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ABSTRACT

The following dissertation consists of two parts. Throughout this dissertation, we assume
that the spherical triangulation A could be a part of a sphere with or without holes, or the
whole sphere S?. In the first part, given a set of function values and derivatives at scattered
data locations over a spherical surface, we first use the minimal energy method to find a
Hermite interpolation on the spherical spline spaces over a spherical triangulation A of the
scattered data locations. We show that the minimal energy method produces a unique spher-
ical Hermite interpolation spline of the given scattered data with derivatives. Also we show
that the Hermite interpolatory surface converges to a given sufficiently smooth function f in
L, and L., norm if the values are obtained from this f. That is, the surface of the spherical
Hermite interpolation spline resembles the given set of scattered data values and derivatives.
Some numerical results are given to demonstrate our method. In the second part, for any
integer > 0, we first give a method of C" hole filling by the minimal energy quasi-Hermite
interpolation method and delicate care of C" related boundaries. Then we present a method
to deal with point cloud with C" continuity by using the minimal energy Hermite interpo-

lation method or minimal energy quasi-Hermite interpolation method, and our surface can



interpolate these points and their derivatives if they are given. Several numerical experiments

are presented to show our methods.
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CHAPTER 1

INTRODUCTION

Spline surfaces have been studied for more than 40 years, and have become very impor-
tant tools in approximation theory and numerical analysis, cf. [14], [3] and [37]. They have
found many applications in CAGD(computer-aided geometric design) which is concerned
with the approximation and representation of curves and surfaces that arise when these
objects have to be processed by a computer, CG(computer graphics), CAD(computer-aided
design), signal processing, numerical solution of ordinary differential equations and partial
differential equations, financial engineering etc., cf. [14], [3], [37], [9], [33], [36] and [15]. By
far the most important spline surfaces are polynomial spline surfaces like classical Bézier
patches defined on triangular and rectangular domains, B-spline surfaces defined on rect-
angular domains in terms of tensor product form and their extensions on higher dimension
domains, and spherical splines defined on sphere. Interpolation and approximation are the
main research interests. Many important achievements have been obtained, for example, the
de Casteljau algorithm, subdivision algorithms and smoothness conditions connecting two
surface patches, cf. [14], [13], [20], [3]. In particular, the most recent and important achieve-
ment is ALW method which enables us to use spline functions of any degree d and any
smoothness r with d > 37 + 2 over a triangulation for numerical solution of partial differen-
tial equations and scattered data interpolation, cf. [9]. These results have been documented
in [Lai & Schumaker’07] monograph, cf. [37].

The theory of spherical splines on triangulations of the sphere S? in R? have been devel-

oped by P. Alfeld, M. Neamtu, and L. L. Schumaker in a series of papers [3]-[5]. Spherical



splines are an interesting example for surfaces defined on surfaces and have important appli-
cations in geophysics and metrology which involve approximations of functions defined on
the sphere, cf. [13] and [37]. Many theories of bivariate polynomial splines on planar trian-
gulations carry over, but there are several significant differences because the sphere which
is a closed manifold much different from planar domains. For example, the summation of
barycentric coordinates is greater than one for any interior points while it is always one as in
planar domains, computation of the derivatives of functions defined on sphere, integration
of spherical splines over spherical triangulation and calculable spherical Sobolev space semi-
norms. In [40], M. Neamtu, and L. L. Schumaker studied approximation bounds of spherical
splines on functions in Sobolev spaces on the sphere, where a spherical spline of degree d is
a C" function whose pieces are the restrictions of homogeneous polynomials of degree d to
the sphere. The bounds are expressed in terms of approximate seminorms defined with the
help of a natural radial projection, and are obtained using appropriate quasi-interpolation
operators. The derivatives of a Bézier-Bernstein polynomial defined on the sphere can be
obtained by calculating the restriction of derivatives of its homogeneous extension to R* on
sphere S2.

Scattered data fitting has been studied widely. For planar domain case, Hermite inter-
polants in a triangulation of a planar domain was studied in [20], and the energy minimization
method for scattered data Hermite interpolation has been studied recently in [48]. For spher-
ical domain, minimal energy Lagrange interpolation using spherical splines was first studied
in [4], then studied in [11] with a modification of energy functional, where triangulations in
these papers are the whole sphere. In this dissertation, we first study the minimal energy
method for Hermite interpolation problem on the sphere S? in R3. The notion of spherical
Hermite interpolation with first order directional derivatives was introduced in [22]. We use
a general notation of Hermite interpolation discussed in [20] and [48] with a change of deriva-
tives with respect to latitude and longitude direction. The Hermite interpolation problem

does have an important practical application. In 2007, a satellite called GOCE (Gravity



field and steady-state Ocean Circulation Explorer) will be launched to collect gravitational
vectors over sampling points around the Earth. Together with the geopotential data from
CHAMP (CHAllenging Minisatellite Payload) which is a German small satellite mission for
geoscientific and atmospheric research and its applications, we have location data and its
derivatives up to second order for the geopotential function around the Earth, cf. [25]. The
purpose of the satellite is to get a more accurate estimate of geopotential near the surface of
the Earth. An important intermediate step is to estimate the geopotential very accurately
at the orbital level of the satellite, cf. [12]. This motivates us to use spherical spline sur-
faces to solve Hermite interpolation problem over scattered data on the sphere, and make
them resemble the shape of the given data values and approximate the geopotential very
accurately.

On the second part of this dissertation, we study hole filling and C" scattered data smooth
fitting with centralizable data. Scattered data interpolation and hole filling are important
research questions and there are many papers about the planar domain case, e.g.,cf. [14],
[16], [32], [34], [30] and [31]. For spherical domains, we use the minimal energy method for
quasi-Hermite interpolation (cf. Definition 3.1.1) to deal with hole filling problem. Mainly we
use this method to find a spherical spline surface satisfying Hermite interpolation conditions
only at the vertices of boundary edges of curved polygon holes.

We always assume that the spherical triangulation A is a part of a sphere with or without
holes, or the whole sphere throughout this dissertation. Our main contributions lie in the

following.

e Given a set of scattered data with derivatives, we use minimal energy method to
construct Hermite interpolation on spherical spline spaces over a spherical triangulation
A of the scattered data locations. Then we show that the minimal energy method
produces a unique Hermite spherical interpolation spline of given scattered data with
derivatives. Finally we show that the Hermite interpolation spline converges to a given

sufficiently smooth function f in L, and L., if the values are obtained from this f.



Hence the surface of the Hermite spherical spline interpolation resembles the given set

of derivatives.

e For any integer » > 0, we first give a method of C” hole filling using the minimal
energy quasi-Hermite interpolation over a spherical triangulation of polygonal holes on
the sphere. Then we implement several numerical experiments for r =0, 1, and 2 to

demonstrate our method.

e For any integer r > 0, we deal with centralizable point cloud by using the minimal
energy Hermite interpolation method or the quasi-Hermite interpolation method to
get a surface with global C” continuity. Our surface can interpolate data locations
and derivatives up to rth order if they are given. Also we implement experiments for

r=20, 1, and 2 to show our method.

The organization of dissertation is as follows. Chapter 2 presents the basic topics of
spherical splines as preliminaries. Chapter 3 addresses the minimal energy method for Her-
mite interpolation. Chapter 4 is devoted to surface design based on spherical splines, and it
includes hole filling and C" scattered data fitting. The last chapter, Chapter 5, focuses on

numerical experiments to support our methods and theories in Chapter 3 and Chapter 4.



CHAPTER 2

PRELIMINARIES

In this chapter, we review well-established notations and theory in spline spaces defined on
triangulations of the unit sphere S? in R3. The spaces are natural analogs of the bivariate
spline spaces discussed in [37], and are made up of pieces of trivariate homogeneous poly-
nomials restricted to S?. Thus, they are piecewise spherical harmonics. As we shall see,
virtually the entire theory of bivariate polynomial splines on planar triangulation carries
over, although there are several significant differences. Spherical splines are an interesting
example of surfaces defined on surfaces, and the sphere is a closed manifold much different
from planar domain, cf. [13]. We divide this chapter into three sections, and discuss the basic

theory of spherical splines and approximation properties of spherical splines.

2.1 SPHERICAL TRIANGULATIONS AND RADIAL PROJECTION

In this section we introduce some basic notation, definitions and lemmas used throughout
this dissertation. These contents including proof can be found in [40], [37] and [10]. Let S?
denote the unit sphere in R3. Given two points u, v on S? that are not antipodal, i.e., they
do not lie on a line through the origin. Then the points u,v divide the great circle passing
through u,v into two circular arcs. We write wo for the shorter of the arcs. Its length is
just the geodesic distance between u,v. Now let us give definitions for a spherical triangle,

spherical triangulation and a regular spherical triangulation.

DEFINITION 2.1.1. Given three points vi, vy and vs on the unit sphere S* which lie strictly

in one hemisphere. Then we define the associated spherical triangle 7 := < v1,v2,v3 > to



be the set of points on S? that lie in the region bounded by the three circular arcs 010s, UgU3
and v3v1, which are called edges of the spherical triangle 7. And the points vy, vy and vs are

called vertices of 7. We say T is non-degenerate if 7 has nonzero area.

DEFINITION 2.1.2. A set of spherical triangles A = {T;}Y is called a spherical tri-
angulation provided that the intersection of two triangles in A is empty, or is a common

vertex or common edge. We write () := UZN T; for associated domain. If Q = S?, then we say

that A covers S2.

In this dissertation, we are interested in cases where A covers S? and where A does
not cover S?. Note that the hole filling problem is the second case. To state results on the
relationship between the number #)V of vertices, number #FE of edges, and number #7T of
triangles in a spherical triangulation, we have to distinguish between the cases when A covers

S? and when it does not. First we consider the case when A does not cover S2.

DEFINITION 2.1.3. Let A be a spherical triangulation of a domain Q C S?. Then we say
that A is shellable provided it consists of a single triangle, or if it can be obtained from a
shellable triangulation of A by adding one triangle T such that T intersects A precisely along
one or two edges. We say that A is regular provided that A is shellable, or it can be obtained
from a shellable triangulation A by removing one or more shellable subtriangulations, all of

whose vertices are interior vertices of A.

It is easy to show that for regular spherical triangulation that does not cover S?, exactly

the same Euler relations as in the planar case hold.

THEOREM 2.1.4. (Euler relations that A does not cover S, cf. [37] ) Let A be a reqular
triangulation, and #Vg, #Vi, #Eg, #H and #T denote the number of boundary vertices,

interior vertices, boundary edges, holes and triangles respectively. Then we have
1) #Ep = #Vg,

2) #E; = 3#V; + Vg -8 + 3#H,



3) #T =2#V; + #Vp -2 + 2#H.

For case that A is regular and covers the whole unit sphere S?, we can state the following

properties of A( cf. [37]).

1) For A to exist the cardinality of V must be at least 4.
2) The number #E of edges of A is related to the number of triangles as #FE = 3#71'/2.

3) The number of vertices #V and the number of triangles #7T are related as #E =
3(#V —2).

4) The number of vertices #) and the number of triangles #7T are related as #T =

2#V — 2).

To study spherical spline space we need a notion of the size of a spherical partition.
Given a spherical triangle 7 let |7| denote the diameter of the smallest spherical cap

containing 7 and let p, denote the diameter of the largest spherical cap contained in 7. Then
|A| = max{|r|, 7€ A}

pa =min{p,, 7€ A}

are correspondingly the diameter of the largest triangle in A and the diameter of the smallest

spherical cap inscribed in A.

DEFINITION 2.1.5. Let (8 be a positive real number. A triangulation A is said to be [3-

quasi-uniform provided that
A
—| | <p.

2N
It is well-known that in the planar case, the smallest angle of a quasi-uniform triangulation
is bounded below by 1/, see [35]. We make use of a concept of a natural radial projection
developed in [40] to relate properties of planar quasi-uniform triangulations to the spherical
ones. It will be clear from our construction that we need to bound triangulation size. In

order to use the results of [40], we need to choose this bound to be 1.



Figure 2.1: Radial mapping of a spherical triangle to a planar triangle.

DEFINITION 2.1.6. (c¢f. [40]) Fiz a spherical triangle T with |T| < 1. Define r, to be the
center of a spherical cap of smallest possible radius containing 7, and let T, be the tangent

plane touching S* at r. . We define the radial projection R. from T, into S* by

E

w:= R,w = €S*weT,.

Since R, is one-to-one, R-' is well-defined. Let T be the image of T under R

B

Let p- and |7| be diameters of the inscribed and outscribed circles of 7 correspondingly.

It is not too difficult to check that

7] < |7| < Kal7],

K5 'pr < pz < Kopr, (2.1.1)
for some positive constants K; and K5 (cf. [40]). However we make use of the following

LEMMA 2.1.7. (cf. [10]) Let T be a spherical triangle with |7| < 1. Let T denote the image

of T under the map R:'. Then

2tan — = |T| (2.1.2)



and

2tan'02—T < p-. (2.1.3)

ProOF. By the definition of R, the center of the smallest spherical cap containing 7
is the center of the circle outscribing 7. Let © be one of the vertices of 7. The center of
the unit sphere O, v and r, form a right triangle with the leg Or, of length 1, the leg vr,

7]

7 and the angle ZvOr, having radian measurement 5 Then (2.1.2) follows

having length >
immediately.
The largest spherical cap o contained in 7 is mapped onto an ellipse € in the plane T,
which is contained in 7. The largest circle & contained in 7 has a radius % greater than
or equal to r. which is the radius of the largest circle contained in the ellipse. Let o be the
center of ¢ and v be any point on the boundary do of the cap. Let 0 and v be the images

of 0 and v under R respectively. Then r, can defined by 7. := min,es,{|0 — ¥|}. Note now

that
|o — 0| > tan|o — v|, Vv € do.
Therefore
% > r. > tan %
and we have (2.1.3). O

Since great circles are mapped into straight lines under the inverse of the radial projection
R., any cluster of spherical triangles w with |w| < 1 is mapped into a planar triangulation

w.

LEMMA 2.1.8. (cf. [10], [37]) Let A be a (-quasi-uniform triangulation of the unit sphere

with |A| < 1. Let ©a denote the smallest angle of A. There exists a constant Ay such that

1
> .
@A_Alﬁ (2.1.4)
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PROOF. Fix a spherical triangle 7 € A and construct the radial projection R.. By

Lemma 2.1.7 we have

[l

T tan 5 1

m < 2 < 2tan- f.

pr ~ tanf; 2
Since T is a planar triangle, its every angle is bounded below by A%ﬁ with A; = 2tan%.
Since the corresponding spherical angles are even greater (2.1.4) follows. O

We will need another lemma comparing areas A, of spherical triangles to the size param-

eters |A] and pa characterizing spherical triangulations.

LEMMA 2.1.9. (¢f. [10], [37])For every spherical triangle 7 € A with |A] <1

2 AQ
% <A, < W|4 © (2.1.5)

PROOF. The area A, of a spherical triangle is bounded above by the area of the smallest
spherical cap containing 7. The diameter of this cap is |7|. Without loss of generality we
assume that the center of this cap is located at the north pole. Then

2 |T|/2 |A|2
A < / / sinndndf = 27 (1 — cos(|7]/2)) < T
o Jo

Similarly, A, is bounded below by the area of the largest spherical cap contained in 7, which
by the definition has a diameter p,. Therefore

TPA

Ar 2 2r(1 = cos(p,/2)) = °2

O

Another result that we need concerning (-quasi-uniform triangulations is a bound on the
number of triangles n; in the k-th disk around 7. We denote the union of all triangles in A

that share the vertex v by star!(v). Define recursively
star’(v) := U{star’ (w) : w is a vertex of star*~'(v)},¢ > 1,

and

star’(7) := U{star’(w) : w is a vertex of 7}, ¢ > 1.
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LEMMA 2.1.10. (cf. [37])Suppose A is a B-quasi-uniform triangulation such that |A| < 1.

Then for any triangle T € A and any k > 0 the number ny, of triangles in star® () is

2
7%32%@k+nﬂ (2.1.6)
and
> 2@k+D2 (2.1.7)
k = Wﬁ2

PROOF. Note that star®(7) is contained in a spherical cap of radius R = (2k + 1)% and

area Ap = 27(1 — cos R). By Lemma 2.1.9 we have

A < 4
5 — T

Then

2
nk% < Ar =2n(1 —cosR) < nR*.

