate set by the order of the wavelets if the
non-periodic function f is smooth enough on [0, 1]. Comparing the following result

with the periodic setting (2.7), the only difference is the term W

Theorem 5.5 Letd = 1 and the maximal wavelet level n € N. We choose the extension
parameter n as in (5.5) and the transformation (5.3), which gives Q@ = [—1/ + 1, 1/2].
Then, we have for the approximation error of the projection operator P, definedin (2.6)
for functions f € H™([0, 1], o) that

—nm

- 2
If = (Puf) oRl,q0,11.0) S a=n" I 1 £ 10,11,0) »

where f: foﬁ_l.

Proof For j € Ny, let us split the indices k into the sets, depending on the support of
the wavelet functions

Iin = {k | supp ¥y C ),
Ivo = {k | supp ¥}y C =3, —3 +nl},
I = Ij\(lin U Ibo)-

First, we have a look at the wavelet coefficients of the extended function f with
j > n. From [26, Lemma 3.4], we have that

(Fopby =2P2im [ Fo (), 27 — k) dx, (5.6)

Ij.k

where I = supp w}?e,: C T and the function W,, is defined in (B.2). Since the
extension of f to f, namely f |1r\s”2’ is contained in the space of wavelet functions,

the m-th derivative of f is zero at the boundary (—'/2, —'/2 + 1), and we have that
F0) =8+ DF(H +80+ 5 —mF(f), x€l=5,—3+nl,

where §(-) is the delta distribution and the numbers Fy(f) and F1(f) depend on the
boundary behavior of the function f.
For the indices k € Z;, we split the integral (5.6),

(F, 9y = 2920 im < /1 MW, @ x — k) dx + FI ()W~ )~k ).

o)

5.7
if =124 n € supp wff:kr . The other case where —!/2 € supp w}’f",: is analogue. The
function W, has the property that W,,,(x) = 0 for x € N (see Lemma B.2). Because
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of the choice n = g’njr} and the assumption j > n, the numbers 2/ (—% +n) —k are

in {1, ..., m}. This allows us to omit the second term in (5.7), and we get that
(. = 202070 [ g M)W (2 x — k) dx, ifk € It U T,
0 if k € Ipo.

Using Cauchy-Schwarz inequality, we receive for k € Iy U [;, that

1/2 1/2
(F, w01 < 207207 im / | (x)Pdx f |, (27 x — k) |*dx
]’ 1/ kﬂfz ijkﬁfl

< 2= jm ”f(m)”Lz([] ka) ax = \Ilm(_x)
coyjm__ L
2 (1 _ n)l/z ||f||Hm([0’1]’Q)|R_ L (58)

'(Ij’kﬂSZ)

where the last inequality follows from (4.19) and (B.3). The Riesz basis property (2.4),
which also applies to the dual wavelets yields

2 2

Doty

m keZ;

DOULUTEIES 7

keZ; "

Yo

keZ;

Sm
SE ULV
Y keZ;

(5.9)

La(T) La(T)

Also, because of the Riesz basis property of the wavelet functions, we have for
Jj > n that

o |21 2 1) ?
er 2
/ E aj, kl/f k(x) dngl E aj,kl//?’k(x) dx <o E lajkl”.
| =0 ' \kelyUl, kelinUlr

(5.10)
To estimate the error of the projection operator P,, we have to estimate the sum of
wavelet coefficients, namely we first insert the definition (2.6) of P,,

~ 1 ~ ~
If = (Paf) oRIT, 01100 = - Pufl} 6 = ||Z DR 6
ljl=nkeZ;
4
per*
11— Z ”Z 7 Vi k“Lz@)
|jl>n keZ;

1 2
(5.10) 5/ er*
el D3N DA
n |jl>n \keZ;

|/2 2
(5.9) 53/’
< —— D2 22w vi )
Ym (1 —1n) (l|>" (keZ/
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h\ 2
(5.8)

'/
< 27im 1%
~ Vi (1 _ n)3 Z (Z f H™([0,1], Q)| 1(’],I<ﬁ§2)

ljl>n

2
EXs
S ﬁu/uﬁ, (0.11.0) (Z 2- fm) . (5.11)

|jl>n

The last sum of 27/ is bounded by geometric series,

. _ n—(n+Dm —(n+1)m
ZZ"’"g 1 _ 1-2 =2 < g
] —2—m ] —2—m 1—-2-m

lil>n

34

/2
Taking the square root in (5.11) gives the result, where the factor ‘;ﬁ is a constant.0]

Note that we receive at least in the one-dimensional case the same approximation
rate as in the periodic setting. In the higher-dimensional setting, this is not the case,
since we lose the orthogonality between different wavelet levels in the L, (€2)-norm. It
is also possible to estimate the Loo-error. Here, also, the only change is the additional
term ﬁ in comparison to the periodic result, (2.8).

Theorem 5.6 Letd = 1 and the maximal wavelet leveln € N. We choose the extension
parameter n as (5.5), the transformation (5.3) and denote f = f oR™\. Then, we
have for the approximation error of the projection operator

i —n(m—1/2)
If = (Puf)oRlL qo1p S R I F 1 £ 10,11,0) -

Proof Similar to the proof of the previous theorem, we consider

If = (Puf)oRlLqo1)) = S%pl]lf(y)—(Pnf)oR(yN: sup | f(x) — (P )]
yel[o,

1 1
xel=5+n,31

= sup \Z Z (f, wper* per( )l

xel-34n. 31 1jl>nkeT;

Using the same lines as in [26, Theorem 3.15], we have

1/2
If = PafyoRlLgqony S | Do 2772 ) frsup 208 {3 17 w0
Ljl>n ljl>n keZ;
2—n(m—1/2)

<z m )
ST L1 Em 10,11,0)

which gives the assertion.

In the following, we discuss the numerical properties, that arise when using such an
extension. We lose some stability in the sense that the wavelet matrix A has a bigger
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condition number. But nevertheless, we estimate the eigenvalues of the Moore Penrose
inverse from below. The eigenvalues of the expectation matrix

A= (/ wf’ekr(x) w?irk,(x) dx)
T (K€D, (' K€l

are bounded by the Riesz constants y;, and §,, (see [26, Lemma 3.18]). The transfor-
mation R changes the expectation matrix to

A= ( fQ YRR Vi <x>dx>

If we choose the extension parameter 7 like (5.5), it turns out that the eigenvalues
of A do not differ much from the eigenvalues of the initial expectation matrix A. We
show this numerically. We lose the orthogonality of the wavelets of different levels.
But the entries of the matrix A differ from the entries of A only at indices where

supp 1//;)’6,: N (-1, -1 +nl # @. For different maximal level n, we construct the

.k ely,(j' . k)ely

matrix A and calculate the extremal eigenvalues umin(f\) and ,umax([\). The results
are summarized in Table 1. For comparison, we also give the extremal eigenvalues of
the matrix A, which are the lower Riesz-constant y;, and 1. We leave the proof that
Mmin (]\) > C > 0 for a constant C is an open problem, but the numeric indicates that
this is true.

In fact, the choice of n must be a balance between an ill-conditioned matrix for big n
and a large approximation error for small 7. The choice (5.5) does this job.

