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ABSTRACT

Radial basis functions (RBFs) were originally developed in the 1970s for interpo-
lating scattered topographic data. Since then they have become increasingly popular
for other applications involving the approximation of scattered, scalar-valued data in
two and higher dimensions, especially data collected on the surface of a sphere. In
the late 2000s, matrix-valued RBF's were introduced for approximating divergence-free
and curl-free vector fields on the surface of a sphere from scattered samples, which
arise naturally in atmospheric and oceanic sciences. The intriguing property of these
RBFs is that the resulting vector-valued approximations analytically preserve the
divergence-free or curl-free properties of the field.

The most commonly used RBFs feature a shape parameter that controls how
peaked or flat the basis functions are, with the choice of this parameter greatly
affecting the accuracy of the RBF approximation to the underlying data. Flatter
basis functions, which correspond to small shape parameters, generally result in more
accurate approximations when the sampled data comes from a smooth function or
vector-field. However, the direct method for computing the resulting RBF approxi-
mation becomes horribly ill-conditioned as the basis functions are made flatter and
flatter. For scalar-valued RBF approximation, this was a fundamental issue until
the mid-2000s when researchers started to develop stable algorithms for “flat” RBFs.
One of the most successful of these is the RBF-QR algorithm, which completely
bypasses the ill-conditioning associated with flat scalar-valued RBFs on the sphere
using a clever change of basis. In this thesis, we extend the RBF-QR algorithm to

vi



flat matrix-valued RBFs for approximating both divergence-free and curl-free vector
fields on the sphere. We give numerical results illustrating the effectiveness of this
new algorithm and also show that in the limit where the matrix-valued RBFs become
entirely flat, the resulting approximations converge to vector spherical harmonic
approximants. This is the first algorithm that allows for stable computations of

divergence-free and curl-free matrix-valued RBF's in the flat limit.
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CHAPTER 1

BACKGROUND

1.1 Introduction

The interpolation of scattered data is a problem that emerges in multiple scientific dis-
ciplines and applications, such as meteorology, electronic imaging, computer graphics,
medicine, and the Earth sciences [1,9,19,25,27]. Radial Basis Functions (RBFs) were
first introduced in 1968 by R.L. Hardy to solve a 2D scattered data interpolation
problem in cartography [15,16]. Named for their use of linear combinations of
shifts of radially symmetric functions to interpolate data and approximate surfaces,
these scalar-valued RBFs have been used for various applications in fields ranging
from geophysics to statistics [10,24]. Part of the usefulness behind RBFs is their
inclusion of a “shape parameter,” which controls the peakedness of the basis functions.
Researchers have observed that this shape parameter directly impacts the accuracy
of the target function approximation. Specifically, they noted that smaller values
of the shape parameter result in better approximations to a point at which severe
ill-conditioning enters into the system of equations for determining the interpolation
coefficients. While there is a substantial amount of literature dedicated to finding the
“optimal” shape parameter for scalar-valued RBF's [4,26], these methods have been
restricted by this ill-conditioning that is introduced into the system when the shape

parameter approaches zero (named the “flat limit”) [5].



In 2007, Fornberg and Piret developed the RBF-QR algorithm, which bypassed
the ill-conditioning of scalar RBF interpolation on the sphere in the flat limit [7].
They achieved this through a clever use of spherical harmonic expansions and the
QR factorization to create a new set of basis functions that span the same space as
the RBF basis, but are well-conditioned in the flat limit. While this method allowed
for the full range of the shape parameter to be explored for scalar-valued RBFs on
the sphere, it did not directly apply to vector-valued RBF' interpolants, which are

used to approximate vector fields.

Vector fields arise in many scientific applications, as they describe certain fun-
damental physical quantities. Specifically, there are two properties of vector fields
that are useful when representing physical data: divergence (sources and sinks in a
field) and curl (rotational movement of a field). RBF interpolation theory has been
extended for use of interpolating both divergence-free and curl-free vector fields in
R? [11,22] and on the sphere [13,23], but these vector-valued interpolants suffer the

same dependence on the shape parameter.

This thesis introduces the first stable numerical method for calculating vector-
valued RBF interpolants on the sphere in the flat limit. Our method, which we
call the Vector RBF-QR algorithm, synthesizes existing derivations of vector-valued
RBF interpolation on the sphere [13] and Fornberg and Piret’s stable algorithm for
scalar-valued RBF interpolation in the flat limit [7]. Similar to the Scalar RBF-QR al-
gorithm, the Vector RBF-QR algorithm utilizes vector spherical harmonic expansions
and a QR factorization in order to create a better conditioned set of basis functions
that span the same space as the standard vector basis used to construct the vector

RBF interpolant.

The structure of this thesis is as follows. The remainder of this chapter gives an



overview of the background material needed for the algorithms presented in Chapters
2 and 3. This includes details of both scalar-valued and vector-valued RBF interpola-
tion, as well as relevant information on scalar and vector spherical harmonics. Chapter
2 offers extensive detail of Fornberg and Piret’s RBF-QR algorithm for scalar-valued
RBF interpolation, including numerical results. The main result of this thesis, the
Vector RBF-QR algorithm, is presented in Chapter 3. We include numerical results
from this algorithm in Chapter 4 and conclude with comments on future work in

Chapter 5.

1.2 Radial Basis Function (RBF) Interpolation

As mentioned in the introduction, interpolating scattered data is a problem that
arises in many disciplines, including engineering, hydrology, and geophysics. Several
established techniques, like polynomial and trigonometric interpolation, have been
used to solve this problem in one dimension. These methods typically use linear
combinations from a fixed set of basis functions {;(r)}}_; to form a function s(x)
that will interpolate the data points {z;}7_; at the values {f;}7_;. The resulting

function is of the form

n

s(z) = chwj(x) (1.1)

7=1
and must satisfy the interpolation conditions s(x;) = f;, for j =1,...,n. These con-
ditions lead to linear constraints on the expansion coefficients, ¢;. These coefficients

can be determined by solving the linear system of equations

A cl = |f], (1.2)



where the entries of A are given by a;, = ¢¥x(z;) j,k =1,...,n, cis a vector contain-
ing the ¢;’s, and f is a vector containing the f;’s. Many of these methods, including
polynomial and trigonometric interpolation, work well in the one-dimensional case
because this linear system is guaranteed to be non-singular whenever the given data
are distinct [31]. However, this is not always the case for data in more than one
dimension. The Mairhuber-Curtis theorem shows that for any set of basis functions
that are independent of the data, there exist sets of distinct data points such that
the linear system in (1.2) becomes singular [29]. In 1968, R.L. Hardy pioneered a
solution to interpolating two-dimensional, scattered data in a way that bypasses the
Mairhuber-Curtis theorem. He achieved this by developing a type of basis function
that depends on the data rather than on a grid. This technique is known as the radial

basis function (RBF) method.

1.2.1 RBF Interpolation of Scalar-valued Functions

The RBF method used today is a generalization of Hardy’s multiquadric (MQ)
method. The MQ method solved a common problem in cartography of finding a
continuous function that accurately represents a surface given sparse measurements.
Much of the motivation behind this investigation was twofold: to create contour maps
of topographic surfaces and to use methods of calculus on the representative function
to determine characteristics of the surface [15,16]. Before working on a solution
to this problem, Hardy first chose to investigate the one-dimensional version, i.e.
finding a continuous function that accurately represents a curve given scattered data
measurements. He first realized that a piecewise linear interpolating function provided
a satisfactory representation of the curve, but discontinuities of the first derivative

of the interpolating function prevented him from using calculus to analyze the curve.



After some trial and error, he finally chose to use the continuously differentiable basis
function v/a? + x2, where a # 0 is an arbitrary constant that affects the peakedness

of the quadric [15]. This choice leads to the interpolating function

s(z) = ZCM/GQ + (z — z;)?, (1.3)

where the ¢;’s are determined as discussed in the previous section. Note that for

a = 0, the basis function becomes piecewise linear.

Hardy found that there were many benefits to this M(Q method beyond the
fact that it accurately represented the desired curve. Specifically, he noticed that
calculus techniques could be applied to the interpolating function (when a # 0) to
gain meaningful information about the curve and more importantly, that this new
approach could carry over to data in more than one dimension. This key property
is what allowed Hardy to find a solution to his original cartography problem of

approximating a surface with a mathematical function.

Hardy extended his one-dimensional interpolating technique first for data in 2D.
He achieved this by instead using a linear combination of quadric basis functions that
were translated to be centered at each data point. For distinct points {(z;,y;)}7-; in

R2, the new interpolant is given by

s(w.) = Y e/ 4 (o — )+ (y — ) (14)

Hardy found that (1.4) performed well when used to approximate topographic surfaces
from sparse data measurements. He named this technique the “multiquadric method”
due to its most notable feature of “superpositioning quadric surfaces” [16]. While
Hardy’s initial goal was achieved, he noted that his method could be easily extended

for scattered data in many dimensions. His work, combined with the work of those



after him in the 1970s and 1980s, lead to the formal definition for scalar interpolation

using RBF's:

Definition 1.2.1. (Scalar RBF Method) Given a distinct set of scattered nodes
Y = {y,;}}-; € R%! and some scalar-valued target function f sampled at Y, the

scalar-valued RBF interpolant of f|y is given by

n

s(x) =Y 0 (Ix = yyll) (1.5)

j=1
where z € RY, ||-]| is the d-dimensional Euclidean norm, and ¢(r) is some radial kernel
(see Table 1.1 for examples). The expansion coefficients ¢; can be determined by

solving the symmetric linear system formed by enforcing the interpolation conditions
stly;)=1f;,7=1,...,n:

o(ly1 —vill) ollyr =vall) - ollyi —valD)| | & fi

¢(|Iy2fy1||) ¢(|Iy2fy2|l) ¢(|Iy2fyn||) 6:2 N ]iz 16)
O(ly, —yill) oUly, —v2ll) - oUly, —¥all)| |cn In
~ ~ R

Ay c f

We note here that determining the interpolation coefficients in this manner will
be referred to as “RBF Direct” in this thesis. Geometrically, the RBF Direct method
can be viewed as interpolating the data with a linear combination of translates of a
single basis function, ¢(r), that is radially symmetric about its center. This process
can be seen graphically in Figure 1.1. Several options for these radial kernels have
been developed since Hardy’s multiquadric kernel, and this thesis will use those with

the following property.

