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Introduction

In recent years a considerable amount of research has been devoted to the
approximation of functions on the surface of the Earth, from discrete data.
These functions can be a representation or a model of environmental phenom-
ena such as magnetic fields, gravitational fields, ocean circulations, melting
polar ice caps, storm or hurricane formation and dynamics, etc. The data are
acquired by terrain stations spread all over the world or by artificial satellites

such as CHAMP, GRACE, and GOCE etc.

Traditionally, the approximation of functions on the sphere (as a model of the
Earth) has been done by Fourier theory in form of orthogonal expansions. To
be more concrete, the approximation of functions on the sphere was based on
the spherical harmonics, which perform a closed orthonormal system of func-
tions in the space of all square integrable functions on the sphere. Because of
the orthogonality of the spherical harmonics, they are ideally localized in the
frequency domain. Moreover, for those applications with polynomial struc-
ture, the spherical harmonics provide a good tool for global approximation. In
spite of these attractive properties, the spherical harmonics have some disad-
vantages. For example, they don’t show space localization at all, and a local
change of measurements affects all Fourier coefficients. They also show huge
oscillation for larger degrees. In addition, the spherical harmonics are not
the appropriate tool for approximation of problems with local dense data on
the sphere. The opposite extreme to the spherical harmonics, in the sense of
ideal frequency localization, is the Dirac functional. Because the Dirac func-
tional contains all frequencies in equal share, it does not show any frequency
localization, but its space localization is ideal.
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Radial basis functions (RBF) provide a compromise between space and fre-
quency localization. They are not new even on the sphere. Indeed, it should
be pointed out that combined polynomial (spherical harmonic) and radial ba-
sis function approximations have often been studied especially in the context
of conditionally (strictly) positive definite functions.

One advantage of using radial basis functions methods for the approximation
of functions is that although the radial basis functions are defined as multi-
variate functions, they are actually one-dimensional functions depending on
the norm of the argument. Because the norm of the argument is a geometric
quantity, it is independent of the choice of the coordinates. Therefore, the ra-
dial basis functions methods are independent of the choice of the coordinates
and consequently, these methods have no artificial boundaries or singularities
intrinsic in other methods of the approximation of functions. Another advan-
tage of the radial basis functions is that the localization in frequency/space
domain can be adapted to the data situation. Unfortunately, because of the
uncertainty principle (cf., [31], [37], [72]), the space and the frequency domain
cannot be made arbitrarily small at the same time, i.e., the reduction of the
frequency localization leads to an enhancement of the space localization, and
vice versa. Thus, the space and the frequency domain localization should be
compromised. This can be achieved by the so-called multiscale approximation
based on the radial basis functions (see, e.g., [27], [34], [40], [41], [68]). These
methods use the radial basis functions at different scales to construct different
stages of the space/frequency localization, thus, a trade-off between the space
and the frequency localization can be found. This idea led to the wavelet
theory during the last decades.

Various concepts of spherical wavelets have been developed by the Geomath-
ematics Group, Technical University of Kaiserslautern ([40], [47], [48], [34],
[35]). As in classical wavelet theory, the mother wavelets are based on the
spherical radial basis functions, where moving the “center” of the spherical
radial basis functions around the sphere, i.e., rotation can be interpreted as
counterpart to translation. For the dilation, different approaches have been
established: In a first one (cf., [47], [48]), starting with a family of scaling func-
tions corresponding to a family of singular integrals, the dilation is understood
as the scaling parameter of the scaling functions. In a second one (as proposed,
e.g., [40]), starting with a continuous version of the Legendre transform which
is monotonically decreasing on [0,00) and continuous at 0 with value 1, say,
7 :[0,00) — R, the dilation is defined as the usual dilation of this function,

Le., v(z) = v(2772).
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It should be mentioned that, there exist other approaches for designing spher-
ical wavelets. For example, by Dahlke, Dahmen, Schmitt and Weinreich ([19],
[103]) a CW-wavelet basis is constructed in form of a tensor product of two
types of refinable functions: the periodized exponential splines and the bound-
ary corrected polynomial B-splines. Lyche and Schumaker ([60], [61]) also have
done similar work by using L-splines. Other wavelets on the sphere based on
tensor products of Euclidian wavelets involving trigonometric wavelets were
proposed by Potts and Tasche [75]. There are several publications based on
uniform approximation of the sphere by regular polyhedra. For example, start-
ing with a triangulation of the sphere, the spherical Haar-type wavelets were
constructed on triangles (see, e.g., [13], [74], [81], [93], and [99]). A theoretical
continuous wavelet transform on the sphere is presented by Dahlke and Maass
[20] and Holschneider [52] and Antoine and Vandergheynst [4] and Antoine,
Demanet, Jaques and Vandergheynst [3]. A discretization of [3] and [4] is
realized by Bogdavova, Vandergheynst, Antoine, Jaques and Morvidone [12].
Recently, Rosca [82] has proposed a wavelet basis on the sphere by means of
radial projection.

In this work we have developed new biorthogonal systems of zonal functions
(spherical radial functions) which are locally supported. In more detail, we
start with an isolatitude spherical gird, e.g., Xy = {&;]i € Z, j € J}, where j
is corresponding to the latitudes. Then by using an arbitrary family of locally
supported kernels, we construct a dual family of locally supported kernels
such that the primal and the dual kernels are biorthogonal, i.e., if {K;};cs
and {f( ;}ies are the primal and dual kernels, respectively, then the following
conditions should be valid:
(e ) Kilees. ) o =i 07 €T, 7 €.

This system of biorthogonal scaling functions serves us as scaling functions
at the finest level of a multiresolution analysis for a finite dimensional space
spanned by the primal or the dual scaling functions at the finest scale.

In addition, the biorthogonal system of zonal functions enables us to con-
struct a new kind of spherical wavelets (see [43]) which are inherently locally
supported. Once more, one advantage of these wavelets is that their con-
struction is based on a biorthogonal system of zonal functions, which gives us
almost all advantages of an orthogonal approach. Another advantage is that
the wavelets and the scaling function are based on zonal kernel functions so
that this approach is well-suited for the solution and the regularization of the
rotation—invariant pseudodifferential equations. Finally, because the scaling
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equations are established by only a few coefficients, we end up with a fast and
economical wavelet transform which is completely similar to the algorithms
known from tensor product approaches of Euclidean wavelet theory.

Outline

The background material which is needed during this thesis is summarized in
Chapter 1. The basic notation and definitions and some well-known results
useful for an easy understanding of the whole work are briefly recapitulated.
Moreover, we introduce some differential operators and special functions like
Legendre polynomials, Gegenbauer polynomials, spherical harmonics. Fur-
thermore, we turn to Sobolev spaces and pseudodifferential operators. Finally,
spherical singular integrals and their properties are presented.

In Chapter 2 multiscale approximation based on locally supported zonal func-
tions is presented. Spherical radial basis functions on the sphere are intro-
duced. These functions are a powerful tool for the approximation of functions
on the sphere. Moreover, necessary and sufficient conditions for the (strictly)
positive definiteness of zonal functions on Euclidian spaces and on the sphere
are listed. The smoothed Haar functions and their properties are recapitu-
lated. In addition, by using the Fourier transform of the Haar function, an
explicit formula for their Legendre transform is developed. We conclude the
chapter with the definition of Wendland functions on the sphere. The Wend-
land functions on the sphere as a new strictly positive definite class of locally
supported zonal kernels are developed. Wendland functions are understood as
scaling functions in a multiscale procedure. At the end of this chapter, two
kinds of wavelets are presented, namely wavelets based on the spherical up
functions and spherical difference wavelets.

Chapter 3 deals with the arranging of large (structured) point-sets on the
sphere. Some spherical grids like the regular grid, the quadratic grid, the
Kurihara grid and the block grid are investigated. All these spherical grids are
employed to construct a system of biorthogonal locally supported kernels.

The construction of a system of biorthogonal locally supported zonal kernels
on the sphere is the aim of Chapter 4. For a given family of primal locally
supported kernels on an isolatitude grid, we construct a family of dual locally
supported kernels such that the primal and the dual kernels form a system
of biorthogonal locally supported kernels. The method is built in such a way
that any dual locally supported kernel is a linear combination of the interme-
diate kernels with unknowns coefficients. Numerically, the coefficients within
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the linear combination can be found by solving a moderate linear system of
equations (about 15-25 equations) for each dual kernel.

Chapter 5 is devoted to a new type of spherical wavelets based on the biorthog-
onal locally supported zonal kernels. These wavelets can be constructed on a
hierarchical grid like the Kurihara grid, the block grid (cf. [43]) or the so-
called HEALPix (see, e.g., [50]). In this thesis, however, we only focus on the
wavelets constructed on the block grid. Three kinds of wavelets associated
with three directions (east-west, north-south and diagonal) are discussed. A
multiresolution analysis for the finite dimensional space spanned by the scaling
functions at the scale zero is developed. The chapter ends with examples of
the fast wavelet transforms for two trial functions.

Finally, in Chapter 6 we summarize the results obtained throughout this thesis
and sketch an outlook for further work and challenges.






Chapter 1

Preliminaries

In this chapter, we briefly introduce the notation required in this work. We
review the basic facts which are necessary to motivate and state the main parts
of this thesis. For notation and more details, the reader is referred to [34] and
the literature therein.

1.1 Notation

We denote the sets of positive integers, integers, and real numbers by N, Z,
and R, respectively. The set of all non-negative integer numbers is denoted by
Ny. Let R3 denote the three-dimensional Euclidean space. We use z,, 2, . . .
to represent the elements of R3.

Let €', €2, &3 be the canonical orthonormal basis in R3:

1 0 0
e=fo|. =11 =)0
0 0 1

If 2,y € R® with = (21, 29, 23)7 and y = (y1, ¥2, y3)T, then x - y represents
the Euclidean inner product, and x A y denotes the vector product. Moreover,
the Euclidean norm of x is denoted by |z|. In detail,

x~y:xT-y:x1y1+x2y2+x3y3,
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)

T ANy = (Tays — T3Y2, T3Y1 — T1Y3, T1Y2 — xzyl)T

|z| = Vo -z =2} + 23 + 23

The unit sphere around the origin in R? is denoted by Q. We use the Greek
alphabet &, 7, ... to specify the points of the unit sphere  in R3. Any point
¢ € Q) can be parameterized by spherical coordinates as follows:

sin ¥ cos ¢
§=| sindsing |, »e€l0,2m), Je€0,7] (1.1)
cos v

Using the standard notation ¢ = cos ¢, ¥ € [0, 7], we find
€ =1 —t2(cos pe* +sinpe?) + 3, te[-1,1], p€0,2m). (1.2)

For later use, we introduce local polar coordinates by using the unit vectors
e", % and €' = —¢Y. Usually, this system also refers to a local moving triad
on the unit sphere . As is well-known, the relation between the local polar
coordinates and the standard spherical coordinates on the unit sphere € is

explicitly given by

V1—1t2cosp
e(pt)=| VI—#sing |, (1.3)
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where ¢ € [0,27) and ¢ € [—1, 1] with ¢ = cos?) according to (1.1).

In the following, we briefly introduce some differential operators. A more
detailed description of these operators can be found in [34] and [38]. The
gradient operator is given by

0 0 o\’
vx—(%, 2 8x3), (1.6)

and its representation in local polar coordinates x = r&, & € €, is known to

be

o 1_.
Vo= o6+ -V, (1.7)

where V* denotes the surface gradient of the 2. Its representation in local
polar coordinates x = r¢, £ € €1, is given by
1 0 0

— 41— P (1.8)

* o
Ve=e = 5%

Another important differential operator is the Laplace operator A in R? defined
in Cartesian coordinates by

R R I

It can be written in terms of polar coordinates as follows:

a\? 20 1
A== -— + =A, 1.1
(87") + ror * r2 (1.10)
where Af is the Beltrami operator on the unit sphere 2 at the point &:
0 0 1 [0
Af=—(1-)=+—- (=] . 1.11
€= a1 TR (agp) (1.11)

Next, we introduce the operator L}, i.e., the surface curl gradient on the unit
sphere 2 at &, as follows:

0 1 0
Lf=—e?V1—-t2— 4t —. 1.12
¢ c t8t+€\/1—t28g0 (1.12)
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Symbol Differential operator

V. Gradient operator at x

A, =V, -V, Laplace operator at x

Vi Surface gradient on €2 at &

L =& N Vg Surface curl gradient on €2 at £

Af =Vi-Vi=L;-L; | Beltrami operator on {2 at {

\VAR Surface divergence on 2 at &

L. Surface curl on €2 at £

Table 1.1: Differential operators

In Table 1.1, we summarized those differential operators (in coordinate free
representation) which are needed in this thesis.

We use capital letters F, G,...for scalar functions and C®)(Q),0 < k < oo,
for the space of scaler functions F' : 2 — R possessing k£ times continuous
derivatives on the unit sphere Q. In particular, C(Q)(= C©(Q)) is the set
of all scalar-valued continuous functions on €. As is well-known, C(Q) is a
normed space equipped with the norm

| Flleqy =sup | F(§) ] - (1.13)
e

The space L£7(2) is the set of all measurable functions F' : 2 — R such that
the quantity

1/p
Hmem::(lﬂF@npmmo) R (1.14)

is finite. The space £2(€2) is a Hilbert space with respect to the inner product
given by

(F.G)erey = | FIOGO) dotc). (1.15)

L£%(Q) is the completion of C(2) with respect to || - ||z2(q), that is

£2(Q) — WH‘“gQ(Q)' (116)



1.2. Polynomials 17

For convenience, X () denotes either the space C(2) or £*(2) with the corre-
sponding inner product.

1.2 Polynomials

In this section we state some important properties of the Legendre polynomials
and the Gegenbauer (ultraspherical) polynomials. Both of them can be con-
sidered as special cases of the Jacobi polynomials (see, e.g., [57] or [100]). In
addition, we introduce the scalar spherical harmonics. Some of the most im-
portant results of the scalar spherical harmonics are mentioned. More details
about spherical harmonics can be found, e.g., in [21], [62], and [100].

We begin our considerations with the Legendre polynomials.

1.2.1 Legendre Polynomials

As mentioned before, Legendre polynomials are special cases of the Jacobi
polynomials pieP) by letting a = 5 = 0 (For more details see, e.g., [62]). The
Legendre polynomial can be uniquely determined by the following properties:

e P,, n € Ny, is a polynomial of degree n on the interval [—1, 1],

o fjl P, (t)Py(t) dt = 0 for n # m, n,m € Ny,

e P,(1)=1forall n € Ny.

The second property guarantees that the Legendre polynomials are orthogonal.
Note that they are not orthonormal, since we have

1
2
P,(t)P,,(t) dv = ——— 9, , Ng,
/1 (6Pn(t) do = 5" n,m € Ny

where 0,,,,, is the Kronecker symbol defined by

1, for n=m
Onm = ) (1.17)
0, for n#m
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We denote the orthonormal Legendre polynomials by Py, i.e.,

2 1
Pr(t) = ”; P.(t), neN,.

In other words, the system {P’},—o;. . forms an orthonormal system with

respect to the inner product in £2[—1,1],

1

(Pys P)cz-11) = / P (z) P} (z) dz = dpm-
—1

There is another way to define the Legendre polynomials by using the longitude
independent part of the Beltrami operator (1.11). The longitude independent
part of the Beltrami operator which is referred to the Legendre operator L, is

defined by:
d

d
_E(

Ly 1—t%)—. (1.18)

The Legendre polynomials P, : [—1,1] — R of degree n, n € N, are uniquely
defined as the infinitely often differentiable eigenfunctions of the Legendre
operator L; corresponding to the eigenvalues —n(n + 1), that is

(L + n(n+1))P,(t) =0, te[-1,1],
which satisfy P,(1) = 1.

It can be shown that the Legendre polynomials satisfy the Rodriguez formula:

1 d\"
P,(t) = — ) #-1" 1.1
0= (3) -1 (1.19)
Based on this formula, it can be seen that the following relations are valid for
n>1te[-1,1] (cf, eg., [34]):

t

(2n + 1)/ P.(z) de = P,y1(t) — Po_1(2) (1.20)
1

Ply(t) — tP(1) = (n+ P, (1), (1.21)

(t* — 1)P.(t) = ntP,(t) — nP,_1(t), (1.22)
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(n+1)P1(t) + nP,_1(t) — (2n + 1)tP,(t) = 0. (1.23)

Recall that by using the recursive formula (1.23) and the two first Legendre
polynomials, Py(t) = 1, Py(t) = t, it is also possible to introduce the Legendre
polynomials.

From the Rodriguez formula (1.19) we obtain

“1)E2n - 2K)
Pt = g0 k!((n—)l(c)!(n—Q)k)!t (1.24)

n> (2n - 2k;> - (1.25)

where |r] is the floor function that gives the largest integer less than or equal
to r. In (1.24) by setting t = cos? we obtain

I
[\
:l"
s
ML
g
|
—_
S~—
=
7 N\
o~

| P, (cos )] zi kX/: ( > (2" - %) = P,(cos0) =1, (1.26)

therefore, for n € Ny, it follows that

[P.(t)] <1, —1<t<1. (1.27)

From (1.24), it is clear that the Legendre polynomial P,(t) is an even function
if n is even, and is an odd function if n is odd, i.e.,

P,(—t) = (=1)"P,(¢), n € N. (1.28)
The set {P,}nen, is complete in £2[—1,1] with respect to || - ||z2j—1,;) and
closed in the space of all continuous functions on the interval [—1, 1], C[—1, 1],
with respect to || - |le-1,1- By virtue of the completeness and the orthogonal-

ity properties of the Legendre polynomials, the Legendre polynomials can be
interpreted as a basis in £2[—1, 1] as follows:
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If F is any function of class £2[—1, 1], then the Legendre series of the function
F'is given by

—2n + 1
F=Y ”; FNn)P,, (1.29)
where F*(n) is the Legendre coefficient of function F' given by

F/\(n) = (F, Pn)L2[_171} =27 /1 F(t)Pn<t) dt, n € Ng. (130)

-1

Note that, the equality in the relation (1.29) is in the £*[—1, 1]-sense, i.e.,

=0. (1.31)
£2[-1,1]

lim
N—oo

N
2n+1
F-Y" 5 ()P,

n=0

It should be mentioned that the equality in the relation (1.29) is not guaranteed

for all F' € £P[—1,1] with p € [1,00]\(5,4). For more details, see, e.g., [34].

An another method to characterize the Legendre polynomials is the following
generating series expansion:

VI—2rt+ 2 ZTTLP (1.32)
where r € (—1,1) and ¢ € [-1,1].

The following relation, is known as Abel-Poisson kernel, is obtained by the
differentiation of (1.32) with respect tor, |r| <1, || <1

1 1— = on+1
A o El Yy (1.33)

dm (1—2rt +1r2)2 — Ar

For later use, we introduce a class of functions in £2[—1, 1] which can be derived
from the Legendre polynomials.

Definition 1.2.1 (Associated Legendre Functions)
Let n,m € Ny and m < n. The function

P = (1= (5) @ =2 (5) R,
(1.34)



1.2. Polynomials 21

is called the associated Legendre function of degree n and order m.

The associated Legendre functions with negative orders are defined as follows:

(n+m)!

Po(t) = (—1)™ Pum(t), n.m €N, (1.35)

(n—m)
As we mentioned before, for a fixed m the associated Legendre functions are

orthogonal but not orthonormal in £2[—1,1], i.e.,

2 (n—i—m)!(s
m+1(n—m) "

(Prms Pim)c2j-11) = m < n,l. (1.36)

We denote the orthonormal associated Legendre functions by PF, | i.e.,

n,m?