Error estimates

Up to now, we gave estimates for the L, and L, error of the projection operator
P,, (2.6), instead of the approximation operator S,;Y . To end this subsection, we give
also for the non-periodic case an error estimate with high probability, similar to The-
orem 5.1.

Corollary 5.7 Let d = 1, m € N be the order of vanishing moments of the wavelet s,
o€ cm™=1([0, 1)) be a density and and n € N be the maximal level of the wavelets. We
choose the transformation R as (5.3) with the extension parameter 1 as in (5.5). Let

Table 1 Extremal eigenvalues of the expectation matrix A for different maximal level  and order m of the
wavelets

m n 2 3 4 5 6 7 A

2 Mmin A) 0.0896 0.0903 0.0879 0.0859 0.0848 0.0843 0.1481

umax(A)  0.8990  0.9497 09748  0.9873 09937  0.9968 1

3 tmin (A) 0.0032 0.0025 0.0024 0.0024 0.0024 0.0025 0.0379

tmax (A) 0.7735 0.8854 0.9426 0.9714 0.9857 0.9928 1
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furthermore )Y = (y,-)i/‘i1 C [0, 11withM Z r ontl (n+1) be drawn i.i.d. at random
according to ¢ and r > 1. Then, we denote by X = R(DY) the transformed samples.
Let furthermore [imin(A) = C > 0. Then, we have

—nm

HD(Hf — (S P oRll,q011.0 S 7 ||f||Hm([o,1],Q)) >1-2M"".

I=m
Proof First, we denote e = ||f — (P”f)”Lz(Q) and ey = ||f — (Pnf)HLOO(Q)'
By using the extension, we lose the orthogonality of the wavelet functions even for
different levels, since the Ly-norm is then defined on 2 and not on the whole torus.
Therefore, we have to modify the proof of [26, Theorem 3.20] slightly. We have

. 1 . 1 . i
17 =S¥ D eRlone = 7= 1 =5 e < 7= (24 1P F =5 Fllye)

(2 US;E 2 1Pu f = Flleycy) -

1 O
=1 (241X (Puf= Pl ) <

-7

For the last term, we use the same lines as in [26, Theorem 3.20], which are based
on Bernstein’s inequality to get

1/2
~ ~ 2e2e3rlogM | 262 rlogM _
P IS Gei) = Pof (xdllgyx) 2 (M\/ R +e§) <M.

Taking the event into account that

N 2 2
1Sl € | ———— <,/=
M pimin (A) C

with high probability, we obtain by union bound the overall probability exceeding the
sum of the probabilities, i.e.,

- - 2 /2
P(nf—S,;quz(Q)geH 2 (5 +eaeo/ 2 4 A1) ) 212

Collecting the bounds from the occurring terms from Theorems 5.5 and 5.6 as well

as logarithmic oversampling, which means loﬁlM < 27", we end up with

~ 1 ~ ~
X 7 X 7
If— Sy ORHLZ([U,]],Q) = 1—n 1 If- Sp f ||L2(§2)
1 p—nm 272nm 272nm 272nm /2
< 2 . . m
ST ((vn)"/z Ve ((lfn)32"+' T Y T T ’) 1l g0

g > 1 Jr ro\”
RO (” oo tate tasor) )'”ﬂmm(m’l]"’)

with high probability. O
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5.2 Numerical experiments

In this section, we study the approximation behavior numerically for some examples
to underpin our findings from Theorem 5.1 and Corollary 5.7. We consider examples
where Q € {R?, T¢, [0, 11%}.

We do the following procedure. For a maximal level n, we draw M > N log N =< 2" n?
i.i.d. samples according to the density o, which coincides with logarithmic oversam-
pling. Also, the corresponding function values are given. In our approximation, we
transfer the samples in the set ) to the torus, by R())) = & and apply the approxima-
tion operator S,;Y given in (2.3). A good estimator for the L, (€2, o)-error, is the root
mean square error (RMSE), which is defined by

1/2

D = SEfo RN RMP| (5.12)

ye))lesl

RMSE =

|ytest|

for sample points Viest C €2, which are i.i.d. according to 0. We use always |Viest| =
3|Y| = 3 M. We defined in Examples 4.3 and 4.11 only one-dimensional densities.
In the following, we interpret the d-dimensional densities as a tensor product in the
sense of (3.7).

Distributions on R¢
We begin with the normal distribution g from (4.5) for all one-dimensional densities
0i (¥i). As a test function, we use the Gaussian

FiRT SR, f(y)=e I (5.13)

which is smooth. But in the sense of (4.10), we have to note that in the one-dimensional-
case

IIfIIHl(RQN) }+38} ~5.28 < o0,

2

”f”Hg(R QN) = Q.

Due to the embedding H*(T) C B%,OO(T)’ we also have f oR™! € B%’OO(T). To
investigate the smoothness further, we have a look at the terms from Definition 4.9,
ie., fors =3/

sup 2> sup  sup Z (Dﬁf(Y)Ba,ﬁ(y))‘z‘

jez a2 1<p<e (7 |k|2°‘
J#0

We have

(D2 f (1) Bao())] = (=2 + 4yD)e ™" 27 )| = [c2((=2 + 4y?) 271))|
= 27 er(=2+ 4R (0))D)] = k.
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since R™!(x)? is a smooth function except at x = !/2. Analogously, we get for the
other term
g D' f (B2 1N = -

This yields

1 . .
||f||27 < Sup25|1| Z e < sup 23712lil=12=0lil - o0,
B, ~ b |k| jez

since the index sets J; are defined such that k > 21/1=! and | J;| = 2V/I. The function f

and the density on have a tensor product structure; hence, we get foR™! € 5/ 2 (’]I‘d )

and f € 82 (2, 0on).

We did the approximation ford € {1, 2, 3} and for the order m = {2, 3} of vanishing
moments of the wavelet. In Fig. 9, we plotted the results. One can see that we end up
with the proposed error decay rates from Theorem 5.1. In case where m = 2, we are
in the case (5.1) and get the proposed error decay rate of 2~2" n@=1/2 If we increase
the order of vanishing moments of the wavelets to m = 3, we are in the case (5.1) and
receive also numerically the proposed error decay of 27°/2" n@=1/2 The numerical
results are even slightly better in some cases.

Note that a different density o(y) can lead to a different smoothness of f o R™!
even for the same function f. For a tensor product of the one-dimensional Cauchy
oc, (4.6), or the Laplace distribution oy, (4.7), we even have f o R e H:. (22, 0)

for all s € N. That follows from D* f(y) = p(y)e_yz/2 for a polynomial p(y) and
the fact that all differentials of the Cauchy as well as the Laplace distribution are
polynomials or polynomials with a the factor of the behavior e¥1? 2!, Furthermore, all
integrals of the form fR e‘y2+k|3’_2|p(y) dy are finite. In Figs. 10 and 11, we plotted
the approximation results. In this case, the order of vanishing moments determines
the error decay. In dimension d = 3 with Laplace distribution, we are still in the
preasymptotic case.

1072 LNy —— d=1 —— d=1
—o— d=2 1072 —o— d=2
2 150z .
[ —Zn [ — n
= 1070 N =T 2
[t _9—2np,1/2 | C_9-52np1/2
2—2n 4 9-5/2n
10-8 k£ | | 108 I
5 10 6
level n level n

(a) Decay of the RMSE for m = 2.