Definition 1.2.2. (Positive Definite Kernel) Let Q C R%!. ¢ is a positive definite

kernel on €2 if the matrix Ay is positive definite for any distinct Y = {y;}}_, C Q,
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Figure 1.1: The process of using RBFs to interpolate a set of scattered data in 2D.
(a) a target function f sampled at some set of distinct nodes, (b) a set of radial
basis functions interpolating the data (c) a reconstructed surface resulting from the
interpolation

i.e.
n n

ZZbiqﬁ(yi,yj)bj >0, providedb; #0,i=1,...,n.

i=1 j=1

Table 1.1 lists some of the most commonly used, positive definite radial kernels,
and Figure 1.2 shows plots of these kernels. Using these kernels guarantees that the
Ay matrix in (1.6) will be unconditionally nonsingular, i.e., that the RBF Direct

method will be uniquely solvable [20]. Notice that the MQ kernel is precisely the one

Radial Kernel o(r)
Gaussian (GA) e )
1
Inverse quadratic (1Q) T (o)
Inverse multiquadric (IMQ) __
1+ (er)?
Multiquadric (MQ) 1+ (er)?

Table 1.1: Commonly used radial kernels, where the first three are positive definite,
r = ||x —y||, and ¢ is the shape parameter.

that Hardy developed with the transformation a = % Here, € is a free parameter

that controls the flatness or peakedness of the functions, giving it the name “shape



parameter.” The shape parameter plays a central role in this thesis and will be

discussed in more detail in subsequent chapters.

Since its introduction by Hardy, the scalar-valued RBF interpolation method
has been studied extensively for approximating scattered data in two and higher

dimensions. RBFs have become increasingly popular and are now being used for

05 0.5

05

° (© | ° ) |

Figure 1.2: (a)The Gaussian (¢ = 2), (b) inverse quadric (¢ = 3.5), (c) inverse
multiquadric (¢ = 6), and (d) multiquadric radial kernels (e = 2).

applications such as computer animation, medical imaging, and fluid dynamics. This
section has given a brief overview of scalar-valued RBF interpolation, including their
origins in cartography. In the next section, we will cover how to use the radial kernels
in Table 1.1 for approximating vector-valued functions, i.e. vector fields, with certain

inherent properties.



1.2.2 RBF Interpolation of Vector Fields

Vector fields arise naturally in many applications, as they describe certain fundamen-
tal physical quantities. Two specific properties of vector fields are particularly useful
when representing physical data: divergence (sources and sinks in a field) and curl
(rotational movement of a field). For example, divergence-free vector fields represent
incompressible fluid flows and (static) magnetic fields, while curl-free vector fields
represent gravity fields and (static) electric fields. Since these properties play a key
role in many applications, interest was stirred in finding a method that used the
established scalar-valued radial kernels to construct vector-valued approximations to
vector fields with divergence-free or curl-free properties. We note here that many
people consider a naive approach for using RBF's to interpolate data collected from
vector fields: using the scalar-valued RBF method to interpolate each component of
the vector field individually. The disadvantage to this technique is that it does not
allow certain properties of the vector field to be preserved. In order to properly utilize
scalar-valued kernels to approximate vector fields while still preserving divergence-free
and curl-free properties, researchers worked to extend the RBF theory for interpo-
lating all components of a vector field together. Narcowich and Ward accomplished
this in 1994 when they introduced matrix-valued kernels that can be used to produce
divergence-free interpolants at scattered points [22]. In 2006, Fuselier did the same

for curl-free interpolants [11].

The interpolation process for matrix-valued kernels is similar to that of the scalar
case. We begin with divergence-free interpolation. Let ¢ be any scalar-valued radial
kernel that is twice continuously differentiable, then we consider the matrix-valued,

divergence-free kernel formed from ¢ as
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Dyiv(x,y) = —IAG(x,y) + VV o (x,y), (1.7)

where V is the gradient operator in R?, VV7 is the Hessian operator, and A is the

Laplacian operator. In 2D, for example,

-A 0

_m:{o \

} and VV7! = {@(x axy:|.

Oyx  Oyy

Narcowich and Ward showed that ®4, is a dxd matrix-valued function with divergence-
free columns [22]. In order to demonstrate why the columns of this kernel are
divergence-free, we utilize the standard basis vectors e; € R% The j% column of
® 4, is given by

(I)div(x7 Y)ej = [_1A¢<X7 Y> + VVT¢(X7 Y)} ej

_ U x (V x (8(x,y)e;)) = V x g, (18)

where g is a vector field. Thus we see that each column of ®4, is the curl of a vector
field, so they are divergence-free; see Figure 1.3 for an illustration of the columns of
® 4, in R2. Additionally, Narcowich and Ward showed how to use ®4, to produce a

divergence-free vector-valued interpolant.

Given a distinct set of scattered nodes Y = {y;}7_, on R and a target vector
field u : R? — R? sampled at Y, the divergence-free vector RBF interpolant of u is

given by

S<X) = Z (I)div(xa Yj)cja C; € ]Rd- (19)
j=1

Similar to the scalar-valued interpolation method, the interpolation coefficients c;
are determined by solving the linear system formed by enforcing the interpolation

conditions, which can be written as
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Figure 1.3: The columns of a divergence-free kernel: (a) ®g,(x,0)[1 0]7 (b)
Dy, (x,0)[0 1] based on the Gaussian radial kernel.

Piiv(¥1,¥1) Pain(y1,¥Y2) - Pan(yi¥a) | |1 u
(I)div (}.,27 Y1) (I)div (}.’27 Y2) " v (I)div (}iQ? Yn) C‘2 _ 11.2 ‘ (110)
(I)div (yn7 yl) (I)div (yn7 y2> e (I)div (yn7 yn) Cn U,
N ~— o~
Ay, € u

Due to the symmetric structure of ®4,, the matrix Ay g, is also symmetric. It can
also be shown to be positive definite for appropriately chosen ¢ [11], such as those
in Table 1.1. This guarantees that (1.10) has a unique solution. Figure 1.4 shows a
divergence-free vector field sampled at distinct points and the resulting divergence-free
RBF interpolant.

The curl-free matrix-valued kernels are developed in a similar manner as the
divergence-free ones. As before, we let ¢ be any scalar-valued radial kernel that
is twice continuously differentiable and act on it with the appropriate differential

operator. We define a curl-free matrix-valued kernels as [11]
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Figure 1.4: (a) The samples of a divergence-free vector field and (b) the interpolant
of the field using the Gaussian kernel with ¢ = 4.5.

Deuri(x,y) = —VVT0(x,y). (1.11)

As in the divergence-free case, we utilize the standard basis vectors e; € R? to show

that the columns of this kernel are curl-free. The j** column of ®.,,; is given by
(I)curl(xa y)ej = _VVT(b(X? Y)ej =V (_VT <¢(X7 y)ej)) = Vga (112)

where g = —0¢/0x) and zU) refers to the j* coordinate of x. Since g is a scalar
function, we see that each column of ®.,,; is the gradient of a scalar, so they are
curl-free; see Figure 1.5 for an illustration of the columns of ®.,,; in R%. With this

established, the curl-free vector RBF interpolant is given as

S(X) = Z q)curl(xa y]')cj7 (113)

where the interpolation coefficients c; are found by solving the linear system as

in (1.10), but with the matrix Ay, ,, whose (4, k)" dxd block is given by DPeurt(¥,Yi)-

curl?

Similar to the divergence-free case, ®.,. is symmetric, which means the matrix
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Ay o is also symmetric. Aygo can also be shown to be positive definite for

curl curl

appropriately chosen ¢, like those listed in Table 1.1 [11]. Figure 1.6 shows a curl-free

vector field sampled at distinct points and the resulting curl-free RBF interpolant.

1.3 RBF Interpolation of Surface Divergence-Free and Curl-

Free fields on the Sphere

The results from Section 1.2.2 dealt with the interpolation of divergence-free or curl-
free vector fields in R, but there are many applications, particularly in geophysics,
where vector fields tangent to the surface of the sphere arise. For example, in the
atmospheric sciences, horizontal wind fields are modeled as tangent vector fields, while
the same is true of surface ocean currents in the oceanic sciences. In this section, we
discuss how RBF's can be further customized for surface divergence-free or curl-free
interpolation on the domain of the sphere. We denote the matrix-valued kernels used
for defining these interpolants as Wy, and V.., respectively. Note that while these
kernels are the respective spherical analogues of &4, and ®.,.;, we cannot simply
restrict @4, and ®.,,; to the surface of the sphere because this would not result in

surface divergence-free/curl-free kernels.

1.3.1 Surface Differential Operators for Vector Fields in R3

In order to aid our discussion in subsequent sections, we will define tangential differ-
ential operators for vector fields on the two-sphere, S?. Since S? is a two-dimensional
domain, we can define the (surface-) curl of a scalar function analogously to the curl
of a scalar function in R?, where curl should be understood as n x V. The surface-curl

of a scalar-valued function f : S? — R, expressed in Cartesian coordinates, is given
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as QxVy f, where x € S?, V, is the usual gradient on R? applied to x, and Qy is the

matrix that represents the cross product with the normal vector, i.e.

0 —2 wy
Qx=| 2z 0 —-z]. (1.14)
-y z 0

Additionally, the surface-gradient of a scalar-valued function f : S — R, expressed in
Cartesian coordinates, is given as P,V f, where Py projects vectors onto the tangent

space on S? at x:

1—22 —zy —zxz
Po=1—-xx'=| —ay 1—13> —yz |. (1.15)
-z —yz 1—22

Both the surface-curl and surface-gradient operators produce vector fields that are
tangent to S? at x and are expressed with respect to the standard Cartesian coordinate
basis. We also note here that the surface-curl of a scalar function on S? is divergence-
free, and fields that are surface-gradients of scalar functions on S? are surface curl-
free [13]. With these surface operators defined, we can now discuss vector RBF

interpolation on the surface of the sphere.