Prnlt) = \/ T Bun(®), m<n, (17

thus, we have

(P* Pl* )Ez[fl,l] = 5nl7 m < n, .

n,m’* l,m

Finally, we mention the relation between the associated Legendre functions
and the Gegenbauer polynomials (see Section 1.2.2)

m)!
gy (

m 1
2

Pom(t) = (—1)™ —) 2Oz, m<n, (1.38)

for n,m € Ny. More details about the associated Legendre functions and
especially the definition of P, ,, with unrestricted p and v can be found in, e.g.,
[62].

1.2.2 Gegenbauer Polynomials

Gegenbauer polynomials C}(t) are special cases of the Jacobi polynomials
pled) (see, e.g., [2], [100]) by letting a = =\ — % under the normalization

CN1) = <n+2)\—l)’

N (1.39)
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where \ > —%. The Gegenbauer polynomials are also called ultraspherical

polynomials.

The Gegenbauer polynomials can be directly introduced by the expansion

Z C\(t) (1.40)

(1—27’t+r

If A = 0 then C}t) = 0. The Gegenbauer polynomials are orthogonal with

respect to the weight function (1 — tQ)A_% when A\ > —1. The orthogonality

2
relation for A > —% reads as follows:

/_11 CMOCA () (1 =22 dt = %0@(1) Spms A#0.  (1.41)

The tree-term recurrence relation for the Gegenbauer polynomial is given by
nOMt) = 2(n+ X —=1)tC>_ (1) + (n+ 2\ — 2)C5_,(t) = 0, (1.42)
for n > 2 and C}(t) = 1, C}M(t) = 2\t.

It is well known that the Gegenbauer polynomials are a solution of the following
differential equation

2
(1 4%% — 2\ + 1)% +n(n+2\)y = 0. (1.43)
If t € [-1,1] and A > 0, then
[Ca(t)] < C(1). (1.44)

If T,,(t) denotes the Chebyshev polynomial of the first kind (see, e.g., [62],[1])
then we have
at)
lim —/—=

lim 3y = Tnlt) (1.45)

Formulas for the integral and the derivative of the Gegenbauer polynomials
are

2n ) [CO A = O -0, (1.46)
[ - et (1.47)
—dCA(t) = 200 (1). (1.48)
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Finally, the relation between the Gegenbauer polynomials and the associated
Legendre functions (see Section 1.2.1) is known to be

1A
n+2\—1 1. /t2—1\* 2 1,
CMt) = ( . )F(A+ 5) ( 1 ) P;H_%(t) (1.49)
Especially, if A = %, then we have
1
C3(t) = P,(t), teR. (1.50)

1.2.3 Spherical Harmonics

This section is devoted to the definition of spherical harmonics and the recapit-
ulation of their main properties. There are various ways to introduce spherical
harmonics. The standard way to introduce spherical harmonics is the restric-
tion of homogeneous harmonic polynomial to the sphere © (cf. [34]). For
more details and further references to the literature, see [34], [70], [71] and the
references therein.

Let H, be a homogeneous polynomial of degree n in R3 i.e.,
H,(\z) = \"H,(z), zcR} XcR,

Furthermore, let H,, be harmonic, that is H,, satisfies the Laplace differential
equation

A H,(z) =0, zcR>

Then the set of all homogeneous harmonic polynomial of degree n is denoted
by Harm,(R?). The dimension of Harm,,(R?) is known to be 2n + 1.

Definition 1.2.2 (Spherical Harmonics)

Let H, be in Harm,(R3). The restriction Y,, = H,|q is called a spherical
harmonic of degree n. The space of all spherical harmonics of degree n is
denoted by Harm,,(2).
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Suppose that H, € Harm,(R?) and H,, € Harm,,(R3). By Green theorem
we have

0 = / (o () Ay Hon () — Hy(2) A Ho(2) da
[lz]|<1

- /Q<Hn(g)%ﬂm(ré)—Hm(ﬁ)%ﬂn(%))

= (n-m) / V(€)Y (€) du(€).

dw(§)

r=1

Thus, it is clear that spherical harmonics of different degrees are orthogonal in
the sense of the £2(2)—inner product. The dimension of Harm,,(Q) is equal
to the dimension of Harm,(R?), i.e., dim(Harm,())) = 2n + 1. Note that
any polynomial in R?® with degree < n, n € Ny restricted to the sphere
can be decomposed into a direct sum of the spherical harmonics of degrees
i, © = 0,...,n. If we denote the space of all spherical harmonics of degree

.....

have

-----

L£2(Q) can be decomposed into a direct sum of the spaces of spherical harmon-
ics. This fact will be discussed in detail later in the fundamental theorem of
spherical harmonic expansions.

An explicit formula for an orthonormal basis of the space Harm, () with
respect to (-,-)2(q) is presented in the following definition.

Definition 1.2.3 (Orthonormal Spherical Harmonics)
Let n € Ny and k € Z with —n < k <n. The function

Py i(cos)cos(kp), k>0
1

(1 + o) (1:52)

Yn,k (5) =
Py (cosd) sin(|klp), k<0
is called the normalized spherical harmonic of degree n and order k, where

Y € [0,7] and ¢ € [0,27) are the spherical coordinates of £ € 2 and P** are
the normalized associated Legendre functions defined in (1.37).
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From now on, we denote an orthonormal basis of the space Harm,(2) with
respect to (-, )2 by {Yarte .-

-----

Obviously, Harm, () is the eigenspace of the Beltrami operator Af as defined
in (1.11) corresponding to the eigenvalues (A*)"(n) = —n(n + 1), i.e.,

(A = (AN ()Ya(€) =0,  €€Q, Y, € Harm,(9).
The sequence {(A*)"(n)},_ ;. is called the spherical symbol of the Beltrami
operator.

Next, we state the addition theorem for spherical harmonics. This theorem is
a bridge between the Legendre polynomials and the spherical harmonics.

Theorem 1.2.4 (Addition Theorem)

-----

of degree n with respect to (-,-) 2, and let P, be the Legendre polynomial of
degree m. Then, for all £&,n € €,

= 2n + 1
S VaklYar(n) = == Pal€ ). (153)
k=—n
An immediate consequence is
a 2n + 1
Y, ? = : 1.54
> anl€) = = (1.54)

k=—n

In the following the Funk-Hecke Formula is presented. This formula yields
a connection between the integral over the surface of the sphere €2 and the
integral over the interval [—1,1].

Theorem 1.2.5 (Funk-Hecke formula)
Let G € £'[—1,1] and let P, be the Legendre polynomial. Then, for all £,m € §
and n € Ny,

[ 66 OP-¢) dw(O) = G (e ) (1.55)
where G™(n) is the Legendre coefficient of G, i.e.,

Gm(n)::(G%}%)ﬁﬂ_Lu.
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As a useful result of Funk-Hecke formula, we mention

/Q G(E - mYaln) dw(n) = CAW)Ya(6), Yo € Harmo(),  (L56)

for all £ € Q. The relation (1.56) leads us the concept of spherical convolutions,
see, e.g., [11] or [34].

Definition 1.2.6 (Spherical Convolution)
Assume that F' € £2(Q) and G € £%[—1,1]. Then the function

(F+G)(€) = / G(e - mF@) dwln),  £€Q. (157)

is called the spherical convolution of F and G.

We can rewrite (1.56) by using the spherical convolution as follows:
(G *Y,)(&) = G "(n)Yn(§), G €L ~1,1], Y, € Harm,(Q), £ € Q. (1.58)

For later use, we define the spherical convolution of a function with itself as
follows:

Definition 1.2.7 (Iterated Spherical Convolution)
Assume that G € £2[—1,1]. The spherical convolution of function G' with
itself is denoted by G® and defined by

GP(E- 0= (G O)E- O = [ GEnG- dutn), € Cen (159)
Q
and the k' iterated spherical convolution of G is denoted and defined by

GW(E- Q) =(GxGF )¢ () = / G nG* V- dw(n), & (e,

Q
(1.60)
for k =3,4,....

Clearly, it follows that

(G ) = (G (n))*, n=0,1,..., k=2,3,.... (1.61)
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Remark 1.2.8

It should be noted that the concept of a spherical convolution (1.57) is funda-
mental for the theory of singular integrals that will be introduced in Section
1.4, and the singular integrals form the essential concept of spherical wavelets

(cf., e.g., [40], [46], [47], [48], [108], [35], and [92]).

,,,,,

for each F' € C(Q2) and any € > 0 there exist numbers N, and d,, j such that

N¢ n
PW_'ZE: 2{: dmky%k

n=0 k=—n

<e. (1.62)

c(Q)

F= i i FriYor, (1.63)
n=0 k=—n

for all F' € £2(Q) with respect to || - [|z2(), where F, is called (spherical)
Fourier coefficients of F

Fus = [ F)Yautn) do(n). (164
Q
The relation (1.63) is called the orthogonal expansion (or the Fourier expansion
in terms of spherical harmonics) of F'.

Most of the aforementioned results are summarized in the fundamental theorem
of spherical harmonic expansions (cf. [34]):

Theorem 1.2.9 (Fundamental Theorem of Spherical Harmonic Expansions)
The following seven statements are equivalent:

-----

2. The orthogonal expansion of any F € L*(Q) converges in the L*(2)—norm
to I, i.e.,

lim
N—oo

I
e

N n
F=Y"Y FuYax

n=0 k=—n

£2(Q)
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3. Parseval’s identity holds, that is

[e.9]

1F N 220y = (F, F)20) = Z (F,Yop) 2|
0k=—n

for all F € L*(Q).

4. The extended Parseval’s identity holds, i.e.,

FG£2Q) Zanank

n=0 k=—n
holds for all F,G € L*(Q).

5. There is no strictly larger orthonormal system containing the orthonor-
mal system {Y,, ktke—n.. n, 1 € Np.

6. The system {Yy ktk=—n.. n, n € No has the completeness property, i.e., if
F e £2(Q) and F,, =0 for alln € Ng and k = —n,...,n, then F = 0.

7. Any element F € L%(Q) is uniquely determined by its (spherical) Fourier
coefficients. That means if F,, ;, = G for alln € Ng and k = —n, ..., n,

then F'=G.
Proof:
See any monograph on functional analysis, for example, [21]. O

1.3 Sobolev Spaces and Pseudodifferential Op-
erators

In this section, we discuss pseudodifferential operators and their so-called na-
tive spaces. Pseudodifferential operators are generalizations of differential and
integral operators. To specify the reference spaces of the pseudodifferential
operators, i.e., the Sobolev spaces, there are at least two approaches. The first
approach is based on the fact that the sphere 2 is a two-dimensional differen-
tiable manifold. By using this approach one can define the Sobolev spaces on
an open subset of the sphere €2, too. For details on the Euclidian case, see,
e.g., [b3] and for the spherical case see, e.g., [98]. The second one is based
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on the Fourier theory. This approach, in our nomenclature, is much easier
than the first one. Therefore, we use the second approach to introduce the
Sobolev spaces on the sphere . Our presentation owes much to [27], [29], [34]
and [32] for the extension to the harmonic case. These papers and textbooks
develop, in a considerably accurate way, the Sobolev spaces and the pseudod-
ifferential operators on the sphere €2 and provide their application preferably
in geosciences.

To introduce the Sobolev spaces, let {A,} be a sequence of real numbers with
A, # 0foralln € Ny. Consider the set £({A4,}; ) of all functions F' € C(*)(Q)

of the form

F’::EE: j{: F%k}%$>

n=0 k=—n
satisfying
YD) AR <o (1.65)
n=0 k=—n

We impose an inner product (-, -)({a,}:0) on the space £({A,};(2) defined by

(F.G)nggany = D Y A2F ;G- (1.66)
n=0 k=—n

The associated norm is given by

00 n lﬂ
IF N rgan0) = (Z > AiEf,z:) : (1.67)

n=0 k=—n

The Sobolev space is now introduced as follows:

Definition 1.3.1 (Sobolev Spaces)
The Sobolev space H({A,}; ) is the completion of £({A,}; ) under the norm
defined in (1.67), i.e.,

H(A) ) = ST e,
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Of course, H({A,};€) with the inner product given by (1.66) is a Hilbert
space. For convenience, we will simply write

H.() :H({ (m%) Q}) sER. (1.68)

The relation between the norm in H,(€2) and £2(Q2)-norm is given by

* 1 2
1152, 0y = 1=A"+ )2 Fllz2(a)- (1.69)

In particular, we have Ho(Q) = H({1};Q) = £3(Q2). Furthermore, if ¢t < s
then H,(2) C H,(Q2) and [[Flly, @) < [|F]

Hs(2)-

The next lemma states that under certain circumstances we are still dealing
with continuous functions. In order to explain this result we need, as proposed
in [34], the concept of summable sequences.

Definition 1.3.2 (Summable Sequences)
A sequence {A;, }nen, is called summable if

= 2n+1
> o < (1.70)
neN(4y) n

where NV (A4,) is the set of all n € Ny such that A, # 0.

Lemma 1.3.3 (Sobolev Lemma)

Let {A,} be summable. Then any F' € H({A,}; Q) corresponds to a continuous
function on Q. If, further, F € Hs(Y) for s > k+ 1, then F' corresponds to a
function of class CF)(Q).

For more details on Sobolev spaces and the proof of the Sobolev Lemma,
see [34] for the spherical case and [32] for the case of harmonic functions
inside/outside a sphere.

In connection to Sobolev spaces, we introduce (invariant) pseudodifferential
operators.

Definition 1.3.4 (Pseudodifferential Operators)
Let {A,}nen, be a sequence of real numbers. The operator A : H () —
H;—+(£2) defined by

AF = i 2”: AnForYur, (1.71)

n=0 k=—n
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is called a pseudodifferential operator of order t, if

A
lim | ”|1 = const # 0, (1.72)

for some t € R. The sequence {A,, },en, is called the symbol of A. Moreover,
if the limit relation

A
TR 1 (1.73)

n—o0 (n + %)t -
holds for all £ € R, then the operator A : H,(Q) — C(Q) is called a
pseudodifferential operator of order —oo.

It should be mentioned that the equality in (1.71) is understood in the Hs_4(£2)-
topology.

Some interesting properties of the pseudodifferential operators are valid:

(NM+ A", =N, +AN!, neNg, (1.74)
(NA"), =N A neNg. (1.75)

In addition, we have
AY,r =AY, n=0,1,...,5=1,...,2n+1. (1.76)

The property (1.76) states that the symbol of an pseudodifferential operator
as defined by Definition 1.3.4 is independent of the order of the spherical
harmonic Y, x, i.e., for an arbitrary but fixed n € Ny we have A, = A, for
k=-n,...,n.

Remark 1.3.5
Because of the property (1.76), we sometimes call an operator A in Definition
1.3.4 the invariant pseudodifferential operator.

Finally, we mention that for all invertible operators A on H(2), i.e., A, # 0
for all n € Ny, we have

[ Ee(tanany) = [AF |1gra,y0),  F € H{AL ALY Q). (1.77)

In this case, we have H({A,A,}; Q) = A7"H({A,};Q). A more detailed dis-
cussion on the pseudodifferential operators on the sphere €2 can be found in
[34], [16], and [17].
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1.4 Spherical Singular Integrals

As we already stated in Subsection 1.2.3 the concept of the spherical convolu-
tion (1.2.6) enables us to introduce a powerful tool in approximation theory,
the so-called spherical singular integrals (cf., e.g., [8] and [34]).

Definition 1.4.1 (Spherical Singular Integrals)

Let {Kp}he(-1,1) be a family of functions in X(§2) satisfying the conditions
K}(0) =1forall h € (—1,1). The bounded linear operator I, : X(2) — X(Q)
given by

L(F) =Ky F, FeX(Q), (1.78)

is called a spherical singular integral and {1}, }ne(—1,1) is called a family of spher-
ical singular integrals in X'(Q2) and { K}, }re(—1,1) is called a family of kernels of
the spherical singular integrals.

Definition 1.4.2 (Spherical Approximate Identity)
Assume that {I;}re(—11) is a family of spherical singular integrals in X'(2).
Then {I,}re(—1,) is called an approximate Identity in X'(Q) if

Tim [[1,(F) = Flae) = 0, (1.79)

for all F' € X(Q).

Recall that in Definition 1.4.1 and Definition 1.4.2, if {Kj}ne(—1,1) C L'[—1,1]
then X (Q) = C(Q), and if {K}}he—1,1) C L*[—1,1] then X (Q) = L3(Q).

The following theorem presents a necessary and sufficient condition for a spher-
ical singular integral to be an approximate identity.

Theorem 1.4.3

Let {Kp}he—1,1) be a family of kernels of singular integrals {Ip}ne—1,1) in
X (). Assume that {Kp}re(—1,1) is uniformly bounded, i.e., there is a con-
stant M, independent of h, such that

27r/1 Ky dt< M, he(—1,1). (1.80)
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Then {In}he(-1,1) s an approxzimate identity in X (Q) if and only if

lim Kj'(n) =1, n € N. (1.81)

h—1—

Proof:
If {In}he(—1,1) is an approximate identity in X'(€2), then (1.79) holds for every
F € X(Q), especially for all spherical harmonics Y,, of degree n:

i [[1,(Y,) = Yalla =0, ne€No. (1.82)

By the Funk-Hecke formula we have

L(Ya)(§) = K (m)Ya(§), €9, (1.83)
thus
0= tim 1(%) ~ Yallw = lim [Kp(0) 1] [Vallwo. n € No. (189
Because ||Y,||x@) # 0 for all Y,, # 0, n € Ny, it follows that limj_,;- f(ﬁ(n) =
1, n € Np.

Conversely, suppose that (1.81) holds true. To prove that {Ij}ne(—1,1) is an
approximate identity in X' (£2) we have to consider two cases as follows:

Case 1: {Kh}he(—l,l) C ,Cl[—l, 1]

Let Y,, be an arbitrary spherical harmonic of degree n € Ny. Then similar to
(1.84) we have

T [[1,(Y;) = Yallewo) = lim K7 (n) = 1] [Vallewo =0, n €Ny (185)

Suppose F' € C({?) is arbitrary. Let £ > 0 be given. By the triangle inequality,
we have

1F = Irlle@) < 1F = Lelley + 1L — In(Lr)lleq) + 11n(Lr) = In(F)lle -
(1.86)

.....

(1.62)), then there exists a linear combination

N¢ n
L= dutYns (1.87)

n=0 k=—n
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such that
€

3" 3M 3
where M is the constant given in (1.80). Therefore, the first summand in
(1.86) can be estimated by /3.

I1F = Lrllegy < mzn{ (1.88)

Now, let

C= max |dy ks

then because of (1.85) there exists some hy such that for all h € [hg, 1), we
have

£
10 (Yor) = Yarlle)

< - =0,....,N., k=-n,...,n. (1.89
_3C<N€+1>2’ n Y ) n n ( )

Hence, for the second summand in (1.86), we get

|Lp = In(Lp)lle@) < Z Z | ke[ 10 (Yok) = Yaklle) <

n=0 k=—n

(1.90)

oo|m

Finally, to estimate the last summand in (1.86), we observe the uniform bound-
edness of { K}, }re(—1,1) as follows:

[ 1n(LF)(€) = In(F) ey = n(Lr — F)llc@)
[ Kn* (Lr — F)lle@

< |Lr = Fllew 1Kl 11,0
1
= Lp — Fllgy 2 / ()] de
-1
£ 19
< —M=c
- 3M 3

Case 2: {Kh}he(—l,l) C £2[—1, 1]

From the uniform boundedness of { K}, }re(—1,1) and (1.27) it follows that

o / 11 Ky(t) Pa(t) dt’

1
< 2m [ [Ku(¥)] [Pa(2)] dt
1

Ky (n)| =

1
< 27T/ \Ku(t)] dt < M,
-1
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for all h € (—1,1) and for all n € Ny. Therefore,

1F" = In(F) | 22 = Z Z (1 - Ky (n < (M + 1*[[F |22,

n=0 k=—n

for all h € (—1,1) and for all F' € £3(Q). Since the upper bound (M + 1) of
|1 — K;'(n)| is independent of h, in other words, the lim, ;- and the series
may be interchanged,

1
2
Jim (|F = 1(F)lle2() = (Z > Jim (1 — K, (n)) F3k> =0

n=0 k=—n

for all F € L*(Q). O
We point out that for the non-negative kernels {Kj}ne(—1,1) the condition
K}(0) =1 implies that M =1 in (1.80).