(b) Decay of the RMSE for m = 3.

Fig. 9 Approximation of the function (5.13) on R4 for d € {1, 2, 3} and the normal distribution ON
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10-2 | B —e—d=1 1071 4 —e—d =1
—o—d=2 —e-d=2
€3] d=3 m d=3
Uz) _5 - 272" E 10,5 [ |l---9-3n
2 1077 . =
1078 & \ m— 1079 £ |
5 10
level n level n

(a) Decay of the RMSE for m = 2. (b) Decay of the RMSE for m = 3.

Fig. 10 Approximation of the function (5.13) on R ford € {1, 2, 3} with the Cauchy distribution o¢

The beta distribution on the torus

Let us consider the beta distribution (4.20), but shifted by —!/2 to the torus T =
[—!/2, 1/2), for all one-dimensional densities p; (x;), which also includes the uniformly
distribution on T for « = 1. We choose as test function

d
[T >R ) =]]oi— 9’0+ 37, (5.14)

i=1

which is the tensor product of a polynomial of degree 6 and has triple zeros at ! /2 and is
in Hgﬁx (T?). Depending on the choice of the parameter o of the beta distribution, the
transformed function has different regularity. We consider first the one-dimensional
case. The crucial points to decide whether the norm || f1[1,(T,o, ) is finite is at the
points with lower regularity '/2 = —!/2. Because of the symmetry of the function f as
well as the density p, it is sufficient to have a look at the point y = !/2. There we have
the behavior £ ~ (y —14)3~ fori = 0, 1, 2, 3. With the same arguments we have
that Qg?a ~ (y — ‘/z)‘)"]’i fora # 1,2 and i = 0, 1, 2. Furthermore, the integral
fol x* dx is finite for k € R and k > —1. Hence, Definition 4.1 gives that we have to
require the following:

feH (T, 0pa) = f € La(T, T1,1) =S a <6,
feHX T, 0p4) = f" € Lo(T, Y22), f € La([0, 11, Y1,2) Sa<2,
1 [ —eo—d=1 —e— d=1
107t = } d=
| .y e d—2| 1072} e d=2
m d= = d=
w0 ___ 9—2n wn o —3n
= 1074 2 = 105 |- . 2
o [ae4 - 2—371,n1/2
_ —8 | |
1077 I 10 | |

level n

(a) Decay of the RMSE for m = 2.

level n

(b) Decay of the RMSE for m = 3.

Fig. 11 Approximation of the function (5.13) on R4 ford € {1,2, 3} with the Laplace distribution o7,
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feH T.0pa) = f” € La(T, Y33), f’ € La([0, 1, T2.3), f' € Lo([0. 11, T13) = @ < 6/5.

Since the function f is a tensor product, we have the same estimates for the multi-
variate cases. Indeed, we used the order of vanishing moments m = 3 of the wavelets,
which limits the maximal error decay rate, and Fig. 12 is the resulting numerical
approximation decay for different parameters « and d. Indeed, if we are below the
critical values /5, 2 and 6 for «, we get the desired approximation rates of 2=3n p=2n
and 27" given in Theorem 5.1.

Even dense samples at the boundary, which coincide with small ¢, can not increase
the error decay rate of 3.

Extensions of non-periodic functions on the cube
Here, we want to demonstrate the benefits of the extension proposed in Sect.5.1. Let
us study the non-periodic function

f:00, 11> R, f(y) =y (5.15)

and the uniformly distribution on the cube, o(y) = 1. Also, for this non-periodic
function, we managed to use the periodic approximation operator and get good approx-
imation results. We use a polynomial of degree 3, since a lower degree together with
the order of the wavelets m leads to a function f o R™!, which is in the finite func-
tion space, which we use for the approximation and gives us approximation errors
near machine precision. The results are plotted in Fig. 13. We see that the extension
increases the approximation rate to 27", as proposed in Crollary 5.7 Additionally,
the wavelet matrix is in both cases well-conditioned.

6 Second setting: using kernel density estimation for unknown
density p

While working with real-world data, the underlying density o(y) is possibly a priori
not known, and we only have the given random sample points ). For that reason,
we want to adapt our strategy to this setting. A transformation of the given data
Y is also in this case a useful tool to approximate a function f well. Instead of

“|——a =05
——a =115
a=1.95

€3}

@ ——a =5.95
é o2 2—371711/2
9—2n,1/2

. ‘ ‘ ‘ - 2—7171/1/2

4 6 8 10 4 6 8
level n level n
(a) Decay of the RMSE for d = 1. (b) Decay of the RMSE for d = 2.

Fig. 12 Approximation on T4 for d € {1, 2} of the test function (5.14) samples distributed with respect to
the beta distribution o g ¢
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3| ||—e—m=2 —e—m =2
10 ——m =23 . ——m =3
___ 9-2n | 10%5 .
5 10-6 | l--- 9-3n
2
~ 10t a
1077 a
10712 k& } } } } = 109 I I I I il
4 6 8 10 4 6 8 10
level n level n

(a) Decay of the RMSE.

(b) Condition number of the wavelet matrix A.

Fig. 13 Approximation on [0, 1] of the test function (5.15) with uniformly distributed points using Chui-
Wang wavelets of order m € {2, 3}

using the transformation R belonging to the underlying density ¢ as in Chapter 35,
we approximate the underlying density function by a kernel density estimation [15].
The cumulative distribution function R of the estimated density function gives us a
transformation for the underlying data set ) to the samples X = R(Y) on the torus.
Then, we apply our approximation method for functions on the torus and at the end
we transform the function back to a function defined on Q2. We will restrict our study
in this chapter to the one-dimensional case, which we apply in Chapter 7 to high-
dimensional functions. The error between the estimated density and the true density
influences the total approximation error.
Let us introduce the kernel density estimator

o)=Y (y;x),

xeX
where k is anon-negative kernel function k : 2 — R whichis normed by f ok(y)dy =
1 and o is a smoothing parameter. Frequently used kernels are the standard normal
distribution gy, (4.5) or B-Splines (B.1). The normalization ensures that also § is
normalized. We get a transformation R : 2 — T, which fulfills (3.1), by integration,

1
—k
oM

6.1)

fJewdt—1 ifQ=o0,1],
RO)= {2 8ndi—1 ifQ=R,
Jle@di—% ifQ=T.