1.3.2 Vector RBF Interpolation on the Sphere

We will begin with the derivation for the surface divergence-free matrix-valued RBF
kernel for vector fields tangent to the sphere, which was first developed by Narcowich,
Ward, and Wright [23]. Note that we will use extrinsic (Cartesian) coordinates
because they do not suffer from pole singularities, unlike surface-based coordinate
systems on the sphere. Let x,y € S? and consider a scalar-valued radial kernel
centered at y, ¢ (||x — y||). We then construct the 3-by-3 matrix-valued kernel, W 4;,,

using the surface-curl operator from Section 1.3.1 as follows:
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Ui (%, y) = (QxV) (QyVy)" ¢ (Ix =)
= Qx (vaz:¢ (HX - Y||)> Q)"

Notice that the matrix )y eliminates the normal component of a vector, so for any

(1.16)

c = (c1,09,¢3)T, g (x,y)c is tangent to S* at x. Furthermore

Uain(x,¥)c = [Qx (VxVEd (IIx — yI) Qy] c

= QY [VI (0 (Ix — y1)) @ye] (1.17)

f

- Qx (fo)a

where f is a scalar-valued function. Since W4, (X, y)c is equivalent to the surface-curl
of a scalar function, we know that it is surface divergence-free. With this kernel, we
can now construct an interpolant to a divergence-free tangent vector field on S?.
Similar to the interpolation process described in Section 1.2.2, we begin with
distinct nodes YV = {y;}7_; = {(z;,¥5,2)}}=; C S* and a surface divergence-free
tangent vector field f sampled on Y, {f;}7_, = {[f;1fj2fis]" })-1; see Figure 1.8 (a)

for an illustration. The surface divergence-free RBF interpolant takes the form

t(x) = Z\Pdiv(xa Y;)Cjs (1.18)

where the interpolation coefficients c; are tangent to S? at y;. This assumption is
needed to make the interpolation problem well-posed. We note here that solving for
these interpolation coefficient vectors is a two-dimensional problem since f; are really
two-dimensional vectors, since they can be written as a sum of two orthonormal vec-
tors. This creates an issue due to the terms in the sum (1.18) being three-dimensional
vectors. A naive approach to solving for the c;’s will lead to a singular system
of equations. Therefore we will explain how to set up the vector interpolant so
that the corresponding matrix for determining the interpolation coefficient vectors is

non-singular.
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We denote an orthonormal coordinate system at each node, y;, as {d;,e;,n;},
where n; is the outward normal to S?, e; is a unit tangent vector, and d; = n; X e;.
Then we see that n; = y; (since on the unit sphere the outward normal at y; is just y;)

and choose d; and e; to be the standard meridional and zonal vectors, respectively:

1 —2;T; 1 —Y;
1—27 [1— z? =210

It is important to note here that d; and e; form an orthonormal basis for the
tangent space of S at y;. Additionally, if y = [0,0,1] or y = [0,0,—1], e.g.
at one of the poles, we can pick any orthogonal vectors in the plane z = 1 or
z = —1, respectively. Then the surface divergence-free vector RBF interpolant to
the samples of f is constructed from linear combinations of the tangent vector basis

{(Wain (%, y;)dj, Yain (X, y;)e;) } iy, i.e. the interpolant is of the form

t(X) = E lediv(X) yj) [Oéjdj + Bjej], (120)
— —_————
Jj=1 f
where the unknowns «; and j; are determined by solving t(y;,) = £, i = 1,...,n.

[Mlustrations of the zonal and meridional basis vectors formed from W4, are displayed
in Figure 1.7.
Now solving for the interpolation coefficient vectors c; in (1.20) is equivalent to
solving the linear system of equations,
> Wailyiyj)lasd; + Biej] =fi, 1<i<n, (1.21)
j=1
for a; and f;. However, since f; has three components, (1.21) is not a square system.
We note that we can make (1.21) a square system by expressing f; in terms of d; and

e; as f; = v,d; + d,e;, where
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Figure 1.7: The two components of the tangent vector basis at y;: (a) Zonal basis,
U4iv(x,y;)e; (b) Meridional basis, Wy, (%, y;)d;

[}1 — [‘:ﬂ f,. (1.22)

1

Using this, we can rewrite (1.21) as the 2n-by-2n linear system

Xn: ([iﬂ Waio(¥ir ;) [dj ej]) {gj = lg} , 1<i<n. (1.23)

j=1 !

A\Ildivv(iaj)
The (i,)™ 2-by-2 block of this interpolation matrix is denoted by Ay, ;) and is
given explicitly as [13]:

_ei-e: el.d ei.n,
A i (i.9) = [di.ejj —di-éj] 1(rig) + [ . ] [ni-e; —mi-d;]((ry), (1.24)

—d, -n;
where r;; = ||y, — y;ll, n(r) = ¢'(r)/r, and {(r) = n'(r)/r. The interpolation matrix
that arises from these entries is of size 2n-by-2n and is positive definite (and thus,
invertible) if Wy, is constructed from any of the scalar kernels in Table 1.1 [23].

Figure 1.8 (b) illustrates an interpolated surface divergence-free vector field on S?
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using the surface divergence-free RBF interpolant.
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Figure 1.8: (a) The scattered samples of a surface divergence-free vector field in blue
and (b) the interpolant of the field using the surface divergence-free RBF interpolant
in black.

We note that the construction of a surface curl-free interpolant using V., for
scattered samples of a surface curl-free field is similar to that of the divergence-free
process. So we discuss the curl-free case less extensively, highlighting the differences
from the divergence-free case.

As before, we let x,y € S? and consider the scalar-valued radial kernel centered
at 'y, ¢ (||x —y|). We then construct the 3-by-3 matrix-valued kernel, ¥, using
the surface-gradient operator from Section 1.3.1 as follows:

Veurt(x,¥) = (PV) (B Vy)" 6 (x = ylI)
= P (VxVyo (Ix —yl)) By.

Again due to the operator P, acting on a vector ¢ = (ci,¢2,¢3)", Wepn(x,y)c is

(1.25)

tangent to S? at x. Furthermore,
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\I]curl(x7y)c = [_PX (vaz;Qﬁ (HX - y”)) PY:| ¢
= PV [V (6 (Ix = y]) Poc]

'

g

(1.26)

= P (Vx9),
where g is a scalar-valued function. Since W.,.(x,y)c is equivalent to the surface-
gradient of a scalar function, we know that it is surface curl-free. With this kernel,
we can now construct an interpolant to a surface curl-free tangent vector field on S?.
As before, we begin with distinct nodes Y = {y;}7; = {(z;,¥;,%)}}-, C S?
but now we have a surface curl-free tangent vector field f sampled on Y, {f;}"_, =
{[firfi2fisl"}j—1; see Figure 1.10 for an illustration. The surface curl-free RBF

interpolant takes the form

n

t(x) = > Veun(x,y))c;, (1.27)

Jj=1

where ¢; is tangent to S? at y;. We make the same modification as in (1.20) but with

Figure 1.9: The two components of the tangent vector basis at y;: (a) Zonal basis,
Ueuri(x,y;)e; (b) Meridional basis, V,.(x,y;)d;
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the tangent vector basis {(WVeuri (X, ¥;)d), Yeuri(X,y;)e;)}j=; in order to get the 2n-

by-2n linear system for determining the interpolation coefficients ¢; = [a;e;  f;d,]

]Zi;\( [‘:ﬂ Yeurt(y,¥;) [d; eﬂ)/ [%ﬂ = m , 1<i<n (1.28)

-~

curl 7(i’j)

Ay
[lustrations of the zonal and meridional basis vectors formed from V., are displayed
in Figure 1.9. The (i,7)™ 2-by-2 block of this interpolation matrix is denoted by
Ay, and is given explicitly as [13]:

curl 7(

d,-d; d;-e; d;-n;
Av, ) = { .dj ]} n(ri;) + [e- ’] ;- d; n;-e;] ¢(ry), (1.29)

e -d; e -e, I ¥

where r;;, n(r), and ((r) are defined as in (1.24). The interpolation matrix that
arises from these entries is size 2n-by-2n and is positive definite (and thus, invertible)
if W, is constructed from any of the scalar kernels in Table 1.1 [13]. Figure 1.10
(b) illustrates an interpolated surface curl-free vector field on S? using the surface

curl-free RBF interpolant.
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Figure 1.10: (a) The scattered samples of a surface curl-free vector field in red and
(b) the interpolant of the field using the surface curl-free RBF interpolant in black.
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We conclude by noting that according to the Helmholtz-Hodge decomposition,
any vector field can be decomposed into a divergence-free component, a curl-free
component, and a harmonic component. Since tangent vector fields on the sphere
do not have harmonic components, we can decompose every tangent vector field
on S? uniquely into divergence-free and curl-free components. Fuselier and Wright
introduced a technique for decomposing tangent vector fields on S? using the ¥4, and
U kernels [13]. They demonstrated that the kernel for interpolating any tangent
vector field on S? is simply defined as ¥ := Wy, + V.. Then given distinct nodes
Y =y, i C S? and a surface tangent vector field f sampled on Y, the interpolant

is thus of the form

n

t(x) = Z U(x,y;)c; = Z Ui (X, y;5)C; + Z Ui (X, ¥5)C;. (1.30)
7=1 1

J=1 j Jj=

N J/

Div?rfree Cu;lr free

Fuselier and Wright furthermore showed that t not only approximates the tangent
vector field being interpolated, but also that the divergence-free and curl-free terms
in the decomposition of t approximate the corresponding parts of the underlying

field [13].

1.4 Spherical Harmonics

In the algorithms presented in Chapters 2 and 3, we make heavy use of spherical har-
monic expansions, both scalar and vector ones. We therefore give a brief introduction
to these functions.

Spherical harmonics have many applications in the physical sciences, including
computing atomic electron configurations, representing gravitational and magnetic

fields of planetary bodies, and defining quantities of light transport in computer
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graphics [3,14,30]. These expansions are the spherical analog of Fourier expansions,
which can be used to represent functions defined on the unit circle. Since we are
working specifically with functions on a sphere, we will be using scalar spherical
harmonics and their vectorial analogue, vector spherical harmonics. The usefulness
of the spherical harmonics for representing functions on the sphere is due in part to

their inherent properties of orthogonality and completeness.