The following theorem lists the equivalent conditions for an approximate iden-
tity with non-negative kernels.

Theorem 1.4.4

Let {Kp}he(-11) be a family of non-negative kernels in X () with K} (0) = 1.
Suppose that {Iy}re(-1,) s the spherical singular integral corresponding to the
kernels {Kh}he(—l,l)- Then the following statements are equivalent:

(1) {In}he(-1,1) s an approzimate identity.

(i1) limy, ;- Kj)(n) =1 n e Ny.

(iii) limy_i- K1) = 1.

() {Kn}he(-1,) satisfies the “localization property”:

5
lim Kp(t)ydt =0, foralldo e (—1,1).

h—1— -1

Proof:
See [35] or [40]. O
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In this work, we call the non-negative family of functions { K} }re(—1,1) which
satisfy one of the condition (i)-(iv), as stated in Theorem 1.4.4, a family of scal-
ing functions in X'(€2). In other words, a family of scaling functions generates
a family of approximate identity operators.



Chapter 2

Multiscale Approximation by
Locally Supported Zonal
Kernels

During the last decades, many geoscientists have been using satellites to gather
data from the Earth. These scientific satellites collect a huge amount of data
and send them stations on the Earth’s surface. This information must be
analyzed. There are various methods to analyze these data, and clearly the
specification of an adequate method to analyze these data is very important
(see, e.g., [32] for the determination of the gravity field). For example, consider
the problem of constructing a smooth function over the sphere which interpo-
lates a set of scattered points with associated real values. In other words,
given a set Xy = {&,...,&n} of distinct points on the sphere {2 and a target
function F' : 0 — R, the problem is to find an interpolant S : Q2 — R such
that

S(E)=F(&), i=1,...,N. (2.1)

There are different approaches to find the solution of this interpolation prob-
lem. One of the most powerful and popular tools used to find an interpolant
S that satisfies the interpolation conditions (2.1) is the radial basis functions
(RBF) approach for the sphere, and this is the main topic of this chapter
(note that in first approximation the Earth’s surface may be understood to be
spherical).
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2.1 Spherical Radial Basis Functions

A radial function, say ¥ : R — R, depends only on the distance between
two elements of R?. In other words, ¥ : R — R is a radial function, when
U(z) = (d(x,z)), where ¢ : RT — R and d is a metric on R? e.g., the
Euclidean metric on R? (for more details about metrics and metric spaces, see,
e.g., [83]). From the geometric point of view, a radial function ¥ in R? can
be generated by rotating the graph of a one-dimensional function ¢ : Rt — R
around the axis x = 0.

In this work, we are interested in the concept of spherical radial basis functions
(SRBF). We call the function ® : Q@ — R a spherical radial function, if ®
depends on the geodetic distance of two points on the sphere €2, where the
geodetic distance is defined as follows:

Definition 2.1.1 (Geodetic Distance (Metric))
The function d : Q* — [0, 7], given by

d(&,n) =cos '(&-m), &ne, (22)

is called the geodetic distance (metric).

Remark 2.1.2
It should be mentioned that because of the equation

the restriction of a radial function to the sphere €2 is a spherical radial function,
and vice versa.

Definition 2.1.3 (Zonal Function)
For given ¢ : [-1, 1] — R, the function of the form K : 2 — R defined by

Ke(m)=o(&-n), neq,
is called a &-zonal function on ).
It should be mentioned that because of Remark 2.1.2; if ¢ € () is fixed, then

each spherical radial function is a zonal function on the sphere €2, and vice
versa.



2.1. Spherical Radial Basis Functions 39

Usually, the interpolant S in the SRBF approach is chosen to be a linear
combination of translates (rotations) of a zonal function, i.e.,

S(€) = Zm(g &), £€qQ, (2.4)

where ¢ is a zonal kernel on 2 and p; are unknowns. If we apply the inter-
polation conditions (2.1) to (2.4) then we get the following linear system of
equations:

Ap=hb, (2.5)
where
H1 F(&)
F
A c RV = e e R>N b= (&) c RN, (2.6)
UN F(&n)

The matrix A is sometimes called the interpolation matrix and its elements
are given by
a; =& &), &, & € Xy C (2.7)

To find uniquely determined unknowns p;, j =1,..., N, in (2.4), the interpo-
lation matrix A should be non-singular. The non-singularity of A is dependent
on

e the position of points Xy on the sphere (2
e the special choice of the zonal kernel ¢.
If for a given zonal kernel, there is a system of points Xy such that the in-

terpolation matrix A is non-singular then this system of points is called the
fundamental system of points relative to the space

V =span {¢(&-), i=1,...,N}. (2.8)

In addition, if a system of points contains a fundamental system of points
relative to the space V' then the interpolation problem is clearly solvable. Such
a system of points that contains a fundamental system of points relative to the
space V is called an admissible system of points relative to the space V.
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Fundamental systems of points relative to Harmy_. , have been investigated
by several authors. For example, Xu [110], [111] has provided some fundamen-
. Further work about specifying
» can be found in [114] and

tal systems of points relatlve to H armo

[25].

As we mentioned before, the solvability (2.5) is dependent on the choice of
the zonal kernel function. In the next section, we will characterize suitable
functions to be used in interpolation in more detail.

2.2 Positive Definiteness of Locally Supported
Kernel Functions

Schonenberg [89] in 1942 investigated the property of kernel functions on the
sphere such that the interpolation problem (2.5) is solvable. His work is based
on the orthogonal expansion of the zonal function in terms of the Gegenbauer
(ultraspherical) polynomials. Because the Legendre polynomials are easier to
handle and much more known tools than the Gegenbauer polynomials, we shall
use the orthogonal expansion of the zonal function in terms of the Legendre
polynomials.

If K € £?[—1,1], then the zonal function K¢ given by n — K¢(n) = K(£-n)
is in £%(Q). Therefore, by Theorem 1.2.9, we have

=D D Kimk)Yur(n), neq. (2.9)

n=0 k=—n

By the Funk-Hecke formula, we have
K¢ (n, k) = KL (n)Yar(n), 1€, (2.10)

where

/ K£ 5 77) dw = 27T/ (b t, ne& No. (211)

After substituting (2.10) in (2.9) and applying the addition theorem (Theorem
1.2.4), we obtain

Ket) = 3 2k pen). weo (2.12)
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Obviously, the function in terms of Legendre polynomials reads as follows:

o0

o) =3 2”4; LormPa(), tel-1,1]. (2.13)

n=0

Now, we are able to define (strictly) positive definite functions.

Definition 2.2.1 (Positive Definite Function)

A continuous function ¢ : [—1,1] — R is said to be positive definite (PD) on
the sphere Q if, for any set Xy = {&;,...,&x} of distinct points on the sphere
Q and an arbitrary vector g = (p1, ..., un)7, the quadratic form

P A=Y (& - &) (2.14)

i=1 j=1

is non-negative.

Definition 2.2.2 (Strictly Positive Definite Function)

A continuous function ¢ : [—1,1] — R is said to be strictly positive definite
(SPD) on the sphere 2 if, for any set Xy = {&1,...,&n} of distinct points on
the sphere Q and an arbitrary non-zero vector p = (uy, ..., un)?, the quadratic
form

N N
pPAL = o - &) (2.15)

i=1 j=1

is positive.

Remark 2.2.3 (Native Space of (S)PD Function)

A (strictly) positive definite function can be considered as the reproducing
kernel of a uniquely determined Hilbert space (this is a theorem by Aronszajn
[5, Sec. 2|, although he ascribed it to Moore [69]). We call the Hilbert space
associated with the (strictly) positive definite function ¢ as the native space
of ¢, and denote it by N,.

Sometimes we would like to point out that if the interpolation data of F' in
(2.1) come from a spherical harmonic of degree < m then the interpolant S be
exactly equivalent to F' in every point on the sphere €2 (see, e.g., [27]). In other
words, we would like that S has the polynomial precision of order m. In such
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a case, we usually add to S in (2.4) a spherical harmonic from Harmy__,(€2),
ie.,

Zuﬂb& &) +sznkYnk . feq, (2.16)
n=0 k=—n

From the interpolatmn conditions (2.1), we get N linear equations in N + M
unknowns, where M is dim(Harmg__,,(Q)) = (m + 1), and therefore, there
are M degrees of freedom. These extra degrees of freedom can be absorbed by
adding the following constraints

N
S wiYur(§) =0, n=0..m k=1 2n+1 (2.17)

Thus we have the following system of equations

Z:u]¢ 52 5] +Zzynkynk€z - (&,), izl,...,N,

n=0 k=—n
(2.18)

S wiYar(§) =0, n=0,....m k=1,...2n+1
The system of equations (2.18) can be written in matrix form as follows:

A Y 1 b
- (2.19)
YT 0 v 0

where A, b and u are the same as in (2.6) and Y € RY*M s the coefficient
matrix of (2.17). Thus the interpolant S in (2.16) can be uniquely found if
and only if the matrix

A Y
(2.20)

YT 0
is regular.

Definition 2.2.4 (Conditionally Positive Definite Function)
A continuous function ¢ : [—1,1] — R is said to be conditionally positive
definite of order m on the sphere Q if, for any set Xy = {&,...,&v} of
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distinct points on the sphere Q and all vectors p = (1, ..., uy)7 satisfying

N
S wYar(&) =0, n=0,...m k=1, 2n+1, (2.21)
j=1
the quadratic form
N N
P A=Y " ppe(& - &) (2.22)
i=1 j=1

is non-negative.

Definition 2.2.5 (Conditionally Strictly Positive Definite Function)

A continuous function ¢ : [—1,1] — R is said to be conditionally strictly
positive definite of order m on the sphere  if, for any set Xy = {&,...,&n}
of distinct points on the sphere Q and all non-zero vectors p = (p1, ..., pn)"
satisfying
N
S wYar(€) =0, n=0,...m k=1 2n+1, (2.23)
j=1
the quadratic form
N N
MTAM = Z Z pipi (i - &5) (2.24)
i=1 j=1

is positive.

In particular, a conditionally (strictly) positive definite function of order m =
—1 is understood to be a (strictly) positive definite function.

Now the question is: under which conditions is a zonal function (strictly)
positive definite? As we mentioned before, the first work in this context is due
to Schoenberg [89]. The following theorem is Schoenberg’s result formulated
in terms of the Legendre polynomials expansion.

Theorem 2.2.6 (Necessary and Sufficient Conditions for PD)
Let ¢ : [—1,1] — R be continuous. Suppose that the Legendre coefficients of ¢
satisfy

[e.o]

3 2”4: Lor(n) < 0. (2.25)

n=0

Then, ¢ is positive definite if and only if ¢™(n) > 0.
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As pointed out in the last section, for the solvability of (2.5) we need the strictly
positive definiteness of the zonal kernel ¢. The following theorem states an
equivalent condition for the strictly positive definiteness.

Theorem 2.2.7
Let ¢ : [—1,1] — R be continuous. Suppose that the Legendre coefficients of ¢
satisfy

o

2 1
S ) < oo (2.26)
— 4
Then ¢ is strictly positive definite if and only if the set {p(&1-), ..., d(En-)} is
linearly independent for any choice of pairwise distinct points &1, ...,&En € S
Proof:
See [34] or [91]. O

In [112], Xu and Cheney have shown that if all the Legendre coefficients ¢"(n)
in (2.13) are positive, then the function ¢ is strictly positive definite on the
sphere Q. In [91], Schreiner has improved the result of Xu and Cheney: if the
function ¢ is positive definite and finitely many of the Legendre coefficients are
zero then ¢ is strictly positive definite on the sphere 2. Another important
result for strictly positive definiteness is obtained by Chen, Menegatto and
Sun [15]. In the next theorem, we state their result for the sphere €.

Theorem 2.2.8 (Necessary and Sufficient Conditions for SPD)
Let ¢ : [-1,1] — R be continuous. Suppose that ¢ admits the uniformly
convergent series expansion

o0

o) =3 2"4: Lormpa), tel-11] (2.27)

n—

Then, ¢ 1is strictly positive definite if and only if the set of indices {n €
No|¢™(n) > 0} contains infinitely many odd integers as well as infinitely many
even integers.

For more discussion on the (strictly) positive definite function on the sphere,
we refer to [80], [79], [64], [65], [15] and the references therein.

Some remarks should be made:
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Remark 2.2.9

Theorem 2.2.8 is also valid for the m-dimensional sphere, m > 2, but it is not
valid for the one-dimensional sphere. In the paper [97] a sufficient condition
for strictly positive definiteness on the circle is given. Moreover, a necessary
and sufficient condition for strictly positive definite kernels on a subset of the
complex plane can be found in [66].

Remark 2.2.10

The restriction of a strictly positive definite function on R3 to the sphere  is
a strictly positive definite function on the sphere €. In other word if v is a
strictly positive definite function on R?® then ¢(t) = 1 (v/2 — 2t), t € [-1,1] is
a strictly positive definite function on the sphere 2. This is also valid for the
restriction of conditionally strictly positive definite functions to the sphere.

According to Remark 2.2.10, it is possible to extend all results valid in R? to
the sphere. Before we extend some of these results to the sphere, we mention
the following definition (see, e.g., [24]).

Definition 2.2.11 (Completely Monotone on the Sphere)

A continuous function ¢ : [—1,1] — R is said to be completely monotone on
the sphere Q2 if ¢ € C*(0,00) and (—1)"33—;¢(\/f) >0, t € (0,00), for every
k € Ny.

Schoenberg [88] has characterized positive definite functions on R%. As an
extension of Schoenberg’s work, Micchelli [67] stated a sufficient condition for
conditionally positive definite functions on R?. According to Remark 2.2.10
and Micchelli’s work, we conclude the following theorem.

Theorem 2.2.12

Let ¢ be continuous on [0,00) and (—1)"¢™) be completely monotone on the
sphere 0 and %qﬁ(ﬂ) # const. Then ¢(\/2 —2t), t € [=1,1] is condition-
ally strictly positive definite of order m on the sphere €.

Gue et al. [51] have proved that the Micchelli’s conditions are also necessary
for the conditionally positive definiteness of a function on R¢.

Another method to characterize positive definite functions is based on the
Fourier transforms of functions. One of the most celebrated works in this
context was established by Bochner [9], [10], and [11]. Here we present a
modified version of Bochner’s characterization for the radial functions on R¢.
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Theorem 2.2.13 (Modified Bochner’s Conditions for PD on R9)

Let ® € LYR?Y) be a continuous radial function on RY. Then ® is positive
definite on R? if and only if ® is bounded and the Fourier transform of ®,
denoted by d and defined by

B(r) = =5 /O ) T (rt) dt, (2.28)

is non-negative and non-vanishing, where J,(t) is the Bessel function of the
first kind.

Proof:
See [107]. O

Remark 2.2.14
We point out that if ® € £1(R?) is a continuous radial function on R? then
from (2.28) it is clear that the Fourier transform of @ is also a radial function.

A list of conditionally (strictly) positive definite functions on the sphere with
their applications in geosciences can be found in Freeden et al. [34] and [45].
For a similar list of conditionally (strictly) positive definite functions on R,
one can refer to, e.g., [76] or [14].

Our next aim is to present a linkage between the Fourier transform of a radial
function ®(]| - ||) on R¢ and the Legendre transform of the restriction of ® to
the sphere. This relation is provided by [73] and [115]. In the next theorem,
we follow the work by [115]. In our proof, we consider d = 3, where the general
case, R?, is similar.

Theorem 2.2.15 (Relation Between Fourier and Legendre Transform)
Let (|| - ||) and ®(|| - ||) be in L' (R?), also suppose that

L@ = [, 08 a (2.29)
exists for all n € Ng. Then
¢\(n) = (27)2 Iy (®), n €Ny, (2.30)

where ¢"(n) is the Legendre transform of ¢(x - y) = @(||z — y||)|zyea-
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Proof:
Let z,y € R3 and a = ||z|, b = |ly|| and ¢ = ||z — y|| form a triangle. For
convenience, let ®(]|z]|) = ¢(r), where r = ||z]|. Then from (2.28) we have

(ﬁc:gpc / t2J1ctd
() 7

By using Gegenbauer’s addition theorem for Bessel functions (see [102, Sec.
114, Eq. (3)])

1 )@ s )
_”Z” ? f NG

sin ¢

C

P,(cos ), (2.31)

where ¢ is the angle between a and b, we have

e L Jusilat) J, o (0t)
\/_Z n+ (— )/ o(t)t N = dt.  (2.32)

Now, let x and y be on the sphere 2, from (2.32) we obtain

VT 2m) = ) S TR ) [ pon 2y de 233)

n=0

Because

o(v/2—22-y) = 0(/2 =27 Y)|syea = (|z — y|)|eyea ,

by comparing the coefficients in (2.33) and (2.12) we arrive at

¢\(n) = (27)2 /0 h P(t)t Jz+%(t) dt. (2.34)

This is the desired result. O

An immediate consequence of the last theorem is as follows:

Corollary 2.2.16 (Legendre Transforms of Two Radial Functions)
Let ® and W be two radial functions such that ®, ¥, ® and ¥ are in L'(R?),

also suppose that d and U are strictly positive and d < V. Then
0<¢™(n) <y (n), neNy, (2.35)

where ¢™(n) and " (n) are the Legendre transforms of the restriction of ® and

U to the sphere, respectively.
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Proof:
Because ® and W are strictly positive definite on R?, the integral (2.2.15) for ®

and U always exists. By applying (2.30) to ® and ¥, we are led to the result.
O

2.3 Zonal Finite Elements

In this section, we focus on a family of locally supported kernels, the so-called
isotropic finite elements on the sphere. In Chapter 4, we shall need them for
the construction of biorthogonal kernels. These kernels have been discussed in
more detail by [98], [87], [36], [18], [45] and [90] but, for our presentation, we
follow the work of Freeden et al. [34] and [44].

We start from the definition of the so-called smoothed Haar functions.

Definition 2.3.1 (Smoothed Haar Functions)
For h € (—1,1) and A > —1, the piecewise polynomial function By, ) : [-1,1] —
R given by

for te€[—-1,h]

0
Bhy)\(t) —
(%)/\ for te€ (h,1]

(2.36)

is called the smoothed Haar function.

Remark 2.3.2
It should be noted that for —1 < A < 0 the function B},  is unbounded.
Nevertheless it is of the class L'[—1,1].

Let £ € Q be fixed. Then, similar to (2.12), the &-zonal function By (€ :
) — R admits the following Legendre series expansion

Ba(€:) = By (n) Pa(&), (2.37)

where

B \(n) =27 / Bua(H)Pa(t) dt, (2.38)
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Figure 2.1: The smoothed Haar function By, \ for h = 0.9 and A =1
Left: ¥ — By x(cos?), ¥ € [—m, 7).
Right: n — By, x(£ - n) on the sphere €, where ¢ is the North pole.

and the local support of By ) is

supp Bua(§) ={ne€ Q< &-n <1} (2.39)
Figure 2.1 illustrates By g1 in the plane and on the sphere €2.