1
= Y Ko-n-1, 6.2)
xeX
where K is the antiderivative
foy k(t)yds ifQ=1[0,1],

Ky =1/ kndt ifQ=R,
f_y,/zk(t)dt ifQ=T.
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Hence, the integral K of the kernel k has to be calculated once in advance. Then,
the calculation of the integral of ¢ is only the evaluation of K at different points.
Using this transformation, we get our transformed sample points by X =RQ). If o}
is a good approximation to o, these samples X are nearly uniformly distributed on T,
which allows us to approximate the function f o R-! using an approximation operator

on T, for instance S,f( from (2.3). Our procedure to get an approximation of f out
of the samples A" and the corresponding function values f is summarized in Fig. 14.
For shortening notation, we denote the error function é5: Q — R by

ér=1—(S¥(foR™)oR,

which we aim to estimate. Using the theory of the previous section, we receive a bound
for [[é£ | 1,(q,s) in the norm with density ¢, if we assume that we choose the bandwidth

o so that ¢ & 9, which yields that the samples X = R(Y) are distributed uniformly
on T. Since the original samples ) are distributed according to o and we assume new
test points are also samples according to o, we are interested in the L, (2, o)-error
€ 71lL,(,0)- Intuitively, if o and ¢ are equal enough, these two errors have the same
behavior. This can be made more precise by

Theorem 6.1 In the case where Q = T, we have that

12
1é£17 .00 < NEFI7,r.0) + </T lér(I* dy) 16(») — o lLyT) -

In the case Q2 = R, there is a set £ C R, such that fg o(y)dy < ¢ for some ¢ > 0.
Therefore, we have

172
16713 0 < NE7112, .0 + ( A . |éf<y)|4dy) 160) = e lzym) +& suplé . (6.3)
ye

Proof The first inequality follows from triangle inequality and Cauchy-Schwarz
inequality,

1/ Ve g _
112, r.0) = [_ L JerPe)ay = / &P (1 - W) d

1A

<112, +/I/ 6, PI2G) — o) dy

yea (6.1) 5 (6.2) R X=R(Y) P

f— s S¥(foRT) — (s,?(fofw)) oR

Fig. 14 Outline of our approximation procedure
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s 1/2
<Nefl2, m g + (f_/ |éf(y)|4dy> 16 = el -

In the case where Q = R, we can not use these calculations, since é s (y) can be non-
zero on the whole real axis. But the splitting of R into the set £ and the complement
R\& and using the previous estimates gives

1Nz @00 = f lés (M Fe(dy + / |65 () Pe(y)dy
R\E £
1/2
<NerlT,mes + ( /R . érmi* dy) 186 — oWl @e) + e sup lésI?

1/2
<lésl? ma + lermMItdy ) 16() — 0y + € sup [&7]%.
2(R,0) R\E vel

Therefore, it follows the assertion.

The introduction of the set £ in the case where 2 = R tackles the behavior, that
given data ) is contained in a finite interval [a, b] and o(y) is small outside this
interval. In fact, we can not expect to approximate a function well where we have no
information about the function.

The previous theorem shows that a good estimator for the bandwidth o ensures that
the mean integrated squared error (MISE)

MISE(p) = E ( /Q @) —o(»)? dy) =E (Ilé(y) — Q(y>||i2(g>) :

is small. This choice of the smoothing parameter has to be a good trade-off between
over- and underfitting. Consider the two extremal cases, which do not work. This
behavior is illustrated in Fig. 15.

e If we would choose a small smoothing parameter o (0 = 0.01 in Fig. 15) or even
as kernel function k the delta distribution, we would get an equi-spaced sample
set fz(y). But this possesses on the other hand no smooth cumulative distribution
function R, and the distribution § is not a good approximation on g, since MISE(§)
would not decay.

e If we choose the parameter o in the Kernel function & too big (¢ = 1 in Fig. 15),
the density 6 would not capture the behavior of the density ¢ and the transformed
samples would not be uniformly distributed on T.

6.1 Smoothing parameter selection

There are some very simple and easy-to-compute mathematical formulas for estimat-
ing the smoothing parameter o. They are often called the rules-of-thumb (ROT). One
possibility is

IQR(Y)

oror = 1.06 min {std(y), W} M5, (6.4)
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L e Y - B
—porR X
B | o =0.01 Y T
.
. g 2
4
L ey N
(a) The density function. (b) The cumulative distribution (c) The transformed samples.

function.

Fig. 15 Illustration of the problem of over- and underfitting

where std is the standard deviation and IQR is the inter-quartile range (see [ 15, Section
4.2.1]). The assumption for that rule is that the unknown density belongs to the family
of the normal distribution. In practice, we do not know, whether o(y) is a normal
distribution. If it is, then oror gives the optimal smoothing parameter. If not, then
orot Will give a parameter not too far from the optimum, if the distribution of the

samples ) is not too different from the normal distribution.

6.1.1 Data on the real axis

Another approach, which is more general and performs better than the ROT, is the
Direct Plug-In-Selector (DPI) (see [15, Section 4.2.2]). To describe this approach, we
have to introduce some notation. The second moment of the kernel k is defined by

2 ) = /R V() dy.

Since the MISE is set as the error criterion to be minimized, our aim is to find

oMisg ‘= argmin MISE(9).

o>0

The dominating part of MISE is denoted by AMISE, which stands for Asymptotic

MISE,
o 1y "2 4 ||k||%2(R)
AMISE(9) = Zﬂz(k) le ”Lz(R) o+ Mo
The minimizer oaMISE iS given by
1/5 1/5
1K1, e, / I3\ 63
OAMISE = il R Y —— s .
15 0”17,y M 13 (kyWa M

where

v, :/I;Q(“)(y)g(y)dy, or more generally W, =/RQ(’)(y).Q(y) dy,
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where r is an even number. The naming convention of W, was introduced in [41,
Section 3.5]. The critical step is to estimate W4 in (6.5), as this is the only unknown
value. Assuming that o is some normal distribution, would lead to (6.4). This is an
example of a zero-stage plug-in selector, a terminology inspired by the fact that Wy
was estimated by directly plugging in a parametric assumption. Another possibility
is to estimate W4 non-parametrically and then to plug it into oamisg. First note, that
integration by parts gives

01172y = (=1 /R 0 (Ma(y)dy.

Therefore, a possible way to estimate W, is
| M M iy
v, — o (2T
U= gt 2K (T) ©66)
i=1 j=1

where g is the smoothing parameter of a kernel density estimation. Typically, two
stages are considered to have a good trade-off between bias and variance. This is the
method proposed by [38] and does the following steps.

i) Estimate Wg by Wy = (L), where std(p) is an estimate for the standard

32/ (std())°
derivation of g, which can be std(&X’) or min {std(X ), % }
.. . .= _(_ 290 )1/9
ii) Estimate W¢ using W¢ from (6.6), where g; = ( PO
iii) Estimate W, using W4 from (6.6), where g, = (—M)lﬂ
4 Using T4 0) WHSTE 82 = 7L owem

I3 @
iv) The selected smoothing parameter is oppy := [ ——=252
) gp DPI (u%(k)\luM

6.2 Non-periodic data

A general problem with kernel density estimation is that certain difficulties can arise
at the boundaries and near them. In many practical situations, the values of a random
variable are bounded. For example, the age of a person obviously can not be a negative
number. On the other hand, the normal kernel has unlimited support. Even if a kernel
with finite support is used, the estimated density can usually go beyond the permissible
domain.

For that reason, we use on 2 = [0, 1] compactly supported kernels k, but we allow
the approximated density ¢ to be non-zero outside the interval [0, 1]. Especially, we
receive a non-zero density in the interval Q= [w1, wp] with —| supp k| % <w <0
and 1 < wy < 1+ |suppk]| % This allows us to create a function f , which smoothly

extends the function f to a function on whole fZ, such that the transformed function
f o R™! becomes a periodic function. This idea of an extension of the function is
similar to the studies in Sect.5.1. The choice of the extension parameter 1 is now
hidden in the choice of the smoothing parameter selection o, which determines the
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interval €2. This is illustrated in Fig. 16. The kernel density estimation of o can be seen
as a periodization of the function f, such that we can use approximation operators for
functions on T. In contrast to the tent transformation (see [28]), which passes through
the function forth and back, we have here no need to double the number of sample
points.