1.4.1 Scalar Spherical Harmonics

We denote the scalar spherical harmonic of degree > 0 and order v (see Figure 1.11
for illustrations) on S by Y,”. These functions are the eigenfunctions of the Laplace-
Beltrami operator, which can be expressed in spherical coordinates on the unit sphere
(x =sinfcos \,y =sinfsin \, z = cosf) as

, O o 1 o
V82:w+c0t8%+mw, OSQSTF, —7T§>\§7T. (131)

Each spherical harmonic satisfies V§2Y; = —u(p+ 1)YH”, and for each p there are
21+ 1 harmonics with the eigenvalue —pu(p + 1), enumerated by —p < v < p [21].
This thesis will use the real-form of the spherical harmonics functions in Cartesian

coordinates. For (z,y, z) € S?, they are as follows

Yoo,z \/ 2L 47T1 +Z: ;jz co (Vtam_1 (1)), v=0,1,...,pu, (1.5

2u+ v)! u : 1(y _ 4
\/ 4#’/u+1/' Hz —vtan~ (x)), V= —p...,—1

Here Py (z) are the associated Legendre functions of degree p and order v. The

spherical harmonics form a complete, orthonormal set of basis functions for the
space of square-integrable functions on S?, which we denote by L?(S?) [2]. Thus,

any function f € L*(S?) can be uniquely represented as
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Figure 1.11: Pseudocolor plot of the scalar spherical harmonics basis functions of
degrees = 0,1,2,3,4 and orders v = —pu, ..., . The colors range from blue to red,
which correspond to negative and positive values, respectively.

f(.T7y,Z) = Z Z CN,VY:('Tuyv'Z)? (133)

p=0 v=—p

where ¢, are found using the usual L*-inner product for scalar functions on the

sphere, Cupy = <f7 Yp,u> [2]

1.4.2 Vector Spherical Harmonics

Vector spherical harmonics are the vectorial analogue of scalar spherical harmonics,
and they are used for representing vector-valued functions on the sphere. There are
three L2-orthogonal types of these functions: one type that is normal to the sphere,
and two types that are tangent to the sphere [28]. In this thesis, we are working with
vector fields that are tangent to the sphere. Therefore, we are interested in deriving

the tangential vector spherical harmonics, which are separated into divergence-free



25

and curl-free terms. For the following derivations, we use the real-form of the scalar-
valued spherical harmonic functions in Cartesian coordinates, as defined in (1.32).
We obtain the normalized surface divergence-free vector spherical harmonics by
applying the surface-curl operator to the scalar spherical harmonic functions at x,
Yy (x):
_,  QVxY)/(x)
W=
p(p+1)

provided that p # 0 [28]. Since these are expressed as the surface-curl of scalar-valued

: (1.34)

functions, they are surface divergence-free. Similarly, we obtain the surface curl-free
vector spherical harmonics by applying the surface-gradient to Y/ (x):

gy = DV 1.35
e 9

We see that these are surface curl-free since they are the surface-gradient of scalar-
valued functions. They can also be shown to be orthonormal in L*(S?) [28]. We
will denote the non-normalized surface divergence-free and curl-free vector spherical
harmonics as w;, and zj, respectively. The surface divergence-free and curl-free vector
spherical harmonics are the eigenfunctions of the vector Laplace-Beltrami operator,
which operates on vector fields tangent to S?. Additionally, they form a complete
orthonormal set of basis functions for the spectral representation of vector functions
on S? [28]. We denote this space again by L*(S?), but we define it using the inner

product for vector functions f and g on S?:

(f.g) = / fTgds,
S2

where the dot product is taken in local coordinates [28]. With this inner product, we

define the vector spherical harmonic expansion of a vector function f € L?(S?) as
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—i i (fdw [, V)W), + ot (1, v) 2 )7

p=1v=—p

where

A

frio(p,v) == (£, w%)  and  fun(p,v) = (£, 27).

Note here that the outer sum excludes p = 0. This is due to the fact that the
constant spherical harmonic term, Y (x), is annihilated by the surface-curl and
surface-gradient operators.

As discussed in Section 1.3.2, the interpolation problem on the sphere requires
that we utilize the tangent basis vectors at x € S?, dx and ex. Therefore, it is
relevant to introduce the notation for the non-normalized surface divergence-free and
curl-free vector spherical harmonics in terms of these basis vectors:

(x) =dL - Q. V4 Y/ (x) (meridional, divergence-free),

(x) = ey, - QxVxY,/(
KJ/(x) =df - PVyY)(

(x) = ey, - P Vi Y (x) (zonal, curl-free).

X) (zonal, divergence-free),
(

X) meridional, curl-free),

1.5 Overview of the Thesis

As discussed in this chapter, RBF interpolation is an effective method for approxi-
mating scalar functions and vector fields given only scattered data. However, we see
in Table 1.1 that the radial kernels used in this interpolation process are dependent
on the shape parameter ¢, which controls the peakedness of the kernels. The shape
parameter is the focus of this thesis because of how it affects the accuracy of RBF
approximations. Specifically, it has been observed that smaller values of € result in

better approximations to a point at which ill-conditioning enters into the interpolation
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system (1.6). After this point as ¢ — 0, the RBF Direct method becomes numerically
unstable and the resulting approximations become highly inaccurate.

Fornberg and Piret developed an algorithm that bypasses the ill-conditioning of
scalar RBF' interpolation on the sphere in this flat limit [7]. Titled the RBF-QR
algorithm, their work is the foundation on which we conducted the research of this
thesis. Vector-valued RBF interpolants on the sphere have the same dependency on
the shape parameter as scalar-valued interpolants, because of their direct relation to
the scalar-valued radial kernels. In this thesis, we develop the first numerically stable
algorithm for vector-valued RBF interpolation on the sphere in the flat limit.

The rest of the thesis is structured as follows. In Chapter 2 we give an extensive
explanation of the Scalar RBF-QR algorithm of Fornberg and Piret [7], concluding
with numerical results. In Chapter 3 we present the main result of the thesis, namely
the Vector RBF-QR algorithm. As this is an extension of the Scalar RBF-QR algo-
rithm, the Vector RBF-QR algorithm with be derived in a similar manner. Finally,
we will end the thesis with numerical results from the Vector RBF-QR algorithm in

Chapter 4, followed by conclusions in Chapter 5.
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CHAPTER 2

THE RBF-QR ALGORITHM FOR STABLE
SCALAR-VALUED RBF INTERPOLATION ON THE
SPHERE

2.1 Scalar-Valued RBF Interpolation in the Flat Limit

As discussed in the previous chapter, RBFs are used in many disciplines for scattered
data approximation on surfaces. Recall that the linear system in (1.6), used to
solve for the interpolation coefficients, is guaranteed to be nonsingular for the ¢(r)
functions listed in Table 1.1. Researchers observed that the conditioning of the linear
system (1.6) and the accuracy of the resulting interpolant (1.5) are greatly dependent

on the shape parameter, . Specifically, they noted that (1.6) is well-conditioned for

@

Figure 2.1: The inverse multiquadric kernel for (a) e = 10, (b) e =5, and (¢) e =1

large values of €, but the interpolant gives a poor approximation of the underlying

target function. This is due to the fact that £ controls the peakedness of the radial
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kernels, where larger values of ¢ cause the functions to become more spiked. For
example, as € — oo in the 1-D multiquadric function, the corresponding RBF in-
terpolant converges to a piecewise linear interpolant. In contrast, the radial kernels
become flatter and flatter as the shape parameter € — 0, hence the name “flat limit.”
This is illustrated in Figure 2.1 for the inverse multiquadric function. Researchers also
observed that for smaller values of €, the interpolant (1.5) gives a better approximation
of the underlying target function to a point at which ill-conditioning of the linear
system (1.6) sets in. Figure 2.2 illustrates this phenomenon between ill-conditioning

and accuracy for an interpolation problem on S2.

There is extensive literature dedicated to finding the “optimal” shape parameter,
i.e. the value of e that results in the best approximation of the target function [4,26].
However, the proposed methods are limited because of the disastrous ill-conditioning
that enters the RBF Direct interpolation process in the flat limit. As researchers
investigated the flat limit, they hypothesized that the error trend seen in Figure 2.2
would not increase rapidly, provided that this ill-conditioning was eliminated. The
first step toward confirming this conjecture was recognizing where the ill-conditioning
enters the problem. As ¢ — 0, the basis functions all become 1, causing the linear
system used to solve for the coefficients to become singular. In other words, the
columns of Ay become linearly dependent, and the condition number grows without
bound, causing the coefficients to blow-up. They noticed that while the expansion
coefficients blow-up as ¢ — 0, the RBF interpolant remains well-behaved. In fact,
Driscoll and Fornberg showed that for 1-D scattered data, the RBF interpolant
converges to the Lagrange interpolating polynomial as ¢ — 0 for all of the ¢ listed
in Table 1.1 (and many others). They explained this convergence by first noting

the interpolant (1.5), which we denote now by s(x,e) in order to emphasize the



30

=

o
N
o

=
o
—
o
[oe}

|lerror]]

=

o
=
o

A Matrix Condition Number

-

o
G
T

-
o
=]

. . . . . . 10715 . . . . . .
10° 10 10° 0% 107 10”10 10% 10% 10* 10% 102 10" 10° 10

13

-
e
>

(c) (d)

Figure 2.2: A problem illustrating ill-conditioning that enters the interpolation
process in the RBF Direct method for an interpolation problem on the sphere
consisting of (a) n = 529 quasi-uniformly distributed nodes and (b) the target function
f = sin(xyz) on the sphere. (¢) Condition number of the Ay matrix in (1.6) vs .
(d) Max norm error vs ¢ in the resulting RBF interpolant over the sphere computed
with the RBF Direct approach. The IMQ kernel was used here.

dependence on ¢, can be rewritten as

s(x,e) = [o(llx —=will) olllx—=vall) -+ o(lx—yal)] e
= b(x,¢) Ay (e)f,

where Ay (¢) now denotes the matrix in (1.6). They then showed that vast amounts

(2.1)
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of cancellations occur when multiplying b(x,¢)” by A3'(¢) that compensate for the
divergence of the entries of A;'(g). In other words, computing ¢ directly via (1.6)
and then from that the interpolant (1.5) is an ill-conditioned step in an otherwise
well-conditioned interpolation process.

The first stable algorithm to bypass the inherent ill-conditioning of RBF Direct
was the contour-Padé method, developed by Fornberg and Wright in 2004 [8] (see
also [33]). Fornberg and Piret later developed a different stable algorithm for interpo-
lation on the sphere [7], which they termed RBF-QR (see also the extensions to R? and
R3 [6]). This algorithm is the basis for the stable algorithm we develop in Chapter 3
for surface divergence-free and curl-free interpolation with RBFs. The remainder of

this chapter gives an overview of the Scalar RBF-QR algorithm of Fornberg and Piret.

2.2  Scalar RBF-QR Algorithm

One of the ways to bypass the ill-conditioning of the scalar-valued RBF Direct
interpolation system (1.6) in the flat limit is to replace the flat RBF basis with a
well-conditioned one that spans the same space. By doing this, we get an equivalent
interpolation result, but with a completely stable process. This is the key idea behind
the Scalar RBF-QR method. Fornberg and Piret achieved this in their algorithm by
first using scalar spherical harmonics to expand radial kernels. Then with some clever

linear algebra, they were able to create a well-conditioned and equivalent basis.