The following lemma, which is of great importance for practical purposes,

yields a recursion formula for the Legendre transform of the smoothed Haar
functions (see [17], [36]).

Lemma 2.3.3 (Recursion Formula for the Legendre Transforms)

For h € (=1,1) and A > —1, the Legendre transforms of By satisfy the
following recursion formula

1—h
2.40
1+ A ( )

A+h+1
By\(1) = )\—HB;?,A(()) (2.41)

2n+1 A+1—n
BQ,A(” + 1) — m ,f’,\(n) + m BQ,\(n - 1), n 2 1. (2.42)
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Proof:
Bp,(0) and By (1) can be calculated by straightforward integration. From
(1.23), it follows that

/1 Bua(t) (0 + 1) Poss () + Py r(£) — (20 + DEP(E) dE =0, n > 1.
" (2.43)

Therefore,

(1) B (n+ 1) 0By (n— 1) = 20+ 1) (B (n) — hBj s () = 0, (2.44)
for n > 1. By using (1.20) and integration by parts, we obtain

20+ (B} a(n) = ~(A+ DB +1) ~ Bis(n— 1), n> L (2.45)
Inserting (2.45) in (2.44) we obtain the following recurrence formula

(n+A+2)By\(n+1) = (2n+1)h By \(n) — (A+1—n) By \(n—1) = 0, (2.46)
for n > 1. O

Later, we shall construct an approximate identity from the smoothed Haar
kernels, therefore, we normalize the kernel B}, , in the sense that its Legendre
transform of order zero be one.

Definition 2.3.4 (Normalized Smoothed Haar Functions)
For h € (—1,1) and A > —1, the function Ly ) : [—1,1] — R given by

1 Bua() 0 for t e [—-1,h] (2.47)
= - h’A = .
By A (0) 2L (t —h)* for t€(h]]

2m(1—h)A+1

Ly A(t)
is called normalized smoothed Haar function.

Similar to Lemma 2.3.3, there is also a recursion formula for the kernels Lj, 5

as follows: N
Lpa0) =1, Lpy(1) = 12 (2.48)

2n+1 A+1—n
L;L\,)\(n +1) = T3 L,/Z\’,\(n) + D LQ,A(” ~1), n>1, (2.49)

for h € (—1,1) and A > —1.

The following lemma presents the lower and upper bounds of the Legendre
transforms of L, » In addition, it is shown that the upper bound is the least
upper bound, too.
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Lemma 2.3.5 (Bounds for the Legendre Transforms of L, )
Let h € (=1,1) and A > —1. Then

(1) [Lpa(n)] <1, neN,
(i1) limy, - Ly (n) =1, n € Np.
Proof:

Part(i) follows from the definition of the Legendre transform and (1.27).

To prove part(ii), from By, z(t) > 0, ¢ € [—1, 1], and by using the Second Mean
Value Theorem for integration we find

2m !
lim L) = 1 B P,
e baa(n) = lim ey ) Bl df
21 P,(to) /1
= 1 Bpa(t) dt
i BRL(0) ra(t) di;
where ty € [h, 1]. Therefor, the desired result follows by P, (1) = 1. O

Now, Lemma 2.3.5 and the concept of spherical convolution enable us to in-
troduce a singular integral on the unit sphere such that this singular integral
is an approximate identity in X'(2).
Theorem 2.3.6
Let A > —1. Suppose that {Lpx}ne—1,1) is a family of kernels defined by
Definition 2.3.4. Then the singular integral I, h € (—1,1), defined by

Ih<F) :Lh’)\*F, F e X(Q), (250)

is an approximate identity in X(Q), i.e.,

lim [|F = (F)|lxe =0, F € X(Q). (2.51)

Next, we would like to find the Legendre transform of Bj, , for A > —1.
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2.3.1 Legendre Transform of Smoothed Haar Functions

Schreiner [92] has developed an explicit expression for the Legendre transform
of By, ) for A € N. In this section, we extend his work thereby assuming A > —1.
The outline of our approach is as follows: first we extend the smoothed Haar
functions to the Euclidean space R3. Then we compute the Fourier transform
of the generalized smoothed Haar functions. By using Theorem 2.2.15 we
are able to find the Legendre transform of the generalized smoothed Haar
functions. Finally, we come back to the sphere €2, i.e., we determine the
Legendre transform of By, .

Definition 2.3.7 (Generalized Smoothed Haar Functions on R3)
For A > —1, the generalized smoothed Haar function in R? is denoted by ®,
and defined by

Or(@) = aa(llzll) = (1 = [l«l*)}, = € R, (2.52)

where the (truncated power) function (¢) is defined by

t for t>0
(t)y = ) (2.53)
0 for t<0

It is clear that the support of ®, is

supp ®\ = {zx € R3; ||:zc||2 <1}

Later, we will show how to control the support of ®,.

The following lemma gives us the Fourier transform of the radial function ¢,.

Lemma 2.3.8
Let ¢y be the generalized smoothed Haar functions as defined in (2.52), where
A > —1. Then the Fourier transform of ¢y is

(2.54)
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Proof:
We use (2.28) to compute the Fourier transform of ¢, as follows:
H) = o [ ety a
r = —= 1\r
A= ) e

— T (Y L

where

This integral may be found in [49, eq. 2.20]:

(A +1) s 3 3 5 —r?
I(r) = —23/2F()\+g)7’ 115 2 9 )\‘1‘57 )

where , I, are the hypergeometric functions (see, e.g., [1] or [102]) defined by

= (a1)y .- (ap)y ,
oFylar, ... ap; by, ..., by ) :ZHx, (2.55)
s 1)r---0g)r

where the Pochhammer’s symbol (a), is defined by
(a)y=ala+1)...(a+r—1) r>1, (2.56)

and (a)g = 1. Therefore, we have

- F'(A+1) 3 3 5 —r?
- — L B = =N+ — ). 2.57
QS)\(T) 23/2F(>\+g)1 2(27 27 +2a 4 ) ( )
By using the cancellation rule of the hypergeometric functions
v Fgri(ar, .o ap, 0 by, ol by 0 ) = pF(ar, <o ap; by, L by ),

and the formula ([1, eq. 9.1.69])

2 Tw+1)

oFl(V+1;_4 ) OPL J,(r),
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we have

oa(r) = 2T(A+ D)r= 272, s ().

This is the assertion of this lemma. O

Theorem 2.2.15 together with Lemma 2.3.8 enables us to determine the Leg-
endre transforms of ¢, as follows:

Theorem 2.3.9
Let ¢y be the generalized smoothed Haar functions as defined in (2.52), where
A > —1. Furthermore, suppose that the integral

/ L (O (2.58)

exists, then the Legendre transform of ¢y is given by

A+1

Pr(n) =372 7P, _s-1(1/2), neN,. (2.59)

Proof:

From Theorem 2.2.15 we have

A = @n)2 [ R, 0501 b

for each n € Ny. By substituting (2.54) in the above relation we get

Aw = @ [T 2, 020 )=

for each n € Ny. The integral in the last relation is known from [77, Sec.
2.12.42 Eq. 22] and with our notation we obtain

A+1

372
2% /7
for A\ > —1, where P, , is the generalized associated Legendre function as

defined in (1.34) (the definition of P, , with unrestricted 1 and v can be found
in, e.g., [62]).

| 0o a- Puaa(1/2),  (260)
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Thus
A+1

(bﬁ\\(n) = BTWPn’,)\,l (1/2) s n e No.
U

As we stated before, we would like the support of ®, to be controllable with re-
spect to its size. Therefore, we define the generalized smoothed Haar functions
with controllable support as follows:

2\ A
o) =on el = (1-BF) L sews o

+
where A > —1 and p € (0, 2).

Let p = /2 — 2h where h € (—1,1). Then the restriction of ®, to the sphere
Q is Bh,)\ s i.e.,

by yamar (V2 —2t) = Bya(t), te[-1,1]. (2.62)

In particular, ¢ = Bj/; . Therefore, from Theorem 2.3.9 we have

Corollary 2.3.10
Let A > —1. Then

A1

Bijga(n) =372 P, x1(1/2), n €N, (2.63)

It should be noted that in analogy to Theorem 2.3.9, the Legendre transform
of ®, 5= for arbitrary A > —1 and h € (—1,1) can be detected, but we
postpone it for later.

2.4 Zonal Wendland Kernel Functions

In this chapter, we would like to discuss a special class of locally supported
positive definite functions on €. This class of functions was firstly constructed
in the Euclidian space R? by Wendland [104], [105],[106]. In this work, we
restrict ourselves to functions on the sphere 2. Our manipulation enables us
to control the support of these functions. To define the Wendland functions,
we need to introduce the following operators.
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Definition 2.4.1 (Operators Z and D)
(i) Let o be a function such that ¢ — t(t) is of the class £!]0,00). Then
we define

Z(p)(t) = /too ro(r) dr, (2.64)
for every t > 0.

(i) Let ¢ be a function of class ¢ € C*(R). Then we let

D(p)(t) = =2 —¢(t) (2.65)

for every t > 0.

In the following, the relation between the operators Z and D and their Fourier
transforms is presented.

Lemma 2.4.2 (Properties of Operators Z and D)
Let ® be a radial function on R?, i.e., ®(x) = o(||z]]), z € RL. Suppose that
® is a continuous function on RY. If ¢ denotes the Fourier transform of ¢
on RY as defined in (2.28), then the following statements are valid:

(i) If t — to(t) is of the class L'[0,00) then DIy = .

(ii) If p € C*(R) and also ¢'(t) € L]0, 00) then TDyp = .

(iii) If ® € LY(R?) then ¢ = Tp?=2, d > 3.

(iv) If ¢ € C}(R) and also t%y’ € L']0,00) then p? = Dp?~2,

(v) If ® € LY(RY), d > 3, then ® is positive definite on R? if and only if o

is positive definite on R972.

(vi) If ¢ € C3(R) and also t%y' € L1]0,00) then ® is positive definite on R
if and only if Dy is positive definite on R4T2.

Proof:
See [86] and [107]. O

Indeed, the operators Z and D are inverse in the sense of Lemma 2.4.2. More-
over, they walk through the space dimension in steps of width 2. An extension
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of these operators with steps of arbitrary width can be found in [86] and [109].
In this work, we restrict ourselves to R?. The general case can be found in
[104].

Next, by using the operator that has been defined in (2.4.1), we define the
Wendland functions as follows:

Definition 2.4.3 (Wendland functions on R?)
For k € Ny, the radial function ®; : R® — R is defined by

@i (2) = er(ll2ll) = Z(1 — |5+ (2.66)

where the function (t), is given by (2.53).

From Definition 2.4.3, it is clear that supp ¢, = [0, 1].

We next list some important properties of the function ¢y, defined in (2.66).
Further results can be found in [105] or [104].

Theorem 2.4.4 (Properties of Wendland functions)
(i) The function ®y, is positive definite on R3.

(ii) ®y, is of class C?*(R?)

(11i) @y is of the form

R (2.67)

0 otherwise

with a univariate polynomial py of degree 3k+2. The function py is of
minimal degree for given smoothness 2k on R3 and is up to a constant
factor uniquely determined by this setting.

(iv) The polynomial py in (2.67) has the representation

3k+2

pr(r) = Z djr?,
=0
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where the coefficients are recursively calculable for 0 < s < k —1:

djo = (=1) (k K 2)

J
do +1_k§2 b dis+1 =0 5s>0
S - . 9 S - -
= J+2
di_o .
djsp1 = — JJ?’ ., s>0, 2<j<k+2s5+4

Furthermore, precisely the first k odd coefficients d;j vanish.

(v) There exist constants ¢, co > 0, depending only on k, such that the
Fourier transforms of @, k € Ny, satisfy in the following bounds:

&1
(1 4 r2)k+2

Co
(1+ r2)k+2’

IN

< &r(r) k € N, (2.68)

for each v > 0, where ®i(x) = oi(||z|), v € R? and k € No.

Proof:
See [104]. O

The next section is devoted to the restriction of Wendland functions on the
sphere . Moreover, we also discuss the behavior of the Legendre transform
of Wendland functions.

2.4.1 Wendland Functions on the Sphere

Because in this work we are interested in the functions on the unit sphere, thus
we define

Definition 2.4.5 (Restriction of ¢ to )
For k € Ny, the restriction of ¢ to the sphere €2 is defined by

ou(&-n) = or(\/2 =26 ) =T"(1 — /2 — 26 - n)t*2, (2.69)

where ¢ and n are elements of the sphere (2.
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k P (t)
=0 dolt) = (1 - V=202
k=1 o1()= (1 — VI B0 (VT3 + 1)
k=2 ()= (1— v2—21)" (18y2 =2t — 70t + 73)
k=3 ga(t)= (1 - vZ—20) (32\/(2 20 4 8y/2 — 21 — 50t + 51)

Table 2.1: The functions ¢t — ¢(t), k=0,1,2,3
(= denotes equality up to a constant).

Moreover, let £ - n =t then we obtain from (2.69)

or(t) = pr(V2 —2t) = TF(1 — V2 = 2t)k2 ) ke N,. (2.70)
Clearly, the support of ¢y is [2,1]. Later we shall see how can we control the

27
support of ¢y.
In Table 2.1 the functions ¢, k£ =0,1,2,3, are listed.

Remark 2.4.6

According to Theorem 2.4.4, the functions &, k € Ny and consequently
©r, k € Ny are positive definite on R3. Therefore, by using Remark 2.2.10, the
functions ¢y, k € Ny are positive definite on the sphere €2, too. In addition,
or, k € Ny, possesses 2k continuous derivatives on the sphere €.

Figure 2.2 illustrates the functions ¥ ~— ¢(cosd), o € [T, 7], for k =
0,1,2,3.

Example 2.4.7
In this example, we would like to discuss ¢, in more detail. We have

®o(z) = po(llzll) = A = llzl)F, = €R’. (2.71)

By restricting ¢q to the sphere €2 in the form

¢o(€ - n) = wo(ll§ = nl)lenea;
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Figure 2.2: The function ¥ — ¢y (cos®), ¥ € [F, 5], for k =0,1,2,3.

we are led to

Go(§-m)=A—-lE—n)i=0-vV20—-¢-n)7, &EneQ (272)

Setting t = £ - n, we, therefore, obtain

1
do(t) = (1 — /2(1—1))% = 3-2t—-2V2-2t for  3<t<1
0 for —1<t<

2.73)

Figure 2.3 illustrates the function defined in (2.72) for fixed £ (the North pole)
on the sphere €.
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Figure 2.3: The function 7 +— ¢o(£ - 7) on the sphere €,
Where € is the North pole.

We now turn to the problem of finding the Fourier transforms of ¢y. In the
next lemma, for convenience, we simply replace ¢y by .

Lemma 2.4.8
Let ¢ be the function defined in (2.71). Then the Fourier transform of ¢ is

) = —~ B <2- 5 . _TQ) (2.74)
QO - 15 /_27'('1 2 ) 9 27 4 9 .

where ,Fy is the hypergeometric function (see, e.g., [102]) defined in (2.55).
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Proof:
We use (2.28) to compute the Fourier transform of ¢ as follows:

o(r) = / t2J1 rt) dt

I
\
vl
l\)\b—‘
£
S|
(o
<

where
) = /0 (r— ) by (u) du (2.75)

This integral is done in [23, Sec. 13.1, Eq. 56]:
2 7’ 3 3 7T —r?
I(r) = \/;% 115 <§7 2; 5 3, 5 T) :

Therefore, we have

OJ

It should be noted here that the integral (2.75) has another representation (see
49, Eq. 2.15)):

() = /OT(1 — cosu)(1 — cos(r — u)) du.

Thus another equivalent form for the Fourier transform of ¢ can be found:

2v/2

@(T):m

(2r +rcosr — 3sinr). (2.76)
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Remark 2.4.9 (Strictly Positive Definiteness of ¢y)

We know that from Theorem 2.4.4, ®,, k € Ny are positive definite on R? and
by using Remark 2.2.14 the Fourier transforms of ®;, k£ € Ny are also radial
functions. In addition, from (2.68), it follows that the function r — r2p.(t) is
of the class £1[0,00), k € Ny or equivalently &, € £'(R?), k € Ny. Therefore,
from Theorem 2.2.15, it implies that ¢y, the restriction of ®; to the sphere €2,
is strictly positive definite on the sphere ).

Asymptotic Behavior of Legendre Transform

To find the asymptotic behavior of the Legendre transform of ¢, k € Ny, let

eiw~y
U= | —5 _dy, reR 2.77
(@) /Rg<1+uyu2>s b T (277)

Clearly, W is strictly positive definite on R? and

A 1
‘I’S(T):m, r>0.

In [73], it is proved that the Legendre transforms of W have the following
asymptotic behavior:

YL (n) = O(n~>73), (2.78)

for large n € Ny, where 1), is the restriction of Uy to the sphere 2. Therefore,
from (2.68) and Corollary 2.2.16, it follows that

$n(n) = O(n~273), (2.79)

for large n € Nj.

Figure 2.4 illustrates the asymptotic behavior of the Legendre transform of ¢y.

Remark 2.4.10 (Native Spaces of ¢y)
By using (2.68) and from the classical theory of Sobolev spaces (cf., e.g., [95],
[84] or [113]), it can be deduced

./\/:pk = Hk+2(R3), k € Ny. (280)
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In addition, the asymptotic behavior of the Legendre transform of ¢, k € Ny,
implies that

Now =Hyy3(Q), k€N, (2.81)

where ¢y, defined in (2.69), is the restriction of the functions ®, k € Ny to
the sphere (2. Therefore, we can conclude that the restriction of the functions
®y,, k € Ny to the sphere Q changes the space H,(R?) to H,_1(Q).

2
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}
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0.1

Figure 2.4: Comparison of ¢{(n) and n=2 for n = 30,...,100.

We here point out that it is possible to perform an error analysis for the
spherical spline with the kernel ¢, k € Ny but we postpone it for future work
(for detailed accounts on the well-developed theory of spherical spline and its
application in geosciences, we refer to [27], [26], [101], [28], [39], [29], and [30]).
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Wendland Functions as Scaling Functions

In this section, we would like to interpret the Wendland functions as scaling
functions. We start by the following definition.

Definition 2.4.11
For k € Ny and h € [3,00), the function ¢y, : [—1,1] — R is defined by

Dra(t) = T(1 — /21— 1)5+2, (2.82)

where the operator 7 is defined by (2.4.1).

Note that ¢y 5, inherits the essential property of ¢;. In particular, ¢y j, possesses

2k continuous derivatives and also ¢y, , is strictly positive definite on the sphere
Q.

One can see by definition (2.4.11) that

O = |1 ! 1
sSupp Qr.n = 2h27 ;
for k € Ny and h € [%, o0). Clearly, if hy < hs then

SUppP Pr,h, C SUPD Dk, -

Figure 2.5 illustrates the functions ¥ — ¢9p(cosd), 0 € [—m, 7], for h =
1

7. 1,2.

From now on, because of numerical purposes, we only focus on ¢qj. For
simplicity, we denote ¢¢ 5, by ¢5,. It should be noted that many of the following
results are also valid for ¢y 5, & € Ny. In particular, Theorem 2.4.16 is also

true for the general case.

From Definition 2.4.11 for k = 0, it follows that

14 2h2 — 2h%t — 2h\/2 — 2t for 1—-L <t<1
on(t) = 2h? . (2.83)
0 for —1<t<l-—-4

It is clear that if ¢t € [—1, 1], then

0< du(t) <1, helz, ). (2.84)
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Figure 2.5: The function 9 — ¢op(cos?), 0 € [—m, 7], for h = %, 1,2.
Note that ¢q ) possesses four continuous derivatives.