To select the smoothing parameter o, one simple possibility is to again use the
estimator orot from (6.4). Analogously to Theorem 6.1, we give an estimate for the
error decay, namely,

20(y) (

1
o 12 _ o o(y) o 12
bstEaaono = [ rPECTe0y < (e, 53) 1o

The extension f is similar to the proposed method in Sect.5.1. But here, naturally,
the extension is on both sides of the interval because of the kernel density estimation.

Instead of the factor ——, we have now the the term max €[0,1] o)
I Yl o)

érI

6.3 Numerical experiments

In this section, we endorse our theoretical findings by two numerical experiments on R
and [0, 1]. We compare the approximation results of unknown density with the results
if the density o is known. In both cases, we use Chui-Wang wavelets of order m = 3.

The Gauss kernel on the real axis
For the case where 2 = R, we choose k(y) = oy to be the standard normal dis-

tribution (4.5). The expressions used for estimating the smoothing parameter oppy
are

1
kN7, @) = N3 pa(k) = 1.

To study the performance of our algorithm, we use as a test function again the
function in (5.13). We investigate the densities oy, (4.5); oc, (4.6); and o, (4.7).
Doing the same procedure as described in Sect.5.2, we study the resulting
RMSE (5.12). We used the two different proposed parameter selection methods and

U.)IO

(a) Function f and extended function fon Q.

1w2

—0

-0

w1 ()

1w2

(b) The density p and the estimated density g.

Fig. 16 Periodization of f using instead of the real density o the estimated density ¢
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1071 F

T
1073 N \ —— (3.4)
10—3 - \ —{|—=—OROT
4l ODPI
1075 10 \’& - N —(63)
\\ o ~
1077 1077 a 7L N |
| | | | i 10 | i
4 6 4 6 8 6 8
level n level n level n

(a) Underlying density on.

(b) Underlying density oc.

(c) Underlying density or.

Fig. 17 RMSE of the approximation on R of the test function (5.13) using kernel density estimation

plotted the results in Fig. 17. It is reasonable to compare the results with the approx-
imation error of the previous section, where we assume that the density o is known
(see (3.4) in Fig. 17). One can see that our approximation approach without knowing
the density works well for all three examples, since for both investigated smoothing
parameter selectors, we end up with nearly the same error, which we get with knowing
the density. Furthermore, we had a look at the bound in Theorem 6.1. We choose

& = (=00, —max | Veest|] N [max [ Veest|, 00),

since this is the interval where we do not expect data. Then, we calculated the right-
hand side of (6.3) numerically for the choice oppy. In Fig. 17, we see that this is indeed
a good upper bound for the approximation error from choosing o = opp;.

The polynomial kernel on the cube

Let the density be the beta distribution pp o from (4.20) with shape parameter
a € {'/, 1,2}. Let us study the test function f(y) = e”. We use a B-Spline ker-
nel k(y) = B3(y), see (B.1). In this case, the integral K (y) can be calculated easily.
The resulting RMSE are plotted in Fig. 18. We compare with the case where the
density is known, (3.4). In the case where o = !/2, the density o3, is large on the
boundary (see Fig. 6a), which means that we have more points at the boundary. In this
case, we receive the error rate 273", which is specified by the order of the wavelets.

0
T T T 10 10-2 B[ —ys
\ —«— OROT
1072 | n —(6.3)
106 10-¢ B é—l{n
1074 |- = _ |
| | | 10712 10 10 | | |
4 6 8 4 6 8
level n level n level n

(a) Beta distribution with pa- (b) Uniformly distributed sam- (c) Beta distribution with pa-
rameter o = 2. ples on [0,1], i.e.ax = 1. rameter o = 1/2.

Fig. 18 RMSE of the approximation on the interval [0, 1] of the test function f(y) = e” using kernel
density estimation
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This behavior occurs even in the case « = 1, which means that the samples are uni-
formly distributed on [0, 1]. In the case where & = 2, the benefit of our approximation
approach is not as big as in the other cases, since the density o tends to zero at the
boundary and we do not have much samples at the boundary. This means that the func-
tion f does not have support bigger than [0, 1] and the smoothing effect of foR™!
at the boundary does not apply. The approximation is slightly better in the case where
the density is known, but nevertheless, this density does not inherit the decay rate from
the other examples due to the lack of sample points at the boundary.

7 High-dimensional approximation

The main aim of this paper is the fast and effective approximation of high-dimensional
functions. We study the setting where the variables y, ..., yq are independent, which
means that density o(y) is a product of the one-dimensional densities (3.7). There-
fore, we transform every variable of the given samples separately after estimating
one-dimensional densities. Additionally, we utilize the ANOVA decomposition from
Sect. 3.1 to deal with the curse of dimensionality.

For the function f € Ly(€2, 0), we have the ANOVA decomposition (3.11). The
number of ANOVA terms of a function is equal to 2¢ and therefore grows exponentially
in the dimension d. This reflects the curse of dimensionality in a certain way and
poses a problem for the approximation of a function. In high-dimensional settings,
the underlying function can very often be effectively represented as a sum of lower-
order functions. In other words, the function can be expressed as a combination of
component functions, where only v <« d variables out of the total d variables are
active in each component [12, 25]. Recent methods such as ANOVAapprox [26, 31]
(and the successful application to different datasets in [32]), SALSA [23], SRFE [17],
and SHRIMP [44] use this approach. To this end, we introduce the notion of effective
dimension (see [6]).

Definition 7.1 For 0 < ¢ < 1, the effective dimension of f,in the superposition sense,
is the smallest integer v < d, such that

> 07 (fu) = €05 (f).

lul<v

A function with low effective dimension allows a good approximation using only
ANOVA terms up to order v. To approximate f;, we have to use the transformation
Ry, or if the density g, is unknown, we have to estimate the one-dimensional densities
0i (y;) fori € u, and use a transformation 102,, (yu) = Ry (y,) to transform the samples
Y, to Xu = Ru (V). Since we deal with independent input variables, we transform
every variable separately, i.e.,

Ra) = (Riow)

icu
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where we get ﬁi from one-dimensional transformations (6.2). In the truncated
hyperbolic wavelet matrix A, we insert only the indices (j, k) belonging to the low-
dimensional terms, i.e.,

A= (¥Ee)

xu€Xu, (jloelr

For chosen v <« d, we do this for all u with |u| < v,ie., U, := {u € [d] | |u| <
v}. This is summarized in Algorithm 1. The notation ))j;; means analogously to the
notation y, that we only consider the components y; of the samples in ). Similar
to [26, 31], we calculate the variances of the approximations of the ANOVA terms
fu and omit in a second approximation step the ones with low variance in order to
increase the accuracy with a higher wavelet level n for the important ones. Hence, in
a second approximation step, we use only the ANOVA terms u € U C P([d]) and
get the approximant S,%J U f, (7.1), also for an arbitrary ANOVA index set U.

Algorithm 1 Transformed ANOVA hyperbolic wavelet regression.