Therefore
56%(2k + 1)
ny < %

On the other hand, star®(7) contains a spherical cap of radius r = (2k 4+ 1)22 and area

A, =27(1 — cosr). Then by Lemma 2.1.9

A 2
2r? < 2m(1 —cosr) = A, < nkﬂ|4 | ,
therefore
2(2k + 1)2
ne = 5 .
73

2.2 SPHERICAL POLYNOMIALS

In this section, we introduce the key buildings for spherical splines. Throughout this disser-
tation, we write v for a point on the unit sphere S? in R3, when there is no confusion. At
times we will also use v to denote the corresponding unit vector. Before introducing spherical

polynomials, first we need to discuss spherical barycentric coordinates.
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2.2.1 SPHERICAL BARYCENTRIC COORDINATES

In this subsection we define an analog of planar barycentric coordinates on the sphere and
analyze some of their basic properties as well as two important differences as compared to
planar barycentric coordinates. We start by introducing a special set of coordinates in R3

which will be used later to construct barycentric coordinates on the sphere, see [3].
DEFINITION 2.2.1. (cf. [3]) Let V := {vy,va,vs} be a basis for R3. We call
T:={veR’:v=>0bvy+byva+byvs, b >0} (2.2.1)
the trihedron generated by V. Each v € R3 can be written in the form
Vv = b1vy + byva + b3vgs. (2.2.2)
We call by, by, by the trihedral coordinates of v with respect to V.

Equation (2.2.2) defining the trihedral coordinates can be written as a system of three

equations for b;’s:

T x T
v vy v b1 v
(A0 ) 4 by | = | v¥ |
vy v V3 bs v*

where v* denotes the z-coordinate of v, etc. The matrix above is nonsingular since vy, va, v3
are linearly independent. Using Crammer’s rule we immediately have

_det(v,v2,v3) b — det(vi, v, v3) _det(vy,v2,v)

by = = —
! det(vl,w,vg)’ 2 det(Ul,Ug,U:g)’ 3 det(’Ul,’UQ,’Ug)

, (2.2.3)

where

det(vl, Vo, Ug) = det 1)31/ 1)32/ 'Ug

and so forth. Equations above show that the b;’s are ratios of volumes of tetrahedra.
The concept of homogeneity plays a very important role in the construction of spherical

spline functions. Let us present a formal definition and relate it to trihedral coordinates.
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DEFINITION 2.2.2. (cf. [3], [4], [37])Given an arbitrary integer d,a trivariate function F

is said to be homogeneous of degree d provided that for every real number o # 0,
F(av) = a’F(v), v e R*{0}. (2.2.4)
Let
Hq = {p € Py : p is homogeneous of degree d},
where Py is the space of trivariate polynomaials of degree d. Then we refer to Hy as the space

of homogeneous trivariate polynomials of degree d.

By definition, we have b;(av) = ab;(v) for all @ € R, i = 1,2, 3, this implies that the b;’s
are homogeneous linear functions of v of degree of homogeneity 1.

We summaries some additional properties of trihedral coordinates in the following

LEMMA 2.2.3. (cf. [3])
1) {b;(v),1=1,2,3} is a linearly independent set,
2) If L is the space of trivariate linear homogeneous polynomials, then £ = span{by, by, bs},
3) bj(vj) = 6;5,4,5 =1,2,3,
4) bj(v) >0 for all v in the interior of trihedron T .

PROOF. 1) Suppose there are scalars g, as, a3 such that
a1b1(v) + asba(v) + asbs(v) = 0,Vv € R®. (2.2.5)
Define vg := a1vy + asvy + agvy. By uniqueness of trihedral coordinates, we must have
a; = b;(vg),i =1,2,3.

Then (2.2.5) implies

3
Za? =0,
i=1
and thus a; = 0,7 =1,2,3.

2) Since b;’s are homogeneous linear functions, clearly

span{by, by, b3} C L
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Let P(z,y, z) = ax+by+cz+d € L. Since P(x,y, z) is linearly homogeneous P(az, ay, az) =

aP(z,y,z),Va € R. Choose o # 1. Then we must have
alar +by +cz) +d = alax + by + cz) + ad

and thus d = 0. Then P(x,y, 2) = ax+by+cz, and £ = span{z, y, z}. Since z, y, z are linearly
independent dim(L£) = 3. Since by, by, b3 are linearly independent and dim(span{b;, by, b3}) =
3, L = span{by, by, bs3}.

3) Consider for some v;,j = 1,2, 3,

Then ,
(bj(v) = vy + > bi(vy)vi =0.

i=1,i#j

Since vi’s are linearly independent we must have
bj(v;) =1
bi(Uj) == O,Z §£ j

4) If b;(v) = 0 for some i, then v = 33

i=1,2i 0j(v)v;. Hence v € span{b;, j # i}, thus v is

not in the interior of 7. Thus if v is in the interior of 7 we must have b;(v) # 0 for all i. By

the definition of 7 b;(v) > 0 for i = 1,2,3, and all v in the interior of 7. O
THEOREM 2.2.4. (cf. [3]) Let R be any nonsingular matriz. Then
bE(Rv) = bi(v), i =1,2,3, (2.2.6)
where bE are the trihedral coordinates of Rv with respect to { Rvy, Rva, Rvs}.
PROOF. Multiplying (2.2.2) by R, we have

Rv = blRV1 + bgRVz + b3RV3.
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Since R is nonsingular matrix, so det(R) # 0. Using Crammer’s rule we immediately have

_ det(Rv, Rvg, Ruz)  det(R)det(v, vz, v3)

b1 (Rv) = =
(fiv) det(Ruvy, Ruy, Rug)  det(R)det(vy, vg,v3)’
by (Ro) = det(Rvy, Rv, Rus)  det(R)det(vy,v,v3)
20 = det(Ruvy, Rvy, Rus)  det(R)det (v, vo, v3)’
b (o) — det(Rvy, Rvy, Rv)  det(R)det(vy, vz, v)
’  det(Ruvy, Rvy, Rus)  det(R)det(vy, vo, v3)
where _ -
vf vy U3
det(’Ul,’UQ,Ug) = det 1)31/ 1)32/ 'Ug
vi vy U3
Therefore, b%1(Rv) = by (v), by(Rv) = by(v), bF3(Rv) = bz(v). O

THEOREM 2.2.5. (cf. [3]) The three planes spanned by pairs of the vi’s divide R3 into
eight trihedra. The functions by, by, bs have constant signs on each of the eight trihedra. In

particular, v € T if and only if b; >0, i =1,2,3.

PROOF. Let 79* denote a trihedron generated by {(—1)vy, (—1)va, (—=1)kvs}, i, 4,k €
{0,1}. Note that 7% = 7 and each of the eight trihedra can be described this way. Fix
i,4, k. We show that for all v in the interior of 7% % (b, (v) with respect to 7) has a
constant sign.

Let 7% be the first trihedral coordinate of v in the interior of 7% with respect to T4*. Note

that by Lemma 2.2.3, b7%(v) > 0 for any such v. Then

det (v, (—1)7vy, (—1)*vs)

A e ey o s

L LC ST

det(vy, vo, v3)

Since b7%(v) > 0 by above b has a constant sign in the interior of 7%*. O
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Now we introduce spherical barycentric coordinates and relate their properties to the
set of trihedral coordinates. We also describe the two important differences between planar

barycentric coordinates and spherical barycentric coordinates.

DEFINITION 2.2.6. (cf. [3]) Assume intersection of S* with the trihedron T generated by
V' is a spherical triangle T, then the spherical barycentric coordinates of a point v on

S? relative to 7 are the unique real numbers by, by, by such that
VvV = b1V1 + bsz + b3V3. (227)

The spherical barycentric coordinates of a point v with respect to 7 are exactly the same
as the trihedral coordinates of v with respect to 7. This implies they have the following

properties:

LEMMA 2.2.7. (cf. [3], [37]) For any non-degenerate spherical triangle T :=< vy, va, v3 >,

we have
1) bi(’Uj) = 5ij7i7j = 1,2,3,

2) The b; are ratios of volumes of tetrahedra,i.e., by is the ration of the signed volume of the

tetrahedra t1 :=< 0,v,v9,v3 > and t :=< 0, vy, v9,v3 >, with a similar interpretation,
3) For all v in the interior of T, b;(v) > 0,

4) If a point v lies on an edge of T, then one of its spherical barycentric coordinates
vanishes, i.e., b; vanishes on the edge of T opposite to v; for alli = 1,2,3. The remaining
two spherical barycentric coordinates are ratios of sines of geodesic distances, rather

then ratios of geodesic distances,

5) If the edges of a spherical triangle T are extended to great circles, the sphere is divided
into eight regions. The spherical barycentric coordinates by, bs, by have constant signs

on each of these eight regions,
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6) Spherical barycentric coordinates are infinitely differentiable functions of v,

7) The spherical barycentric coordinates of a point v on the sphere relative to one spherical
triangle T can be computed from those relative to another spherical triangle by matriz

multiplication,

8) The spherical barycentric coordinates of a point v are rotation invariant, i.e., they

depend only on the relative positions of v and vy, vy, v3 to each other,

9) The span of the spherical barycentric coordinates by(v),bs(v), b3(v) relative to any tri-
angle is always the three-dimensional linear space obtained by restricting the space L
of linear homogeneous polynomials on R3 to the sphere S?,and is thus independent of

the triangle,

10) In contrast to the usual barycentric coordinates on the planar triangles which always
sum to 1, by(v) 4+ ba(v) + b3(v) > 1, if v € T and v # v1,v9,v5. And this is most

significant difference as compared to planar case.

PRrROOF. Apply Lemma 2.2.3, Theorem 2.2.4 and Theorem 2.2.5. O

We now show that spherical barycentric coordinates can also be expressed in terms of
certain natural angles associated with the geometry. Let n; denote the unit normal vectors
to the planes P; := span(V'\v;),i = 1,2, 3. The orientation of these vectors is chosen to be

consistent with the orientation of the vectors v; relative to P;, i.e.,
sgn det(vy, vg, v3) = sgn det(ny, vy, v3) =

sgn det(vy, ng, v3) = sgn det(vy, va, n3).

For a point v € S?, let the angles a;, 3;, be defined by the dot products
sino; 1= Vv - nj, sinf3; :=v;-ng, =123

The «; represent oriented angles between the vector v and the planes P;, while the (3; are the

analogous angles between v; and P;. For nontrivial spherical triangles, det(vy, v, v3) # 0,
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and therefore sin 3; # 0,7 = 1,2, 3.

THEOREM 2.2.8. (cf. [3]) The spherical barycentric coordinates of a point v € S* with

respect to a triangle T are given by

sin «;
bi(v) = —==, i=1,2,3. 2.2.8
©) = s (228
PROOF. Let i, j, k denote the unit coordinate vectors and || - || the usual Euclidean norm.
Define _ -
1 vy v

d1 = det .] UZQJ Ué/ s

d2 = det 1)31/ j Ug 5

d3 = det 1)31/ 1)32/ j

Then n; = d;/||d;||, and thus

sin;  venmy  vedi/[[di]|  v-d;

= = = ) 2.2.
sinf; vieny o vi-di/|[dil] v dg (229)

It is easy to check that

v; - d; = det(vy, v9,v3), 1 =1,2,3,

and that

AN d1 = det(v, Vo, Ug),
AN d2 = det(vl, U,’Ug),
AN d3 = det(vl, Vo, U).

Then by (2.2.9) and the property (2.2.3) of trihedral coordinates we get (2.2.8). O
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LEMMA 2.2.9. (¢f. [2]) Let C be the unit circle in R* centered at the origin, and let A
be a circular arc with vertices vy # vy which are not antipodal. Let by, by denote the circular

barycentric coordinates of v € C' relative to A. Then

in(f, — 0
bi(v) = M’
Sln(eg — 91)
sin(6 — 6,)
bo(v) = S — 1) 2.2.10
2(1)) Sin(eg — 91)’ ( )
where 0, 01, 0y are the polar coordinates of v, vy, vy respectively.
PROOF. Since
v1 = (cosfy,sinf;)”
vy = (cos 0, sin 65)7
v = (cosf ,sinf )T
and
v =b1vy + byva,
the circular barycentric coordinates of v are solving the system:
cos ) cosby by cos 6
sinf, sin 6 by sin 0
We immediately get the result. O

THEOREM 2.2.10. (cf. [3]) For each i =1,2,3, let C; be the great circle passing through
the points v € S* and v; € V, and let y; denote the intersection of C; with the edge of T

opposite to v;. Then the spherical barycentric coordinates of v can be computed as

sin 52

= MmO 93 2.2.11
sin(d; + ;) ! ( )

where §; is the signed geodesic distance (measured along C;) from y; to v, and ~y; is the signed

geodesic distance from v to v;.
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PRrROOF. It suffices to prove (2.2.11) for ¢ = 1. By Lemma 2.2.9 if v € C} it can be

expressed relatively to y; and vy as:

sin 0y sin v

v sin(6, + 71)V1 sin(d1 + 1)

yi1.

By the same lemma we can write y; as a linear combination of vy and vg only. Then by the

uniqueness of barycentric coordinates

o sin 51
e SiIl((Sl + ’71) '

Similarly, we can show the result for i = 2, 3. O

2.2.2 HOMOGENEOUS BERNSTEIN-BEZIER POLYNOMIALS

Since the spherical polynomials are the restriction to S? of certain homogeneous trivariate

polynomials, we first study the homogeneous Bernstein-Bézier polynomials. Let P; denote

d+3)

the space of polynomials of total degree d on R3. Recall that the dimension of Py is ( 3

and that the set of classical Bernstein polynomials

B4

(V) = Wbibéb’gfbi, i+j+k+l=d (2.2.12)

forms a basis for Py (cf. [3]).

Let H,4 denote the space of polynomials of degree d which are homogeneous of degree d.

LEMMA 2.2.11. (cf. [3], [37]) The space Hy is an (*1?) dimensional subspace of Py. More-
over, if we choose vy to be the origin in the above construction of the Bernstein polynomials,

then the set { Bl i+ j+k = d} forms a basis for Hg.

PRrROOF. Let f,g € Hy, and o € R. Then
(i) (f + 9)(aw) = flaw) + glaw) = af(v) + ag(v) = a(f + g)(v)
(i) VB € R, Bf(av) = Baf(v) = a(Bf)(v).
Thus H, is a subspace of P,.
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_ iiok e - -
Let f = ociyjineaCise®'y'z" be in Hy. Since f is homogeneous of degree d we must
have for all « € R
Oéd § Cijkxzyzzk — E al-l—j-l—kcijkxzyzzk
0<i+j+k<d 0<i+j+k<d

and thus

E : (Oéd . a2+J+k)cijkl,zyzzk = 0.
0<i+j+k<d

Since {2%,y%,2*,0 < i+ j + k < d} is a linearly independent set

(a® — @™ tF) e =0 (2.2.13)

Choose « # 1. Then (2.2.13) implies
cijk:(), VZ‘F]—'—k#d,

and

f: cijkxyz.

itjtk=d

It follows that {x% 4% 2%, i+ j + k = d} spans Hy and thus dim(Hy) = (dJ2r2)'
Next, we show that the set {B};, : i +j + k = d} forms a basis for H,;. Since {ijkl :
i+j+k+{¢=d}is alinearly independent set, so is {Bfljk0 i+ j+k=d}. Each BidjkO IS a

homogeneous polynomial of degree d, thus
Span{ijkO i+ j+k=d} C Hg

Since
d+2

dim{span{BidjkO i+ j+k=d}} = ( 5

) = dim(r

we complete the proof. O

For convenience, we drop the last subscript and introduce the following definition.

DEFINITION 2.2.12. (c¢f. [3])Let T be a trihedron generated by {vy,ve,vs}, and let by(v),

by(v), bs(v) denote the trihedral coordinates as functions of v € R3. Given an integer d > 0,
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we define the homogeneous Bernstein-Bézier basis polynomials of degree d on 7 to

be the set of polynomials

R o
Bijy(v) 1= W%(“)%(U)bg(v), it jk=d

We call
> cipBii(v)
i+j+k=d

a homogeneous Bernstein-Bézier (HBB-) polynomial of degree d.

(2.2.14)

(2.2.15)

Many properties of classical, planar, Bernstein-Bézier polynomials hold for HBB-

polynomials. We present several important results.

The first one is the classical de Casteljau algorithm to evaluate P at points in R? :

THEOREM 2.2.13. (de Casteljau algorithm , cf. [3]) Suppose we want to evaluate the

HBB-polynomial at a point w with trihedral coordinates by, by, bs.
Set C?jk = Cijk, 1 +] + k=d.