Ift € (1 - 5,1), then we have
0 < on(t) <1,

for h € [3,00).

The following lemma shows us that, for a fixed n € Ny, the Legendre transform
¢n is a monotonically decreasing function with respect to variable h € [%, 00).

Lemma 2.4.12 (Monotonicity of ¢} (n) w.r.t. h)
For any n € Ny, there exists a value hg € [1,00) such that, for every hy, ho
with hl Z hg and hg Z h[)

hi < hy implies ¢y, (n) > ¢p. (n).
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Proof:
Let n € Ny be fixed. Because the Legendre polynomial, is continuous at t = 1
and P,(1) = 1, there is an € > 0 such that

P,(t)>0, te[l—egl].

Now, we choose hg such that supp ¢n, C [1 — €, 1]. Therefore, if hy < hy < hy
we have

o) = dhm) = 25 [ (o0 - n@)P(0) at

- 27r/i1(¢h1(t)—¢h2(t))Pn(t) dt >0,

2
2h1

An elementary integration yields

s 10h? —1

¢2(0) = 62’ Q%\(l) = WW,

for h € [3,00).

Our aim is to build a scaling function from ¢;,. According our definition of
singular integrals in Section 1.4, a necessary condition for a family of functions
to be a family of scaling functions is that the Legendre transform of order zero

of these functions is one. For this reason, we normalize the functions ¢, in the
sense that its Legendre transform of order zero be one.

Definition 2.4.13 (Normalization of ¢ (t))
For h € [%,00), the function K}, : [—1,1] — R is defined by

Ki(t) = 67}12%(75).

Figure 2.6 illustrates the functions ¥ — Kj(cos?d), ¢ € [—x, x|, for different
values h.

An immediate result from (2.84) is that Kj(t) is uniformly bounded:



68 2. Multiscale Approximation by Locally Supported Zonal Kernels

/ \
0 L e 4/ 1 = 1 I )
-1 0 1

Figure 2.6: The function ¥ — Kj(cosd), ¢ € [—m, 7], for h=1,1.2,1.7,2.

Lemma 2.4.14 (Uniformly Boundedness of Kj},)
The function defined in Definition 2.4.13 is uniformly bounded, i.e., there exists
a positive constant M, independent of h, such that

1
27r/ Ky (4)] dt < M,
—1

for h € [3,0).

Proof:
Let h € [5,00). From (2.84), we can conclude that

6h? 1
0< Kh(t) < , h e [—

e
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for t € [-1,1]. Thus

1

1
or [ |Ku(t)|dt = 2n / Kp(t) dt
-1 1—-1L

O

Next, we drive a bound for the Legendre transform of Kj. In addition, we
show that this bound is the least upper bound. In other words, we prove that
the functions {Kj} ¢ 1 o) are scaling functions.

Lemma 2.4.15
Let h € [%,oo) Then

(i) 0< Kj(n)<1l, mneN

(ii) limy, o Kj}(n) =1, n € Ny.

Proof:
Part(i) is easy to verify, since | P,(t) |< 1, te(—1,1).

To prove part(ii), we have by Definition 2.4.11 that K(¢t) > 0, then

1
Jim K} (n) = Jim 12R% | ¢n(t)P,(t) dt
—00 —00 —1
1
= lim 12h? / bn(t) P, (t) dt
—00 1 1

T 2n2

1
— lim P, (to)120° / on(t) dI,

where ¢y € [1 — 515, 1]. The desired result follows from P,(1) = 1 and ¢, (0) =

e U

Figure 2.7 shows the Legendre transform of K, for different values h.

We arrive at the point that we can realize our aim of this section: By Lemma
2.4.15 and the concept of spherical convolution we can introduce a singular
integral on the sphere 2 such that this singular integral is an approximate
identity in X'(£2).
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Figure 2.7: The Legendre transform of K}, for n =10,...,50
and h=1, 3, 5, 7, 9.

Theorem 2.4.16
Let Ky, be a subfamily defined by Definition (2.4.13). Then the singular integral
I, h € [5,00), defined by

[h<F>IKh*F, FGX(Q)

is an approximate identity in X (), i.e.,

T [|F = L(F) v =0, F e X(Q).

Later, we will see that by constructing the so-called up-function, it is possible
to establish a multiresolution analysis based on the Wendland functions.



2.5. Infinite Convolution of Locally Supported Zonal Kernels 71

2.5 Infinite Spherical Convolution of the Lo-
cally Supported Zonal Kernels

Now, we study the so-called up-function. The classical variant of the up-
function is defined for the one dimensional Euclidean space (see, e.g., [85]) and
it was developed for the spherical case by [34], [44], and [92]. The main idea
of the up-function is to construct an infinite spherical convolution of locally
supported kernels.

In the following, we first define the up-function then we use them to construct
the so-called multiresolution analysis based on the smoothed Haar functions
(cf. [44]) and the Wendland functions.

Let xx(x) : R — R, be given by

2F for 0<az<27F
Xk (l’) = )
0 otherwise
where k € Ny. Then the up-function is defined by the infinite spherical convo-
lution product

Up=xo*xx1%-...

It follows from this definition that the up-function is supported in the interval
[0,2] and is infinitely smooth.

Dyn and Ron [22] have used the up-function in a multiresolution analysis on
the Euclidean space R and Freeden et al. [34], Freeden and Schreiner [44] and
Schreiner [92] have developed a multiresolution analysis on the unit sphere.
Similar to [44], we use the locally supported kernels to build the up-function.

Definition 2.5.1 (Spherical Up-function)

Suppose that h € (—=1,1) and 0 < ¢ < % Let ¢g = arccosh and h; =
cosp;, i € N, where ¢; = ¢'pg, @ € N. Moreover, assume that {Kp, }ien is
a family of locally supported scaling functions such that 0 < Kj (n) < 1 and

supp Kp, = [hi, 1]. We introduce

’C‘}]‘L:’Chl*lcfm*"‘*lchj: >]l< IC}“.
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Then the function Kp,, defined by
Kpi = lim K, = % K,
J—00 1=
is called spherical up-function.

It should be mentioned that by changing ¢, it is possible to control “speed
decay” of the radius of the support Kj,. Furthermore, because in our study ¢
in Definition 2.5.1 is fixed, for convenience, we don’t use ¢ in our notation for
the spherical up-function.

Clearly, the function 9 +— Kph(c ) has the support [0, ZZ il =10, fDqu]‘
Thus supp Kpy(t) = [arccos(:2- ) 1].

From (1.61), it follows that

(K3)" (n) = H Kh,(n), (2.85)

for all n € Ny. Therefore, by Theorem 1.4.4, we have

lim (KC))"(n) = 1, n € Ny. (2.86)

h—1—

From Definition 2.5.1 and (2.86), it is clear that
=[[Khm), neN, (2.87)

and

lim Kpj(n) = n € Ny. (2.88)

h—1-
Moreover, from (2.79) and (2.85), it follows that the Legendre transform of
Kpy, decays for n — oo, faster than any rational function. In other words,

Kpn(n.) € C)(Q) for every n € Q.

In addition, Kpp, as a zonal function, can be expressed by the following uni-
formly convergent series.

Kon(t) = Z P LK n) Pa() (2.89)

n=0
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for all t € [—1,1].

Finally, because of (2.88), it is possible to introduce a family of singular in-
tegrals with the kernels Kp;, such that this family of singular integrals is an
approximate identity in X'(£2). The following theorem state this fact precisely.

Theorem 2.5.2
Suppose that {Kpp}tne-1,1) is a family of kernels defined by Definition 2.5.1.
Then the singular integral I, h € (—1,1), defined by:

I(F) = Kp, * F, F e X(Q), (2.90)
is an approximate identity in X(Q), i.e.,

lm [[F = (F)llve) =0, FexQ) (2.91)

From the numerical point of view, it is impossible to realize an infinite spherical
convolution in the definition of Kp,. To overcome this problem, we have to
replace the infinite spherical convolution with the finite one with arbitrary
accuracy. In other words, let € > 0 be arbitrary and for N € Ny we split Kpy,
as follows:

Kon(t) = KY « % K (), te[-1,1]

i=N+1
then we are interested in finding N € Ny, if it is possible, such that
G (1) — Kpn(t)] < e,

for all t € [—1,1]. Freeden and Schreiner [44] have done it for the smoothed
Haar functions as choice for the scaling function. Here, we use their approach
for the general cases. We start with a series of lemmata.

Lemma 2.5.3
Suppose that K is a non-negative locally supported zonal function in X () with
K"0) =1 and supp K = [h,1]. Then, for every F € C(Q)),

| * F — Flle@ < max|F(n) — F(&)]. (2.92)
§n=h
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Proof:
For ¢ € Q) we have

K+ F(§) — F(§)| =

[ i€ F) duto) - F(&)‘

[ e nirm - Fo) dW(n)‘

< [ Kl ) dwto) pax |Fn) = FI6)

= max|F(n) — F(§)]

Lemma 2.5.4

Suppose that K is a non-negative locally supported zonal function in X ()
with K"(0) =1 and supp K = [h,1]. Assume that H € C(2). Then, for every
te[-1,1],

K« H(t) — H(t)] < V2V1 - h? max |H'()|. (2.93)

T€[-1,1]

Proof:
We deduce from the last lemma, that for every &,n € Q

[ H(E ) = H(E - n)| < max [H(E - n) — H(E-()].
For n- ¢ > h we have

E-n—=E&-{=1E-n=0| < V(n—¢)?

= 2-2n-C

< V2v1-h
Hence, the result stated in Lemma 2.5.4 easily follows from the Mean Value
Theorem. 0J

Lemma 2.5.5
Let K € Hy(Q2), i.e.,
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Assume further, that K"(n) > 0 for all n € No. Then K is continuously
differentiable and

= 2n+1n(n+1)

Kol <K =3 =t

K" (n).

n=0

Proof:
It follows from the Sobolev Lemma 1.3.3 that K is continuously differentiable.
Furthermore, we obtain the uniformly convergent series

o

Kol = |3 e m e
< S mp)
_ Zzn;ln(n; 1) M)
- K,

0

By using the above results, we are able to prove our promised result as follows:

Theorem 2.5.6
Let Kpy, and K}, be the same functions as defined by Definition 2.5.1. For a
given € > 0 choose N € Ny such that KY € Hy(Q) and

€
—n<—°
V25K (1)
Then
[KCH () — Kpn(t)] < e,

for allt € [—1,1].

Proof:
The proof follows easily by applying Lemma 2.5.4. U
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By using the spherical up-function, we are able to make a multiresolution
analysis. In the next two sections, we do it for the smoothed Haar functions
and Wendland functions. A multiresolution analysis based on the smoothed
Haar functions is known from [34], [44], and [92], but a multiresolution analysis
based on Wendland functions seems to be new.

2.5.1 Multiresolution Analysis by Means of Up-function

As we mentioned before in Section 2.4.1, if the Legendre transforms of the
locally supported scaling functions are not monotonically decreasing with re-
spect to h, then it is impossible to have a multiresolution analysis based on
the locally supported scaling functions. To prevail this trouble, we use the
concept of the up-function.

Definition 2.5.7 (Complementary of iCJ)
Suppose that {/Cp, }ien is a family of locally supported scaling functions as
defined in Definition 2.5.1. We define

E% = Knjr ¥ Ky ¥ = * K. (2.94)

By Definition 2.5.1, it follows that

K = Kpn.
Moreover, we have ' ‘
It is also clear that supp K] = [arccos("ij_*;), 1] and we have the refinement
equation
_ _
ISAREY VS (2.95)

Similarly to Theorem 2.5.2, we are able to define a singular integral based on
K7 as follows:

Theorem 2.5.8
Let K defined by (2.94). Then the singular integral Z; defined by

i(F)=K,«F,  FeL*Q)
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is an approzimate identity in L*(Q), i.e.,
lim [|F = Z;(F)ll 2 =0, F € L3(9).
Proof:
We show that
lim (K7,)"(n) =1,
j—o0
for all n € Ny. By using Definition 2.5.7, we have
A A
lim (K3) () = Tim —2h () _ K il(”) ~1. (2.96)
e R U ) Kl ()
Recall that, according to Definition 2.5.7, (IC{Ll_l)A(n) #0,7€N d
Since (K2)M(n) < (K™ (n), then it follows that
1K), % Fllc2) < IK3H  Fll 20 (2.97)
for every F € £2(Q) Moreover, by Young’s inequality (cf., e.g., [34] or [55])
and the fact (K7)"(0) = 1 we have
1KCh * Fll 20y < [1Fl 229 (2.98)
for every F' € L%(Q).
Now, we introduce the linear bounded operator T} : £L%(Q) — L*(Q) by
T;(F) =T),(F) =K}« F, j€N,. (2.99)

From Theorem 2.5.8, it follows that 7j(f) is an approximation of F at the
scale j. Thus K3 can be interpreted as a low-pass filter and consequently we

can introduce the scale spaces V; as follows:

V; ={T;(F)|F € £*(Q)}, j€No.

(2.100)

In other words, the scale space V; is the image of £?(2) under the operator
T;. Finally, the scale space V; defines a multiresolution analysis(MRA) in the

following sense:
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Theorem 2.5.9 (MRA by Mean of the Up-function)
Let {h;}, j € Ny be a monotonically increasing sequence in (—1,1). The family
of scale spaces

V;={T;(F) =K}, F|F € £2(Q)}, jeN

defines a multiresolution of L*(Q) in the following sense:

(i) V;CVy C L2(Q), j<J, 5,7 €N

() UV, =£49)

(i) (Vi = Vo

=0
Proof:
The statement (i) follows from (2.97) and (2.98). The statement (ii) follows
from Theorem 2.5.8 and (iii) is trivial. O

Now, we have a multiresolution analysis based on scaling functions l@;, where
these scaling functions, as said before, are a sequence of low-pass filters. The
difference between two low-pass filters gives us a band-pass filter. More pre-
cisely, based on the refinement equation (2.95), we can construct locally sup-
ported spherical wavelets. More details about this kind of wavelets can be
found in [44].

2.5.2 Examples

We present two examples for the MRI by means of the up-function. In the first
example, we use the smoothed Haar functions as the scaling functions and in
the second example, we use the Wendland’s functions as the scaling functions.
The first example is known from [44], but the second one seems to be new.

Multiresolution Analysis Based on Infinite Spherical Convolution of
Smoothed Haar Functions

We use the iterated spherical convolution of the normalized smoothed Haar
functions defined by Definition 2.3.4 to construct a multiresolution analysis.
We follow the work by Freeden and Schreiner [44].
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Definition 2.5.10 (Up-function Based on Smoothed Haar Functions)
Let Lg))\ be the iterated spherical convolution of the normalized smoothed Haar
functions defined by Definition 2.3.4. Suppose that h € (—1,1) and A > —1.
Let ¢y = arccos h. We introduce

i = 2%y, hi:cos%, 1=1,2,...,

and
j 2 2 2 )
U{M = L;Ll)’)\ * LEQ)’)\ * ... L;Lj))\, 7 €N.

Then Upp, » defined by

wh,)\ = Jlggo Ul{,)\ = Lgi)’)\ % Lgi))\ . = i>:|<1 Lgi))\

is called up-function based on the smoothed Haar functions. We also define
the complementary of Uj , by

i 2 2 oA 2 )
Ui\ = L,(ljll,)\ * Ll(zj)+2,/\ ... = i:jl_il ng:/\’ j€eN.

Figure 2.8 shows the functions U ,z,)\ for different values of j.

Because the support of ng_?)\(t) is [hs, 1], it follows that supp (ppn = [h,1].

Moreover, in [44] is shown that for every F' € £2(Q)

lim ||F — Uj , « F|| = 0.

j—00
Therefore, the operators Tj : £L2(Q) — £2(Q2) defined by

T{(F)=TI;(F)=Uj,«F, j€Ny, A>—1

construct a family of approximate identity on £2(2). In addition, if we define
the scaling spaces V; as follows:

Vi ={T;(F)|F € £L2(Q)},

for all j € Ny, then we get a multiresolution analysis of £2(£2) in the following
sense:
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Figure 2.8: The functions ¢ — (_Ji)\(cosﬂ), V€ [-n/2,7m/2], for j =0,1,3,

and A = 1, where h; = cos(5j3) for j € Ny.

i) V,cVp L), j<j, 47eN

(i) UV, =£(9)

J

(i) AV, =V

7=0

Multiresolution Analysis Based on Infinite Spherical Convolution of
Wendland Functions

As we stated before in Subsection 2.4.1, the Legendre transforms of the Wend-
land’s function are not monotonically decreasing with respect to h. Therefore,
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it is impossible to construct a multiresolution analysis of £2(€2) by using the
Wendland functions. To prevail this trouble, we use the concept of the up-
function introduced in Subsection 2.5.1.

Definition 2.5.11 (Up-function Based on Wendland Functions)

Let h € [3,00) and 0 < ¢ < § and ¢y = arccos(1—57) and h; = (v/2 — 2cos ;) 7!,
where ¢; = ¢'wo, ¢ € N. Suppose that { K}, }ien, is a family of the Wendland
scaling functions defined in (2.4.13). We introduce

K] = Ky, * Kp, ... Ky, jeN.

Then Kp;, defined by

Kph:liij:Khl*KhZ*...: ;lgl Ky,
Jj—00 i=

is called up-function based on the Wendland functions. We also define the
complementary of K7 by

K}JL:K}L *Kh X ... = X Kh“

j+1 342 =it
for all 7 € Nj.

Clearly, the function ¥ +— Kp,(cosd)) has the support [0,> .~ ¢;] = [0, £2].

Thus supp Kpy(t) = [arccos({£2),1]. Similarly, supp Ki(t) = [arccos(%), 1].

Figure 2.9 shows the functions K- fl for different values of j.
It is clear that we have the refinement equation
K™K, ., =K (2.101)

j+1

Because { K ,jl} jen, 1s a family of scaling functions, we can define an approximate
identity based on K7 in £2(2) as follows:

I;(F)=K]«F,  FecL*9)
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16
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Figure 2.9: The functions ¢ — f(,{(cos ), € [-n/2,7/2], for J=0,1,2,3,
where h; = j + 1 for j € Ny. It shows also when h — oo then K converges
to the Dirac delta function.

Similar to last example, if we define the scaling spaces V; as follows:

V;={K]«F|F € L*Q)},

for all j € Ny, then we get a multiresolution analysis of £2(€2) in the following
sense:

(i) V;cVyc L), <4, 4,7 €eN

() UV, = £2(9)

J

(i) OV, =V
=0
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Finally, we mentioned that based on the refinement equation (2.101), we are
able to construct locally supported spherical wavelets based on Wendland func-
tions. We postpone this topic for later work.

2.6 Spherical Difference Wavelets

In this section, our interest is to introduce the so-called spherical difference
wavelets. These kinds of wavelets are developed, for the first time, by Freeden
and Schreiner [40]. The idea of construction of these wavelets is as follows: As
we stated before in Theorem 1.4.4 a family of non-negative scaling functions
{Kn}he-1,1) can generate an approximate identity. This approximate iden-
tity provides nothing else than a sequence of low-pass filters. The difference
between these low pass filters provide band pass filters. We consider these
band pass filters as the spherical difference wavelets. The presentation in this
section follows the paper by Freeden and Hesse [35].

In Subsection 2.6.1 the basic definitions will be given and the decomposition
and the reconstruction of the approximation of F' with spherical difference
wavelets will be developed. In Subsection 2.6.2 the spherical difference wavelets
will be computed for the generalized smoothed Haar kernels introduced in the
last section.