Input: d dimension
v superposition dimension
Y= (y,')i"i1 € Q  sampling nodes
f=(f( y,'))iﬂi 1 function values at sampling nodes
1: Choose n such that for N = 3, <, |1;/ | holds M > Nlog N.
2:fori=1,...,d do

3:  if o;(y;) is known then

4: Calculate the transformation R; by (3.2).

S: Transform the samples ); to X; = R; ().
6: Do the steps 13-15 with R instead of R.

7:  else

8: Estimate g; with (6.1).

9: Calculate the transformation 102,' by (6.2).
10: Transform the samples ); to X, =R; V).
11:  endif

12: end for

13: Construct the sparse matrix
A=Al € CN0 Ay = W @), v Gaoer

14: Solve the overdetermined linear system A (a i, k)j K= f via an LSQR-algorithm. This gives us the
approximation '

SR = Y Y v

lul<v (j. kel

15: Transform the approximation back to €2 using f{; ! for lu| < v.
Output: (aj,k)j ¥ € CN coefficients of the approximant

UV =3 3 a4t ® ), (7.1)

uel (j.kely

where U = U,,.

@ Springer



53 Page500f61 D. Potts and L. Weidensager

known p; — transformation R; from (3.2) X, =R()
Vi
unknown p; —— transformation R, from (6.2) X7 = R(M)

Fig. 19 For every variable y; of the sample set )/, we have these possibilities

To summarize our algorithm, we have for every variable y; two possibilities, which
are summarized in Fig. 19. Algorithm 1 works well if the underlying density is a tensor
density.

7.1 Approximating the global sensitivity indices

A direct calculation of sensitivity indices S(u, f) from (3.14) would require inte-
gral evaluations in (3.12), followed by numerous integral evaluations of sensitivity
indices (3.13). For high-dimensional systems, such an approach is impractical and
possibly prohibitive. Therefore, alternative routes must be charted to estimate the
sensitivity indices both accurately and efficiently. Our approach is to approximate
the function f by S,?) f and afterwards calculate the GSIs of the approximation. It
was also shown in [16] that ANOVA terms inherit the smoothness of a function,
ie., if f € Héux(Td)’ then f, € HI;iX(T"”) or even smoother. This fact was also
shown in [31, Theorem 3.10] by using a Fourier-based approach. Following these

lines, we immediately have this result for Besov spaces, i.e., if f € B} oo (T) then
Ju € B}Ynix(Tlul)-

The intuition is that a good approximation of the function means also a good
approximation of the ANOVA terms, and hence a good approximation of the variances.
Calculating the variances of the ANOVA terms for functions on T¢ is easy because
of the connection (2.13). Therefore, we approximate the variances crg( fu) by the

following estimated variances:

d
5o (fu) 1= /T ST ORIl dry = / (825 (f 0 Ry a0 Rul® FoRu(y)dye,

u

> o v o o d .
5= [N o R P = [ 1T o Ry D o R S Ru),
Tlul dy

u

(see [26, Section 4] for computing details with hyperbolic wavelet regression). In the
following, we will study the error between the estimated variances &3( fu) and the

variances O’g( fu)- First, let us consider the case where the density is known.

Theorem7.2 Let@ #uc Uandv={i cu | Q2; =0, 1]}and f, € BE’OO(Q,,, Ou)-
Denote furthermore ey := || fy — (S,f{(f o R;l)) oR|landa =1—(1 —n)‘”/z’l. Then

log(fu) = 65 (fu)l < (e2+ all full Ly@uon) 2+ €2+l full Ly@uon) Ifall o (@un -
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Proof Let us denote in this proof g = (S,f( (foR, 1)) o R. Then, we have
-2 2 d 2 vl
o, (fu) = i 18 (yu)l @Ru(yu)dyu =/, 18y )I" (L =m) " ou(y,)dy,.

For simplicity, we denote in this proof § = (1 — 1)~/ g. Then, we estimate the
difference of the variances of the ANOVA terms given in (3.12) by the reverse triangle
inequality and Cauchy-Schwarz inequality,

02 (fu) = G2 fu)] = ' /Q (10 = 1BDP) euly) dy,

= '/Q (1D =181 (1 fu)l +18)1) 0u(yy) dy,

< M fu — 8o (@u.0w) 1+ 2Ly Qu.00)
< Mfu = 8l @u00) 1l La@u.00 2+ I1fu — &l L2 (2u.00) -

Only in the case where v # & we have the additional factor, which depends on :
= < 1 Wlp—1
I fu = &l (@u.00) < T Ifu = &l + (1= A=Y full Ly(9u.00

In the case of periodic functions, the second term is zero. Putting all inequalities
together gives the desired result. O

The error between the function f, and its approximation g can be estimated
as follows. We are now concerned with a |u|-dimensional function. Therefore,
estimates (2.7) to (2.10) hold for d = |u| for the transformed function. The con-
nection (3.10) or rather Theorem 5.1 transforms the results to €2,,. Therefore, we have

2 —1
I fu = 8llLy(u0m S 2 ns I fullpy

with high probability. The logarithmic term in the approximation error appears only
for ANOVA terms with |u| > 2. In the case where the density o is unknown, we get
an additional term, which depends on the error between the estimated density ¢ and
the actual density o, similar as in Theorem 6.1.

We introduce the subset

X

E = (€2;\[min Xy, max X;;])

1

i

for which the estimate in the next theorem follows.
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Theorem7.3 Let @ # u € U and fu € B5 (2, 0u). Let furthermore g := Sf’Uf
be an approximation received from our procedure in Algorithm I with unknown density.
Then,

log (fu) — 4 (fu)l < log (fu) — 05l +| | 18P (2(3) — &(3))dy
&

A

B
< é(y)>
sup (1 ——=]).
yeQu\E o(y)

Let us briefly explain the appearing terms. Term A is the error from Theorem 7.2,
term C depends on the quality of the approximation ¢ ~ g, and term B describes the
variance of g, in the part where we have no samples, i.e., where we extend the original
function f,,. Of course, if the original function is non-periodic, we use an extension
and study the variances, so we have to accept the additional term.

+ ‘ / g (¥)Pa() dy
Qu\E

c

Proof We do the following splitting:

o5 (fu) = 05(80)| <105 (fu) — 05 (8| + 167 (8u) — 05 (8u)]-

Then, by splitting the domain of the second integral, the assertion follows. O

The quintessence of this subsection is that the approximation of the GSI of the
function f by the GSI of the approximant is a reasonable approach to get insides
about the variances of the ANOVA terms. In a second approximation step, we reduce
the index set to the ANOVA indices in the set

U={uecU,|Swu,SYf) > el

for some threshold ¢ > 0. This allows on the other hand to increase the maximal
wavelet level for the important ANOVA terms and therefore decrease the approxima-
tion error, while ensuring logarithmic oversampling.