For?{=1tod

Fori+j+k=d—1{

¢

Czyk blcz—l—l ,J.k + b2cz J+1LE + b3cz] k+1°

Then P(w) = cl,.
PROOF. Let By, (w) = 1. Suppose

/-1 __ /—1
Cijk — E : Ci+7“7j+8,k+tBrst (’LU)
r4s+t=~0—1

for some ¢ and all 7, j, k such that i + j + k = d — £ + 1. By the definition

4 /—1
Cijk = blcz+1 gk + bQCz J+1k + b3cz gkl T =b § : Ci+1+7“7j+8,k+tBrst +
r+s+t=~—1
/—1 /—1
by E Citrj+itsh+tBrg + b3 E Citrjtskri+tBrg =
r4+s+t=~—1 r+s+t=~0—1
b b b (e- 1) b"bsbt
( 1Cit14r jtshtt T 02Citr j+14s bt + 3Ci+r,j+s,k+1+t) sl =

r4+s+t=~0—1
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| / — 1)|
1 t (f ]‘) 11t ( .
Z Citl+r,j+s, k+tbr+ bsb rlsltl + Z Citrj+1+s, k-i-tbrbs-i_ b rlsltl +
r4+s+t=~0—1 r+s+t=~0—1
|
41 (0= 1)
Z Ci+r,j+s,k+1+tb§bsb+ rlsltl =
r+s+t=~0—1
r+1 rlrspt 1l
—Cit1 e+t0] b —————+
Z ¢ Citltritskt 2 (e +1)lslt!
r+1+4s+t=~
Z 5+ 1 brbs-i-lbt E' +
/ i+r,j+1+s,k+tV1Y2 37“!(S—|— 1)|t|
r+14s+t=~L
LSO () ——
¢ IS IRTLTES gl (1)
r+1+4s+t=~
/ |
r 14 4
Z et by B3t IR Z Cl+m+s kD103 b T
r'+s+t=~ r+s'+t= Z
t/ v g r+ s+ t
5 el = 3 T el =
r4+s+t'=~ r4-s+t=~
¢
Z Ci+7“7j+8,k+tBrst
r+s+t=~0

Then
Cgoo = Z CT’,S,thst(w) = P(w).

r+s+t=d
O
The second important result is the subdivision algorithm to show how to write p in HBB-
polynomials on each of the subtriangles. This result is the analog of the classical subdivision

algorithm for bivariate BB-polynomials.

THEOREM 2.2.14. (Subdivision algorithm, cf. [3], [37]) Let {c{;.} be the coefficients pro-
duced by de Casteljau algorithm using trihedral coordinates by, bs,bs of a point w € T with

vertices {v1,vq,v3}. Then
Zi-l—j-i—k:d Cé,j,kaljk;1(U)> v e T ={w,vy,vs}
P(U) - Zi+j+k:d Cg,o,kaljk;z(U)a vel = {Ulu w7U3} (2-2-16)
ZH i+k=d C?,j,oBfljk;s(U)a v €T3 ={v,v9,w},
J

where szk , are Bernstein-Bézier polynomials associated with the trihedron 7, v =1,2,3.
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PROOF. Suppose v € 77, and

P)= Y ciuBi ) (2.2.17)

i+j+k=d
with respect to 7', and

P)= Y cijmaBiia(v)

i+jt+k=d

with respect to 7;. We claim that ¢;j;.1 = cé, ik The trihedral coordinates of w with respect
to 7 are determined by

W = a1vV1 + AoU2 + A3V3.
The trihedral coordinates of v with respect to 7 are determined by
v = bivy + bovg + byvs
and with respect to 7; are determined by
V= CiW + CaV2 + C3Vs3.
Then
v = ¢ (a1vy + agvs + azvs) + covy + c3v3 =

cra1vy + (cras + c2)ve + (cras + ¢3)vs.

The uniqueness of barycentric coordinates implies that
by = c1a4,

by = cras + c2,
bg = c1as + C3.

By (2.2.17)

d .
P(v) = Z Cijk 177 .'k'blb%blg =
itith=d T
b j k
Z Cijkmclal(clag + o) (cra3 + ¢3)".
i+j+k=d R
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Using binomial expansion and rearranging the terms we get

d' ) ]' ror .S k' m
P(v) = Z Cijkmcﬂl( Z @01%02)( mclﬂécs )=

i+j+k=d r4s=j ’ l+m=k

H—r—i—Z s m i 1 £ __
E E E C; CoCq 1050
ik Z'r's'ﬁ'm' 27 TR

i+j+k=dr+s=j t+m==k

Z Z Z g t‘:'z—' 2k Bz+r+£s m; 1a1a£ag =

i+j+k=dr+s=j {+m==k

C+r+0! 0
Z Z Z Cirdsl+m™— 7 3 il a1a2a'3Bi+r+é,s,m;l =

i+j+k=dr+s=j l+m=k

§ § : § i+r—44
C; r+s Z—I—mBz R¥4 BZ—I—T—{—Z s,m;l*

i+j+k=dr+s=j {+m==k

Introducing a new index of summation p =i + r + ¢, and since

z+r+£ z+r+£
E : CZT+SZ+mBZT’Z Co,s,m

i+r+l=p
we have
_ P d _
P('U) - E ( § : Ci77“+57£+mBi,r,m)Bp,s,m;l -
p+s+m=d i+r+L=p
P
§ CO,s,m p,s,m;1"
p+s+m=d
A similar proof works for v € 75 and for v € 73. O

The third important result is smoothness conditions for joining two HBB-polynomials. The
following theorem establishes necessary and sufficient conditions for two HBB-polynomials
to join together smoothly across a plane trough the origin in the sense that the polynomials
and their usual directional derivatives as trivariate functions are continuous as we cross the

plane.

THEOREM 2.2.15. (Smoothness conditions, cf. [3])Let T and T be trihedra generated by

vertices V = {vy,va,vs} and V = {vy,vs,v4}. Let

> cipBiv)

i+j+k=d
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and

p(“): Z 6ijkBidjk('U)a

i+j+k=d
where { B} and {ngl} are the Bernstein-Bézier basis functions associated with T and T .
Then P and P and all of their derivatives up to order m agree on the face shared by T and
T if and only if

éijk: Z Cr,j+s,k+tBTi»5t(U4> (2218)

r+s+t=t
for alli=0,...,m and all j, k such that i+ j + k = d.

PROOF. Suppose

Qv) = Z CijleZdjkl(U) (2.2.19)
i+j+k+i=d
and
Qv) = Z éijleidjkl(U)a (2.2.20)
i+j+k+t=d
where
Ciiky Zf (=0
Copr=14 " (2.2.21)
0, otherwise
and
~ 62 5 1 g =0
Cogu =4 " d (2.2.22)

0, otherwise

and Bz-djkl(v) are the usual BB-polynomials of degree d associated with the trihedron with
vertices {vy,vq,v3,0} and Efjkl(v) are those associated with the trihedron with vertices
{vy, va,v3,0}. It is well-known that these polynomials join with C™ continuity if and only if
Cijpe=" Y CrjrshrtiruBio(vs), i =0, .. .m. (2.2.23)

rstttu=i
In view of (2.2.21) and (2.2.22) we can choose ¢ = u = 0. In this case, (2.2.23) holds if and
only if (2.2.18) holds. But P = @ and P =@, proof is complete. O
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2.2.3  SPHERICAL BERNSTEIN-BEZIER POLYNOMIALS

The spherical Bernstein-Bézier polynomials are the restriction of HBB-polynomials on the
sphere. In this subsection, we discuss the existence of homogeneous extensions for functions
defined on the sphere, the directional derivatives of spherical functions, the smoothness
conditions to join two SBB-polynomials, and the calculation of integration on the sphere.

Let us first present the definition of SBB-polynomials.

DEFINITION 2.2.16. (cf. [3]) The restriction of an HBB-polynomial of degree d to the
points on the unit sphere is called a spherical Bernstein-Bézier (SBB-) polynomial of

degree d.
Now we state the existence of homogeneous extensions.
LEMMA 2.2.17. (cf. [4]) Suppose f is a function defined on S* and let t € R. Then
Fy(v) = [oll"f(v/llv]]) (2.2.24)

is the unique homogeneous extension of f of degree t to all of R3\{0}, i.e., Fy|s2 = f, and

F, is homogeneous of degree t.
PROOF. The assertion is an immediate consequence of the definition. O

Many properties of SBB-polynomials follow naturally from the properties of HBB-

polynomials.

THEOREM 2.2.18. (cf. [4]) The polynomials {ijk,i + 7+ k = d} restricted to S* are

linearly independent.

PROOF. Suppose

Pw)= Y cuBlv)=0
i+j+k=n

for all v € S%. By Lemma 2.2.17 there exists the unique homogeneous extension of P(v) to all
of R? of degree d. Then P(v) = 0 for all v € R3. The linear independence of the Bidj S implies

that ¢;;, = 0,74 j + k = d and thus the ngk’s restricted to S? are linearly independent. [
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de Casteljau and subdivision algorithms can also be applied to the polynomials restricted on
the sphere. Now we turn to a question how to compute derivatives of spherical functions and
in particular SBB-polynomials. Let us define what we mean by the derivatives of a spherical

function.

DEFINITION 2.2.19. (cf. [{])We define the directional derivative D,f of f at a point
veS? by
D,f(v) := DyF(v) = g" VF(v), (2.2.25)

where F' is some homogeneous extension of f, and VF' is the gradient of the trivariate

function F.

While a polynomial of degree d has a natural homogeneous extension to R?, a general
function f on S? has infinitely many different extensions. The value of its derivative may
depend on which extension we take. The following lemma shows that we get the same value

for derivatives no matter what degree extension we take.

LEMMA 2.2.20. (cf. [4]) Suppose f is a function on S* and g is a tangent vector to S? at
a point v. Then the value of D, f(v) can be computed from (2.2.25) using any homogeneous

extension of f.

PROOF. Let F be a homogeneous extension of f, and let C' be a C' smooth curve on
S? passing through the point v, parameterized by a parameter 6 such that C(f) = v and

C'(0) = g for § = 0. By the chain rule we obtain

df(C(0)) dF(C(9))

T|9:0 = T|9:0 = QTVF(U) = DgF(U)-

This shows that D,F(v) does not depend on the degree of homogeneity of F' since the

left-hand side clearly depends only on f = F|s2. O

Let us continue with directional derivatives of barycentric coordinates.
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LEMMA 2.2.21. (cf. [4]) Let g be a given unit vector in R3. Then

Dyb; = bilg). (2.2.26)

PROOF. Let 7 = {v1,v9,v3} and v € §%. By (2.2.25), we have

x
1
Dby = ¢'Vb, = ¢" — _det
g¥1 g \Y% 1 g V(det(U17U27’U3) € ( Yy 702703))
2
1 0
1
= m<91d€t< 0 7U27U3) —|—g2det< 1 7U2703>
0 0
0
+93d6t< 0 702703))
1
det(g, va, v3)
_ Mgty
det(vy, va, v3) 1(9),
x
1
D,by = ¢'Vby = ¢" — _det
;02 g Vb, =g V(det(vl,v2,vg) e ( y ,Uz,vg))
2
1 0
1
= m<91d6t<vh 0 7U3) +g2d6t<U1, 1 7U3)
0 0
0
+ g3d6t (Uly 0 7U3))
1
— det(’Ul,g,’Ug) :bg(g)

det(vy, vo, v3)



30

and
x
1
Dybs = ¢'Vby=g'V| ———det
gU3 g Vb3 =g v(det(vl,v2,v3) € (0171127 Y ))
z
1 0
-t det| vy, v + godet | vy, v
- det(vl,'l}g,'l}g) g1 1, V2, 0 g2 1, V2, 1
0 0
0
+ g3d€t (U17 V2, 0 ))
1
det(vy, va, g)
————= =)
det(’Ul,’UQ,Ug) 3( )
So the proof is complete. O
PROPOSITION 2.2.22. (¢f. [4]) Suppose P is an SBB-polynomial. Then
D,P(v) = b"(g9)V,P, (2.2.27)
where
0o 0 0 p
=(=,=,—)". 2.2.28
Vo= (Gor oy by ( )

PROOF. By the definition, we have

OP oby 4 OP Oby 4 OP Obs
9by 9z " 9by Oz ' Obs Ox

T T
DyP(v) = g VP(v)=g" | SR04 S88n 4 BP0k

OP 0by OP Oba OP Obs
31)1 0z + 8b2 0z + abg 0z

T

b 8b 8b op

Ngr + 9252 + 9352 For

_ b 8b 8b op
= 915 T 9252 + 9352 by

ob Ob: Ob: oP
915 t 925, T 935, Ty
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So we get
0by  Oby  Obs or
oz oz ox obi
— 4T | oby 0Oby b P
boP)y=g" 1 5 5 5 || &
Oby  Oby  Obs or
0z 0z 0z 0Obs
Therefore,
T T
gTVbl bl(g)
DyP(v) = | ¢TVhy | VuP = | by(g) | VP
gTng bg(g)

O

We now turn to the problem of computing higher derivatives of SBB-polynomials. Let Cza g =
cijr be the Bézier coefficients of P of degree d, and let gi,...,9m, 1 < m < d, be a set of
direction vectors. For each 1 < ¢ <'m, let nglm 1+ j+k =d—{, be the intermediate values

obtained in carrying out de Casteljau algorithm using b(g,). That is, ¢} ;& 15 obtained from

the recursion

¢ (—1 -1 1
Cijle = b (gf)ci-',-l,j,k + b2(gé)ci,j+1,k + bB(QZ)Ci,j,kHa t=1,...,m.
It follows that cfjk depend on the vectors gy, ..., g¢, but not on their ordering.

THEOREM 2.2.23. (cf. [4]) For any 0 < m <d,

d!
Dy,...gnP(v) := Dy, - -+ Dy, P(v) = m Z szyk (v). (2.2.29)
D idj+k=d—m

PRrROOF. By Lemma 2.19, for i+ j + k = d,

|
Dy, B (v) = dk [i0 7 0,6 Dy, by 4 G016 D Dy by + KV BADE D, bs) =
5!

d[B{} 1 (0)b1(91) + B (0)ba(91) + B4y (0)bs(g1)]-
Substituting this in

Dy, P(v) = Y cijuDg Biiy(v)

i+jt+k=d

and rearranging terms we get (2.2.29) for m = 1. The general result follows by induction. O
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Now we consider derivatives at the vertices of triangles. It is clear from the properties of
trihedral coordinates that the values of an SBB-polynomial P at the vertices of its domain
triangle are given by P(v1) = caoo, P(v2) = coao, P(v3) = cooq. The derivatives of P at the

vertices of 7 also have a simple form.

PROPOSITION 2.2.24. (cf. [4]) For all 0 < m < d,

a
Dy,,... ng(U1>:mcd—m,0,07
a
Dy,,... ng(U2>:mCO,d—m,07
a
Dgl 7777 QmP(,U3) = m00,07d—m' (2230)

Proor. Consider P(v;). By Theorem 2.2.23

d! m -m
Dy,..., ng(?fl):m Yo B (),

Citjtk=d—m
where
ijk (v1) = (WW!)bl(Ul) ba(v1)7b3(v1)" = (ZUT')l 00F =1,
ifi=d—m,j=0,k=0 and is 0 otherwise. Thus
d! -
D91 ..... ng(U1) =

O

Let us consider the question when two polynomials on adjoining surface triangles join

smoothly across a common edge e.

THEOREM 2.2.25. (cf. [3], [37]) Suppose Q and Q are polynomials as in (2.2.19) and
(2.2.20) and let T and T be the surface triangles with a common edge e. Then the restrictions
of Q and Q to S%, P and ]5, along with their derivatives up to order m join continuously

along e, i.e., for every point v € e and every curve ¢ € S crossing e at v,

DIP(v)=DP(v), j=0,..,m, (2.2.31)
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if and only if

éijk: Z Cr,j-l—s,k—i—thingt('U4)a (2.2.32)
r4s+t=1

for alli=0,...,m and all j, k such that i+ j + k = d.

PROOF. Suppose (2.2.31) holds for all v € e and for all ¢ € S? crossing e at v. Since
P and P are polynomials of degree d, by Lemma 2.2.17 there exist unique homogeneous

extensions of degree d which thus must be our () and Q. Since Qls2 = P and @|gz =p
DIQ) = DIQ(v),  j=0,..,m, (2.2.33)

for every point v € e and every curve ¢ € S? crossing e at v. Now we claim that (2.2.33)
holds for any v on the common face of tetrahedra corresponding to 7 and 7. Let v belong
to the common face of 7 and 7. Clearly, if v # 0, there exist v' € e and A € R, such that

v = \v'. Since ) and Q are homogeneous of degree d
Qv) = QW) = XQ(v),
and similarly for Q. Then we have

DIQ(v) = MDIQ(v') = XDIQ(v') = DIQ(v), j=0,...,m.

[

By the Theorem 2.2.15

~ )
Cijk = § : CT7j+S,k+tBrst(rU4)'

r4+s+t=i

For the other direction, suppose (2.2.32) holds. Then by Theorem 2.15 Q(v) and Q(v) join

smoothly across the common face, i.e.,
DiQ(v) = D’Q(v), j=0,...m, (2.2.34)

for any v on the face. This condition holds for any curve on the common face and thus for
the edge e as well. Since Q(v)|e = P(v) and Q(v)|e = P(v) (2.2.34) holds for the restrictions.

