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ABSTRACT. The paper deals with the approximation and optimal inter-
polation of functions defined on the bisphere S? x S? from scattered data.
We demonstrate how the least square approximation to the function can
be computed in a stable and efficient manner. The analysis of this problem
is based on Marcinkiewicz—Zygmund inequalities for scattered data which
we present here for the bisphere. The complementary problem of optimal
interpolation is also solved by using well-localized kernels for our setting.
Finally, we discuss the application of the developed methods to problems
of texture analysis in material science.

1 Introduction

A typical problem in science is the development of a theoretical model for a hidden
process from observational data. More precisely, we are given a set of measurements
A=XxC={(z;,f;) :j=1,...,M}, where we assume that the sampling nodes
X ={z;:j=1,..., M} are a finite subset of a metric space (X,d). We suppose that
there exists a function p which generated the observed data. This assumption obviously
leads to the equations p(z;) = f;, j = 1,..., M, or, even more realistic, p(z;) = f;
since the data are usually corrupted with noise or measurement errors. The function
p will then be considered as a model for the underlying process. Dealing with real
world problems, we can hardly expect that the sampling nodes are equally spaced.
Indeed, due to experimental constraints, the sampling nodes are frequently scattered
points. Consequently, we have to deal with interpolation respectively approximation
of functions from scattered data. Moreover, we have to make assumptions on the
complexity of our model, i.e., we have to restrict p to a certain function class. Often
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this function class is assumed to be a linear space of finite dimension spanned by an
orthogonal basis ¢1,...,¢nx. This means that we suppose p to be a linear combination
of some basis functions,

N
p(z) = Z ap ¢(z).
k=1

At this stage we prefer to be vague on the exact type of basis functions. They could
be, for instance, complex exponentials, orthogonal polynomials or even some other
type of basis functions. The problem we are confronted with is an efficient and stable
computation of the coefficients ay using the (scattered) data A.

In case we are interested in the approximation problem, we look for a solution of
a weighted least square problem. This means we choose the dimension of the space
My :=span{¢y : k=1,..., N} to be smaller than the number of sampling points M
and determine p according to

M
> " wjlf; = pla;)[* L min.
j=1

The weights are incorporated in order to compensate for possible clusters in the data
set. This weighted least square problem is equivalent to determine the solution of the
normal equations of the first kind

P"Wda =2"WFf, (1.1)

where ® = (¢r(7)))j=1,...Mk=1,..N; @ = (ar)k=1,.~, F = (fj)j=1,..m, and W =
diag(ws, ..., war).

In order to come up with a stable procedure for the computation of the vector a from
(1.1) it is necessary to ensure nonsingularity of ® W @& and, moreover, to have control
on the condition number of this matrix. This can be achieved by applying the so-called
Marcinkiewicz—Zygmund inequalities (MZ inequalities for short) which establish an
equivalence between the L"™-norm of p and the weighted norm Zjvil w;|p(z;)|". In the

most important case of L2, the MZ inequality reads as

M
Allpllz <Y wjlp(z;)I* < Bliplle.
j=1

This inequality immediately leads to the following estimate on the condition number
of "W &:

cond(®"W®) < g

The constants A and B depend on the degree N, the mesh norm dy = max,ex d(z, X)
of the set X, and on the system {¢y}.



If it is necessary to interpolate the data, one might first think of choosing the
parameter N such that the dimension of Il is equal to M. For this choice, we get a
linear system ® a = f with & € CM*M_ Even if we assume ® to be nonsingular, it
turns out that this procedure is usually ill-conditioned. To overcome this obstacle, we
choose N to be greater than M and look for a solution of the optimization problem

N 2
. |a|
min
pelln 1 Wi

subject to p(z;)=f;, j=1,...,M.

Certainly, we are not completely free in choosing the weights wy but they have to be
related in a certain sense to properties of the set of sampling nodes. How this can be
done becomes understandable by the following observations. First of all, we see that
the optimization problem is equivalent to the normal equation of second kind, i.e.,

W' f=f  p=Wae'f (1.2)

where now W = diag(w1,...,wy). Secondly, an easy computation shows that the
matrix entries (BW®");; are given in the form P(z;,x;), where

N
P(z,y) =Yty ¢r(x) b (y)-
k=1

Note that due to the assumption wy > 0, the kernel P is positive definite. Now it is easy
to understand how to choose the weights wj in order to assure that p can be computed
in a stable manner from (1.2). Indeed, with a judicious choice of wy’s, we can achieve
an excellent localization of the kernel P around the diagonal, i.e., P(z,x2) = 1 and
P(z,y) being small away from the diagonal (see Kunis (2006); Mhaskar and Prestin
(2009); Filbir et al. (2008)). Since our goal is to ensure P(xz;,x;) to be sufficiently
small for j # [, the localization of P, and therefore the wy’s, have to be chosen accord-
ing to the separation distance gx = minj; d(z;,2;) of the set X'. Now we can expect
to obtain reasonable estimates for the eigenvalues of ®W & by using Gerschgorin’s
theorem.