2.2.1 Spherical Harmonic Expansion of RBF Kernels

In order to transform the RBF basis into a spherical harmonic basis, we can use the

following formula (derived from the spherical harmonic addition theorem [2,21]) for
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the spherical harmonic expansion of each basis function [7]:

Bllx=yil) =3 D {ewee™ Vi (y) 1y (), (2:2)

p=0v=—p
where the symbol 3’ denotes that the v = 0 term is halved. Table 2.1 lists the

expansion coefficients for many common radial kernels. These were first worked out by

Hubbert and Baxter [18] for the radial kernels listed in Table 1.1. It is also important

Radial Kernel Expansion Coefficient, ¢, .
MQ —2m(2e® + 1+ (u+ 1/2)V/1 + 4€2) ( 2 )”‘“
(k+3/2)(p+1/2)(p—1/2) L4 vide? £ 1

2
IMQ 4 ( 2 ) K

(k+1/2) \1+ 4211
47372 ) 12
@ D+ 2)(1 + 4e2)rt! o+ 1,0+ 1520+ 2 135)
47'('3 2 )
GA 21 e ]N+1/2(252>

Table 2.1: SPH expansion coefficients for various radial kernels on the sphere. In
the formula for the I1Q kernel, ,F{(...) denotes the hypergeometric function, and in
the formula for the GA kernel, I,,4,/> denotes the Bessel function of the second kind.
Note that the apparent singularity of the ¢, . for the GA kernel is a removable one

. . I (2¢2) 1 2 k
due to the identity 2227~ = F(u+11)\/7r Jo et (1 —t*)"dt.

to mention that the coefficients listed in Table 2.1 can be calculated without the loss
of any significant digits caused by numerical cancellations, even for vanishingly small
e [7].

We note that the expansion coefficients in Table 2.1 depend solely on p, as opposed
to those in (1.33), which depend on both w and v. This follows from the Funk-
Hecke formula [2,21]. In the next section, we will show that the Scalar RBF-QR
algorithm avoids numerical underflow from the % terms in (2.2) by performing matrix

manipulations that introduce analytical cancellations of these powers of ¢.
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2.2.2 Matrix Representation and QR Factorization

Using the spherical harmonic expansion formula (2.2), we can rewrite each radial

kernel in the RBF basis as an infinite sum:

(ollx —y1ll) = S YP(y1) Y (x)+
+eZer YT (Vi (%) + Y0 ()Y0 (%) + Vi () Vi () 1+
teteg e { ... .. P4 ebes oo P4ty P4
O(llx = y2l) = 5V (y2) Yo (x)+
+eler AV (y2) Y1 (%) + Y5 (72) Y0 (%) + Vi (y2) Yy (%) 1+
teteg oot P4ebes oo ST PO P+

Bllx = yal) = LV (yn) VP (x)+
+e2er Y (yn) Yy (%) 4 3YE (va) YO (%) + Yo (yn) YiH (%) 1+
teteg o ot P4 ebes o P4 eSeg P4

(2.3)

We note here that the Scalar RBF-QR algorithm is easiest to describe and implement
when the number of interpolation nodes, n, is a perfect square, i.e. n = (ug + 1) for
some o > 0. This restriction allows for a unique way to split the RBF-QR system.

The summations in (2.3) are equivalent to the infinite matrix-vector product

o([lx —y1l)

ollx -yl |

o(llx — yall)

¢ ¢ - Cle Cle -YO ]

V) G0 E) E ) ] [ po
S0y ) e ) g s
— : 2 11

C0,e v0 Cl,e 1 Cl,e v 0 Cl.e 1 Yi(X)

2 Yy (yn) 1 Y (yn) 2 Y7 (yn) 1 Yy (yn) :
=B E®Y ™,

(2.4)

The first step of the Scalar RBF-QR algorithm truncates these infinite matrices based

on the degree p of the scalar spherical harmonics in order to make the method
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computable. This truncation degree, u = k, must satisfy two conditions. First, k
must be at least as large as the degree, figune, that would ensure each row on the
left-hand side of (2.4) is approximated to machine precision by the corresponding row
on the right-hand side. Second, the choice of £ must also be at least as big as py,
so that the matrix resulting from truncating B* is at least square. Thus, we pick

k > max [fgrune, tto]. We denote the truncated system (2.4) as

¢(l[x = yl))

sl=v| [, =y

Lot =l

-

p

where B is now size n-by-m, E is size m-by-m, and Y is size m-by-1 for m = (k+1)2.

Before describing the second step of the Scalar RBF-QR algorithm, we establish

dimensions and structures of the matrices involved. The system (2.5) is of the form

[ Bo|Bi|-++ | By | Buosr |-+ | By ] BY,
B

where B,, 0 <y < k, are the block matrices of size n-by-(2p + 1) with entries

Cu,sYMji(u+1)(yi) j 7& H + 17

o ] ]:17’2u+1’7/:1,,n
=YD (yi) j=p+1,

{Bu}i,j - {

The diagonal E matrix can be written as two square, diagonal blocks, F, and FE5

7= [P e

where
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€ #012H0+1_
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£ Ho+ 12H0+5
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% Iopy1

and I, is the identity matrix of size p-by-u. Due to the truncation and restriction
on n, we see that Fy is of size n-by-n, and E, is of size (m — n)-by-(m — n). Finally,

the Y vector is given by

T
Y = {Yo ...Yk},

V= V), =1, 20+ 1

le Yuo YMO-H

The second step of the Scalar RBF-QR algorithm is to compute a QR factorization of
the B matrix. It is important to note that the goal of this is to form new linear
combinations of the existing basis functions so that the new basis will span the
same space (we will address the well-conditioned nature of this new basis in the next
section). A QR factorization is ideal for this goal because it operates on the columns
of the matrix without combining terms in successive columns. In other words, the
QR factorization will produce an upper triangular matrix that is composed of new
linear combinations of the rows of B. This upper triangular matrix is exactly what
the algorithm utilizes to create the new, stable basis. We let p denote the vector

containing the elements of the RBF basis on the left-hand side of (2.5) so that the
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QR-factorization of B leads to

P~ Qw [E‘E—J Y, (2.8)
R

where Ry is an n-by-n upper-triangular matrix, and Ry is an n-by-(m—n) full matrix.
Note that in terms of powers of ¢, all entries of Ry and R, are O(1) since these powers
have been factored out into E.

The third step now proceeds by some clever factoring of the expression (2.8).
Assuming that the diagonal entries of R; are non-zero so that it is invertible!, we can

re-write this system as

~ FE
b~ QR [I,| Ry'Ry] [ L } Y.

Exploiting the structure of E given in (2.6) and (2.7), we can re-write this expression

again as

P ~ QRi[E\|R'REy)|Y

B

It follows from this new expression that any element in the span of the rows of p can
be represented to machine precision by a linear combination of the rows of BY .

The fourth and final step of this algorithm is to reformulate B using properties
of the Hadamard product of diagonal matrices. We will also use this to support the
claim that this new basis is much better conditioned than the original for small ¢,
and thus much more suitable for numerical work. To begin the final step, we consider

the product in the second block-column of B from (2.9). Using the properties of

IThis will be true if the nodes are unisolvent with respect to the spherical harmonic basis.
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multiplication of a matrix on the left and right by diagonal matrices (see Appendix A),

we have

E{'RT'RyEy = (Ry'Ry) o EEflJn,m_nEzl, (2.10)

E

where J, ;n—p is the n-by-(m — n) matrix whose entries are all 1, and o denotes the
Hadamard product, or entry wise multiplication. After considering the structure of
E, and E; given in (2.6) and (2.7), respectively, we see that the entries of E are given

explicitly by

C 20042 2p0+4 2% .
e T oot | €EFOT T opgts [ oo e J1 2k41
) o2 =2
e T3 0u043 | €T T3 9045 [ e e J3 9141
o2 ) )
~ e s o043 | EFO S5 00045 | - e 5 911
E— : . — ; - (21

2k—2 2
g Ho+ J2“0
%210

4 6
€ ‘]2M0—172M0+3 € J2H0—172lto+5

2 4
€ ‘]2#04-1,2#04-3 € J2H0+1,2H0+5 oot € ‘]2#0+1,2k+1

Rewriting BY as
BY = I | (R'R;) 0 B] Y,

and recalling Ry 'Ry is O(1) in terms of the powers of €, we see that each term in
this new basis is now a spherical harmonic function with an O(g?) perturbation. This
follows from the property that the last block in the first column of (2.11) has an &2
term with the rest being €%, j > 2. This shows that the new basis converges to the
spherical harmonic basis as € — 0 and hence the RBF interpolant will converge to
the spherical harmonic interpolant as € — 0 whenever the point set is unisolvent with
respect to the spherical harmonics.

Note that with the above derivation, it is also possible to include the spherical
harmonic coefficients ¢, . in the diagonal E; and E matrices, and generate a similar

analytical simplification for E. This has the added advantage of removing all € de-
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pendence in the actual QR numerical computation, and thus removing any numerical
contamination for small . This approach unifies the Scalar RBF-QR method for all

radial kernels since, for the same set of nodes, the only thing that would change is

the E matrix.

2.2.3 Numerical Results

The numerical results from the Scalar RBF-QR algorithm confirmed the original
hypothesis of researchers: with the ill-conditioning removed from the interpolation
problem, the errors of the approximation did not blow up as ¢ — 0. As a means
of testing the algorithm, we present numerical results for the test problem described

in Figure 2.2. Figure 2.2.3 shows the results of the RBF-QR algorithm on this test

10° + i — = '‘RBF Direct|
—RBF-QR
Noews ‘/ A ,,\\,_ ! \J\. .-\, WV
\
100 ‘olpogilh
\
S .5l “\
E 10 .
- \
\
10-10 \/
10'15 -
10 10° 10* 10% 102 10" 10O

€

Figure 2.3: Log-log plot of the max norm error vs. values of ¢ for the target function
f =sin(zyz). Here n = 529, and the IMQ RBF kernel was used. Note that for larger
values of ¢, the RBF Direct and RBF-QR methods give equivalent results. Though
not clearly visible in the figure, this equivalence is demonstrated where the black line
lies on top of the dashed red line.

problem together with the RBF Direct method. We see in this figure that around
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€ = 1, the direct RBF interpolation method becomes numerically unstable, and the
error quickly spikes. The errors from the Scalar RBF-QR approximations continue to
decay beyond £ = 1 before increasing slightly in the flat limit. The increase in error
as ¢ — 0 corresponds to the basis functions converging to the spherical harmonics
basis. We can infer from this that the Scalar RBF-QR algorithm can provide smaller
errors than both the RBF direct and spherical harmonic interpolation processes for

e — 0.