In particular,
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Now let ¢ be a curve on the sphere-like surface S?, then by the chain rule

~

VP(v) = VeD, P(v) = VeD,P(v) = VP(v),
and so on. Thus we have the result for any v € e and any curve ¢ crossing e at v. O

For many practical applications it is necessary to compute integrals of piecewise polyno-
mial functions. Evaluating integrals of spherical polynomials is considerably more difficult
than in the planar case. Recall that for planar triangles, the integral of a Bernstein basis
polynomial of degree d is equal to the area of the corresponding triangle divided by d+1, see
[37]. Thus, the value of the integral does not depend on the particular basis polynomial or on
the precise shape of the triangle. Unfortunately, this wonderful and attractive property does
not carry over to spherical polynomials. In general, for two different triangles, the values of
the integrals are different unless the two triangles are similar. Moreover, the integrals of the
Bernstein basis polynomials of degree d associated with a single triangle are also different in
general.

To compute integrals in this case we propose a mapping of a surface triangle 7 to a planar
triangle 7 by means of radial projection defined in Section 2.1. This will enable us to use a

standard integration technique for planar triangles.

LEMMA 2.2.26. (cf. Proposition 4.1 in [4]) Let T be a spherical triangle and T its radial
projection as in Section 2.1. Suppose |T| < 1 and R, denotes the radial projection defined by
R.w = % for w € 7. If 0 and ¢ denote the Lebesque measures on 7 and T correspondingly

then

/ F(w)do(w) = / F(R.®)|5] 25 (). (2.2.35)

Proor. Without loss of generality assume that the tangent plane T, is z = 1. Recall

e

that % = w, and for w = (x,y,z) we can write w = (2/,y/,1) with 2’ = z/z and ¢ = y/=z.

=

Then do = da’dy’. For the spherical measure recall that do = sin ¢d¢pdf, where ¢ and 6 are

spherical coordinates of w defined by

x = cosfsin ¢
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y = sin#sin ¢
Z = COS .
Therefore
2’ = cosftan ¢
y' = sinf tan ¢.

We can compute the partial derivatives

g—z = cos O sec? ¢,
2—% = cos 0 tan ¢,
g—‘g = sin @ sec? ¢.

Then, by definition, we have

roo —sinftand cosfsec?

(0 ¢) cosftang  sinf sec? ¢
Therefore,
(', y') ) 2 2 2
= | —sin” ftan ¢ sec” ¢ — cos” f sec” ¢ tan ¢
| 20, 0) | | |
B o, Sing
= tan¢sec” ¢ = m
and hence using cos ¢ = 2z = |0|™! we get (2.2.35). O

2.2.4 NON-HOMOGENEOUS SPHERICAL POLYNOMIALS

In this subsection, we define non-homogeneous spherical polynomials and trace their prop-
erties to the properties outlined above for homogeneous polynomials, see [29].
In Theorem 1 of [29] it is shown that Py = Hy®Hg_1, i.e., Hqa®Hq_1 restricted to the unit

sphere is identical to the space Py of trivariate non-homogeneous polynomials of degree d
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restricted to the unit sphere. Therefore the set { B, i+j+k = d}U{Bfﬁcl, i+j+k=d-1}
forms a basis for P;. We call spherical polynomials in P; non-homogeneous spherical
polynomials, and we can express a non-homogeneous spherical polynomial P in terms of
BB-basis functions as
P)= Y agBi)+ > cuBil(v).
i+jtk=d i+j+k=d—1
With this definition it is easy to see that the methods of evaluating values (de Casteljau’s

algorithm), taking derivatives and computing integrals with homogeneous polynomials can

be easily applied to non-homogeneous polynomials.

2.3  APPROXIMATION OF SPHERICAL SPLINES

In this section, we discuss how well smooth functions defined on S? can be approximated
by spherical polynomials and spherical splines. It consists of two subsections, first one is
Spherical Sobolev Spaces and Seminorms, the second one is Approximation by Spherical

Polynomials.

2.3.1 SPHERICAL SOBOLEV SPACES AND SEMINORMS

In this subsection we introduce notations of spherical Sobolev spaces and seminorms that
annihilate spherical polynomials, also state some relating results, see [40]. To define Sobolev-
type norms and seminorms for functions on the unit sphere, we need to use a concept of a

homogeneous extension. Recall that a trivariate function f(v) is homogeneous of degree n if

flav) = a"f(v),Yv € R*\{0},a # 0. (2.3.1)

Also recall that by Lemma 2.2.17, every spherical function f has a unique homogeneous

extension of degree n to R*\{0} defined by

falw) = [ul"f <i) : (2.3.2)

Jul
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Let Q be a domain on S? such that 2| < 1, and let Q denote the image of © under
the inverse radial projection as defined in Section 2.1. We will be relating properties of a
spherical function f defined on €2 to the properties of its homogeneous extension f,, restricted
to 2, and we denote such a restriction by f,, i.e., f, := fula.-

Fix 1 < p < oo. Assume k is a nonnegative integer and B is an open set in R?. Recall
that the corresponding classical Sobolev space W*P(B) is the space of functions on B whose

derivatives up to order k belong to L,(B) [1]. A norm on W*?(B) can be defined as

lgleps = > DI DPglps, (2.3.3)
m+72<k

M)y — 0Nt
where D' DJ? = 55555

DEFINITION 2.3.1. ([40]) Suppose that {(I';, ¢;)} is an atlas for Q. Let {a;} be a parti-

tion of unity subordinate to the atlas. We define spherical Sobolev spaces W*?(Q) as

follows:
WHEP(Q) :={f : (a;f) 0 97" € WHP(¢(Ty)), for all j}. (2.3.4)
with norm || f{|xp.0 = >_; |[(ajf) o 05 e, ) -
Then the Sobolev space W*P(Q) is just the space of all functions f defined on Q for
which || f||xpq is finite. It is well known that this definition does not depend on the choice
of the atlas and the partition of unity, in the sense that other choices will give rise to the

same space with a norm that is equivalent to the above one, see [7] and [39]. Now we give

definition of Sobolev-type seminorm on the sphere.

DEFINITION 2.3.2. Let Q C S%, and let f € WFP(Q) for some k > 0 and 1 < p < oo.

Then we define Sobolev-type seminorm of f on W*P(Q) to be

| flrpo = Z 1D fr—1llp.0, (2.3.5)

laf=k

where || D fr_1||p.q is understood as the L,-norm of the restriction of the trivariate function

D% fr_1 to Q. For k =0, the above seminorm reduces to the usual L, — norm

| flop.a = 1fllzr)-
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Let us present several elementary facts of concerning homogeneous extensions and semi-

norms to end this subsection.

LEMMA 2.3.3. (¢f. [40]) 1) Let k,n € Z, and suppose [ is a function defined on €,
with |Q| < 1. Then f € WEP(Q) if and only if f, € WFP(Q).
2)Let f € WHP(Q) for some k > 1 with |Q| < 1. Then (D*fy_1)|la € L,(Q) for all multi-
indices a such that |of = k.
3) Let Q C S? with |Q] < 1. Suppose f € W*P(Q) and let f,, and f, be two homogeneous

extensions of f restricted to Q. Then

1 fmllkpa < Csllfallkpo,

for some constant C3 depending only on k, m, and n. This implies that the Sobolev norm of

fn = fula does not depend in an essential way on the degree n of the homogeneous extension

of f that is used to define f,.

PROPOSITION 2.3.4. (c¢f. [40]) Let Q C S* with |Q| < 1. Then there exist positive con-

stants Cy, Cy depending only on k and p such that for every f € Wi ,(€2)

Cilflepo < | fi-tlipa < Col flipo- (2.3.6)

Our last proposition shows that the semi-norm defined by (2.3.5)annihilates certain homo-

geneous polynomials.

PROPOSITION 2.3.5. (cf. [40]) Suppose Q is an open connected subset of S®. Let f €
WHEP(Q) and k > 2. | flrpa = 0 if and only if f is a homogeneous spherical polynomial of

degree k — 1.

2.3.2  APPROXIMATION ORDER OF SPHERICAL POLYNOMIALS

In this subsection, we mainly discuss the error bounds of spherical spline approximation.
First we presents some important inequalities, then local approximation, finally the local

stable basis, existence of Quasi-interpolant, and approximation order of spherical splines.
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Given a homogeneous trivariate polynomial P in BB form (2.2.15), let ¢ be a vector of
its coeflicients. Let ||c||oo and ||c|/, . denote its ¢, and ¢, norms on a spherical triangle 7

respectively. Then we have following lemma.

LEMMA 2.3.6. (cf. [40], [10]) Any homogeneous polynomial P of degree d in Bernstein-

Bézier form (2.2.15) with respect to a spherical triangle T with || < 1 satisfies the property

Ax [lefloo,r < [[P[loo,r < Aslle]|oo,r (2.3.7)

and

A AL |lellpr S NIPlpr < As AP el (2.3.8)

forany 1l < p < oo. Here Ay, Ay are positive constants independent of 7, P and p. A3 depends

d, p and the smallest angle of T.

PROOF. Proof of (2.3.7) can be found in [40]. For (2.3.8) fix 1 < p < co. By Lemma 4.4
in [40] there exists a positive constant K3 depending on d, p and the smallest angle ©, of 7
such that

APl < 1Pl < KA Pl (239)

Then using (2.3.7) and |||, < (d;2)||c||0077 we get

Aql_/P d+2 —-1/p Aql_/P A}_/p
A T<—A OOTS POOTS P T
11 ("57) el < G Al < 1Pl < 1P

Similarly, by (2.3.9)
1Pllpr < AV Pllooyr < A AYP|llloc,r < Az AP lc]lpr-
Therefore we obtain (2.3.8) with Az := [A}—;(dgz)_l/p. O

Next we need Markov-type inequality for spherical polynomials.

LEMMA 2.3.7. (c¢f. [40], [10]) Let P be a trivariate homogeneous polynomial of degree d

defined on a spherical triangle T with |T| < 1. There exist constants A, depending on d and
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O, only, and As depending on d, such that

Ajg
|Plkcor < =7 | Plloors (2.3.10)
(tan &0 )*
and
Plipr < 7o | Pl 2.3.11
| |k7p7 = (tan%)kﬂ ||p, ( )

for 1 < p < oo. Here p; is a the diameter of the largest spherical cap contained in T.

PROOF. For the first equation in (2.3.11) we modify the proof of Proposition 4.3 in [40)]
by replacing (2.1.1) with (2.1.3). To prove (2.3.10) we apply Lemma 4.4 in [40] to both sides

of (2.3.11) to get
AllK
(tan &-)*

for some K depending on d — k and Ox. O

| P00, < [Pl oo,r

Now we express a bound on the values of certain spherical functions in terms of its 2nd

Sobolev semi-norm over a spherical triangle.

LEMMA 2.3.8. (cf. [10], [37]) Let T be a spherical triangle such that |T| < 1 and suppose

f € W2P(7) vanishes at the vertices of 7, that is f(v;) = 0,1 = 1,2,3. Then for allv € T,

2
1< 40 (1 ) o (2312

for some positive constants Ag independent of f and 7. Moreover, if f is a homogeneous

polynomial of degree d, then

il

2
|f(v)] < A7 AZYP (tan 7) | flopr (2.3.13)

for some positive constants A7 dependent only on d, p and the smallest angle in T.

PrRoOOF. Let R, be the radial projection defined before. Let v;,7 = 1,2,3 denote the
vertices of a planar triangle 7, which is the image of 7 under the inverse of R, and v = R-'v

for v € 7. Recall that |T| = Qtan@ by Lemma 2.1.7
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Let f5(v) = |[v]|°f (ﬁ) be the homogeneous extension of f to R*\{0} of degree § = 0 or

1, and let f; denote its restriction to the planar triangle 7. By Lemma 3.2 in [40], f5 belongs

to W2P(7). Note also that fs(v:) = |0’ fs(z5) = [0:l’f(55) = [0:°f(v;) = 0,i = 1,2,3.

Therefore by Lemma 6.1 in [26], we have for every v € 7

| £5(0)] < 127 52,007 (2.3.14)

Since f(v) = f(Z) = 229 and |o]° > 1 for all ¥ € 7,

v 0]

2
701 < Vo)) < 18 (an 1) 1l

by (2.3.14). By Proposition 2.3.4 we get (2.3.12) with Ag = 48Kj.
If f is a homogeneous polynomial, then its second derivatives are homogeneous polyno-

mials and by (2.3.9) we have

|f|2007'§K8 1/p|f|2

and
|f|2007’§K8 1/p|f|2p7'
for some Ky depending on d, p and the smallest angle in 7. Hence

|f(v)] < 48K <tang) | fl2,00, < A7 AZYP <tan| |) |fl2.pr

This completes the proof with A; = 48 K3 K. O

DEFINITION 2.3.9. Let A a regular spherical triangulation which is a part of sphere with
or without holes or the whole sphere. For d > 1 and r > 0, two integers with d > 3r + 2, we

define S;'(A) to be the space of homogeneous splines of degree d and smoothness —1, i.e.
STHA) = {s: 5|, € Hg, V7 € A}.
And we define C" spline spaces with degree d as

SH(A) = S;H(A) N C(S?).
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Although the construction of stable basis is a delicate process, as pointed out in [18],
the construction presented there for the bivariate analog of S}(A) also carries over to the
spherical spline spaces S} (A). We shall briefly outline the construction after presenting some
definitions, and also use the spline spaces that have a local basis to solve the interpolation

problem on the sphere.

Let
D = Urea{&ij, i +J + k= dj, (2.3.15)
with &y = W for 7 =< u, v, w > be the set of domain points associated with A and

d. Tt is well known that each spline in SY(A) is uniquely determined by associating one Bézier
coefficient with each domain point. A subset M C D is called a minimal determining set
for S5 (A) if the values of the coefficients of s € S} (A) associated with domain points in M

uniquely determine all of the coefficients of s.

DEFINITION 2.3.10. (cf. [40], [37]) A basis { Be }ecp for a space S of splines on a triangu-
lation A is a stable local basis, if there exists an integer ¢ and constants 0 < C; < Cy < 00

depending only on d and the smallest angle O in the triangulation A such that

1) for each & € M, supp(Be) C star*(ve) for some ve of A,

2) fOT dll {CE}EEM;

Crmazgepce| < || Y ceBelloog < Comazeep|cel. (2.3.16)
EeM

The construction of a stable local basis using the Bernstein-Bézier representation of
splines in S}(A) when d > 3r + 2 is outlined in [40] with a reference to [18]. Now let us
show it. Given a minimal determining set, we can construct a basis {B¢}eca for SH(A) by
requiring

B = b 1 €M, (23.17)
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where f, is the linear functional which picks the coefficient associated with the domain
point 7. In particular, B¢ has the property that the coefficient associated with & is 1 while
the coefficients associated with all other points in M are zero. The remaining coefficients of
Be¢ are computed using smoothness conditions.

For any given spline space S;(A), there are many possible choices for a minimal deter-
mining set M. A choice of M presented in [18] leads to a basis with the following properties,

where for each &, Q¢ := supp(B¢) and 7¢ is the triangle in which £ lies.

PROPOSITION 2.3.11. (cf. [40]) Let {Be}eem be the basis for S5(A) corresponding to the
minimal determining set M described in [18]. Then there exist constants Cs, ..., Cy depending

only on d,p and the minimal angle in A such that for each & € M,
1) there exists a vertex ve € A such that Q¢ C star®(ve),
2) | Belloog2 < Cs,
3) |pes| < Culls]lcc,re, for all s € SH(A),
4) |pes| < C5A;,51/p]|s]|p775, for all s € S5(A), and for every T € A,
5) || Bellpr < CoAY”,
6) #1, < Cr, where I, :=={& 7 C Q¢},
7) |Belkoor < Cspyk, for all0 <k <d
8) | Belppr < Cop#AYP, for all 0 < k < d.

The proof of the above lemma can be found in [40]. Furthermore, the analysis of the
proof of 8) of the above lemma leads to a refinement of 8) as follows. Using (2.1.1) instead
of (2.1.3) in [40] one gets

|Belppr < Co (tan %)_k Al/p (2.3.18)

with Cy = A;Cg, see [10].
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It was shown in [40] that with the basis defined above one can construct a quasi-
interpolation operator @ : L,(S?*) — S75(A) which achieves the optimal approximation prop-
erty. Indeed, extend the linear functionals y¢ to all of L,(S*) using Hahn-Banach theorem.