2.6.1 Decomposition and Reconstruction Formula

Definition 2.6.1 (Spherical Difference Wavelets)

Let {In}ne(—1,1) be an approximate identity in C(Q2) or £2(€2), generated by
the scaling function {Kj}re—1,1) € L£1—1,1], and {Kj}pe-11) C L*[—1,1],
respectively. Suppose that {h;};en, C (—1, 1] is a strict monotonically increas-
ing sequence with lim; .. h; = 1. Define the sequence {T}};en, of bounded
linear operators

Ty X(Q) = X(Q), F s Ty(F) = I, (F) = Ky, + F,

where X (Q) = C(Q) for {Kp}ne—11) C L£Y—1,1], and X(Q) = L£*(Q) for
{Kp}he(-11) C L?[—1,1], respectively. The famlly {¥,}jen, C LY-1,1], and
{¥;}jen, C L2[—1,1], respectively, given by

U, =K, ,, — K, (2.102)
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is called spherical difference wavelet corresponding to the scaling function
{Kh, }jen,. Furthermore, define a family {R;};en, of bounded linear opera-
tors

R, X(Q) —» X(Q), Fr— R;(F)=V,xF.

Remark 2.6.2 (Locally Supported Spherical Difference Wavelets)
Note that it is also possible to define the locally supported spherical difference
wavelet based on the locally supported scaling functions. To be more precise,
let {Kp} he(—1,1) € LY=1,1] or {Kp}he—11) C L*[—1,1] be a locally supported
scaling function, and let {h;};en, C (—1, 1] be a strict monotonically increasing
sequence with lim; .. h; = 1. Then {V¥,},cn,, defined by

V; =Ky, — Ky, J€Ng

Jj+1

is called a locally supported spherical difference wavelet corresponding to the
locally supported scaling function { K}, }jen,. The operators T; and R; for the
locally supported difference wavelets are the same as Definition 2.6.1.

From Section 1.4, it is clear that for each family of non-negative scaling func-
tions {Kp the(—1,1) we have (K3,)"(0) = 1. Therefore, the spherical difference
wavelets satisfy in the zero mean property of wavelets as follows:

Lemma 2.6.3 (Zero Mean Property of Difference Wavelets)
Let {¥;},en, be the spherical difference wavelets defined in Definition 2.6.1 and
Remark 2.6.2. Then these wavelets satisfy the zero mean property of wavelets:

/_llxpja) dt =0

for all j € Ny.

The next theorem shows, that the low-pass filter Ty, J € Ny, can be de-
composed into a sum of the low-pass filter 77, and the band-pass filters R,
j€e{Jo,Jo+1,...,J—1} and, thus, be reconstructed as a sum of the latter.

Theorem 2.6.4 (Decomposition and Reconstruction Formula)
Let the assumptions and the notation be as in Definition 2.6.1. Then,

Tim [|F = T5(F)|[x) = 0,
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for all F € X (), where

Ty(F) =Ty_1(F) + Ry_1(F) = Ty, (F) + i R;(F) (2.103)

j=Jo
forall J, Jy € Ny, 0 < Jy < J.

Equation (2.103) is called a reconstruction of the approzimation Ty(F'). Par-
ticularly,

F =T, (F)+ f: R, (F) (2.104)
j=Jdo

in X ()-sense.

Proof:
Equation (2.103) is a consequence of the definitions of the operators 7, and
Rj

TJ(F) = KhJ x F = (KhJ71 —|-\I/J,1> x* F = TJ,1(F) +RJ71(F).

This proves the first equality. The second equality follows analogously by
repeating this process for T;_1(F), ..., Tj+1(F). Equation (2.104) is a conse-
quence of Equation (2.103) and the fact that T);(F") converges to F' (in X'(2))
for J — oo. O

In the following, the spherical difference wavelets are computed for the locally
supported scaling functions defined by Definition 2.3.4.

2.6.2 Locally Supported Difference Wavelets Based on
Normalized Smoothed Haar Kernels

Let A € Ny. To emphasize the assumptions that A is an integer, we denote
the normalized smoothed Haar scaling functions defined in Definition 2.3.4 by
{Ln, k}jen,. Moreover, suppose that h; = 1— 2% then the normalized smoothed
Haar scaling functions {Ly, x}jen, C C*1[—1,1] , k € Ny, are

0 for te[-1,1-2)
PO (1 4 Dy for te[l— 1]

™

th,k(t) ==
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The corresponding smoothed Haar wavelets are the families {¥;;}en, C
CF=1[—1,1], k € Ny, of functions W, : [—1,1] — R, t — U, ,(¢), given by

(0 forte[-1,1-5)
S PO (g Ly fort € [1— 55,1 — 54

7

2j(k+l);l(k+1) (2k+1 t—1+ ﬁ)k—

| =1+ 1)k fort € [1 — 5, 1]

In Figure 2.10 we show Haar scaling functions Ly, o for j = 1,2,3 and the cor-
responding Haar wavelets W, o for j = 1,2, 3. Figure 2.11 illustrates smoothing
Haar scaling functions Ly, o for 7 = 1,2,3 and the corresponding smoothing

Haar wavelets ¥, for j = 1,2, 3.

Remark 2.6.5
We point out that, the formulation of difference wavelets for the Wendland
functions is straightforward and is omitted.

14r

12f

0.8

0.61

04r

0.21

15¢
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— Lo, 05F — Uy
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Figure 2.10:

The normalized Haar functions Lj, 0 and the Haar wavelets W .
Left: ¥+ Ly, o(cosd), o €[5, 5] forj=1,2,3.

Right: ¥ — U, o(cosv), o €[, %] for j=1,2,3.

272
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Figure 2.11: The normalized smoothed Haar functions Ly, 2 and the Haar
wavelets W; o

Left: ¥ /> Ly, 5(cos?), o €[5, 5] for j =1,2,3.

Right: ¥ — W;(cos?)), o€ [FF, 5] forj=1,2,3.






Chapter 3

Spherical Grids

The problem of arranging a dense structured lattice of points over the sur-
face of a sphere is an interesting and widely studied problem. This problem
has numerous applications in various areas of science such as crystallography,
tomography, molecular structure and especially, in our interest, geosciences.
Clearly, every field has different conditions for distributing a certain number
of points over the surface of the sphere and, consequently, it yields different
grids on the sphere ). In geosciences, the adequate condition for distributing
points on the sphere () is a better approximation of a function on the Earth.
For example, the choice of a spherical grid is very important for approximate
integration by using mean values of a function on the grid. For more discus-
sion of grids and adequate conditions see [34], [56], [78], and [94]. The purpose
of this study is to compare some grids and to look for a grid such that the
variation in the number of points within every spherical cap centered by a
point of the grid with a prescribed radius is minimized. In other words, if
Xy = {&,..., &} is a set of pairwise distinct points on the sphere © and
D; = {¢ € Xy| d(&,&) <}, where r;, 1 < i < N, is a prescribed radius,
then the aim is to find a grid on the sphere 2 such that

§ = maz1<i<n#D; — mini<i<n#D;, (3.1)

is minimized in this grid. On the other hand, if ', the total number of distances
between every two points in the grid, is defined as follows:

§ =#{d(&. &) &.& € Xnt, (3.2)

then we are interested in amounts of § as small as possible. As we will notice
in Chapter 4, the amount of § is related to the number of equations in a
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system of equations that should be solved. Because we have to solve a lot of
such systems, the numerical efforts will be decreased if we can find a grid with
smaller amount of ¢ .

In the following, we first explain the reqular grid. This grid is obtained from
the projection of a regular grid from the plane onto the sphere 2. Then we
develop a latitude-longitude grid on the sphere €2. Because each cell in this
grid is as quadratic as possible, we call it quadratic grid. In Section 3.3 we
describe Kurihara grid on the sphere ). This grid shows more homogeneous
distribution of points for the sphere {2 than other ones. Finally we discuss the
block grid on the sphere 2. The block grid was introduced for the first time
by Freeden and Schreiner [43].

3.1 Regular Grid

Let ¢ € [0,27), 0 € [’7”, %] and M,, Ny be the number of longitudes and
latitudes, respectively. To construct the longitudes, we divide [0, 27) into M.,

equal share as follows:

2
<pi:M—”¢, i=0,...,M,—1. (3.3)
©

For the latitudes, also, we divide [_7“, %] into Ny equal share as follows:
0j=—3, 7=0,...,Np. (3.4)

The regular grid is the simplest grid on the sphere €2 but unfortunately, for
large M, and Ny, there are too many points near the poles than near the
Equator.

Figure 3.1 shows one octant of the regular grid.

3.2 Quadratic Grid

Let ¢ € [0,27), 6 € [5F,5] and M, and Ny be the number of longitudes

and latitudes, respectively. Moreover, suppose that Ny is an odd number. To
construct the longitudes, we divide [0, 27) into M, equal share as follows:

2
%:M”z', i=0,...,M,—1. (3.5)
©
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Figure 3.1: One octant of the regular grid for M, = 91 and Ny = 71.

For the latitudes, first we arrange all the latitudes in the northern hemisphere
and after that, in a flip way, we build the grid points in the southern hemi-
sphere. We start from the Equator, 6, = 0, and move toward the North pole.
We set

Ny —3

0 = 0,+A00, j=0,..., "2 , (3.6)
T

/N92*1 = E: (37)

where A¢’ in (3.6) is defined by

N, —
AY; = 2 arcsin (cos(&é)sin(%@)) : j=0,...,~" 3. (3.8)

Note that it is possible that for some j in (3.6), say j = jo, we get ¢ ., > 7.
In such a case we should change the amount of Ny with a new N provided
that

NJev < 2jo + 3.
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Now, we extend the latitudes over the whole of the sphere (2 as follows:

eoz—g,elz— fges sy Onger = 0,051 :91,...,9%_1:; (3.9)
2 2

2

Finally, the points &;; defined by

Cos ; cos 0;
§ij=| singicost; |, i=0,....,Mp—1,j=0,...,Ng—1.  (3.10)
sin 0;
generate the quadratic grid on the sphere 2. For a given M, and Ny, the
total number of points in the quadratic grid is M,(Ny — 2) + 2.

Algorithm 1 generates the quadratic grid on the surface of the sphere. Figure
3.2 shows one octant of quadratic grid.

Algorithm 1 (Quadratic Grid)

Given M, and Ny, the number of longitudes and latitudes, respectively. The
purpose of the algorithm is to produce the quadratic grid Xy = {&,...,&x}
in spherical coordinates (0;, ¢;)i=1... N-

Start:

for i =0 to M, — 1 do

- 2T
= =
i = laq

end for
6, =0
for 7 =0 to % do

AD = 2Arcsin <003(9;)sin(MLw))

end for

P =3

for j =0 to N";l do
b= s

end for

for j = M2t to Ny — 1 do
0j =0 _ny

end for

Xy=1{0;] 0<i<Ny—1}x{p| 0<i<M,—1}
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Figure 3.2: One octant of quadratic grid for M, = 91 and Ny = 71.

The advantage of the quadratic grid is that all cells except “pizza slices” ringing
each pole are as possible as quadratic. This property is the reason that every
cap centered by grid points has the same number of points as another one,
except for those caps containing one or more of the “pizza slices” around the
poles. In Figures 3.3 and 3.4, one can see the difference between the quadratic
grid and the regular grid.

We mention here that the quadratic grid has “the pole problem”, too. That
means, there are too many points of the grid near the poles than near the
Equator. Also this grid is not a hierarchical grid, that means the grid with
higher number of points does not include another one with smaller number of
points.

In the next section, we will introduce Kurihara grid on the surface of sphere.
This grid is more uniform than the quadratic grid and it is a hierarchical grid.
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=/

Figure 3.3: Quadratic grid
In this example, the number of longitudes and latitudes for M, = 91 and
Ny = T1, respectively. In the quadratic grid, every cap contains the same
number of points as another one.

3.3 Kurihara grid

In 1965 Kurihara [56] proposed a grid such that its density on the surface of
the sphere is nearly homogeneous. In this grid, the pole problem does not
occur. It is overcome by placing smaller number of points at those latitudes
that are close to the poles. Let ¢ € [0,27) and 6 € [_7”, g] Suppose that the
resolution of the grid, denoted by N, is given. To construct the latitudes of

the grid, we divide [O, %} to N equal share as follows:

J .
ej:—(1—ﬁ), j=0,...,N, (3.11)

where 6y, as a latitude, is the North pole and 6y is the Equator. Then for
Jj=0weset pop=0andfor j=1,..., N we set

soz-,j:%v i=0,...,4j -1 (3.12)
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Figure 3.4: Regular grid
In this example, the number of longitudes and latitudes are M, = 91 and
Ny = T1, respectively. In the regular grid, the caps near the poles have more
number of points than the caps near the Equator.

The points §;; defined by

cos ; ; cos 0;
fij: sjngpi’jcosej , 7=0,....,N, +=0,...,47 — 1. (313)

sin 0;

generate the Kurihara grid on the northern hemisphere. The grid points for
the southern hemisphere can be easily determined in a flip way of the grid
points of the northern hemisphere. For a given NN, the resolution of the grid,
the total number of grid points on the surface of the sphere is 4N? + 2.

Algorithm 2 generates the Kurihara grid on the surface of the sphere.
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Algorithm 2 (Kurihara Grid)
Given N, the resolution of the grid. The purpose of the algorithm is to produce

the Kurihara grid Xy, = {&,...,&y} in spherical coordinates, where M is
4N? + 2.

end for
for j=1to N —-1do

Onyj = —On—j

fori=0to4(N —j)—1do

Pi,N+j = $i,N—j

end for
end for
Oon = =5, @rav=0 (South Pole)

Xy = {(6i,¢ij)] 0<j<N, 0<i<4j—1}
U{(0:, ;)| N+1<j<2N, 0<i<4N —4j—1}

As we mentioned before, the Kurihara grid is a hierarchical grid. That means
if we double the resolution of the grid, N, we get a hierarchical grid. In other
words, if K denotes the Kurihara grid for the resolution N, then we have

...CK%cKNcKQNcKW.... (3.14)

Note that by using the hierarchical grids, one can construct a multiresolution
analysis. Later, we will describe this method in Chapter 4. Figure 3.5 shows
one octant of Kurihara grid.

3.4 Block Grid

The block grid was proposed for the first time by Freeden and Schreiner [43].
One of the nice properties of this grid is that the amount of § in (3.2) is
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Figure 3.5: One octant of the Kurihara grid
The Kurihara grid for resolution N = 30 (left) and N = 10 (right).
The figure on the right hand side is from [56].

smaller than the quadratic grid or the regular grid. On the other hand, the
block grid has solved the “the pole problem”. In other words, the block grid
has all advantages of the three aforementioned grids: the Kurihara grid , the
quadratic grid and the regular grid. The block grid is constructed based on
this idea: first, we start with a grid similar to the regular grid and divide its
latitudes in some blocks. Then we delete some longitudes in each block in such
a way that we eliminate more longitudes in those blocks which are near the
poles rather than those blocks which are near the Equator. In the following
we describe this idea for the northern hemisphere in detail (cf. [43]). The
southern hemisphere grid is a mirror of the northern hemisphere grid.

Suppose that the resolution of grid, N, N > 2 is fixed. We divide [0, 27) to
2N+2 equal share, then we have

;= im2 WD =0, 2N*2 1 (3.15)
For the latitudes, we arrange 2V — 1 points between (0, %) as latitudes in the
following way

0<by<...<Bbyv_o< g (3.16)

The points ™7;; on the the sphere €2 are defined by
cos p; cos 0;
i = | singjeos6;, [, i=0,...,2Y" =1, j=0,...,2V -2, (3.17)
(—1)™sin 6,

where m = 0 is for the northern hemisphere and m = 1 is for the southern
hemisphere.
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Note that to obtain the block grid, too many of the points ™n;; should be
deleted. Now in a south-north direction, for the finest level, [ = 0, we separate
the latitudes in N blocks such that the k* block has 2V=*=! latitudes for
k=0,...,N —1. For the coarser level, [ =1,..., N, we reduce the number of
latitudes and longitudes by factor 2. In more detail, for level [ and for blocks
k, k=0,...,N —1—1,, we define the index sets as follows:

7V = {ili=0,28 aNH okt s ) = 9N oN—k
2N —aN=k ol 2N — Nkl 9l (3.18)

and for the special situation K = N — [ when [ > 0, the index set I](\l,)_l would
be empty using the relation (3.18). For this reason, we set

TV, = {(0,2Y =2, (2N, 2N — 2}, I=1,...,N. (3.19)
By definition, all other I,gl) are equal to the empty set. In addition, we let

N—-I
70 = | J 7. (3.20)
k=0

For a given N, we have, therefore, defined the following non-empty index sets:

0 0 1 1 2 2 N
AR A s Ao RO/ A LI A SN  cUPSNR AL

As an example, we have listed the index sets for the case N = 3 in Table 3.1.

Based on the points "7;; defined in (3.17) and the index sets defined in (3.18)
and (3.19), the grid points in the block k& and the level [ for the northern
hemisphere are defined as follows:

VB = {1 () €TV}, k=0, N=1=1,1=0,.,N.

(3.21)
Clearly, the collection of grid points of all blocks in the set
N—-1-1
N = | ) VB, [=0,...,N, (3.22)
k=0

gives us a block grid for the northern hemisphere in the level [, [ =0,..., N.
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Level | Block 7

[=0|k=01{0,1,2,...,15} x {0,1,2,3}
k=1| {0,2,4,...,14} x {4,5}

k=2 {0,4,8,12} x {6}

I=1|k=0] {0,2,4,...,14} x {0,2}

k=1 {0,4,8,12} x {4}

k=2 {0,8} x {6}
=2 k=0 {0,4,8,12} x {0}

k=1 {0,8} x {4}
[=3|k=0 {0,8} x {0}

Table 3.1: Index sets for the case N = 3

As aforementioned, to extend the block grid to the whole sphere €2, it suffices
to mirror the northern hemisphere grid. To be more precise, if ¥ B,gl) denotes
the grid points in the block £ and the level [ in the southern hemisphere then

spl) — {%;wgk_l)j | (i, §) ez,ff)}, k=0,... . N—I—11=0,... N.

(3.23)
Similar to the northern hemisphere, if SB® denotes the grid points in the
southern hemisphere for the level [ then we have

N—-I-1
BV = |J *BY, [=0,...,N. (3.24)
k=0

Therefore, if the block grid for the whole of the sphere {2 for the level [ is

denoted by B® then we have
B® = Ny Sl l=0,...,N. (3.25)

Figure 3.6 illustrates one octant of the block grid N = 4.

The block grid is a hierarchical grid. That means

BWM ¢ BNV < ... c BO, (3.26)
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* ok Xk k¥ % %

¥« % x * ¥

Figure 3.6: One octant of the block grid for N = 4.
Block 0: *, block 1: o, block 2: O, block 3: A.

By using the relation (3.26) it is possible to construct a multiresolution analysis
and therefore, according to the work of Freeden and Schreiner [43], it is possible
to construct locally supported wavelets.

Now, to obtain the number of points in block grid, we have

#B0 = #NpWO 4 £5B0)
= 2#B0
= 2470

N—I
= 2 #1}
k=0
N-I-1
= 2 ) 4V 4 (1 4y)
k=0

8
— §(4N—l —1) + (1 = dyp),

where §;; is the Kronecker symbol defined in (1.17). This yields the following
lemma.
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Lemma 3.4.1
For N > 2, the total number of points in the block grid in the level [ s

8
4B ST -+ (=60),  1=0,...,N. (3.27)

Finally, we summarize the method of generating the block grid in Algorithm
3. Note that in this algorithm, we start with a regular grid but one can start
with a grid in which the interval (0

™

, 5) is not divided in equal share.