2.2.4 The Size of n

We conclude by commenting on the case when n is not a perfect square, which was
not discussed with much detail in [7]. To illustrate the issues, consider the case when
n = (g + 1)* — 2, with gy > 0. The QR procedure proceeds almost entirely as
described above, with the only change being in the £, and F5 matrices, and thus the

E matrix. FE, and Es, for this case, are given by

62_[3
B, = , (2.12)

210—2
g4Ho I2H0 1

2
e Iopg+1-2

E:ZHO 12

g2M0F2y 43
B, = re , (2.13)

2
€ q12q+1_

where E} is again of size n and Es is of size (m—n)-by-(m—n). A direct computation

shows E takes the values



2 2 2 2 4 2
g0 J1o | €M T ugrs | €M 100045 e.J1 9411
2u0—2 2 2 2 2q—2
g2 30 | €0 300013 | €M T3 00045 eX 3041
2uo—4 2u0—2 2 2q—4
7 e s | €0 S5 0043 | €705 00045 e J5,09+1
p) T 6 24— 21012
50J2M0—172 €2J2uo—1,2uo+3 €4J2u0—1,2u0+5 = *2‘ Jopo—1,24+1
q—2lo
L € opo—1.2 | € J2po—1,200+3 | € J2p0—1,200+5 eXTH Jop—1,2g41

Note the block of all ones in the lower left corner. Thus, with this E in (2.2.2), each

40

term in the new basis Ey consists of a spherical harmonic plus some perturbation,

except for the last 249 — 1 terms which consist of an O(1) linear combination of

three spherical harmonics plus some small 2 perturbation. The specific additional

spherical harmonics in these last 2u¢ — 1 terms will not differ per radial kernel, but

the weights in the linear combination will. Thus, in the ¢ — 0 limit, the resulting

RBF interpolant is not likely to be unique for different radial kernels.
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CHAPTER 3

VECTOR RBF-QR ALGORITHM

The main result of this thesis is the Vector RBF-QR algorithm. This work synthesizes
that of surface divergence-free RBF interpolation (Narcowich, Ward, & Wright [23]),
surface curl-free RBF interpolation (Fuselier & Wright [13]), and the RBF-QR algo-
rithm for scalar-valued functions on the sphere (Fornberg & Piret [7]). The Vector
RBF-QR algorithm is an extension of the RBF-QR algorithm of Fornberg and Piret
that allows for the stable computation of surface divergence-free and curl-free matrix-
valued RBF interpolants in the flat limit. We derive this algorithm in similar fashion
to the Scalar RBF-QR algorithm first for surface divergence-free RBF interpolants,

with the process for surface curl-free RBF interpolants being a direct result.

3.1 Vector-Valued RBF Interpolation in the Flat Limit

Recall from (1.16) that W, is constructed from the scalar-valued radial kernel,
¢, which is dependent on the shape parameter, €. It is perhaps not surprising,
then, that the conditioning of the linear system (1.23) and the accuracy of the
interpolant (1.20) are dependent on the shape parameter in the same way as the
scalar RBF interpolant (1.5), i.e., larger values of ¢ lead to a poor approximation of
the target field while smaller values of € provide better approximations of the target

field. Also similar to the case for scalar-valued interpolants, ill-conditioning enters
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the system (1.23) in the flat limit. As ¢ — 0, all of the entries in the interpolation
matrix become 0, causing the system to be singular. This relationship between
ill-conditioning and accuracy of an interpolation problem of a divergence-free vector
field on S when it is computed via (1.23) is illustrated in Figure 3.1. By extending
the Scalar RBF-QR algorithm for use with surface matrix-valued kernels, we develop
the first numerically stable algorithm for approximating divergence-free and curl-free

vector fields on S? in the flat limit.

Divergence Free Interpolation Divergence Free Interpolation

10°

qLJ 20 ™
Qo
S 10
=]
Z
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8 10" L
X
©
=
<

10° 105

106 1074 1072 10° 102 106 1074 1072 10° 102
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Figure 3.1: A problem illustrating the ill-conditioning that enters the interpolation
process in the RBF Direct method for n = 528 quasi-uniformly distributed nodes
and target function ¥ used in the second numerical test in Chapter 4. (a) Condition
number of the Ay, matrix from (1.23) vs. € (b) Max norm error vs € in the surface
divergence-free RBF interpolant using the RBF Direct approach

3.2 Vector RBF-QR Algorithm for Surface Divergence-Free

RBF's

3.2.1 Vector Spherical Harmonic Expansion

Similar to the Scalar RBF-QR algorithm of Fornberg and Piret [7], the key idea behind

the Vector RBF-QR algorithm is to replace the ill-conditioned matrix-valued basis
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with a better basis built from vector spherical harmonic expansions; see Section 1.4.2.
These expansions arise naturally from the scalar spherical harmonic expansions of
o(||lx —y;||) given in (2.2). For example, the surface divergence-free kernel (1.16) can

be expanded as follows:
qjdiv(x7 y]’) = Qx (VxV%(HX - y]H)) Qy

=30 D Qe (0 (@ Y V)

p=lv=—p (3.1)
=3 Y e w0} (W)

where the expansion is now in terms of the non-normalized divergence-free vector
spherical harmonics defined in (1.34) and ¢, are as defined in Table 2.1.

As in the description of the Scalar RBF-QR algorithm, we will put a condition on
the number of interpolation nodes, n, to simplify the presentation of the algorithm
below. Since we removed the constant spherical harmonic function from the expan-
sion, we let n = (up + 1)® — 1, for some gy > 0, in order to ensure a unique way to

split the matrices involved in the algorithm.

3.2.2 Matrix Representation and QR Factorization

Recall from Section 1.3.2 that in order to interpolate divergence-free vector fields
tangent to the sphere with the matrix-valued divergence-free interpolant, we must
represent the coefficient vectors and target field samples in terms of the orthonormal
tangent basis vectors (1.19). In (1.23) we saw that this is equivalent to representing

the kernel W, in terms of these basis vectors. We will denote this kernel as \Tldw:

T

Uyin(x,y;) = [2%1 V(% y5) [d; €] (3.2)

X

Using (3.1) on the right-hand side of (3.2) gives the expansion
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. [e o] I , dT T
Wi (%,55) = D> Y (82,“0#,8 Lf} WZ(X)) (wh(v;) [d; e (3.3)
This is a 2-by-2 matrix whose entries are in terms of the meridional and zonal

divergence-free vector spherical harmonics:

Ui (X, yj) = { <<CCL)) ((Z% ] , where (3.4)

Z Z,{ Q#Cu sdT )}( d = Z Z {52/10“5 }Gy(y])
p=lv=— pn= 11/7—u

(0) Z Z 2ucu EdT X)} ( = Z Z {52#C,u EGV }HV(YJ)
p=lv=— p= 1Vf—u

(c) Z Z {52”Cu,aexwu )}( d = Z Z {52#0,116 }GU(YJ)
p=lv=—p p= 1V*—u

(@ > e elwh(x)} (wi 3 e H ) ).
p=lv=—p p=lv=—p

Asin (2.4) of the Scalar RBF-QR algorithm, we want to represent the vector contain-
ing the tangent basis functions \Ifdw(x, yj), 7 =1,...,n as an infinite matrix product
in terms of the divergence-free vector spherical harmonic expansions. Using (3.4), we

see that this “vector” is a 2n-by-2 system of the form

S S (G | 3 S (G0} )
u 11/—*# u 11/—*#
~ S S (e G0N ) | S0 3 (e HE (O} H ()
\deiv(xy}’I) | p=lv=—p pu=lv=—p ]

Ej v ;(7 n
div (X, Yn) Z Z (20, .G (%)} G () Z Z {2, .G (%)} H (yn)

u lv—*u u lv—fu
Z Z {EQMC,LL EHV }GV(Yn> Z Z {5 Mc,u EHV }HV(Yn)
p=lv=—p p=lv=—p i

o (35)

We can rewrite this as the following infinite block matrix-vector product,
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—‘T’div(X,Yﬂ
_\idiv(x7yn)
— _ Co.e -
cueGT ' (y1) Oé Gl(y1)  cueGilyr) - 9 1 _1
CuHi (v1) COﬁH?(Yl) cueHi(yy) ) 2 G b9t 0
1€ 1€ £
B 2 | P Ax)  HX)
- Coe ' Gi(x)  Hi(x)
ueGriyy)  5GyN)  cwCllyn) . .
_ Co.e
| CueHy Yyw) 02 H)(yy) C#,sHll(YN)"'_
(3.6)

The first step of the Vector RBF-QR algorithm is to truncate these infinite matri-
ces using a vector spherical harmonic degree value y = k. There are two stipulations
for this truncation degree. First, k must be at least as big as the degree needed to
ensure that there will be enough vector spherical harmonic terms in the expansion to
approximate our basis to machine precision (firunc). Additionally, £ must be larger
than v/241p+1 so that we have proper dimensions for partitioning the matrices involved
in the algorithm. In order to achieve this, we choose £ > max [,utm,w, (\/E/ULO + 1”
We then denote the truncated matrix product from (3.5) as

‘T/dw(& y1)
: ~ B E Y. (3.7)
\Tldiv(x7 ¥Yn)
P
By letting m = (k + 1)? — 1, we have that the size of B is 2n-by-m.
Before describing the second step of the Vector RBF-QR algorithm, we establish

dimensions and structures of the matrices involved. The system (3.7) is of the form

[ BU|Ba| - | By | Buws |-+ | B ] EY,
B
where B, 1 < u < k, are the block matrices of size 2n-by-(2p+ 1) with block entries
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j=pt+l,
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s 2u+1,0=1,...,n.

The diagonal E' matrix can be written as two square, diagonal blocks, Fy and Ej

E £y
— 5|
where
5213
54]5
E] -
2
< M0[2M0+1
21104+2
SRR DY
24044
gt 12M0+5
E, =

%
S Sy

and [, is the identity matrix of size pu-by-u. Due to the truncation and restriction on

n, we see that Fj is of size n-by-n, and Es is of size (m — n)-by-(m —n). Finally, the

Y vector is given by
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(YM)jJ - G{L_(M—H)(X)v (Yﬂ)j,Q - HZ_(M—H)(X): J=1... 2M + 1.

In the flat limit, our new basis is still highly ill-conditioned because of the powers
of £ in (3.6). However, all of these powers of ¢ are confined to the E matrix. Recall
that the c, . do not affect the conditioning of the system. In order to develop a better

conditioned basis, we move to the next step of the algorithm.