Then for every f € L,(7e),
e f| < C5AZP| fllpire, € € M. (2.3.19)

This inequality implies that for each &, the carrier of the extended functional s is contained
in 7¢, ie, if f =0 on 7, then pef = 0. With (2.3.18) in mind we modify the proof of

Proposition 5.2 in [40] accordingly to get the following

PROPOSITION 2.3.12. (¢f. [40]) For each f € L,(S?), let

Qf =Y (nef)Be. (2.3.20)

geM
Then Qg = g for all g € Hq(S?). Moreover, there exists a constant Cyy depending only on

d,p and the smallest angle in A such that for each triangle T € A,

—k
1Q flrpr < Cho (tan %T) I fllp.ns (2.3.21)
where Q= Uger, Qe and I = {& : 7 C Q¢}.

Theorem 4.2 in [40] states the existence of a spherical polynomial of degree d approxi-

mating f € WatLP(7) for |7] < 1 satisfying
| = 8lkpr < KolT ™5 flasrp,r

for some positive constant Ko depending on d, p and the smallest angle of 7. With a little

modification in the proof we can see that in fact

T
‘f - S‘k,p,ﬂ' < Kg(tan %)d+1_k‘f|d+l,p77 (2322)

for a positive constant Ko depending on d, p and the smallest angle of 7. Using this inequality

we can prove the following result on local approximation.
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THEOREM 2.3.13. (cf. [40], [10], [37]) Suppose T € A is a spherical triangle with |T| < 1.
Let f € W™mtLP(1) for 0 < m < d such that (d — m)mod 2 = 0. There exists a spherical

homogeneous polynomial s of degree d such that for every 0 < k <m

m+1—k
T
|f — S|k7p77- S Cll (tan %) |f|m+17p77-. (2323)

Here C4y 1s a constant that depends on p,m and Oa. Moreover

T/ m+1—k
|f — S|k7p7QT S Cll (tan | 5 |) |f|m+1’p7QT. (2.3.24)

Here T is the largest triangle in Q,, i.e. |T| = maz{|T|: T € Q.}.

PrOOF. Fix m. By Theorem 4.2 in [40], there exists a spherical homogeneous polynomial

s’ of degree m such that for every 0 < k <m
|f - Sl|k,p,‘r < C111|'7-|m+1_k|f|m—i—1,p,'r- (2325)

If we slightly modify the proof of Theorem 4.2 [40], i.e. replace (2.1.1) by (2.1.2), we can get

m+1—k
T
|f — S,|k7p77- S Cll (tan %) |f|m+17p77-. (2326)

Since (d — m)mod 2 = 0, s = |v|¢"™s is a homogeneous spherical polynomial of degree d.
Since on the unit sphere s’ = s, their (k—1)-st extensions are the same, and we have (2.3.23).

To get (2.3.24), sum (2.3.23) over triangles in .. We are done. O

Finally we describe a theorem on approximation order of spherical splines to end this chapter.

THEOREM 2.3.14. ([40], [10], [37]) Let A be a [(-quasi-uniform spherical triangulation
with |[A| < 1. Let 1 <p<oo,d>3r+2, and 0 < k < d. Then there exists a constant Cio

depending only on d,p and the smallest angle in A, such that

T/ m+1—k
|f - Qf|k,p,7 S Cl2 (tan | 2 |) |f‘m+1,p,977 (2327)

for all f € Wm™tLP(S?) and all T € A. Moreover, there exists a constant C3 such that

A m+1—k
‘f — Qf‘k,p,SQ S 013 (tan %) ‘f|m+1,p,§27 (2328)
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for all f € WmHLP(S?) and all 0 < k < d such that Qf € WH5P(S?). Here m is taken between
0 and d with (d —m) mod 2 = 0.

PROOF. Let 7 € A with |7| < 1. By Theorem 2.3.13 there exists a spherical homogeneous
polynomial s of degree d such that (2.3.23) holds. By the linearity of () and the fact that Q

reproduces polynomials of degree d we can write

‘f - Qf‘k,p,ﬂ- S |f - S|k,p,7— + |Q(f - S)|k,p,7—-

We now consider the last term in the above inequality. By (2.3.21)

—k
QU = 9)lpr < Cro (tanZ2) 7 If = sl

'
B

pr 1, [T
tan — > tan > — tan

2 28 ~ 1 2

Since A is assumed to be -quasi-uniform |p,| > and therefore

By Theorem 2.3.13

T/ —k T/ m+1
QU =g < CuCu@ (tan L) (tan ) 1

< CiCu(p) tan 5 | flm+1p.0.-

Therefore we get (2.3.27) with O, = C11(1 + Co58%).

To prove (2.3.28), we sum (2.3.27) over all triangles in A.

A m+1—k
|f = Qfleps: = Z |f = Qflkpr < Crz (tan %) Z | flm+1p.0,

TEA TEA
< (Chs (tan 7) Z Z |f|k,Pv7'/
TEA T CQr
= 012 <tan 7) Z #{T . 7'/ C QT}‘f|m+1,p,T’
T'eEA
< Cngl() <tan 7) Z |f|m+1,P77'/‘
T'eA

Here Ky := max{#{7 : 7/ C Q,},7" € A} which is bounded by Lemma 2.1.10. Therefore
(2.3.28) holds with C13 = C12K39. We are done. O



CHAPTER 3

SPHERICAL HERMITE INTERPOLATION

In this chapter, we study spherical Hermite interpolation problem. Given a set of scattered
data with derivative values, we use the minimal energy method to find Hermite interpolation
on spherical spline spaces over a spherical triangulation of the scattered data locations. Note
that the spherical triangulation is a part of a sphere with or without holes, or the whole
sphere. We show that the minimal energy method produces a unique Hermite spherical
spline interpolation for a given scattered data with derivative values. Also we show that the
Hermite interpolation spline converges to a given sufficiently smooth function f if the values
are obtained from this f. That is, the surface of the Hermite interpolation spherical spline
resembles the given set of derivative values. We organize this chapter as the following. In
section 1, we give an overview of spherical Hermite interpolation. In section 2, we discuss
the existence and uniqueness of the Hermite data interpolatory splines with minimal energy.
In section 3, we study the approximation properties of spline interpolants. In section 4, we

give a computational method for minimal energy spherical Hermite interpolatory splines.

3.1 OVERVIEW

DEFINITION 3.1.1. Let S* denote a unit sphere in R® and V = {v; = (z;,yi, z:)}7-; be a
set of scattered points on S?. Suppose that we are given the following data values
ffPo<a+pB<li=1,---,n,
wherel > 0. Then the Hermite interpolation problem on-the-sphere is to find a smooth
function s € C™(S?) such that
DYDys(v) = fP0<a+pB<li=1,...n. (3.1.1)

47
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where Dg and Dy are the derivative along latitude and longitude direction respectively, and
in general we need m > 1. If we only interpolate partial values defined in (3.1.1), then we call
this kind of interpolation problem as quasi-Hermite interpolation on-the-sphere, and
we shall use this notion in Chapter 4 for hole filling problem and point cloud(scattered data)
problem. For C"(r > 0) hole filling problem, we may only interpolate the derivatives up to the
r-th order at vertices of boundary edges, that is, our surface is Hermite interpolation curve
when it 1s restricted to boundary curves. For point cloud problem, we may only interpolate

partial points or their derivatives.

In case | = 1, this definition is similar to the Definition 8 in [22] where the Hermite inter-
polation problem is to find a function s on the sphere such that s interpolates location values
and two first order independent direction derivatives. We have generalized this definition.

Note that we have a fixed coordinate (¢, ) such that

x = sin(¢) cos(0),y = sin(¢) sin(0), z = cos(¢)

with ¢ € [0, 7] and 6 € [0, 2n]. If we use three-dimensional coordinate system in R?, then we

need to construct a smooth function s € C™(S?) such that
« ,6 _ Cl{,ﬁ, ;
DyDDIs(vi) = fi"7,0<a+f+y<Li=1,...,n (3.1.2)

And this is a generalization of the planar case in [48]. It is easy to show these expressions are
equivalent to each other exception polar points. We use polar system to avoid the computing
trouble in polar points.

We shall use spherical spline functions to construct such an interpolative surface s. When
[ =0, this is a standard Lagrange interpolation problem and it was studied in [4], [11], [22].
In this chapter, we consider [ > 1. For [ > 1, it is a classical Hermite interpolation problem.
It has been studied in [4] with [ = 1 by constructing C* macro-elements. As pointed in [37],
it is also an analog of planar case with [ > 1 by constructing C'**! macro-elements. However,

all the constructions require higher order derivative information than the given data. Also
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derivatives at edges are needed in order to make these macro-elements smooth across common
edges. Since such higher order derivatives and normal derivative information are not available
in practice, we have to use other techniques to estimate the needed information. As in the
case [ = 0, one can use a minimal energy method to construct an interpolation spline. For
Hermite interpolation problem, we can also use minimal energy technique.

The interpolation problem with { < 2 does have an important practical application. In
the year 2007, a satellite called GOCE(Gravity field and steady-state Ocean Circulation
Explorer) will be launched in December to collect gravitational vectors over sampling points
around the Earth . Together the geopotential data from CHAMP(CHAllenging Minisatellite
Payload which is a German small satellite mission for geoscientific and atmospheric research

and applications), we have
g(v;) up to a constant, D,g(v;), Dyg(v;), D.g(v;),i=1,...,n

and
2 2 2 L
D3.9(vi), Dy, 9(vi), Dy g(vi),i =1,...,n

will be available around the Earth for a large integer n, where g denotes the geopotential

function, cf. [25]. Let (¢;,6;) be the spherical coordinate for point v;. Then the following

Dyg(v;) = Dyg(v;)cos(¢;)cos(8;) + Dyg(v;) cos(¢;)sin(6;) — D.g(v;) sin(¢;)
Dog(vi) = —D,g(v;)sin(¢;)sin(6;) + Dyg(v;)sin(¢;) cos(6;) (3.1.3)

as well as D7 ,g(v;), Dg,g(vi), Dgag(v;) for all i = 1,...,n will be available. The purpose of
the satellite is to get more accurate estimate of geopotential near the surface of the Earth.
An important intermediate step is to estimate the geopotential very accurately at the orbital
level of the satellite, cf. [12] and [25]. That is, we want s to resemble the given data values.
More precisely, if f is sufficiently smooth over S?, we would like a spherical spline function

s € S satisfying (3.1.1) and approximate f very well in the following sense:

A
If = sl < C(tan%)l“ (3.1.4)
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for a constant C' dependent on f, where f is a sufficiently smooth function over S?. These
spherical splines were introduced in [3] more than 10 years ago and were used for scattered
data interpolation and fitting, e.g., [22] and [11]. Recall that space of spherical polynomial
splines

SH(A) = {s € C"(Q) : s|r € Ha(S?),VT € A},

where d > 3r + 2 and H, is a homogeneous polynomial spaces on sphere with degree d, and
Q) is the sphere domain bounded by A which is a triangulation of the sphere projection of
data locations in R? that could cover sphere S? or could not cover S%.

For d > 3r + 2, the existence of Hermite interpolatory spline satisfying conditions (3.1.1)
can be easily understood from [4], [40], [37]. For the proof of uniqueness, see next section.
Next we are interested in how well the interpolatory spline resemble the given data. For only
location interpolation(standard Lagrange interpolation spline problem), the approximation
of spherical splines with the second order energy functional E? was studied in [10]. The
researchers in [10] showed that the minimal energy interpolatory splines converges to values of
the given location data when the number of data values increases and the size of triangulation
decreases. Here we need to consider additional interpolation conditions except the location
values. Also we are going to use the third order energy functional E3. We want to attain an
analog of planar case in [48]. But the main difficulty lies in that we do not have the planar
counterpart of Taylor expansion on sphere. Our main theorems give the convergence rate of

minimal energy interpolation under two different norms.

3.2 EXISTENCE AND UNIQUENESS OF SPHERICAL HERMITE MINIMAL ENERGY INTER-

POLATION

In this section we first give a brief review of energy functionals and then give the the proof of
existence and uniqueness of minimal energy spherical Hermite interpolatory splines. Recall
that an energy functional E(f) is an expression for the amount of potential energy in a

thin elastic plate f that passes through the data points V' over planar region. The potential
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energy of the thin plate is given by
E= /[aH2 + bK] dxdy, (3.2.1)
Q

where H and K are mean curvature and Gaussian curvature of the surface S and a and b

are constants which depend on the materials of the plate, cf. [43]. In particular,

H— K1+ Ko _ (1 + fg?)fyy - 2fxfyf;cy + (1 —+ f;)fxx

2 L+ f2+ £

and

f:c:cfyy - :?y
(L+ 2+ )%

where k1 and ko are the principle curvatures of the surface of the plate. Suppose that f, = 0

K:K,llﬁg =

and f, = 0 when the plate has small deflections. The potential energy £ can be simplified

in the following form:

E(f) = / 0(far + Fip)? — 201 — @) (fanfyy — f2,)] drdy,

where the parameter w is a constant depending on the material at the hand, cf. [24]. For

simplicity, we choose @ = 1 and w = 0. That is,

E(f) = /Q[ 2212+ f1] dady, (3.2.2)
-/ [Z (2)[(%)%%)2-%2] dxdy (3.23)

which is commonly used in the literature, cf. [21]. In [48] the following energy functional was

taken:

B - [Z (9 [(%)’“(a%)m‘kf]?] dndy.

For spherical domain, the energy functional in [4] was defined as

BN = [ (&1 d

where A* is the Laplace-Beltrami operator, j is the Lebesgue measure on S?, and the integral

in this definition is taken over the unit sphere. Because the Laplace-Beltrami operator only
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annihilates constants. In [11], the researchers introduced an alternative functional motivated
by Sobolev-type seminorms defined in [40] (also see Section 2 in Chapter2) like the following
/ > (D7) dp, (3.2.4)
Ivl=2
where and v = (71,72, 73) With [y] =11 +72+73, DY = D}* D2 D}? is a standard differential
operator, f5 is the unique homogeneous extension of f of degree § to R3\{0} defined by
fs(v) = |v|°f (ﬁ) If the degree d of homogeneous spline space is even, then 0 is taken 0; if
odd, ¢ is taken 1. After evaluating the second order partial derivatives, D fs are restricted
to S? and are then integrated.
In this dissertation, we take some changes from the above functionals and use a general-
ized version of the energy functional E(f) which can be represented as

Bits) = [ [E (") 12] dudy, 3.25)

k=0
where () is a connected domain bounded by a triangulation A of a part or whole sphere. For
s € SJ(A), we can use energy functional
> / > [Dss]* dp. (3.2.6)
TEACS2 T |o|=I+2
It is equivalent to the following one.
l+2
[+2\,, 0 0
Z / + ( )k( )l+2 k ]2 dady.
. oz’ "0y
TEACS? k=0
When [ = 0, we call the Fj(s) in (3.2.6) as the second order energy functional E?; When
[ = 1, we call it the third order energy functional E3. In this dissertation, we mainly
focus on above two energy functionals. In general, we need [ > 1 for £? and [ > 0 for E2.

To establish the existence and uniqueness of spherical splines in Sj(A) interpolating

conditions (3.1.1) and minimizing (3.2.6), we need the following.

LEMMA 3.2.1. Let A be a spherical triangulation of an interested domain and suppose

f#0. Then
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1) E3(f) =0 if and only if f is a constant,
2) E?(f) =0 if and only if fis a trivariate homogeneous linear polynomial on S.
PRrOOF. The proof can be found in [11] O

LEMMA 3.2.2. Let A be a spherical triangulation of an interested domain and suppose

f#0. Then

1) E3(f) =0 if and only if f is a trivariate homogeneous linear polynomial on S?,
2) E3(f) =0 if and only if fis a trivariate homogeneous quadratic polynomial on S*.

PROOF. If E3(f) = 0, then by definition, D*fs = 0 on every triangle 7 € A for |a| =
3. Consider 6 = 1. Since f; is linear homogeneous, D®f; is homogeneous of degree —2,
and therefore, by the uniqueness of homogeneous extensions, (D®fi],)_o = D*f;. On the
other hand, by definition, (D f1],)_s(v) = |v|‘2(Do‘f1|T)(ﬁ). As we noted above, Dfi|, =
0, and therefore D*f; = 0 as well. Hence f; is a polynomial of degree at most 2. Since
it is a homogeneous quadratic function, f; must be a homogeneous quadratic polynomial
on R3. Therefore by uniqueness of homogeneous extensions, f is a quadratic homogeneous
polynomial on 7. A similar proof works for § = 0. The other direction is trivial from definition

(3.2.6). O

LEMMA 3.2.3. Let g be a trivariate homogeneous quadratic polynomial. If g and its first
order deriwatives equal zero on three vertices of a non-degenerate triangle T :=< vy, va, U3 >,

then g =0 on 7.