Algorithm 3 (Block Grid)

Given N, the resolution of the grid and [, the level of the grid. The purpose
of the algorithm is to produce the block grid BY = {¢&;,..., &y, } in spherical
coordinates where Ny is $(4V =1 — 1) 4 (1 — dy0).

Start:
for i =0 to 22 — 1 do
i = ignTT
end for

Const = ;in—
for j =0to2Y¥ —2do
0; = Const * (j + 3)
end for
for k=0to N —-[—1do
IV = {il i = 0,2k 2N+ _ okt
Jél) _ {j’j:2N_2N—k’2N_2N—k;_'_217'“’2N_2N—k—1_21 }
1 . ) . l
NBI(C) = {(902#(2’“71)79]')‘2 S [;g),] € Jlg)}
end for

if [#0 then
NB%)fz = (pon-i_1,00v 1)

end if

NBWO = Uivzfol*l NB ,(f) %The block grid for the northern hemisphere.

SBO = mirror(NBW)  %The block grid for the southern hemisphere.

BO = Ny SO







Chapter 4

Biorthogonal Locally Supported
Radial Basis Functions on the
Sphere

In many problems of approximation theory on the sphere, there are matrices
with elements similar to

K+ K;(&" - €7), (4.1)

where K; and K are zonal functions and & and &} are points from a spherical
grid. For example, these elements appear in the interpolation matrices, the
least square matrices or in the stiffness matrices (overlap matrices). If there
is a system of biorthogonal kernels then these aforementioned matrices are
diagonal or block diagonal matrices and, therefore, working with them is very
easy, fast and efficient. How can one construct such biorthogonal kernels on
the sphere? This chapter is devoted to answering this question.

4.1 Biorthogonal Locally Supported Zonal Ker-
nels

Let Xy = {&;| (i,7) € T} C Q be an isolatitude grid (cf. Chapter 3) on the
sphere €2, where I is a set of ordered pairs indices corresponding to longitudes
and latitudes, respectively, with #I' = N. Let J be the set of all latitudes
indices, i.e.,

J={jl(i,j) €T}.
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Now, we introduce

Definition 4.1.1 (Biorthogonal Kernels)

Let Xn be an isolatitude grid on the sphere 2. Two families of kernels { K} ;e 7
and {K;};c7 in £2[—1,1] are called a system of biorthogonal kernels on the
sphere (2 if the following conditions are satisfied:

<Kj * Kj/) (fij ) fi/j/) = (Kj(fij ;) f(j'(fz"j' ) )) = 0ii 07 (4.2)

£2(Q)

for all i,7/ € 7 and all j,j" € J.

From now on, we call {K;};cs and {K;};es primal and dual kernels. Our
purpose is to construct a system of biorthogonal locally supported zonal kernels
by using families of locally supported zonal kernels in £2[—1,1]. To begin our
approach, let { K;},c7 be an arbitrary family of locally supported zonal kernels
in £?[—1, 1], where the support of Kj is [h;,1]. As we will describe later, the
value of h; is important to have a good approximation and on the other hand
to minimize computational efforts of finding the biorthogonal kernels.

Suppose that j € J is arbitrary and fixed. Let {f(jl}legj be an arbitrary
family of locally supported zonal kernels in £*[—1,1], where S; is an index
set. Moreover, suppose that the support of K ;1 is a subset of the support of
K; for all [ € §;. For convenience, we call the locally supported zonal kernels
{K jities; the intermediate locally supported zonal kernels.

To construct dual kernels, we replace K; in (4.2) with a linear combination
of intermediate locally supported zonal kernels with unknown coefficients. In
other words, we substitute K in (4.2) by the following term:

Zxﬂkﬂ’ (43)
=1

where xj;, [ = 1,...,s;, are unknowns and s;, j € J, is the number of un-
knowns and Kj, [ =1,...,s;, j € J, are the intermediate locally supported
zonal kernels in £2[—1, 1] such that their support fulfills the following condi-
tions:

supp K;1 = supp K;, j€J,
suppf(jl C supp Kj, l=2,...,s5, jeUJ. (4.5)
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After substituting (4.3) instead of K; in (4.2), we get the following linear
systems of equations:

ij’l (KJ * Kj’l) (5'5]7 gi’j’) = 57§7§’5jj’7 Z.,i/ € I, j/ € j, (46)
=1

for all j € J.

Remark 4.1.2
It should be noted that if ¢ £ " and j # j’ and also

(&g, Enyr) > cos™ ' (hy) 4 cos™H(h)), (4.7)

where d(&;;, &;7) is the geodetic distance between &;; and &/, then the sup-
ports of the corresponding kernels don’t have any intersection with each other.
Therefore, the corresponding equation in (4.6) is already satisfied.

Remark 4.1.3

Because Kj*f(j/l, l=1,...,s;and j, 7" € J are zonal functions some equations
in (4.6) are repeated. These equations are corresponding to those pair of points
(&, &rjv) that the geodetic distance between them are equal for a fixed j € J.

After eliminating the satisfied and repeated equations from (4.6), we obtain
#J number of linear systems of equations as follows:

AjXj=b;, jeJT, (4.8)
where
L1 1
qj XS; Lj2 0 1xgq;
AjERJ j,Xj: ' ,bj: . € R*Y, (49)
xjs]- 0

and g; is the number of equations corresponding to the 4t latitude. As we
shall see in our examples, the amount of ¢; is not big (about 15-25 for our
examples). Therefore, in the case of solvability the linear systems of equations
(4.8), numerical effort for solving them is relatively small.

Note that for an adequate choice of primal and intermediate kernels, the linear
systems of equations (4.8) are solvable. However, for a certain choice of primal



106 4. Biorthogonal Locally Supported RBF on the Sphere

and intermediate kernels, it is possible that some of linear systems of equations
in (4.8) are not solvable. In such a case, increasing the number of unknowns,
55, may be help us to solve these linear system of equations. Note that, the
number of equations in (4.8) does not depend on the number of unknowns, i.e.,
increasing the number of unknowns do not change the number of equations.

By using the solution of (4.8), we can define the dual locally supported zonal
kernels as follows:

Definition 4.1.4 (Dual Locally Supported Kernel)
Let z, L =1,...,s;, j € J, be the solution of (4.8). Then the dual locally

supported zonal kernel of K;, j € J, is denoted by K i, J € J, and defined
by

Sj
Kj = Z.leKﬂ, (410)
=1

for j € J.

Now, we are able to state the main theorem of this section.

Theorem 4.1.5 (Biorthogonal Locally Supported Zonal Kernels)
Suppose that {K;}jes and {Kji}i—1,. s, jes are families of locally supported
kernels in X (§2). Let

5
szzleKjla ]ej, (411)
1=1
where the coefficient xj;, | =1,...,s;, are solutions of systems of linear equa-
tion (4.8). Then the system {Kj,f(j} 15 a biorthogonal system of locally
JjegJ

supported zonal kernels on the sphere Q in the sense of the L?(Q)—inner prod-
uct.

If at the beginning of our biorthogonalization process, we start with a family
of primal and intermediate zonal kernels with K7'(0) = K7(0) = 1, and we

would like that K #(0) = 1, then we should impose the following constraint to
the unknowns of (4.6):

> =1 (4.12)
=1
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Remark 4.1.6

It should be noted that in the biorthogonalization approach if we start with
the (strictly) positive definite primal and intermediate kernels then it is NOT
necessary that the dual kernels are (strictly) positive definite. However, if
we would like that the dual kernels K;, j € J be (strictly) positive definite
then we must start with the (strictly) positive definite primal and intermediate
kernels and also we should impose the following constraint to the unknowns of
the system of linear equations (4.6):

T j1 Z O, = 17 ceey S5 (413)

Solving such a problem can be done by using linear programming. However,
the solvability of this linear programming problem must be discussed and it
can be a future work.

Next, we present some examples of the construction of biorthogonal kernels on
the sphere 2.

4.1.1 Biorthogonal Kernels on the Quadratic Grid

In this section, we use the quadratic grid on the sphere 2 (see Section 3.2) as
the system of points on the sphere 2. In addition, we choose the piecewise
polynomial locally supported zonal kernels introduced in Section 2.3 as the
primal zonal kernels, i.e.,

Kj(t) = th,k(t% ] € \77 (414)

where the support of Ly, » is [k, 1], j € J. Suppose that j € J is fixed. As we
mentioned before, the amount of h; is of great importance for practical aims.
In detail, as in Figure 4.1 is shown, the support of K;(&;;,-) and consequently
the support of Ly z(§i5, ) is a spherical cap with center §;; and radius r;, where
the relation between r; and h; is:

rj=cos '(by), j€J. (4.15)

Note that in (4.15), we use the geodetic metric for the distance between two
points on the sphere €. If h; is near 1 then the amount of r; is very small.
Then the support of the kernel only contains the center of the spherical cap
and, therefore, an approximation by using this kernel maybe contains an un-
acceptable error. On the other hand, if h; is near —1 then the support of
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§i+1j+1

Figure 4.1: The support of n +— K;(&;;,-n) in the quadratic grid.
The support of ¥ — Kj(&;;,n) is a spherical cap with the center §;; and the
radius 7; = cos™!(h;).

the kernel contains a lot of grid points and consequently the linear system of
equations (4.8) will be very big. Therefore, in our example, we have chosen the
amount of h; such that only those points of grid which are the “neighborhood”
of the center of the spherical cap should be in the support of the kernel.

Figure 4.1 illustrates a “spherical support cap” with radius r;. The neighbor-
hood points of the center and the center of spherical cap are shown by the
solid circles.

The succeeding step would be the selection of kernels K i, L=1,...,8;. Wecan
do it in two different ways. One way is the picking of kernels K i l=1,...,s;
the same as K; but with different radius of support cap. In other words, we
choose [N(jl = K and for f(jg, .., Kjs; the same as K; but with smaller radius

of the support cap, i.e., if 7;; denotes the radius of the support cap of K ;1 then
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Remark 4.1.7

Note that with a “bad” choice of {fﬂ}l:lwsj, it is possible that in (4.8), for
example, we get some equations that only one coefficient is non-zero and all
the rest coefficients are zero. Clearly, the solution of such equations is zero but
we don’t have any interest in these kinds of solutions.

Another way is the picking of the kernels f(jl, l =1,...,s;, with the same
radius of the support cap but with different smoothness, i.e.,

f(jl = th,)\-i-l—l) l= 1, ceey S (417)

It should be mentioned that with this choice of kernels, we do not have the
problem explained by Remark 4.1.7.

After selecting the primal kernels and intermediate kernels {K jl} we
ZZI,‘..,SJ'

can get the dual kernels, K, by solving the linear system of equations (4.8).
For this example, the system (4.8) has about 10-25 equations and s; unknowns.

Figure 4.2 shows the dual kernels for the quadratic grid with M, = 21 and
Ny = 1T7.

4.1.2 Biorthogonal Kernels on the Block Grid

In this section, we use the block grid on the sphere 2 (see Section 3.4) as the
system of points on the sphere ). Similar to the previous section, we choose
the piecewise polynomial locally supported zonal kernels Ly, x introduced in
Section 2.3 as the primal kernels: Kj(t) = Ly, A(t), j € J with the support

[h;,1]. Again, we choose the intermediate kernels {f( jl} as in the last
lzl,.‘.,Sj

section:
Kjl:th)\Jrl,l, l: 1,...,Sj.

After solving the linear system of equations (4.8), we get the dual kernel
K;, j € J, by letting

Sj
szzleKjla 1€ J.
=1
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K; for the 1% latitude K for the 2t latitude
20 10
10 5
0 0 d
10 -5
20 -10
-4 -2 0 2 4 -4 -2 0 2 4
K for the 3 latitude K4 for the 4" latitude
10 5

|
[¢)] o &)]

|
N
o
N

|
[é)] o

|
N
o
N

-4 4 -4 4
5———————— 40—
200
-200
2 0 2 4 % oo 2 a4
K7 for the 7" latitude Ky for the 8" latitude
20 50
20 0
0 M -50
00 -100
D94 -2 0 2 4 150 -2 0 2 4

Figure 4.2: The dual kernels K ; on the quadratic grid.
The dual kernels K ; in the northern hemisphere for the quadratic grid with
M, = 21 and Ny = 17. The first dual kernel, Ky, is corresponding to the
Equator and the K is corresponding to the last latitude near the North pole.
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Figures 4.3 and 4.4 show the dual kernels for the block grid with the grid resolu-
tion N = 3. The dual kernels are only computed for the northern hemisphere.
To compute the dual kernels in Figure 4.3, we don’t impose the constraint
(4.12) to the unknowns. But for computing the dual kernels in Figure 4.4, we
enforce the restriction (4.12) to the system of linear equations (4.8).

4.2 Approximation Using Biorthogonal Ker-
nels

In this section, we describe how we can apply the biorthogonal locally sup-
ported zonal kernels to approximate a function on the sphere €. Again let
Xn ={&;] (1,7) € I'} C Q2 be an isolatitude grid on the sphere Q (cf. Chapter
3) where I is a set of ordered pair indices corresponding to longitudes and
latitudes, respectively. Suppose that { K], K ;}ies is a family of biorthogonal
locally supported zonal kernels on the sphere €2. Now, for every point of the
grid Xy we define two zonal functions K;; and f(ij as follows:

Ki' = Kj(&ij? ')7 (Zaj) € F? (418>

Kij = Kj(fijv ')v (Za]) el (4'19)

By using the zonal functions K;;, we define the space V' with respect to the
L%(Q))—inner product as follows:

V = span {f(w} . (4.20)

(,5)eT
Also, we define the projection operator P : £L*(Q2) — V as follows:
P(F) = Y (F,Kij) g2 Kij- (4.21)
(i,4)€r

The projection operator P defined in (4.21) is an orthogonal projection oper-
ator from £2(2) to the space V, because

(F - P(F)7Kij)£2(ﬂ) = (F> Kij)ﬁ(g) - (P(F)7Kij)c2(ﬂ)
= (F Kyj) 20 — Z (F, Kirjt) 20, (Ko, Kij) 2
(@,5")er
= (F7 Kij)[ﬁ(g) - Z (F, Ki’j/)LQ(SZ) (57,7,/5]]/
(¢,5")er

= 0.
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K, for the 1*" latitude (1" block) K, for the 2" latitude (1" block)
20 10
15
10 5
5
0 0
-5
10 -5
15
20 -10
— -2 0 2 4 -4 -2 0 2 4
K3 for the 31" latitude (1" block) K4 for the 4'h latitude (1" block)
.00 15
50 10
0 5
-50 0
.00 -5
50 -10
-4 -2 0 2 4 -4 -2 0 2 4
K5 for the 5™ latitude (2" block) K for the 6" latitude (2" block)
250
L5 200
1 150
).5 100
0 50
).5 0
-1 -50
L5 -100
-2 -150
-4 -2 0 2 4 -4 -2 0 2 4
K7 for the 7' latitude (3'" block)
5
4
3
2
1
0
-1
-2
-4 -2 0 2 4

Figure 4.3: The dual kernels K ; for the block grid.
The dual kernels K; for the northern hemisphere. In this example, the system
of points on the sphere €2 is the block grid with the resolution of grid N = 3.
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K, for the 1" latitude (1" block) K for the 2t latitude (11 block)
00 150
100
50
50
0
0
50
-50
00 -100
-4 -2 0 2 4 -4 -2 0 2 4
K for the 3t latitude (1" block) K, for the 4t" latitude (1*" block)
00 3000
100 2000
00 1000
0 0 ‘V
00 -1000
100 -2000
~4 4 -4 -2 0 2 4
K; for the 5 latitude (2" block) K for the 6 latitude (2 block)
00 400
0o 200
00 M i
0 \/ \
A “ !
0 U M
N
00
00 -400
00 -600
-4 -2 0 2 4 -4 -2 0 2 4
K, for the 7t* latitude (3" block)
00

00
00
00

0
00

00
-4 -2 0 2 4

Figure 4.4: The dual kernels K ; for the block grid.
The dual kernels K ; for the northern hemisphere for the block grid. The
resolution of grid is N = 3. In this example we impose the constraint (4.12)
to the system of equations (4.8).
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Remark 4.2.1
It should be mentioned that the operator P defined in (4.21) approximate the
function F' € V precisely, i.e., if F' € V then P(F) = F.

In the next chapter, we will introduce three kinds of wavelets based on the
system of biorthogonal locally supported kernels.



Chapter 5

Fast Spherical Wavelet
Transform Based on
Biorthogonal Zonal Kernels

In this chapter we discuss a new kind of spherical wavelets which were con-
structed, for the first time, by Freeden and Schreiner [43]. These wavelets are
based on the biorthogonal locally supported zonal kernels constructed in Chap-
ter 4. In comparison with Euclidean wavelet theory, these kinds of wavelets
are similar to the tensor product wavelets (for detailed literature on the tensor
product wavelets in Euclidean space see [59] or [63]). Because of their con-
struction, these kinds of wavelets are locally supported and also are easy to
derive from scaling functions. Another property which can be an advantage or
a disadvantage is that these wavelets are not isotropic. This property enables
us to detect point singularities.

Although we can construct the biorthogonal zonal kernels on all the grids
introduced in Chapter 3, it is not possible to construct these wavelets on non-
hierarchical grids. In other words, these wavelets are based on a hierarchical
grid like Kurihara grid, the block grid (see Chapter 3) or HEALPix (see, e.g.,
[50]). In this work, we only focus on the wavelets constructed on the block
grid.
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5.1 Biorthogonal Scaling Functions

Let {Kj, K ;}ies be a biorthogonal system of locally supported zonal kernels
on the block grid (see Section 4.1.2). By using this biorthogonal system of
kernels, we define the scaling function for the scale [ = 0 as follows:

Definition 5.1.1 (Scaling Function for the Scale I = 0)

Let {K;, K;}jes be a biorthogonal system that comes from Theorem 4.1.5
with K7(0) = f(JA(O) =1, j € J. The primal scaling function for the scale
[ = 0 is defined by

m¢(0) ( M2i+(2k—1);" ) <Z7j) S I(O)a m=0,1, (51)

similarly, the dual scaling function for the scale [ = 0 is defined by

m¢z(]0 =K ( M2i+(2k—1);° ) (4,7) € I(O)u m =0,1, (5.2)

where the index set Z() is defined by (3.20).

According to our construction, it is clear that

/ () duo(€) = / 30(€) dw(e) = 1,

forall (i,7) € Z ©), Moreover, from the Constructlon of the biorthogonal system
{K; LK i }jes, it implies that both m¢ and m¢ are locally supported zonal
kernels with

supp "¢\, = supp ") = [h;, 1],

for all (i,5) € .

We construct inductively the primal and dual scaling functions for other scales.
To find the scaling function for the scale [, we compute the mean of the four
scaling functions at the scale [ — 1 corresponding to four neighboring indices.
It should be noted that there are some cases that there are no four scaling
functions at the scale [ — 1 in a block. In such cases, we compute the mean of
the scaling functions in this block and the neighboring block, if it exists, in the
direction of the North (South) pole for the northern (southern) hemisphere.
Figure 5.1 illustrates the idea of constructing the scaling function for the scale
l.
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Qe
N,

Figure 5.1: Scaling function for the scale [.
The scaling function for the scale [, except for some special cases, is the mean
of four scaling functions at the scale [ — 1 corresponding to four neighboring
indices.

Definition 5.1.2 (Scaling Function for the Scale )
Suppose that the primal and dual scaling functions for the scale [ —1 are given.