The second step of the Vector RBF-QR algorithm is to perform a QR factorization
on B. Recall that the QR factorization only operates on the columns of a matrix
without combining terms in successive columns. Computing a QR factorization of B

gives
- E,
Pdiv ~ Q [Rl | RQ] E Y, (310)
N e’ 2

With the goal of analytically removing the issues with small €, we partition R into
Ry and R,, where R; is 2n-by-2n upper-triangular, and Ry is an 2n-by-(m — 2n) full
matrix. Notice that R, is 2n-by-2n as opposed to size n-by-n in the Scalar RBF-QR

algorithm since we are interpolating a vector field of n points, each with 2 components.

The third step of the Vector RBF-QR algorithm is to perform a clever factoring of

the expression on the right-hand side of (3.10). We assume that the diagonal entries
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of R, are non-zero so that it is invertible!, which allows us to re-write the system on

the right-hand side of (3.10) as

E,

Puiv = QRy [Loy | RT'Ry] { o } Y.

The diagonal structure of E allow us to again re-write this expression as

Puy = QRy[E\|Ri'RyE,)Y

= QRiE: [, | E['R{'RyEs) Y. (3.11)

(. J/
-

Bdiv

It follows from this new expression that any element in the span of }dew can be

represented to machine precision by a linear combination of the elements of EdwY.

The fourth and final step of the Vector RBF-QR algorithm is to reformulate Edm
using properties of the Hadamard product of diagonal matrices. We will also use this
to show that this new basis is much better conditioned than the original in the flat
limit. To begin the final step, we consider the product in the second block-column of
By, from (3.11). Using the properties of multiplication of a matrix on the left and

right by diagonal matrices (see Appendix A), we have

El_lRl_leEQ = (Rl_lR2> OEEl_IJQn,m—2nE2)Ja

-

E

where Jy,m—2, 1s a matrix with all entries being 1 and o denotes the Hadamard

product, or entry-wise multiplication. After considering the structure of £; and F,

given in (3.8) and (3.9), respectively, we see that the entries of E are given explicitly

by

IThis will be true if the nodes are unisolvent with respect to the divergence-free vector spherical
harmonic basis.
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MO T3 0u043 | €T 30045 | e e I3 9841
2i0—2 2 %1
e s ap043 | €0 T5 00045 e s 9141
: : : (3.12)
1 5 ) Sy
e Jopo—12p0+3 | €0 Jopuo—1.2u045 | =0 | €O 0 okt
2 T %2
| € J2uo+1,2uo+3 € ‘]2#04-1,2#04-5 € “°J2uo+1,2k+1

Rewriting édwY as
édivy = |:[2n‘ (RflRQ) 9] E:| Y,

we see that the rows of Bg,Y are a better basis for span {@div(-,yj)}?zl. Thus,
we have found a basis where the ill-conditioning associated with small € has been
analytically removed. Note that the first 2k terms of édw are the vector spherical
harmonic basis functions and all subsequent terms are O(¢?). So the matrix-valued
divergence-free RBF interpolant converges to a divergence-free vector spherical har-
monic interpolant in the flat limit.

Note that just as with the Scalar RBF-QR algorithm, it is possible to include the
spherical harmonic coefficients ¢, . in the diagonal matrices F; and E, and generate a
similar analytical simplification for E. This has the added advantage of removing all &
dependence in the actual QR numerical computation, and thus removes any numerical
contamination for small €. This approach unifies the Vector RBF-QR method for all
radial kernels since, for the same set of nodes, the only thing that would change is

the E matrix.

3.3 Vector RBF-QR Algorithm for Surface Curl-Free RBFs

We now briefly discuss the process for surface curl-free RBF kernels (1.26), noting only
the differences in notation. Just as before, we can expand the kernel W.,,; utilizing

the tangential curl-free vector spherical harmonics:
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\IICUTI(Xu y]) = PX (vaz;d)(ux - y]H)) P,

=3 Y BV ()} (B VY )

p=lv=—p (3.13)
=3 Y ez 0} (20y)

where the expansion is now in terms of the non-normalized curl-free vector spherical
harmonics defined in (1.35) and ¢, . are as defined in Table 2.1. We impose the same
restriction on n as before and represent the kernel ¥.,,; in terms of the orthonormal
tangent basis vectors (1.19). We will denote this kernel as Ut

~ 47

U (X,y5) = {eﬂ Ui (X, Y5) [dj ej} ) (3.14)

X

Using (3.13) on the right-hand side of (3.14) gives the expansion

By =303 ([ ] zz<x>) ()[4 o). (315)

p=lv=—p

This is a 2-by-2 matrix whose entries are in terms of the meridional and zonal curl-free

vector spherical harmonics:

U e (X, yi) = [ EZ; Ezg } , where (3.16)

Z Z’{s%s O} Zy)) dy =3 > {e e, KL(x) K (y;)
pu=lv=— p=lv=—p

0 Z Z (e, dlz(x)} (25(y)) €5 = 3 3 {e e, KL(x) LA (y))
p= 1V=—u

(0) Z Z’{e%,sezzz(x)} Ta; = Z Z {e2%e,  LY(x) YK (y;)
p= 1V2—u p= 1V——u

(d) Z Z {52#011 sexzu )} Z Z {5 ey, ELV }LV(YJ)
p=lv=—p p=lv=—p

As in (2.4) of the Scalar RBF-QR algorithm, we want to represent our vector of



tangent basis functions @CuTl(x, Vi), J =

1,...

o1

,n as an infinite matrix product in

terms of the curl-free vector spherical harmonic expansions. Using (3.16), we see that

this is a 2n-by-2 system of the form:

00 I

Z Z {e* e K (%)} (1) Z Z (e Ky (x)} Ly (y1)
pn= 11/_7;14 lv= 'u
N Z Z {e¥ e Ly (%)} K (1) Z > {eP e L (x) LY (1)
\I/curl<xay1> pu=lv=—p pu=lv=—p
{Ivlcurl(xayn) v v v v
Z Z {5 ey, EK }K (yn) Z Z {5 Cu, EK }L (Yn)
p=lv=—p p= 11/——“
Do A LYK (ya) | D Z (e e L, (%)} L) (yn)
L L p=lv=—p p=lv=—p i
(3.17)
This then gives us the infinite block matrix-vector product,
-\I’curl(xa)ﬁ)
_\AI;curl (X, yn)
[oneKT () SERy))  cueki(y)- ]
Cu Lil(yl) c%EL;(yl) CM Li(yl) g2 ) Ki'(x) Li'(x)
;€1 1 1 1 ;€1 1)
' _ e © K(x)  I§()
' : ' Kl(x)  Lix)
_ Co,e
cueki vn) SERNYN) cueKlyn) o " |
el vn)  SELYN)  cucLiyn) -
(3.18)

The system (3.18) is now of the same form as (3.6). Therefore, one can perform the
steps of the Vector RBF-QR algorithm in the same manner as for the divergence-free

case.

In the next chapter, we will provide numerical results for the Vector RBF-QR

algorithm for both surface divergence-free and surface curl-free RBF interpolation.
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3.4 Vector RBF-QR Algorithm for the Helmholtz-Hodge De-

composition of Surface Vector Fields

We conclude this chapter by providing the setup for the Vector RBF-QR algorithm
for the Helmholtz-Hodge decomposition of surface vector fields. We recall from
Section 1.3.2 the Fuselier and Wright found that the vector-valued RBF interpolant for
any given tangent vector field on S? is of the form (1.30) [13]. This idea of decomposing
a tangent vector field interpolant into divergence-free and curl-free parts extends to
the Vector RBF-QR algorithm. Using (1.30), we can write the kernel, ¥, in terms of
the tangent basis vectors (1.19) and thus in terms of \Tldw and {Iv/cwl:

~ [d7

:d-T:
= ; v iv\Xiy Yy +\I/cur XiyY; d; e
_eiT_ [ d ( YJ) l( YJ)][ J J] (3.19>
[d71 d7r
= | o | Yan(xi,y;) [d; €] + {64 Weurt(Xi,y5) [dy ]
= \idiv<xi7 y;) + @curl<xi; Y;)-
We can then decompose the vector of tangent basis functions \T/(xi, vihj=1,...,n
accordingly,
Uixy) | [Tawbay)] [T y)
: = : + : . (3.20)
\I](Xia yn) \I]di”u (Xia Yn> \I]curl (Xi7 yn)

With this, we can follow the steps detailed in Sections 3.2 and 3.3 in order to imple-
ment the Vector RBF-QR algorithm. The next chapter will provide numerical results
from the Vector RBF-QR algorithm for divergence-free tangent vector fields, curl-free
tangent vector fields, and tangent vector fields that are neither divergence-free nor

curl-free.
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CHAPTER 4

NUMERICAL RESULTS FROM THE VECTOR RBF-QR
ALGORITHM

In this chapter we report on various numerical tests that we performed with the new
Vector RBF-QR algorithm for both surface divergence-free and surface curl-free vector
field interpolation. The tests include vector fields of varying complexity, from a sum
of vector spherical harmonics, to divergence-free and curl-free fields we generate from
the respective surface curl and surface gradient of a sum of Gaussian bumps on the
sphere. For each test, we report the results for both the MQ and IMQ kernels as listed
in Table 1.1. We used minimum energy node sets in all tests as the sample points
Y [32]. The specific node sets we used, consisting of n = 120 and n = 528 nodes,
are illustrated in Figure 4.1. We first present the surface divergence-free results, then

follow this with the surface curl-free results.

4.1 Surface Divergence-Free Vector Fields

For the first numerical test, we used the n = 120 minimum energy node set, pictured in
Figure 4.1(a). The test field uses the non-normalized divergence-free vector spherical

harmonics introduced in Chapter 1:

u = QxVxV(x), where ¥(x)= —LYIO(X) + 2\ / 3—;5}/54@().
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Figure 4.1: Minimum energy node sets used in the numerical experiments: (a) 120
nodes and (b) 528 nodes

Figure 4.2 illustrates this surface divergence-free field. In Figure 4.3, we present
log-log plots of the max-norm error in the approximation of the true field against
e for the RBF Direct method and Vector RBF-QR method using the (a) MQ and
(b) IMQ kernels.  In this figure, we see that the RBF Direct method becomes

Figure 4.2: The surface divergence-free vector field to be interpolated for test 1.

numerically unstable around ¢ = 0.1, and the max-norm error increases in the flat
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Figure 4.3: Numerical test 1: Log-log plot of the max-norm error in the approximation
of the true field vs values of ¢ for both the RBF Direct method and the Vector
RBF-QR method with the (a) MQ and (b) IMQ kernels.

limit as a result. The RBF-QR method, however, eliminates this ill-conditioning in
the system. We see in Figure 4.3 that for both the MQ and IMQ kernels, the RBF-QR
method is stable as ¢ — 0 and achieves almost four more orders of accuracy than
the RBF Direct method. We note that we recover the surface divergence-free vector
spherical harmonic function to machine precision. This is to be expected since in
the flat limit, the vector RBF interpolant converges to a vector spherical harmonic
interpolant. Additionally, the node set used here is unisolvent with respect to the

vector spherical harmonics, so the vector spherical harmonic interpolant is unique.