PROOF. Let g(z,v, 2) = ax®+by? + cz? +dxy+exrz+ fyz, then taking partial derivatives

with respect to z,vy, z, we get
9:(2,y, 2) = 2ax + dy + ez, g, (x,y,2) = 2by + dz + fz,9.(x,y, 2) = 2cz + ex + fy.
By assumption, we have
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and

9o (T3, Y, 2) = 2az; + dy; + ez = 0,1 = 1,2, 3,
Gy(xi, yi, 2i) = 2by; +da; + fz, =0,i=1,2,3,
gz(l’i, Yi, Zi) = QCZZ' + ET; + fyz = O,Z = 1, 2, 3

Therefore we have

| 1 Y1 21 1] 2a | | 0 |
Ty Y2 22 d =101,
T3 Y3 23 e 0
| 1 Y1z 1] d ] | 0 ]
Ty Y2 2o 20 | =10 |,
i T3 Ys =3 1L f ] i 0 ]
and _ o . - -
1 Y1 A1 e 0
Ty Y2 22 f1=1°0
T3 Y3 23 2c 0

Since triangle 7 is non-degenerate, so det(vy, ve, v3) # 0. Hence by Crammer rule we get that

a,b,c,d, e, f are all zeros. We are done. O

Let A be a triangulation of the domain of interest over the unit sphere. Assume that the
data locations v;,i = 1,--- ,n are vertices of A. Let S(A) be the spherical spline space of
degree d > 3r +2 and r > [ over A. To approximate f, we choose a linear space S C S} (A)
of polynomial splines of degree d defined on a triangulation A as above. For a given set of

data f° 0<a+p8<li=1,---,n, let

Uf = {S S SdT(A)ngDgS(UZ) = f'a’ﬁa i=1,---,n,0< Oé—i_ﬂ < l} (327>

7

When d > 3r+2, it is known that Uy is not empty when S is big enough, cf. [4] and [40]. That

is, there exists a spline sy € S;(A) satisfying the interpolation conditions (3.1.1). We shall
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use the energy functional E defined in the previous section to find an Hermite interpolatory

spline of good shape in the following sense: Sy € Uy and
E(Sf) =min{E(s), se€ Us}. (3.2.8)

Let us first show that Sy exists and is unique. First of all, it is clear that U is a nonempty

convex set in a finite dimensional space S;(A). Let
W ={s € S;(A), D§Dis(v;) =0, 0<a+B<1, i=1--,n}, (3.2.9)

and

X :={feB(S): fl, € C¥(r),Vr € A},

where B(S) is the set of all bounded real-valued functions on the sphere S?. For each triangle

T €A, let

<f7g>E,T ::/ Z Daf6 Dag(5~

|| =142
Then

(f 9= (f9rs

TEACS?

is a semidefinite inner product on X. Let ||f||g. and ||f||g be the associated seminorms.
We can see that < -,- > is an inner product on the linear space W defined in (3.2.9) and
E(s)z is a norm on W,

1

LEMMA 3.2.4. Let E be defined as (3.2.6). Then ||s||x := E(s)Y/? = (s,s)% is a norm on

W induced by energy functional.

PRrROOF. Clearly, we have ||s||g > 0 and ||as||g = af|s||g for any real number « by

definition. Now let us show that triangle inequality is true. In fact, by Cauchy-Schwarz
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inequality, we have

sty = % / ST 1D (85 + t5) P dis

TeACS? VT |a|=l42

= Z / Z |D0‘35+D°‘t5|2du

TeACS? VT |a|=l42

= > > [(D%s5)* +2D%ssDts + (D°t5)°| dps

TEACS?2 "7 |a|=I+2

> D |D%ss]? + 2| DYss D ts| + | Dt|* dps

TEACS2 YT |o|=I42

B+ EO+2A Y [ X i0rsfan (Y [ Y el

T€ACS2 VT |a|=1+2 TEACS2 T |a|=1+2

= E(s)+ E(t) + 2E(s)2E(t):

)2

IA

IA

[NIE

= (E(s)? + E(1)

= (Isllz + litlle)*.

Hence

Is +tle < lsllz + ¢l 2

Finally we need to show that ||s||g = 0 implies s = 0. Note that ||s||z = 0 implies that s
is a homogeneous polynomial of degree at most [ 4 1. The zero interpolation conditions at
vertices v;, 1 = 1,2,3 implies that s = 0. Indeed if E is the second order energy function,
then [ = 0 and s is a trivariate homogeneous function with degree at most 1. So we attain
s = 0 by Lemma 3.2.1. If E is the third order energy function, then [ = 1 and s is a trivariate
homogeneous function with degree at most 2. Therefore we prove s = 0 by Lemma 3.2.2 and

Lemma 3.2.3. We are done. O

Let s¢ be any spline in the set Uy defined above. It is easy to see that Uy = sy + W. The

minimization problem in (3.2.8) can be written as

E(Sy) =min{E(sy +w), weW}.
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Thus, the solution Sy can be written as Sy = sy — Psy, where P is the linear projector

P : X — W defined by

E(f = Pf) = min E(f +w),

for all f € X. Since W is a Hilbert space with respect to (-, ), Pf is uniquely defined and

is characterized by

(f=Pfw)p=0,  VweW. (3.2.10)
Moreover
I1Pflle < |Iflle (3.2.11)

for all f € X. In fact, (f — Pf,w)p = 0 implies that (Pf,w)r = (f,w)g, so by Cauchy-

Schwarz inequality we have

[(Pf,w)el < |(f,w)el < [fllellwle

Hence, if ||w||g # 0, then we have

w

[(Pf——)el < |Iflle.

lwlle
By the definition of norm, we complete the proof of (3.2.11).
Therefore, there exists a unique Sy € Uy such that the energy norm E(Sy) is minimal

and we have proved the following theorem

THEOREM 3.2.1. There exists a unique spline in S§(A) minimizing (3.2.8)

3.3 APPROXIMATION POWER OF SPHERICAL HERMITE INTERPOLATION SPLINES

This section devotes to the study of convergence of minimal energy Hermite interpolatory
splines. We have to assume that A is a triangulation of data locations v;,7 =1,--- ,n.

Note that Psy is characterized by

(sf — Psf,w)p =0, for all weWW.
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Here the inner product (f,g)g is induced by the energy norm in the sense that FE(f) =
(f, f)&. By (3.2.11), we have
1Psslle <l (33.)

LEMMA 3.3.1. Let T be a spherical triangle such that |T| < 1, and suppose that
DyDEf(vi) =0 fori=1,2,3 and 0 < p+v <l and f € C™2(T). Then for allv €T,

7@ < Kan T2 1) 352)

for some positive constant K independent of f and T, where |f|i12,.001 denotes the mazimal

norm of the (I + 2)th derivative of f over T.

PROOF. Let Rr be the radial projection defined in [40]. Let v;,¢ = 1,2,3 denote the
vertices of a planar triangle T, which is the image of T under the inverse of Ry and v = R;'v
for v € T. Recall from [10] that |T] = 2tan @

Let fii1(v) = |v|l+1f(ﬁ) be the homogeneous extension of f to R3\ {0} of degree [ + 1
and let f;,; denote its restriction to the planar triangle 7. By Lemma 3.2 in [40], fi1
belongs to W/t(T). Note that fi1(v:) = [0;/"*! f(v;) and DyD%f(v;) = 0 for i = 1,2,3 and
0<p+v <l then DYDSf(v;) = 0,004+ =0,---,1,i = 1,2,3. Therefore by Lemma 4.1 in

[48], we have for every v € T

‘JFIH(@)‘ < C‘T‘Hz‘flﬂ‘lw,ooj (3.3.3)

Since f(v) = J?g'}ﬁ? and |o| > 1 forallv €T,

7O < o) < Oltan T2 g

by (3.3.3). By Proposition 3.4 in [40], there exists a positive constant K such that we get

T
|f(v)| < CK(tan %)l+2|f|l+2,oo,T-

This completes the proof. O
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We now are ready to establish an approximation property of S;. Without loss of gener-
ality, we may assume that A is a triangulation of the entire unit sphere. Let us first have
a quick review of Theorem 2.3.14 for the seminorm approximation properties of spherical
spline space Sj(A) with d > 3r 4 2.

Note that when p = 0o, () can be chosen to be an interpolatory spline by Theorem 2.3.14.

We first consider the standard L, norm approximation on the entire sphere S2.

THEOREM 3.3.1. Suppose S} is a spline space defined on a (3-quasi-uniform triangulation
AN with |A] < 1,d>3r+2 and (d —1) mod 2 =1 forl defined in (3.2.7). There exists a
constant C' depending only on d and 3, such that the minimal energy interpolant Sy defined

in (3.2.8) satisfies

Ay

1/ = S¢llras2) < Ctan 7)l+2|f|l+2,oo,82 (3.3.4)

for all f € C™2(S?) and some | with r > 1.

PROOF. Since Sy = Qy — PQy, we have

1Sr = fllzas2y S Qs — fllzas?) + [ PQyllLys?)-

and by using the above Lemma 3.3.1,

1PQs| 3, = D IIPQs )

TeA

= X [ 1Paan

TeA

3 ||PQf||§7T/ i
T

TeA

ZATHPQinoT

TeA

Z ATC 2l+4|PQf|z+2 00, T
TeA

Z CC(tan 7)2l+4‘PQf|12+2,2,T
TeA
A

Cy(tan 7)2l+4||PQf||?3

Coftan 1241113

IN

IN

IN

IA

IN

IN
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by using (3.3.1). Here A7 denotes the area of spherical triangle 7. By the approximation

property of Q) from Theorem 2.3.14 with £ =0, p = oo and m = [ + 1, one has

I = Qrllcse < Oltan 214217 50
and
1Qflit2.0052 < K| fli+2.0082-
We have
187~ Flliaen < Cltan 1202 )y
We are done. 0

Next we study the error Sy — f in the maximum norm.

THEOREM 3.3.2. Suppose S} is a spline space defined on a 3-quasi-uniform triangulation
AN with |A] < 1,d > 3r+2 and (d —1) mod 2 =1 forl defined in (3.2.7). There exists a
constant C' depending only on d and 3, such that the minimal energy interpolant Sy defined
in (3.2.8) satisfies
A

If = Sf||Loo(S2) < C(tan 7)l+1|f|l+2,oo,s2 (3.3.5)

for all f € CT2(S?).
PROOF. Again we use Sy = Q)5 — PQ)s to have
1S = flloogz < [1Qf = flloos2 + [1PQslloo,s2-
There exists a triangle Ty € A such that ||PQy||ws2 = ||PQf|| Lo (1y)- By using Lemma 3.3.1,

|1PQ¢||1oc(m) < C|To|™ | PQsis2,00my-

Since PQ)s is a spherical polynomial of degree d, |PQ¢liv2.0om, < ClPQtliz22m/To| <

CllPQ&/ITol- By (33.1), 1PQsllz < 1Qslle < 47l Qylla.mge. Thus,

1S = Flloose < 1Qs = flloosz + CIAI 47| Qs 12,0052/ | Tol-
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By the approximation property of @)y from Theorem 2.3.14 with £ = 0 and m = [ + 1, we
have
A

[Sf = fllLow2y < C(tan 7)l+1|f\l+2,oo,sz-

Therefore we have proved the theorem. O

3.4 COMPUTATIONAL METHOD FOR SPHERICAL HERMITE INTERPOLATION SPLINE

In this section we describe how the minimal energy Hermite interpolation methods are imple-
mented in practice. Given V := {v € §?} a set of points on the unit sphere with real numbers
{f(v), v € V}, we construct a regular spherical triangulation A which is a part of sphere
with or without holes or the whole sphere. For d > 1 and r» > 0, two integers with d > 3r+2,

define S, '(A) to be the space of homogeneous splines of degree d and smoothness —1, i.e.
STHA) == {s: 5|, € Hq, VT € A}.

Then let

SH(A) = S (A) N C(S?).
It is understood from [4] and [40] that for d > 3r + 2 there is more than one interpolating
spline in set Uy defined by (3.2.7). A typical way to use the extra degrees of freedom is to
minimize a functional F(s) measuring smoothness of s. Let

Es(s)= > / (Oss)T (Oss)do, (3.4.1)

TEACS?

where <> is a vector of second order differential operators defined for a trivariate function h

by

D2,h

D2 h

D2.h

Oh = : (3.4.2)
V2D2 h
V2DZh
V2D2 h
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or a vector of third order differential operators defined for a trivariate function A by

D3 h

Txrxr

D3 h

yyy
Dgzzh
\/gszyh
Oh = i : (3.4.3)
V3D ryyh
VD3,
V3D3_h

\/éDagcyzh

In (3.4.1) ss is the unique homogeneous extension of s of degree § to R?\ {0} defined by
Ss = |U|58(‘—Z‘). As we discussed in Chapter 3 we use = 0 or 6 = 1. After evaluation {s; is
restricted to the unit sphere and then integrated. In case of second order energy functional
we use (3.4.2) and in third order energy functional we use (3.4.3). By Theorem 3.2.1, there
exists a unique minimal energy functional Hermite interpolation solution. Now we explain
how to compute minimal energy interpolating spherical splines. We use a coefficient vector
c to represent each spline function in S;'(A)
sly = Z c:jkBZ?;,T €A
i+j+k=d

c:=(c)it+tj+k=dreA.

When s € S7(A),to ensure the C” continuity across each interior edge of A, we impose
smoothness conditions, i.e., the conditions in Theorem 2.2.25 for every edge of A. Let H

denote the smoothness matrix such that

if and only if s € SJ(A).
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To simplify the data management we linearize the triple indices of BB-coefficients c;;y

and correspondingly the indices of BB-basis functions B

polynomials, we have

d
ijk*

Cdoo = f(Ul), Codo = f(Uz), Cood = f(U3)

and
O = d
e =
O = d
L =
) =
L =

on each triangle 7 € A. We

_ 90 d,0,0 90 d—1,1,0 90 d—l,O,l_
_8q5 d,0,0 B d—1,1,0 8¢ d—1,0,1_
oy Ok O

_ 90 C1,d—1,0 90 Co,d,0 90 CO,d—l,l_
_8¢ 1,d—1,0 a¢ 0,d,0 a¢ O,d—l,l_
[ Ob, Oby Obs

_Wcl,o,d—l + Wco,l,d—l + %CO,O,d_

[Oby

—7C10d-1 1+ F7C0,1,d-1 T

| 0¢

b b
9¢

—C
a¢ 0,0,d_

1 of

a0

af
¢

or
26

of
99

or
26

_of
R

o

o

|U2’

‘U27

v

‘U37

From the properties of SBB-

can calculate the derivatives up to [-th order, then assemble

interpolation conditions into a matrix I, according to the order in which the coefficient

vector c is organized. Then Ic = F is the linear system of equations such that a coefficient

vector ¢ solving it corresponds to a spline s interpolating f and its [-th order derivatives

foB o+ =1 at the data sites V.

Next fix 6 = d mod(2). The problem of minimizing (3.4.1) over S}(A) can be formulated

as follows:

minimize ¢’ Ec, subject to Hec = 0 and Ic = F.
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Here the energy matrix E is defined as follows. E = diag(E™, 7 € A) is a diagonally block

matrix. Fach block E7 is associated with a triangle 7 and contains the following entries
E; = / O(Bi)s &(By)sdo, (3.4.4)

where B; denotes a BB-polynomial basis function (2.2.12) of degree d corresponding to the
order of the linearized triple indices (i, j, k),i +j + k = d.

By the method of Lagrange multiplier method, let

1
L(c,n,v) = icTEc +nTIc +~THec.

be a Lagrangian function. We need to find a local minimizer of L(c,n,~). That is

0 0 0
e (c,n,7) =0, o (c,n,7) =0, > (c,n,7)=0

Hence, we have

1
§(E+ET)c+IT7}+HT7:O, Ic =0, Hc=0.

By the symmetry of matrix E, we need to solve the linear system

E IT HT ¢ 0
I 0 O n|=|F
H 0 0 ¥ 0

Here v and 7 are vectors of Lagrange multiplier coefficients. Note that E is a singular matrix.
Although we can use a least squares solution to the singular linear system above, we use
the following iterative method introduced in [8] which is much more efficient to obtain the
coefficient vector of spherical spline Hermite interpolation. For simplicity, let us consider the
following singular linear system:
A LT c F
L 0 A G

It can be solved by using the following iterative method [8]

A LT C(Z—i—l) F
L —el A\ (D) G — e\
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for ¢ = 0,1,..., where € > 0 is a fixed number, e.g. € = 107%, A is iterative solution of a
Lagrange multiplier coefficient vector with A\° = 0 and I is the identity matrix. The above

matrix iterative steps can in fact be rewritten as follows:
Lo o) SRR Y
(A+-L"L)c =AFcY +-L" G
€ €

with ¢(® = 0. Note that the size of the above linear system is much smaller than of the
original one. The iterations converge very quickly as shown in the following theorem. In our
numerical experiments, a few iterations (less than 10) often suffice. A general convergence

theorem is proved in [8]. To state the convergence result, we need the following definition.