Then for k =0,...,N—I—1land m = 0,1 and (4,j) € I,gl) we define the primal
scaling functions for the scale [ as the following

m (1 1 - l l ¢
¢’Ej) g 5 ( ¢( 1) + ¢§+2}c+l 1 ¢,E]_:2l 1 ¢74+2}c)+l 1 ]_;’_21 1) 9 (5‘3)

and also for the dual scaling functions for the scale [ we define
m (1 m 71— m 7 (1l m 71 m 71
o) == ( 5 O A ) (54)
For k = N — [ we have to distinguish two cases.

e If [ =1, for the primal scaling function we assign

m () _
Pij —7

and for the dual scaling function we assign

(m¢(z Dy omgloh ) (i,5) e TV, (5.5)

g = 7(%“ Vmgle,)s e (56)
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o If [ # 1 then we set for the primal scaling function
m 1 m — m - m - . .
o =5 ("5 + el 20 ), ) el (57)

and similarly for the dual scaling function:

m~l 1 m~l— m~l— m~l— . . l
0 =5 ("5 + Ak 2 e )L ) e TR, (5.9)

Note that the primal and the dual scaling functions inherit being biorthogonal
from K; and K. The following theorem states this fact precisely.

Theorem 5.1.3 (Biorthogonalization of Scaling Functions)

For each scale [,
m () m' () — 58t 5.9
¢l] 9 ¢i/j/ 52(9) — ZZ, ]j, mm/. ( . )

It should be mentioned that the support of the primal (dual) scaling functions
for the scale greater than zero is the union of the support of the primal (dual)
scaling functions which it is built with (see Figure 5.1).

Because of the construction of the scaling functions, only the scaling functions
for the scale [ = 0 are zonal functions and the scaling functions for the scale
greater than zero are not more zonal functions.

5.2 Wavelets Based on the Biorthogonal Scal-
ing Functions

In this section, we construct three kinds of wavelets by using the biorthogonal
scaling functions introduced in the last section. The idea of construction is as
follows: Suppose that we made the scaling functions at each point of the block
grid at the level [ — 1. Then consider a point of block grid at the level . We
compute the mean of four scaling functions at the scale [ — 1 of this point and
three of its neighboring points from the block grid at the level [ — 1, where two
of them are multiplied by —1. Depending on in which direction we multiply
the scaling function of the scale [ — 1 with —1, we get East-West wavelets,
North-South wavelets or Diagonal wavelets. In the following, for each of these
wavelets, this idea is separately elaborated in detail (see also [43]). Note that,
during our construction, we suppose that the scale [, [ =1,..., N is fixed.
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Qe
N

Figure 5.2: The East-West wavelets for the scale [.

5.2.1 FEast-West Wavelets

We construct the East-West wavelets for the scale [ from the scaling functions
of the scale [—1. The East-West wavelet for the scale [, except for some special
cases, is the mean of four scaling functions at the scale [ — 1 corresponding to
four neighboring indices where two scaling functions in the East are multiplied
by —1. The idea of the construction of East-West wavelets is shown in Figure
5.2.

The primal East-West wavelets for the scale [ are the differences between the
primal scaling functions for the scale [ — 1 in direction East-West as follows:

m (1 1 (I-1 1-1) m . (I=1 1-1)
Ewwi(j) = 5 ( ¢ ) ¢£+2k+l 1T ¢§j+;l—1 - ¢£+2k+l 1jyol— 1) ) (510)

where (i,7) € I,gl) for k=0,...,N —[— 1. For the dual wavelets for the scale
[, we define

~ 1 ~ ~ ~ ~
m Tl m (-1 m (-1 m 7(l—1 m 7(1—1
Ewng) = 5 ( ¢Z(J ) - (/51(-_1_21@)“4 j + ¢£j+3171 - ¢z(-_|_2k)+171 j+2l*1) 5 (5.11)

where (z',j)EI,gl) fork=0,...,N—1—1.

Similar to the scaling function we have to consider the special case k = N —{
separately as follows: The primal wavelets are

l m (I— - ..
EW¢() - 7 ( ¢( Y ¢)§+21k)+l—1 j) ; (Zaj) € I](\})—la (512)
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Figure 5.3: The North-South wavelets for the scale [.

and the dual wavelets are

o) = 7 (mqbl D mgltl ) (i,5) e T, (5.13)

5.2.2 North-South Wavelets

Analogously to the East-West wavelets, we construct the North-South wavelets
for the scale [ from the scaling functions of the scale [ — 1. The North-South
wavelet for the scale [, except for some special cases, is the mean of four
scaling functions at the scale [ — 1 corresponding to four neighboring indices
where two scaling functions in the south are multiplied by —1. The idea of the
construction of North-South wavelets is shown in Figure 5.3.

The primal North-South wavelets for the scale [ are the differences between
the primal scaling functions for the scale [ — 1 in the North-South direction as
follows:

o) = & (el + "ol = o = O )
(5.14)

where (i,7) € I,gl) for k=0,...,N —[—1. For the dual wavelets for the scale

[ we define

anl@bl(;) = % (m¢l Y + m¢§:_2%c+l 15 mcbz(l]:;z_l - md)ﬁ’_;l-c-i—l 140l 1) ’
(5.15)
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Qe
N,

Figure 5.4: The diagonal wavelets for the scale [.

where (i,j)EI,gl) fork=0,...,N—1—1.

Similar to the scaling function we have to consider the special case k = N — [
separately as follows:

e If | = 1, because the block B](\(,)) (or # B](\(,)) for the southern hemisphere)
does not exist, we cannot define the North-South wavelet for this case.

o If [ # 1 then we set

m (1 =)™ (o 0=1) (-1 m (-1 o !
Ns%(j):u( ¢( '+ ¢z+2k)+ll —2 ¢m+§l 1)’ (i:4) € TN

(5.16)
and similarly for the dual wavelets:

~ —1)™ .
Nnng(]l) = u (m¢(l 1) m¢zi;€)+l L =2 m¢zlj+1;l 1) , (Z,j) € I](\l])_l
(5.17)

5.2.3 Diagonal Wavelets

The diagonal wavelet for the scale [, except for some special cases, is the mean
of four scaling functions at the scale [ — 1 corresponding to four neighboring
indices where two scaling functions in the diagonal are multiplied by —1. The
idea of the construction of Diagonal wavelets is shown in Figure 5.4.
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We define the primal diagonal wavelets for the scale [ as follows:

ng‘(gl‘) = % <m¢g'71) - m(leerJrl 1, m‘lﬁlljjgz 1+ m¢z+2k+l 1jyol- 1)7
(5.18)
where (i,7) € I for k =0,..., N — [ — 1. For the dual diagonal wavelets for
the scale [ we define

m, 7.l (_1)m m (-1 m m 7(1=1) m
D¢7;(j) = T < ¢§j - ¢l+2k)+l 15 ¢”+21 T+ ¢Z+2k+l 1 j4ol- 1) )
(5.19)
where (4, 7) GI,(J) fork=0,...,N—1—1.

Since for the case k = N — [ there are only two scaling functions in a block,
we cannot construct the diagonal wavelets for this case.

Remark 5.2.1 (Zero Mean Property of the X-Wavelets)
It should be mentioned that all of the three kinds of wavelets constructed above
have the zero mean property, i.e., for [ =1,..., N we have

/ np () dw(€) = / w2 (€) dw(€) =0, (i,j) €T, k=0,...,N—-1-1,
’ ! (5.20)
where X € {EW, NS, D}.

5.3 Multiresolution Analysis

In this section a multiresolution analysis for the space V' defined by (4.20)
will be introduced. Most of the multiresolution analysis are for the space of all
square integrable functions, but here, our multiresolution analysis is for a finite
dimension subspace of the space of all square integrable functions. Indeed, from
a numerical point of view, this is what has to be done for practical applications

(cf. [43]).
Similar to (4.20), we introduce the scaling spaces as follows:

Definition 5.3.1 (Scaling Spaces)
Let N > 2 be fixed, and m¢g-) be the scaling functions defined in Definitions
5.1.1 and 5.1.2. Then we define the scaling space V; by

V; = span { gbw, (b(l)} (5.21)

(1,5)eT®
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forl=1,...,N.

Note that the scaling spaces form a nested sequence of subspaces in the form
{0y CcVyCVy1C...CViCVyCLAND). (5.22)

Again, similar to (4.21), by using the biorthogonality property of the scaling
functions we define projection operators P, : £2(2) — V; by

R(F)= Y (W7 .P)%)+ Y (65, F)9). (523

(i.5)€Z®) (i.5)€Z®)

for I =0,...,N — 1, where, as always, (-,-) is understood in the topology of
L2(9).

Recall that similar to Remark 4.2.1, if ' € V, then P)(F') = F. In the sense of
signal processing, the projection operators P, can be associated with low—pass
filtering. The difference between two succeeding scale spaces is collected in a
detail space. Therefore, we define

Definition 5.3.2 (Wavelet Spaces)
Let ?wg), X € {EW, NS, D} be the available dual wavelets defined in

Section 5.2. Then we define the wavelet space W, by

W, = span {9(1%;), ;1;1(;) |when available} : (5.24)
(4,5)€T®
Xe{EW, NS, D}

foril=1,...,N.

It should be mentioned that, for example, in the definition of wavelet spaces
by using the diagonal wavelets, there are not any diagonal wavelets in the last
block near the pole. In such a case, we use another available kind of wavelets,
e.g., BEast-West wavelets, to define the diagonal wavelet spaces.

Because of the decomposition of V;_; as a direct sum of W, and V/, i.e.,
WyeV,=V_,1l=1,...,N, (5.25)

we are able to deduce
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Lemma 5.3.3
For N > 2 fixed,

N
Vo=Vva P (5.26)

=1

The space W, contains the detail information of a signal F'. In fact, our method
enables a dynamical space-varying frequency distribution of a function F' €
L£2(Q). Consequently, the wavelet analysis is not only related to a frequency
band (according to the scale ), but also scale-dependent spatial information
is provided.

The analysis is performed by the wavelets transform that is defined as follows:
For the scale [ and the index (i,7) € T,
WWT(i, 5 F) = (0 F), F e £3(9), (5.27)

where m = 0,1 and X € {EW, NS, D} (when defined). Due to the biorthog-
onality of the wavelets and the dual wavelets, we are able to introduce the
operators R; : L*(Q2) — W, by

1

R(F) =" > 3 (0l F) vy, (5.28)

m=0 (; j)eZ() Xe{EW,NS,D}

These operators act as band—pass filters on a signal F € £%(Q).

The wavelet analysis and the reconstruction can be summarized in the follow-
ing theorem:

Theorem 5.3.4 (Reconstruction Formula)
For F € L*(Q),

1
m N m~'f'L
Po(F) = S| S ("), F) el
m=0 \(i.j)€z®)
N

2 > Gug PRy

I=1 (i,j)eT() Xe{EW,NS,D}

The wavelet analysis and the reconstruction can be organized as a fast wavelet
transform. Basis for these algorithms are the filter coefficients in the scale
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relation, which are implicitly defined in Definition 5.1.1 and 5.1.2. For example,
it follows from (5.10) that

AWTE G F) = 5 (00570 = (Bl )
m (I=1 m (-1
¢§j+;l717 ) - ( ¢1+2k)+l 1jyol-1) F)) .

In fact, we end up with a fast tree algorithm of the following structure:

Wavelet Decomposition

F s ™ (O e (1 ) > ( '”(;")(:-“\Y_l).F) e( " \) F)

gyl

/¢

”L .F (f{’z;)@.F) (’(ft \)F)

The reconstruction can be organized as follows:

Wavelet Reconstruction

R.(F) Ry (F) R..(F)

N\

P.\'(F) — iy " P_\v_|(F)—>+ —= P\v,g(F)%Jr —ghii |

5.4 Examples

In this section, we present two examples for the wavelet techniques described
in Section 5.2. Both examples illustrate the gravity potential of buried point
masses with different depths. The first example is harmonic and globally
supported while the second example is non-harmonic and locally supported.
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Example 5.4.1
The function £ — F(§) defined by

4
1
P =3 —— €eQ (5.29)
; 1€ — Rin||
is chosen as the trial function, where n;, ¢ = 1, ..., 4 are four fixed points on the

sphere (). The fixed parameters h;, i = 1,...,4 are equal to 0.9, 0.8, 0.7, 0.6,
respectively. Figure 5.5 illustrates this function on the sphere 2. As we
mentioned before, this function is harmonic and globally supported on the
sphere €2. The function is sampled at the block grid with N = 11 with about
11,200,000 points on the sphere. Because the grid is rather dense for this func-
tion, we decided to approximate (m¢§?),F ) just by the value F'("ny;or_1 ;).
The scaling functions at the different scales are represented in Figure 5.6. The
wavelet transforms at different scales of types EW, NS and D are plotted in
the figures 5.7, 5.8 and 5.9, respectively. Note that the wavelet transforms at
the scale j are multiplied with a factor 277 to get comparable results.

Figure 5.5: The function defind by (5.29),
where hy = 0.9, hy = 0.8, hg = 0.7 and hy = 0.6.
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Scaling function at the scale 0

Scaling function at the scale 2

Scaling function at the scale 4

Scaling function at the scale 5

Scaling function at the scale 6

Scaling function at the scale 7

Figure 5.6: The scaling functions of Example 5.4.1
at the scales 0, 2, 4, 5, 6, 7.
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East-West wavelet transforms at the scale 1 East-West wavelet transforms at the scale 3

015 -0.01 -0.005 0 0.005 0.01 0.015 ).03 -0.02 -0.01 0 0.01 0.02 0.03

East-West wavelet transforms at the scale 6 East-West wavelet transforms at the scale 7

-0.04 -0.02 0 0.02 0.04 0.06 -0.1 -0.05 0 0.05 0.1

Figure 5.7: The value of East-West wavelet transforms for the trial function
of Example 5.4.1 at the scales 1, 3, 4, 5, 6, 7.
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North-South wavelet transforms at the scale 1 North-South wavelet transforms at the scale 3

n 1

.01 -0.008 -0.006 -0.004 -0.002 [ 0.002 0.004 0.006 0008 0.01 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

North-South wavelet transforms at the scale 6 North-South wavelet transforms at the scale 7

Figure 5.8: The value of North-South wavelet transforms for the trial function
of Example 5.4.1 at the scales 1, 3, 4, 5, 6, 7.
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Diagonal wavelet transforms at the scale 1 Diagonal wavelet transforms at the scale 3

Figure 5.9: The value of Diagonal wavelet transforms for the trial function
of Example 5.4.1 at the scales 1, 3, 4, 5, 6, 7.
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EW+NS+D wavelet transforms at the scale 1 EW+NS+D wavelet transforms at the scale 2

™ "

8 r 4 2 0 2 4 6 8 10 0.015 0.01 -0.005 [ 0.005 0.01 0.015 0.02
x10°

EW+NS+D wavelet transforms at the scale 3 EW+NS+D wavelet transforms at the scale 4

" -

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
EW+NS+D wavelet transforms at the scale 5 EW-+NS+D wavelet transforms at the scale 6
-0.1 -0.05 0 0.05 01 0.15 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Figure 5.10: The value of EW+NS+D wavelet transforms of Example 5.4.1
at the scales 1, 3, 4, 5, 6, 7.
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Example 5.4.2

In this example, the trial function is composed by three normalized Wendland
functions. The function is illustrated in Figure 5.11 on the sphere {2 and in
Figure 5.12 in two-dimensional plane. The function is sampled at the block
grid with N = 10. Thus we have about 2,800,000 points on the sphere. Similar
to Example 5.4.1, we approximated (mgbg)), F) just by the value F'("™ny; k1 ;).
Figure 5.13 illustrates the scaling functions at the different scales. The wavelet
transforms at different scales of types EW, NS and D are plotted in the figures
5.14, 5.15 and 5.16, respectively.

Figure 5.11: The trial function of Example 5.4.2 composed of three
Wendland’s functions: K5, Ko7 and Kj.

Figure 5.12: The Wendland Function ¢ — Kj(cosd), ¢ € [—n/2,7/2],
for h =1.5,2.7, 3.
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Scaling function at the scale 0 Scaling function at the scale 1

Scaling function at the scale 2 Scaling function at the scale 3

Scaling function at the scale 4 Scaling function at the scale 6

Figure 5.13: The scaling functions of Example 5.4.2
at the scales 0, 1, 2, 3, 4, 6.
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East-West wavelet transforms at the scale 1

East-West wavelet transforms at the scale 3

»e -
- »e
-0.1 -0.05 0 0.05 0.1 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

East-West wavelet transforms at the scale 4

East-West wavelet transforms at the scale 5

L

-

aw

East-West wavelet transforms at the scale 6

East-West wavelet transforms at the scale 7

-2 -1.5 -1 0.5 0 0.5 1 1.5 2 -2 -1.5 -1 0.5 0 0.5 1 1.5 2

Figure 5.14: The value of East-West wavelet transforms of Example 5.4.2
at the scales 1, 3, 4, 5, 6, 7.
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North-South wavelet transforms at the scale 1 North-South wavelet transforms at the scale 3
T I . TN 0
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0. E -0. -

North-South wavelet transforms at the scale 4 North-South wavelet transforms at the scale 5

s =

'I
-

North-South wavelet transforms at the scale 6 North-South wavelet transforms at the scale 7

Figure 5.15: The value of North-South wavelet transforms of Example 5.4.2

at the scales 1, 3, 4, 5, 6, 7.
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Diagonal wavelet transforms at the scale 1

Diagonal wavelet transforms at the scale 3

Diagonal wavelet transforms at the scale 4 Diagonal wavelet transforms at the scale 5

-0.06 -0.04 -0.02 0 0.2 0.04 0.06 -0.1 -0.05 0 0. 0.1 0.15
Diagonal wavelet transforms at the scale 6 Diagonal wavelet transforms at the scale 7

Figure 5.16: The value of Diagonal wavelet transforms of Example 5.4.2
at the scales 1, 3, 4, 5, 6, 7.



Chapter 6

Summary and Outlook

In this thesis we have discussed locally supported zonal kernels as a powerful
tool for the multiscale approximation of functions on the sphere. We have
investigated the smoothed Haar functions and, by a new technique, we have
extended the explicit expressions for the Legendre transforms of the smoothed
Haar functions proposed by [92]. Moreover, we have extended the Wendland
functions to the sphere. These functions have appealing properties: They are
strictly positive definite on the sphere and are locally supported on the sphere
and their native space is known, thus an error analysis is possible.

Based on the locally supported zonal kernels, we have developed a system of
biorthogonal locally supported zonal kernels on the sphere. This system of
biorthogonal zonal kernels has almost all advantages of an orthogonal system
of functions. In fact, the numerical effort for the construction of this system
is low, and also, all the tasks are easy to perform.

We have used the system of biorthogonal zonal kernels as the scaling functions
at the scale 0 for a biorthogonal multiscale analysis on the sphere. Upon the
biorthogonal scaling functions, we have investigated a system of biorthogonal
locally supported wavelets. Because the wavelet analysis benefits the local
support and biorthogonal properties of the scaling functions and the wavelets,
we have therefore obtained fast algorithms that are easy to implement, espe-
cially, we have established a fast wavelet transform. Furthermore, this method
enables fast approximations of local phenomena, too. Even more, it should be
mentioned that it is possible to apply the described concept in a fully local
framework.

Further investigations need to be done for the implementation of the fast
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wavelet analysis for the problem involving the rotational invariant pseudodif-
ferential operators, especially with real satellite data. For example, a future
task is to formulate this method for the problem of downward continuation by
means of inverse Abel-Poisson—type operators (see [32], [34], [42], [92]).
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