7.2 A synthetic numerical example

As a conclusion of this paper, we want to apply Algorithm 1 to a high-dimensional
test function. For that reason, let

FiRIX[0, 1P >R, f(y) = 1y? 4+ Lcos@mys) +e 7 + 3 430 (5¢ (1 —y2) + L1 y7 =2/ +5e 1%

(7.2)

be an 8-dimensional function where y5; > 0. We assume the given data ) to be
sampled from the distribution

8
0: R < [0,1F > Ry, o(y) =[] o).
i=1
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where we use different distributions, already studied in this paper,

1 _
o1(y1) =on(y1), 02(2) =0L(y2), 03(y3) =0c(y3), 05(y5) = 56_ 2, o6(ye) = 08(y3) =1,

o) 1 7(y42+8§»2 . 1 7(»-412—;)2 o) 1 (1 )
M) = ———¢ x e 5, = — (1 — .
W= Tsan V507 o= V7

We draw M = 1000 samples and use the corresponding function values f = f())).
These samples projected to the directions y; and y, are plotted in the introduction in
Fig. 1 together with the transformed samples R(}), also projected to the directions
y1 and y,. We use as superposition dimension v = 2, which is a suitable guess if we
have a look at the function equation, which suggests only one ANOVA term of order
2. With the choice v = 3, we would conclude in a first step that we do not need the
three-dimensional terms. Furthermore, we use Chui-Wang wavelets of order m = 2.
We consider the setting where we do not know the underlying density, so we use for
the variables yi, ..., y5 the kernel density estimation for data on R from Sect.6.1.1
using the Gaussian kernel introduced there and for the remaining variables yg, y7, y3
the kernel density estimation for data on [0, 1] from Sect. 6.2 using the B-spline kernel
introduced there. For different wavelet levels n, we plot in Fig. 20a the approximated
GSI’s S(u, S,%’f), i.e., the 8 GSI’s of order 1 and then the 28 GSI’s of order 2. Since
we know the function explicitly, we compare this to the analytically calculated GSI’s
S(u, f). One can see that we could indeed figure out even with a low wavelet level
n = 2the ANOVA terms with high variances. So we filter out the unnecessary variables
y2 and yg and all two-dimensional terms except the term with u = {1, 5}. Furthermore,

we plotted in Fig. 20b the error || f — S,?]fH(z(y) = (Zyey [f(y) — S,%)f(y)|2) /
and the RMSE (5.12) for a test set Vst sampled according to ¢ with |Ves| = 3M.
The low £, ())-error indicates that n = 3 is already overfitting, i.e., using too many
parameters for the 1000 samples.

In a second approximation step, we omit the ANOVA terms with low variance
and use only the ANOVA indices U = {@, {1}, {3}, {4}, {5}, {6}, {7}, {1, 5}} for the
approximation. This procedure is similar to the proposed method suggested in [26,

0.36 F TTTTTT IO T T T [ DT
0.32 .{“’} * a’nal_ytlc | 101 |
098l % 7’< o n=0
~  024f {15} n=1 s
;(}?: 02l : n i i || 1077 | n
< 016f | % n=o |
5 012 8 1075 |- 2
81072 P7glle 8 —o—(5())
4-1072 1 } %‘ --------------- ] _7|| * RMSE |
0| lollTI qseeleusenssensosossesssseses | 107 L ‘ ‘ !
DL L] 0 1 2 3
u maximal level n
(a) The approximated s S(u, SYf) for |u| <2 (b) Approximation errors, the £2-norm on the given
and different level n compared to the s samples and the RMSE for different wavelet lev-
S(u, f). els n.

Fig.20 Approximation of the function f from (7.2) from M = 1000 samples
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Fig.21 Approximation of the 0
function f from (7.2) for 10
different numbers of samples M

RMSE

101

[T NI A ST B T
102 10 10* 10°
samples M

32]. It is also reasonable to choose different maximal levels n for the one- and the
two-dimensional terms, since for different dimensions, these index sets have different
sizes. For the choice n = 5 for the one-dimensional terms and the choice n = 3 for
the two-dimensional term, we are able to reduce the RMSE on the test set additionally
from 0.4997 to 0.2248. Our procedure reduces the RMSE significantly; hence, we
are able to approximate an eight-dimensional function using only 1000 samples very
well. Using only a min-max transformation of the data, it is not possible to detect the
non-zero ANOVA terms.

In a second experiment, we only use the ANOVA indices in U for the approximation
and do our procedure for different sample sizes M, with all other parameters kept the
same. The results are plotted in Fig. 21. We used the maximal wavelet level n for
which the RMSE is minimal for the given fixed data set.

7.3 Real-world data

The proposed Algorithm 1 was used in [42] to estimate the vertical ground reac-
tion force from time series of plantar pressure from instrumented insoles. The study
included data from 16 persons moving at different speeds on a two-belt treadmill
equipped with force plates. In total, about M a2 1.2 - 10° data points were used and
the data was modelled as an 8-dimensional function with ANOVA terms up to order
v = 2. The approach successfully reached relative RMSEs of up to 10.6 %, which is
comparable to other studies in the literature with the advantage of being interpretable
and having much more data available in the study used in [42].

In the following, we compare the performance of models obtained by Algorithm 1
with other state-of-the-art algorithms when applied to seven real-world datasets from
the the UCI repository (http://archive.ics.uci.edu/ml). For comparison, we test against
random forest regression (RF) and Gaussian processes (GP), both implemented in
ScikitLearn.jl, which implements the popular scikit-learn interface and algorithms in
Julia. Furthermore, we compare with sparse additive models [23, 36, 44] and follow
the experimental setup in [23], where the training data is normalized so that the input
and output values have zero mean and unit variance along each dimension. Each
dataset is divided in half to form the training and testing sets, and we use exactly the
same splitting as in [23] for the datasets used there and do the same procedure for the
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Table 2 Overview of seven

datasets: dimension d and Dataset d Misain Miest Basis N

number of datapoints in training Propulsion 15 200 200 chui-2 271

and testing set
Galaxy 20 2000 2000 per 983
Airfoil 41 750 750 chui-2 339
Forestfire 10 211 167 per 100
Boston Housing 12 256 250 chui-2 166
Protein 9 22,685 22,685 per 2082
Elevators 17 8300 8399 chui-4 2332

The experimental setup and datasets for each test follow from [23]. We
give also the used basis functions on the torus, the total number N of
trained coefficients in the final model of Algorithm 1

datasets with more samples. Note that they test only one single random splitting. In
our experiments, we use a cross-validation of the original training dataset as training
data and 20% as validation data to select the best parameters v, n, A, €. An overview of
the datasets is presented in Table 2. Furthermore, we give details of our trained model:
The used basis functions on the torus (chui-m are Chui-Wang-wavelets of order m
and per means trigonometrical polynomials) as well as the total number N of trained
coefficients in the final model. For the transformation R, we use the DPI, described in
Sect.6.1.1 applied to the Gaussian kernel.

The approximation results and comparisons are shown in Table 3. The results of
SALSA are obtained from [23], the results from HARFE and SRFE are obtained
from [36], and we included the results of the SHRIMP algorithm [44]. Since the results
for the random algorithms depend on the draw of the random features, in contrast to the
given results for SHRIMP, HARFE, and SALSA, we did the approximation validation
50 times and present the mean in Table 3. Note that our parameter v coincides with
the parameter ¢ in the random feature literature. Furthermore, for the datasets with too
many samples, i.e., Protein and Elevators, the random feature algorithms are not able
to calculate an approximation, since the involved random matrices are getting too big.