DEFINITION 3.4.1. (cf. [8])Let A be a square matriz of size n x n and L be a rectangular
matriz of size m x n. We say a matriz A is positive definite with respect to L if cI' Ac >0,

and Ac =0, Lc = 0 imply that ¢ = 0.

THEOREM 3.4.1. (cf. [8]) Suppose that A is symmetric and positive definite with respect
to L. Then the matrix A+ %LTL s always invertible for any € > 0. Furthermore, there exists

a constant C' such that
Y —¢|| < Cé||c® — ]|, for all £ > 0.

It is easy to see that E is symmetric and nonnegative definite with respect to L = (I; H).
Thus, the iterative method converges to the vector ¢, which is the coefficient vector of the
unique interpolating spline minimizing (3.4.1). This furnishes a computational algorithm like
the following.

Algorithm of spherical Hermite minimal energy interpolation:
stepl. Find the center of data sets, and project them to the unit sphere S2.

step2. Triangulate the points on the unit sphere corresponding to the projection of data sets

to get a triangulation A.



step3.

step4.

stepd.

step6.

step7.

step8
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Calculate the function values and derivatives up to the [-th order(l > 0 defined by
(3.2.7)) on each vertex of triangulation A, and assemble these conditions into matrix

form Ic = F, here ¢ denotes the coefficient vector.
Assemble smoothness conditions into matrix form Hc = 0.

Compute all derivatives up to third order. Calculate the energy functional on the
triangulation A and write it in form c’Ec, where E (could be the second or third
order energy functional) is a diagonal block matrix and each block element is the

energy functional on each triangle T' € A.

Apply Lagrangian multiplier method to get the linear system
E IT HT c 0
I 0 O n|=|F
H 0 0 0 0

Solve the linear system in step 6 to get c.

. Computing maximal and relative error.

We shall show our numerical results in chapter 5 to demonstrate effectiveness of our

method.



CHAPTER 4

SURFACE DESIGN BASED ON SPHERICAL SPLINES

Holes filling and scattered data smooth fitting are important and difficult research fields in
CAGD(Computer Aided Geometric Design), especially for high order continuity. They have
been widely studied in planar domains for at least over twenty years. In this chapter, we study
above problems in a spherical domain which is much different from a planar one and present
them in two parts. In first part, we study the method to fill holes with C"(r > 0) continuity
using spherical splines if the surrounding surface and mending surface have the same degree
of S BB-polynomials. Otherwise we approximate the boundary information of holes. In some
cases, we also need the mending surface to satisfy certain interpolation conditions, and we
call this problem as hole filling and data fitting. This problem has not been studied in the
literature before. In second part, we deal with point cloud using spherical splines to get a
smooth and visually fair surface to interpolate the given data locations and their derivatives.
Our surface is C” (r > 0) globally continuous. We give examples of C°, C! and C? continuity

to demonstrate our methods.

4.1 SPHERICAL SPLINE METHOD FOR HOLE FILLING

4.1.1 OVERVIEW

In complex surface modeling and surface design, we often encounter a curved polygonal
hole(N — sided hole) when assembling several surface patches together. Usually these given
surface patches are spline surface patches. We have to find a mending surface patch to fill
the hole such that the modified surface is C* or G*(i = 0, i = 1 or 2) globally continuous.

In some applications, the mending surface patch to fill the hole may be required to satisfy

67
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certain interpolation conditions. In a planar domain, several researchers have already tested
some ideas, e.g. rectangular patches, triangular patches, multisided patches, subdivision algo-
rithm and etc. See, e.g., [Hahn'89], [Gregory’89], [Jones’88], [Zheng and Ball’97], [Chui and
Lai’2000).

i TDVAYS™

X

‘x%mumg

N
NS

Figure 4.1: Data with one hole .

-1 -1

Figure 4.2: Projection of data with one hole onto the unit sphere.

We study the sphere case for the first time. One typical situation is that a given smooth
surface is defined over the entire unit sphere except for a polygonal cap, see Fig. 4.1 and
Fig. 4.2. Such a surface is said to have a hole. To fill the surface over the cap, we need
to get a regular triangulation of holes which share common edges with the triangulation of
surrounding surface over the boundary curves of holes. To get global C” (r > 0) surface, we

first use C” (r > 0) smoothness conditions across interior edges of triangles in a triangulation
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of holes to guarantee interior parts of holes C" (r > 0) smoothness. Second, we deal with C”
(r > 0) related boundaries. We compute the values over a discrete set of points along the
curve of the hole over the boundary of the cap and derivatives up to r-th order at vertices of
boundary edges, also we use the smoothness conditions across boundary edges to determine
the undetermined points from 1-th to r-th layers from boundary edges. After above processes,
we have constructed a spherical spline surface with global C™ (r > 0)continuity. And the
original and resulting spherical spline surface form a visually smooth surface over the entire
unit sphere if the discrete set of points are dense enough. See [16] for C! hole-filling using
bivariate spline functions over planar domains. We shall present our numerical method for
C"(r > 0) hole filling in next subsection.

In this chapter, we propose to use C” (r > 0) spherical spline patches to handle the
filling problem. Our filling spherical surface only matches the boundary values exactly for
surrounding spherical spline patches which form a curved polygonal hole with the same
degree of S BB-polynomials of filling holes, and it is a common assumption for exactly hole
filling that a mending surface is the same type as its surrounding surface(cf. [34]). Otherwise,

we need to approximate the boundary curve and derivative on the boundaries of holes.

4.1.2 SPHERICAL SPLINE METHOD FOR FILLING CURVED POLYGONAL HOLES

Now let us describe our new method for filling curved polygon hole on the sphere. For
simplicity, we assume that there exists a domain Q on the unit sphere S? such that the
projection of hole H onto S? is Q2. That is, the intersection of the spherical surface S* and the
line passing through the center of the sphere S? and a point of the curve of the hole forms a
boundary curve of a domain 2. Suppose that 0€) can be divided into a finite non-overlapping
arc segments in great circle py,---,p, such that 90 = J_, p; with p; N pip1 = Vi1, @ =

1,---,n—1,and p, Np; = v;. That is,  is a circulated curved polygonal cap of S?.
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Figure 4.3: Data with two holes.

Figure 4.4: Projection of the data with two holes onto the unit sphere.

In a general situation, there maybe many disjoint holes, see Fig. 4.3 and Fig. 4.4 for two
holes’ case. But we deal with these holes with same procedure. So we only describe how to
fill one hole.

We first partition the curved polygonal cap €2 into a collection A of spherical triangles.
Let V, = {v1,--+,v,} be the collection of boundary vertices of sphere triangulation A,
pi = (U7, Ui71) be the boundary edges from starting point v; to ending point v; 1,7 =1,--+,n
(note v,+1 = v1) and calculate the r—th(r=0,1,or 2) derivatives of surrounding surface at
these vertices v;, i = 1, ..., n. We evenly divide the chord connecting v; and v;11 by inserting
d — 1 (d is the degree of SBB-polynomial) points and then project them to circulated edge

e;, denote these points on the e; by z{) fore =1,---,n,j=1,---,d—1. Let U, = Uz{,,
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and Vao = Vi, |JUy. We evaluate the curve C of hole as well as derivatives of the points in
Vy. For » > 0, to make mending patch smoothly connect the surrounding surface h with
C" continuity, we construct a spherical spline surface Sy on A to interpolate the values on
points in Vyq and derivatives up to r-th order at points of V;, also we need C" conditions
across the boundaries of surrounding surface. The C" related boundaries need delicate care.

For C° smoothness to connect the originally given surface h, we only need to interpolate

the boundary values at the nd distinct points on the boundary 0f.

* : inserted points
o : interpolated vertices

+ : points determined by smoothness conditions across interior edges or minimal energy.

Figure 4.5: Domain points of S? for one triangle of mending surface with boundary edge 503

and vertex v, inside hole.
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* : inserted points
o : interpolated vertices

+ : points determined by smoothness conditions across interior edges or minimal energy.

Figure 4.6: Domain points of S{ for one triangle of mending surface with boundary edge 0503

and vertex vy inside hole.

These points consist of n distinct vertices v;,i = 1,---,n and (n — 1)d distinct inserting
points z{, fori=1,---,n, j=1,---,d—1 on n sides of the boundary 02, see Fig. 4.5 and
Fig. 4.6. Denote the values of C over the points in Vyq by a vector fio. Let ¢ be the vector

of spline coefficients in SBB—form as in Chapter3. By our construction, we have

"UZ' — U
| vi—i—j( +1d )
i = e ) ,i=1,---.n, 7=1,---,d—1.
i+1 — U
v+ =
|| L)
We first compute the barycentric coordinates of z{, fore=1,---,n, j=1,---,d—11in the

corresponding triangles of mending surface. Then we can write interpolation conditions on

these points and vertices in matrix form:

Ibcoc = fbc0~ (411)
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x : inserted points

o :points determined by quasi-Hermite interpolation

+ : points determined by smoothness conditions across interior boundary or minimal energy
o : points determined by C' smoothness conditions across boundary ;03 and interior edges

% : point determined by C! smoothness condition across boundary 0503

Figure 4.7: Domain points of S3 for one triangle of mending surface with boundary edge 0503

and vertex vy inside hole.

For C' continuity, we need quasi-Hermite interpolation at vertices of boundary 9, C°
interpolation on the points ig, i=1,---,n, j=2,---,d—2, and C' smoothness conditions
on points denoted by ¢ and % in Fig. 4.7. We can express above C'— related boundary

conditions in terms of coefficient vector ¢ and assemble them into matrix form:

Ibclc = fbc1~ (412)
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x : inserted points

o : points determined by quasi-Hermite interpolation

+ : points determined by smoothness conditions across interior boundary or minimal energy
o : points determined by C' smoothness conditions across boundary 0503

% : points determined by C? smoothness conditions across the boundary o,v3 and C!
smoothness conditions across interior edges

A : points determined by C!' smoothness conditions across the boundary v,v3 and C?
smoothness conditions across interior edges

[ : points determined by C? smoothness conditions across boundary edge 0,03 and interior
edges

e : point determined by C? smoothness conditions across boundary edge 503

Figure 4.8: Domain points of S2 for one triangle of mending surface with boundary edge 0503

and vertex v; inside hole.

Similarly, for C? connection, we need quasi-Hermite interpolation at vertices of boundary
99, C° interpolation on the points 4, i = 1,---,n, j = 3,---,d — 3, C' smoothness
conditions on points shown in Fig. 4.7, and C? smoothness conditions on points demonstrated

in Fig. 4.8. We also can express above C?— related boundary conditions in terms of coefficient
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vector ¢ and assemble them into matrix form:
IchC - fbc2~ (413)

By the same process, we can express C"— related boundary (r > 3) connection conditions

in terms of coefficient vector ¢ and assemble them into matrix form:
IbCTC = fbcr- (414)

For simplicity, we denote all above C"(r > 0) boundary related conditions by I.c = fj..

In some applications, we are also given some data inside the hole in addition to the given
boundary of surface patches. Let us write the scattered data {(z;,v;, 2;),i = 1,--- , P} over
the Q in matrix form: I,c = f,. For convenience, we combine the interpolation conditions
I,.c = f,. and I,c = f, together and denote them by Ic = f.

Let Up = {s € Sj(A),Ic = f} be the collection of all spherical splines in S}(A) which
interpolates the given data and satisfies C"— related boundary conditions. Now our method

to fill the hole is to find Sy € Sj(A) (d > 3r + 2 for r > 0) such that Sy € Uy and
E(Sf) =min{E(s),s € Uy}. (4.1.5)
That is, we need to solve the following minimization problem:

minimize ¢’ Ec, subject to He = 0 and I.c = f,,, I,c =f,,

(4.1.6)
where E is the energy functional matrix explained in Chapter 3, I.c = f;. for C"— related
boundary conditions explained above, and H for the smoothness conditions across the interior
edges of triangles of mending surface. Since Uy is not empty, it is easily understood there
exists a minimal energy solution for our hole filling problems, see Section 3.2.

Energy functional E helps us to determine all the remaining coefficients in SBB poly-
nomial representation and reduces the bumpiness of the surface. In [16], (4.1.6) was called
the minimal energy filling and fitting problem. we shall solve spherical case using Lagrange

multiplier method described in Chapter3.
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By the method of Lagrange multiplier, let

1
L(c,n,v) = icTEc +nTIc +~THec.

be a Lagrangian function. We need to find a local minimizer of L(c,n,). That is
0 0 0
—L =0, —L =0, —L —0.
5c L(c.m7) =0, o (c;n.7) =0, > (c.n.7)

Hence, we have

1
§(E+ET)C—|—IT7)+HT7:O, Ic=0, Hc=0.

By the symmetry of matrix E, we need to solve the linear system

E IT HT | | ¢ 0
I 0 0 n|=|f
H 0 0 5 0

Here v and 7 are vectors of Lagrange multiplier coefficients. Note that the above coefficient
matrix is a singular matrix. Although we can use a least squares solution to the singular linear
system above, we use the iterative method introduced in [8] which is much more efficient
to obtain the coefficient vector of spherical spline quasi-Hermite interpolation, also see the
description in Chapter 3.

It is easy to see that E is symmetric and nonnegative definite with respect to L = (I, H).
Thus, the iterative method converges to the vector ¢, which is a coefficient vector of the
interpolating spline minimizing (4.1.5). This furnishes a computational algorithm of the hole
filling like the following.

Algorithm of spherical hole filling with C"(integer r > 0) continuity:

stepl. Determine the spherical triangulation of surrounding surface and mending surface

which share common boundaries.

step2. Find a spherical spline to approximate the surrounding surface.



step3.

step4.

stepd.

stepb.

stepT.

steps.

step9.
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Compute the C"— related boundary conditions I.c = fi,c as described in this section,
here ¢ denotes the coefficient vector, integer (> 0) denote the order of global continuity

of the finalized surface.

Calculate the interpolation conditions to satisfy the given data in the hole if there are
any such data and assemble them into matrix form I,c = f,. Otherwise we skip this

step.

Assemble C" smoothness conditions across the interior edges of mending surface into

matrix form Hec = 0.

Calculate the energy functional on the triangulation A of mending surface and write it
in form c’Ec, where E is a diagonal block matrix and each block element is the energy

functional on each triangle T" € A.

Apply iterative method described in Chapter 3 to solve the following linear system

attained by Lagrangian multiplier method:

E IT HT | | ¢ 0
I 0 0 n|=1f],
H 0 0 5 0

where I and f come from the combination Ic = f of I;.c = f,. and I,c = f,.
Solve the linear system in step 6 to get c.

Visualize the surrounding surface and mending surface.

Numerical examples in Chapter 5 demonstrate that spherical splines are excellent for

hole filling.

4.2

SPHERICAL SPLINES FOR PoINT CLOUD

In this section, we construct a spherical spline C"(r > 0) surface to interpolate the given

data locations and their derivatives (if they are given like Satellite data, cf. [25]) by using
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the minimal energy Hermite interpolation(l > 0) method or minimal energy quasi-Hermite
interpolation method.

Let P be a set of point cloud in 3D Euclidean space R3. Suppose that there is a 3D trian-
gulation associated with the point cloud. That is, there exists a piecewise linear interpolation
Z which interpolates all the points in the point cloud. In order to use spherical splines for
construct a smooth interpolation of the point cloud, we introduce a concept that the point

cloud is centralizable.

DEFINITION 4.2.1. We call the point cloud is centralizable if there exists a center
O € R? such that for any point p € I, the ray from O to p does not intercept any other point

in the piecewise linear interpolant T.

For example, in the following two figures, we are given a set of point cloud in the right
hand side of the figure, and a triangulation associated with the point cloud is shown in the

right of the figure. We show them from different viewing points.

Figure 4.9: Original point cloud and a triangulation of the centralizable point cloud.
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Figure 4.10: Original point cloud and a triangulation of the centralizable point cloud from a

different point of view.

Figure 4.11: Original point cloud and a triangulation of the non-centralizable point cloud.
We shall focus on the centralizable point cloud. For a non-centralizable point cloud, we

need cut off some data to make the modified data centralizable.
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Figure 4.12: Modified head data(left) and a spherical triangulation A(right).

For example, the point cloud in Fig. 4.11 is not centralizable near the areas of ears, eyes,
and shoulders. After cutting off these areas, we have a modified point cloud as shown in the
left of Fig. 4.12. A triangulation of the modified head data is shown in the right of Fig. 4.12.

When the point cloud P is centralizable, each point p in the P can be projected onto the
unit sphere S? with center O by the ray from O passing through the point p. This induces
point v; on the unit sphere and we can use the induced points v; to find a triangulation
A. Here A could be the whole sphere or a part of a sphere with or without holes. So
we can use spherical splines over A to construct a smooth (continuously differentiable or
r—th continuously differentiable) surface which interpolates the given points in P and their
derivatives if they are given. Now let us give an algorithm for C”(integer r > 0) point cloud
to interpolate the given points and their derivatives if they are given by using the minimal
energy Hermite interpolation method or the minimal energy quasi-Hermite interpolation

method.