The second numerical test used the n = 528 minimum energy node set, pictured
in Figure 4.1(b). In order to ensure that the vector field to be interpolated was

divergence-free, we again took the surface-curl of a scalar-valued function:

u = QxVx¥(x), where
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Figure 4.4 illustrates this surface divergence-free field. In Figure 4.5, we present
log-log plots of the max-norm error in the approximation of the true field against
e for the RBF Direct method and Vector RBF-QR method using the (a) MQ and

(b) IMQ kernels. We see in this figure that ill-conditioning enters the RBF Direct
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Figure 4.4: The surface divergence-free vector field to be interpolated in test 2.

method around € = 1 and that the error increases rapidly as ¢ — 0. We note here that
in addition to remaining numerically stable in the flat limit, the RBF-QR method
provides the smallest errors around € = 1. Since we showed in the previous numerical
test that the vector RBF interpolant converges to a vector spherical harmonic inter-
polant in the flat limit, we can conclude that the RBF-QR method achieves the best
approximation of this target vector field for a value of € that is untouchable for RBF

Direct.



57

MQ Divergence Free Interpolation IMQ Divergence Free Interpolation
T e - : . PR : - . : .
oy - - RBF Direct 1000 M A AN G - - ‘RBF Direct| |
I 1 LIRS [RAY IV
0L A - ‘n n 1y g 4 JO VI P IN \ .
100 % i ey \‘,‘ ——RBF-QR \, ——RBF-QR
\
1 \
A} i I\ athh
g (RN 2 von
= \ = St
S 10°r 5 10
g g
10710} 10710
10¢  10%  10* 10% 102 10" 10° 10®  10%  10* 10% 102 10" 10°
€ €

Figure 4.5: Numerical test 2: Log-log plot of the max-norm error in the approximation
of the true field vs values of € for both the RBF Direct method and the Vector
RBF-QR method with the (a) MQ and (b) IMQ kernels.

For the third numerical test, we again used n = 528 minimum energy nodes. The
field we interpolate here was first used by Narcowich, Ward, Fuselier, and Wright
as an example of a non-smooth surface divergence-free vector field [12]. In order to

describe the field, we begin by defining the function g(t) as
g(t) = (2 - 2t)>.

Next we let  and z. be points on the unit sphere with respective spherical coordinates

(0,\) and (0., \.). Then we define the dot product of these points as 7, where
n = 27z, = cos(f) cos(A — A.) cos(6.) + sin(#) sin(6,).
We let 1,5, denote this dot product at the point (6., A\.) and define the field as

u = Qx ViV (x), where

U(x) =g (o= —9g (nl%,_g> +0.79(n-z0) — 9 (n_flo,g> +0.3g (Ug-%,o) :

Figure 4.6 illustrates this field. The error plots in Figure 4.7 show that while the

RBF-QR method with a non-zero ¢ achieves better accuracy than the vector spherical
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Figure 4.7: Numerical test 3: Log-log plot of the max-norm error in the approximation

of the true field vs values of £ for both the RBF Direct method and the Vector
RBF-QR method with the (a) MQ and (b) IMQ kernels.

harmonic interpolant, it does not provide better errors than those that can be obtained

just using the RBF Direct method. This is due the roughness of the field used in

this test. We conclude that while the Vector RBF-QR method performs well when

interpolating smooth vector fields, it may not be preferable over the RBF Direct

method when the fields are

rough.
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4.2 Surface Curl-Free Vector Fields

The first numerical test of the curl-free case used n = 120 minimum energy nodes.
The test field used the non-normalized curl-free vector spherical harmonics introduced

in Chapter 1:
u=PV,U(x), where ¥(x)=Y/(x)+ Y, 3(x).

Figure 4.8 illustrates this surface curl-free field. In Figure 4.9, we present log-log

Figure 4.8: The surface curl-free vector field to be interpolated for test 1.

plots of the max-norm error in the approximation of the true field against ¢ for the
RBF Direct method and Vector RBF-QR method using the (a) MQ and (b) IMQ
kernels. Similar to the results from the first numerical test in the divergence-free
case, we see that the RBF-QR method achieves four orders of accuracy over the RBF
Direct method. We also note that we recover the surface curl-free vector spherical
harmonic function to machine precision. This is again what we would expect due to
the vector RBF interpolant converging to a vector spherical harmonic interpolant in
the flat limit. Additionally, the vector spherical harmonic interpolant is unique since

the node set used here is unisolvent with respect to the vector spherical harmonics.
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Figure 4.9: Curl-free numerical test 1: Log-log plot of the max-norm error in the
approximation of the true field vs values of ¢ for both the RBF Direct method and
the Vector RBF-QR method with the (a) MQ and (b) IMQ kernels.

The second numerical test of the curl-free case used the n = 528 minimum energy

node set. In order to ensure that the vector field to be interpolated was curl-free, we

again took the gradient of a scalar-valued function:

u= P.V,V(x), where

s <o (- [(e )"+ - ) ()]

() b ()]
R CEARICE)
K(CEARICEARICE N

— exp (—20 (z — 1)2) —exp (715 (z+ 1)2) .

Figure 4.10 illustrates this surface curl-free field. We see in Figure 4.11 that the RBF

Direct method becomes numerically unstable around € = 1 and that the error blows
up as € — 0. We note here that the RBF-QR method not only remains numerically

stable in the flat limit, but it also provides the smallest errors around € = 0.5. Since
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Figure 4.10: The surface curl-free vector field to be interpolated for test 2.

we showed in the previous numerical test that the vector RBF interpolant converges
to a curl-free vector spherical harmonic interpolant in the flat limit, we can conclude
that the RBF-QR method achieves the best approximation of this target vector field

for a value of € that is untouchable for RBF Direct.
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Figure 4.11: Curl-free numerical test 2: Log-log plot of the max-norm error in the

approximation of the true field vs values of ¢ for both the RBF Direct method and
the Vector RBF-QR method with the (a) MQ and (b) IMQ kernels.
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4.3 Conclusions

We conclude this chapter with a brief summary of the numerical tests. First, we
showed that as ¢ — 0, the RBF-QR method converges to vector spherical harmonics
in both the divergence-free and curl-free cases. Second, we showed that for smooth
vector fields, the RBF-QR method with a non-zero shape parameter can provide
better approximations of the target field than either the RBF Direct method or the
vector spherical harmonic functions. Finally, we note that the RBF-QR method does

not necessarily perform better than the RBF Direct method for rough vector fields.
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CHAPTER 5

CONCLUSIONS

This work developed the first stable numerical method for calculating vector-valued
RBF interpolants on the sphere in the flat limit. Modeled after the Scalar RBF-
QR algorithm of Fornberg and Piret, our method bypasses ill-conditioning that is
introduced into the interpolation system in the flat limit. We provide details of
this development in Chapter 3, where we utilize vector-valued spherical harmonic
expansions to create a new set of basis functions that both span the same space as the
original RBF basis and are well-conditioned. In Chapter 4, we offer various numerical
results that show the effectiveness of our algorithm in the flat limit. Additionally,
these results lead to conclusions that in some cases, a vector-valued RBF interpolant
with a small shape parameter can result in a better approximation of the target field
than both the RBF Direct interpolant and a vector spherical harmonic interpolant.
The Vector RBF-QR algorithm makes the full range of the shape parameter available

for vector RBF interpolation on the sphere without concern for ill-conditioning.

Future work for this research includes modifying the Vector RBF-QR algorithm
for interpolating divergence-free or curl-free vector fields without a restriction on the
number of interpolation nodes, i.e. for n # (o + 1)> — 1. We will also develop our
algorithm for computing the Helmholtz-Hodge decomposition of a vector field based

only on samples of the field at a set of n scattered points on the sphere, similar to
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the method introduced by Fuselier and Wright in [13]. Additionally, we would like
to develop a Vector RBF-QR algorithm for vector fields in R? and R? using similar

techniques to those by Fornberg, Larsson, and Flyer [6].
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Horn and Johnson’s book, Topics in Matrix Analysis [17], provides a Lemma
that we utilize in both Chapters 2 and 3 when describing the fourth step of the
Scalar RBF-QR and Vector RBF-QR algorithms, respectively. The proof is listed as
an exercise in the book, so we provide the relevant portion here for completeness.
Before we begin the proof, we must first formally define a Hadamard product, which

is informally described as entry-wise multiplication.

Definition A.0.1. (Hadamard Product [17, p. 298]) The Hadarmard product of
m-by-n real-valued matrices A and B is defined by Ao B = [a;;b;;], where a;; and b;;

are the 75" entries of A and B, respectively.

We now provide the part of the Lemma that is used in this thesis and continue with

the proof, which uses properties of diagonal matrices and commutativity.

Lemma A.0.1. ( [17, p. 304]) If A and B are m-by-n real-valued matrices, and if
D and E are real-valued diagonal matrices of size m-by-m and n-by-n, respectively,

then

D(Ao B)E = Ao (DBE).

Proof. We consider the 5" entry of D(Ao B)E and show that it is equivalent to the

ij™" entry of Ao (DBE). First we have from the definition of matrix multiplication

[D(Ao B)El; = > > [D]is[A o Blu[El,;.

m n
k=1 I=1

Then by the definition of the Hadamard product,

k=1 1=1 k=1 1=1

Since D and E are diagonal, we know that all non-diagonal entries are 0. This gives
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> (DLl Alu[BlulEly; = [DlulAl;; B[ E);-

k=1 1=1
We can then commute these values and again use the properties of diagonal matrices

to rewrite the expression as
(Dl Ali [ Blij [ Elj; = [Alis[DBEL;.
By the definition of the Hadamard product, we have the result
[Alj[DBE]i; = [Ao (DBE)];;.

Since each element of D(A o B)E is equal to each element of Ao (DBE), we have

equality of the two matrices. m

We conclude with a note explicitly showing how this Lemma applies in the thesis.

In (2.10), we state

E{T'RT'RyEy = (Ry'Ry) o (Ef ' JpmnEn).

Notice that J is the identity matrix in Hadamard multiplication. Thus, if we let
A= (R'Ry), B=Jym—n, D=E", and E = E;, we see that
E{'RI'RyEy = By (R Ry 0 Jyy i) B
— D(AoB)E
= Ao (DBE)
= (R Ry) o (B JymenDb).