Table 3 MSE on real datasets using various approximation techniques

Propulsion Galaxy Airfoil Forestfire Housing  Protein Elevators

Alg. 1 (v) 0.0001126 (2) 0.00344 (1) 0.1530 (2) 0.3460 (1) 0.3779 (1) 0.4095 (3) 0.2488 (1)
RF 0.005928 0.1092 0.6358 0.3372 0.3339 0.4225 0.2908
GP 0.009031 0.02765 1.0091 0.4729 0.4231 0.4414 0.4324
HARFE (v) 0.000140 (2) 0.000110 (2) 0.5350 (2) 0.3122 (2) 0.2994 (2) - -
SHRIMP (v) 0.000147 (1) 0.000190 (2) 0.3616 (2) 0.3501 (1) 0.4551(7) - -

SALSA 0.00918 0.000135 0.5470 0.3635 0.3607 - -

SRFE 0.0154 0.0012 0.5702 0.4067 0.6395 - -

Details to the corresponding algorithms can be found in HARFE [36], SHRIMP [44], SALSA [23], and
SREFE [17] or are available via ScikitLearn.jl. The best results for every dataset are highlighted
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We want to highlight two cases: the cases where the dataset has many samples
M compared to the dimension d, and second, the dataset has not much data samples
available. In the first case (datasets Protein and Elevators), Algorithm 1 performs better
than the other machine learning algorithms. Since the random feature models set up a
matrix as large as the number of unknowns, they can not handle such big datasets. Our
Algorithm 1 even provides similar or smaller approximation errors compared to the
random features models in the case of a low sample size, with the advantage of being
interpretable, that means it is easy to calculate the GSIs of the involved ANOVA terms
for the final approximation model. In the application, the user can use this to derive
conclusions. Furthermore, we confirm the thesis, that real-world data can be described
by functions with low effective dimension. It should also be noted that in the dataset
Airfoil, additional 36 dimensions with random noise are added and Algorithm 1 easily
finds the non-importance of these dimensions and reduces the data to the important 5
dimensions.

8 Conclusion and outlook

In this paper, we introduced a new method for function approximation from given
fixed samples from an arbitrary density. This method combines previous work on least
squares approximation on the torus T¢ and the truncation of the ANOVA decompo-
sition with a variable transformation and a kernel density estimation. We are able to
transfer the error decay rates and the fast algorithms from the torus to the domain €2.
The new extension method, which benefits from the Chui-Wang wavelets, even allows
the approximation of non-periodic functions. As shown in our numerical experiments,
this procedure is beneficial in function approximation. The code is available in the Julia
package ANOVAapprox on GitHub (see https://github.com/NFFT/ANOVAapprox).
We assume for our algorithm that the input variables are independent, which is not
necessarily the case in applications. In future work, we want to adapt our algorithm
also to the setting of dependent input variables.

Appendix 1. Besov-Nikolskij-Sobolev spaces of mixed smoothness on
the d-torus

Here, we summarize some relevant results from [10, Chapt. 3]. In particular, we give
the standard definition of the used function spaces. Let us first define Besov-Nikolskij
spaces of mixed smoothness. We will use the classical definition via mixed moduli
of smoothness. Therefore, first, recall the basic concepts. For univariate functions
f: T — C, the m-th difference operator A}} is defined by

AR (fx) =) (=" (’")f(x +jh). xeT.hel0.1].

j=0 /
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Let u be any subset of {1, ..., d}. For multivariate functions f : T — C and
h € [0, 1]d , the mixed (m, u)-th difference operator A;’:’" is defined by

ARt = [Tar, and A}? =1d,
i€u

where Id f = f and AZ’I, ; 1s the univariate operator applied to the i-th coordinate of

f with the other variables kept fixed.

Definition A.1 Lets > O and 1 < p < oco. Fixing an integer m > s, we define the
space B‘;,’OO(Td) asthesetofall f € L,,('JI‘d) such that for any u C {1, ..., d}

|25 ey = € TTIHE

i€u

for some positive constant C and introduce the norm in this space

Ifllss = D 1 f 1By

uc{l,....d)

where

| f 1B ) i=  sup (1_[ |hi|s> (FYANED! ”Lpard) .

0<|h;|<1, icu icu

We define functions in a Sobolev space with dominating mixed derivatives,

H (0 = { £ 21— C L f g ey < 0]

mix

where the norm is defined by

1= . |D¥/]

0< [kl oo <m

(A1)

La(Td)’

k1t Fkgq

with the partial derivatives D¥ f = I It clearly holds for d =1
Xp e 0xy

v (T = Hy(T) =: H™(T).

mix

The case p = 2 and Q = T allows for a straightforward extension to fractional
smoothness parameters.

Definition A.2 Let s > 0. Then, we define
() = {1214 > C 1l ooy < o]
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where the norm is defined by

d
115 ray = D lex(HPTTA+ 1K) (A.2)
i=1

keZd

This norm is equivalent to the norm in (A.1) for s € N (see [24]). We will consider
the case where s > % since in this case we have that H; . (T4) — C(T9), which
is necessary to sample the function. There is a further useful equivalent norm which
is based on a decomposition of f in dyadic blocks. The dyadic blocks (4.3) and the

decomposition (4.16) immediately give

2 o 20ihs ) £.012
1AW = D 251, -

: oNd
JjeNy

Interestingly, there is also a Fourier analytic characterization of the above-defined
Besov-Nikolskij spaces B‘;,’OO(Td) which even works for 1 < p < oo. Instead of
taking the ¢;-norm of the weighted sequence (lells”fj||Lp(Td))j€Ng, we take the
£ oo-norm, '
1fllBs, . = sup 2V1°11 £ ey - (A3)
jeNd

Appendix 2. Cardinal B-splines and Chui-Wang wavelets

We mostly work in this paper with spline wavelets, which have useful properties for our
purposes. Therefore, we introduce here the cardinal B-splines and the corresponding
Chui-Wang wavelets. The cardinal B-spline B,,: R — R of order m is a piecewise
polynomial function recursively defined by

x+1/2
and Bm(x)zf B—1(t) dt. B.1)

x—1/2

Bi(x) 1, —% <x < %
1) = .
0, otherwise,

The function By, (x) is a piecewise polynomial function of order m — 1. Furthermore,
m m

the support of By, (x) is (=7, 5), and they are normalized by ff@z B, (x)dx = 1.

Definition B.1 If we use the cardinal B-spline of order m as scaling function ¢ = By,
the corresponding wavelet functions are the Chui-Wang wavelets [7], which are given
by
Y(x) =Y guBn(2x—n—1%),
n

where

(=)' & (m
n = 5= g(k)BzmmH—k—m).

1
k
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As in [26], we introduce the function

X _ aym—1
W, (x) = _m%dn (B.2)

which is supported on [0, 2m — 1] and fulfills D" ¥, (x) = ¥ (x) and is bounded, i.e.,
there exists a constant C,,;, such that

|W, (x)] < Cpy forall x € R. (B.3)

Furthermore, this function has a nice property, which we use in Lemma 5.5.

LemmaB.2 For k € Z, we have for the function (B.2) that
Wy, (k) = 0.

Proof The result is a consequence of results from [7, Chapter 6]. The wavelet function
Y can also be written as
Y = L) 2x = 1),

2m

where L, (x) is the fundamental cardinal spline, which is a piecewise polynomial of
degree m with the interpolation property L, (j) = 8;0 for j € Z. Then, we have
Wy (x) = 5 Lom (2x — 1), which s zero for x € Z. O
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