Algorithm of spherical splines for C"(integer r > 0) centralizable point cloud

stepl. Find the center O of the point cloud.

step2. Project the points in P to the unit sphere S? with center O and get a spherical trian-

gulation A of these induced points.



step3.

step4.

stepd.

stepb.

step?.
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First we compute the interpolation conditions of locations. Express these conditions

in terms of coefficient vector ¢ described in Chapter 3 and assemble them into matrix

form:
f(or)
IL,c= ,
f(ow)
where f is the distance function of point v € P from the center O, ¢ =1,--- , N, and

N is the number of points. Secondly we calculate the interpolated derivatives up to
I-th(l > 1) order at these points if it is necessary. Express these conditions in terms of

coefficient vector c¢ described in Chapter 3 and assemble them into matrix form:
IDC = fD-

Finally, we combine above two conditions into matrix form Ic = f for convenience of

explanation.

Assemble C" smoothness conditions across the interior edges of triangulation A into

matrix form He = 0.

Calculate the energy functional on triangulation A and write it in form c?Ec, where
E is a diagonal block matrix and each block element is the energy functional on each

triangle T € A.

Apply iterative method described in Chapter 3 to solve the following linear system

attained by Lagrangian multiplier method:

E IT HT | | ¢ 0
I 0 0 n|l=1f],
H 0 0 5 0

Solve the linear system in step 6 to get c.
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step8. Visualize the C" spherical spline surface satisfying interpolatory conditions at points

in P and their derivatives if they are given.

We shall show the numerical results in Chapter 5.



CHAPTER 5

NUMERICAL EXPERIMENTS

5.1 NUMERICAL EXPERIMENTS FOR HERMITE INTERPOLATION

ExXAMPLE 5.1.1. We use spherical splines for Hermite data interpolation. For simplicity,
we consider a standard triangulation Ag of the unit sphere consisting of eight congruent
triangles with siz vertices (1,0,0), (0,1,0), (0,0,1), (—1,0,0), (0,—1,0), and (0,0, —1). Then
we refine uniformly Ag by dividing each triangle into four subtriangles using the midpoint of
edges and denote resulting triangulation by Ay. We continue the uniform refinement of Ay
to get Ay and so on. We use the following test functions fi(x,y,z) =1+ 0.32% + 02’ 4 2
fom,y, 2) = sin(90)sin®(¢) + sin(d), fs(x,y,2) = 1+ 0.32% + y> + 2 and their derivatives.

Then we find the spherical spline interpolation of the test functions.

SiA) N\ f A fo f3

SY(A)(H) | 0.0066 0.56347118414855 0.0054
SH(AL)(L) | 0.0091 1.29355264798577 0.0078
SY(As)(H) | 5.4632¢ — 004 | 0.09049253039397 5.1111e — 004
SY(As)(L) | 6.4169¢ — 004 | 0.12874756706204 6.0932¢ — 004
SY(A,)(H) | 3.3701e — 005 | 0.00792839967325 3.1337¢ — 005
SYAL)(L) | 4.1030e — 005 | 0.00982450777267 3.8608¢ — 005
SY(As)(H) | 2.0407e — 006 | 3.891376065110475¢ — 004 | 2.1941e — 006
SY(As)(L) | 2.4374e — 006 | 8.433571002092188¢ — 004 | 2.6213¢ — 006

Table 5.1: Maximal Errors of Hermite and Lagrange Interpolation with Second Order Energy

Functional for Sy € Si(A).
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( fi f2 3

(Ag)( 0.0026 0.29951914264812 0.0020

(Ag)( 0.0110 2.07964802160888 0.0100

(As)( 4.5779e — 004 | 0.06134015319020 4.1373e — 004

(As)(L) | 0.0017 0.11405534351457 0.0017

(A)( 9.5467e¢ — 005 | 0.00786475557904 8.4862e — 005

(AL)( 1.1594e — 004 | 0.01378199826989 1.8782e¢ — 004

(As5)( 9.1351e — 006 | 4.236873067426927e¢ — 004 | 8.5212¢ — 006
S5 (As)(L) 1.3884e — 005 | 0.00508637393995 2.0715e — 005

Table 5.2: Maximal Errors of Hermite and Lagrange Interpolation with Third Order Energy

Functional for Sy € Si(A).

( fi f2 f3

(Ao)(H) | 0.0022 0.28173559207428 0.0024

(Ag)( 0.0030 0.64677632399289 0.0035

(Ag)(H) | 1.8211¢ — 004 | 0.04524626519699 2.2747¢ — 004

(As)( 2.1390e — 004 | 0.06437378353102 2.7118e — 004

(Ay)( 1.1234e — 005 | 0.00396419983663 1.3933e — 005

(A)( 1.3677e — 005 | 0.00491225388633 1.7166e — 005

(As)( 6.8025e — 007 | 1.945688032555237e — 004 | 9.7525e — 007
SHAs)(L) | 8.1245¢ — 007 | 4.216785501046094¢ — 004 | 1.1651¢ — 006

Table 5.3: Relative Errors of Hermite and Lagrange Interpolation with Second Order Energy
Functional for Sy € S3(A).
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SiA) N\ f A fo f3

SY(A)(H) | 8.6519¢ — 004 | 0.14975957132406 8.7162¢ — 004
SHA)(L) | 0.0037 1.03982401080444 0.0045
SY(As)(H) | 1.5260e — 004 | 0.03067007659510 1.8413¢ — 004
SY(As)(L) | 5.7103¢ — 004 | 0.05702767175729 7.4299¢ — 004
SY(AL)(H) | 3.1822¢ — 005 | 0.00393237778952 3.7730e — 005
SYAL)(L) | 3.8647¢ — 005 | 0.00689099913495 8.3505¢ — 005
SY(As)(H) | 3.0450e — 006 | 2.118436533713464¢ — 004 | 3.7875¢ — 006
SY(As)(L) | 4.6280e — 006 | 0.00254318696998 9.2075¢ — 006

Table 5.4: Relative Errors of Hermite and Lagrange Interpolation with Third Order Energy

Functional for Sy € Si(A).

We first consider the maximal errors. Table 5.1 and Table 5.2 are of the maximal errors
between Sy and f for fi, f2, and f3 with second order energy functional E? and third order
enerqy functional E3 respectively. The mazimal errors are computed on almost equally-spaced
points over the sphere. Table 5.1 and Table 5.2 demonstrate that the Hermaite interpolation
approzimate the original function f much better than Lagrange interpolation with the energy
functionals both E? and E3.

Second, we compare the relative error % in Table 5.3 with Energy functional
E? and Table 5.5 with Energy functional E3. These two tables also show the relative errors
of the Hermite interpolation approximate the original function f much better than Lagrange
interpolation with the energy functionals both E* and E3. Hence we can conclude that the
Hermite interpolatory spline surface approximates original function values much better than

Lagrange interpolatory spline surface under different energy functionals E? and E3 in the

same spherical spline spaces.
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EXAMPLE 5.1.2. In this example, we consider the spherical splines for Hermite data

interpolation under different energy functionals E? and E®. We first construct the same

spherical triangulation as Example 5.1.1. But we use the following test functions fi(x,y, z) =

1
L+22 4+ 9y +

67 folz,y,2) = 0.32% + 02 4 23 fo(x,y,2) = sin(90)sin(¢) and their

derivatives. Then we find the spherical spline interpolation of the test functions.

Sa(A) \ f | A f2 fs

Se(Ag)(E?) | 0.22987953695775 0.28835856415728 3.17386786740602

Se(Ag)(E?) | 0.25077741939099 0.29385403166936 2.97185896416610

Se(A1)(E?) | 0.02435446430443 0.04569622953948 2.30544327515634

Se(A1)(E?) | 0.05192221382849 0.09028894126441 2.08943150184926
0.00447771701237 0.300999855221215

0.01755117759007

0.00957941977496

0.61173496632118

8.507097138034103e — 004

8.483952232785086¢e — 004

0.03632526957430

0.00207573909188

0.00103445079261

0.09694695263925

1.447067891197085¢ — 004

1.002341249083383¢ — 004

0.00271119947541

1.455537539193363¢ — 004

(

(A0)(E7)
(A0)(E7)
(A1) (E7)
(A1) (E7)

SH(As)(E?) | 0.00901424186606

(A2)(E7)
(A3)(E7)
(A3)(E7)
(A4)(E7)
(A4)(E7)

6.509319827019411e — 005

0.00701754668327

Table 5.5: Maximal Errors of Hermite Interpolation with Second Order and Third Order

Energy Functionals for Sy € Sg(A).

From the Table 5.5, we know that Hermite interpolation spline in Sg(A) with energy func-

tional E® approzimates the original function much better than the one with energy functional

E2.




5.2 NUMERICAL EXPERIMENTS FOR HOLE FILLING

Figure 5.1: C'! Hole filling in Si(A) for data with one hole .

Figure 5.2: C? Hole filling in S2(A) for data with one hole .

EXAMPLE 5.2.1. We consider centralizble data sets and fill one hole with C' and C?
continuity, also do the same thing for two holes. First we consider one hole data sets. In
Fig. 4.1 we show the original points, and in Fig. 4.2 we give one spherical triangulation of
these points. To fill the hole, we first project these points to unit sphere to get the spherical

triangulation. Then we can use the method in Chapter 4 to fill the hole with C" continuity.
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The Fig. 5.1 shows C* filling hole, and Fig. 5.2 is the C* case. The spline surfaces look fair

and smooth.

Figure 5.3: C'!' Hole filling Si(A) for data with two holes .

Second, we deal with data sets with two holes, see Fig. 4.3 for original data and Fig. 4.4

for spherical triangulation. And we show the Ct hole filling in Fig. 5.3.

ExXAMPLE 5.2.2. We consider filling holes of surfaces with different differentiable con-
tinuity. For mnoncentralizable data sets of head in Fig. /.11, we preprocess them to get the

cetralizable data sets as shown in Fig. 4.12.

Figure 5.4: The modified head data with missing top.

Then we first take off the top of the modified head data and get the triangulation with

missing top as shown in Fig. 5.4.
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Figure 5.5: C hole filling surface in SI(A) (left) and a C' quintic spline hole filling with

horns(right).

In the left of Fig. 5.5 , we show C° hole filling using SY(A) with partial interpolation of
missing data points, the figure looks continuous. In the right of Fig. 5.5we give a C' hole
filling spherical spline surface with a few data values over the missing top to create two horns
on the top of head. We repeat the experiments by using C* spline space Sz(A). For simplicity,
we only show a C? spherical spline surface which interpolates the values and derivative values

from the boundary of the missing top.
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with horns (right).
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5.3 NUMERICAL EXPERIMENTS FOR POINT CLOUD

EXAMPLE 5.3.1. In this ezample, we consider the modified head data and get global C*

and C? surface. The spherical triangulation of the modified head data is shown in the right of

Fig. 4.12. The following figures show the spherical spline surfaces to interpolate the modified

head data with C* and C? continuity.

Figure 5.7: C'! interpolatory spline surface in S(A)(left) and C? interpolatory spline surface

in SZ(A)(right).

ExXAMPLE 5.3.2. We consider centralizable data as shown in Fig. 4.9 and Fig. 4.10. Its

spherical triangulation is shown in the following figure.
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Figure 5.8: Original scattered data(left) and its spherical triangulation(right).



Figure 5.9: C'! interpolatory spline surface in S2(A) from different view points.

Figure 5.10: C! interpolatory spline surface in Si(A) from different view points.
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Figure 5.11: C? Hermite interpolatory spline surface with [ = 1 in S2(A) from different view

points.

—
-

Figure 5.12: C? Hermite interpolatory spline surface with [ = 1 in SZ(A) from different view

points.

Fig. 5.9 and Fig. 5.10 show the C' spline surfaces to interpolate the given data sets. And
Fig. 5.11 and Fig. 5.12 are C? Hermite interpolatory spline surface to interpolate the given
data sets and their first order derivatives. To ivestigate the global continuity, we draw the

graphs of the derivatives of spline surfaces to see whether they are continuous or not. If they
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looks continuous, then the spline surfaces are differentiable up to the given order derivatives.

We show the figures of derivatives with repect to 6 and ¢ like the following.

Derivative w.rt. ¢

Derivative w.rt.

Figure 5.13: First order derivatives w.r.t. f(left) and w.r.t. ¢(right) for C' interpolatory

spline surface in S2(A) .

Derivative w.rt. ¢
Derivative w.rt. 6

Figure 5.14: First order derivatives w.r.t. f(left) and w.r.t. ¢(right) for C? interpolatory

spline surface in S3(A) .
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Figure 5.15: Second order derivative w.r.t. #9 for C? interpolatory spline surface

in Sz(A) .

Derivative w.rt. 6 ¢

Figure 5.16: Second

order derivative w.r.t. 0¢ for C? interpolatory spline surface in S3(A) .
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Derivative w.rt. ¢ ¢

Figure 5.17: Second order derivative w.r.t. ¢¢ for C? interpolatory spline surface in SZ(A) .

From Fig. 5.13, we know the interpolatory spline surface is C'. And Fig. 5.14, Fig. 5.15,

Fig. 5.16 and Fig. 5.17 demonstrate the interpolatory spline surface is C?.

EXAMPLE 5.3.3. In this example, we create a mushroom with C* continuity. Our spline
surfaces are in Sg(A). We implement it by using the minimal energy Hermite interpolation

method with | = 1. Our surfaces look smooth and fair.

1T

Figure 5.18: The mushroom data(left) and its spherical triangulation(right).
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Figure 5.19: The C* interpolatory mushroom in S(A) from different point of view.

EXAMPLE 5.3.4. In this example, we create a mushroom with C? continuity. Our spline
surfaces are in Sg(A). We implement it by using the minimal energy Hermite interpolation

method with | = 2. Our surfaces look smooth and fair.

-05 =

o ) 0
-05 05
-1 1

Figure 5.20: The gourd data(left) and its spherical triangulation(right).
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a =
— -

Figure 5.21: The C? gourd in SZ(A) from different point of view.

5.4 CONCLUSION AND FUTURE WORK

For a spherical triangulation A which is a part of a sphere with or without holes, or the
whole sphere and the domain bounded by A in general can not be converted to a planar

domain, we get the following results:

(1) Given a set of scattered data with derivatives, we use minimal energy method to
construct Hermite interpolation on spherical spline spaces over a spherical triangulation
A of the scattered data locations. Then we show that the minimal energy method
produces a unique Hermite spherical interpolation spline of given scattered data with
derivatives. Finally we show that the Hermite interpolation spline converges to a given
sufficiently smooth function f in Ly and L., norm if the values are obtained from this
f. Hence the surface of the Hermite spherical interpolation spline resembles the given

set of derivatives.

(2) For any integer r > 0, we first give a method of C" hole filling using the minimal

energy quasi-Hermite interpolation over a spherical triangulation of polygonal holes on
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the sphere. Then we have implemented several numerical experiments for r = 0, 1,

and 2 to demonstrate our method.

(3) For any integer r > 0, we deal with centralizable point cloud by using the minimal
energy Hermite interpolation method or quasi-Hermite interpolation method to get
the surface with global C" continuity. Our surface can interpolate data locations and
derivatives up to rth order if they are given. Also we implemented experiments for

r=20, 1, and 2 to show our method.

Some advantages are that all constrained conditions can be generalized to a solvable
linear system and our method is applicable to C" case for any integer » > 0. The shape
control is local although the solution is global. The figures look smooth and fair.

Our requirement of centralizable data may be too constrained for some application
although it is good for data given on sphere S?. For non-centralizable data, we either divide
it into several centralizable data sets with different centers or study the new methods to
construct surfaces defined on surfaces. Hence it is necessary to study how to connect two
sets of point clouds of different centers together, or the surfaces defined on surfaces(cf. [13]).
We leave them to our future studies.

Another work we would like to do is to find some practical applications in global warming
data process for our methods. Global warming refers to the increase in the average tem-
perature of the Earth’s near-surface air and oceans in recent decades and its projected
continuation. It has aroused extensive interests of scientists and politicians. Scientists have
studied global warming with computer models of the climate. These models are based on
physical principles of fluid dynamics, radiative transfer, and other process, with some sim-
plifications being necessary because of limitations in computer power. These models pre-
dict that the net effect of adding greenhouse gases is to produce a warmer climate ( cf.
http : //en.wikipedia.org/wiki/Global_warming ). We hope to use our spherical spline
methods developed in this dissertation to approximate climate model more accurately, deal

with the collected temperature data more efficiently.
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