As one might expect, we have to restrict ourselves to concrete settings in order
to carry out the program described above. This restriction stems from several facts.
Firstly, the MZ inequalities for scattered data with concrete bounds A and B are
not available in general. Secondly, it is not easy to come up with well-localized ker-
nels, and, thirdly, algorithms for the fast matrix-vector multiplication are not always
available. The methods were successfully applied in several concrete situations like
d-dimensional torus Grochenig (1992); Bass and Grochenig (2004); Kunis (2006) or
the unit sphere Mhaskar et al. (2001); Filbir and Themistoclakis (2008); Keiner et al.
(2007); Kunis (2009). Recently, some progress was made in order to establish the
theoretical foundation in case of the rotation group SO(3), see Erb and Filbir (2008);
Schmid (2008); Gréf and Kunis (2008).



The motivation for the present paper stems from a problem arising in crystallogra-
phy. In order to get information on the polycrystalline structure of a material, one
applies X-ray tomography. The mathematical problem now consists in the inversion
of the Radon transform on SO(3). This is usually an ill-posed problem and has rarely
been studied with mathematical rigor even though there are several ad hoc methods
most of which originate in material science, cf. Bunge (1982); Matthies et al. (1987);
Randle and Engler (2000); Kocks et al. (1998). Hielscher et al. (2008) presented a
novel approach for this problem. Overall the problem reads as follows. We are given
a sampling set A = {(x;,y,,f;) : j = 1,...,M} C S? x §? x C, and we have to
construct a suitable polynomial defined on S? x S2. The aim of the paper is to give
a mathematical foundation to this problem in the sense described above in order to
explain the numerical observations in Hielscher et al. (2008).

We have organized the paper in the following way. In Section 2 we collect all
basic material on the harmonic analysis on S? x S2. Section 3 explains shortly the
basics for fast computation on S? x S2. Subsequently, we focus in Section 4 on the
approximation and interpolation of scattered data in our setting. More precisely, we
are able to prove the MZ inequality in Theorem 4.5, and hence we are able to estimate
the condition number for the normal equation in Corollary 4.6. Furthermore, we focus
on the optimal interpolation problem in Theorem 4.10 and estimate the condition
number for the normal equation in Corollary 4.11. Finally, Section 5 provides a brief
account on the texture analysis problem.

2 Prerequisites

In this section we will collect some basic material as far as it is necessary to understand
the paper. Let S? := {x € R3 : |z|, = 1} be the two-dimensional unit sphere embedded
in R3, where | - |2 denotes the Euclidean norm on R3. The surface measure on S? is
denoted by o, and we assume it is normalized so that

/SZ do = 4r. (2.1)

The spaces L"(S?) := L"(S?,0), 1 < r < oo, corresponding are defined in the usual
manner. The inner product on the Hilbert space L?(S?) is given by

()= [ f@)3@ do@). fge F(E) (22

Throughout the paper we adopt the convention to denote the vectors in boldface type
and the scalars in R in simple type.

Using polar coordinates for a representation of the sphere S2, for a point x € S?,
we have the coordinate relation z = (sin®sin ¢, sin® cosp,cosd) T, where (9, ¢) €
[0, 7] x [—m, 7). According to this parametrization, the surface measure is given by

do(x) =sind dpdd, ¢ € [-m, ), J€|0,7], (2.3)



or, equivalently, by setting t = cos ¥
do(z) = —dedt ¢ € [—m,7),te[-1,1]. (2.4)

For any function ¢ € L*([—1,1]) and any y € S?, we have

(- y) do(z) = 27 / 6(1) dt. (2.5)
s2 1

Here and in what follows, « - y denotes the usual inner product on R3.

Let n > 0 be a fixed integer. The restriction of a harmonic homogeneous polynomial
of degree N to the unit sphere S? is called a spherical harmonic polynomial of degree
N. By IIy we denote the space of all spherical polynomials of degree at most N and
‘H,, denotes the space of spherical polynomials of precise degree n. The spaces H,
are mutually orthogonal, and we obviously have Iy = ®X_,H,,. Moreover, it is well
known that

L3(S?) = ¢l 5%y Hp. (2.6)

An orthonormal basis for the space H,, can be constructed in a concrete form using
Legendre polynomials. Let (R,,)nen, be the sequence of Legendre polynomials defined
by

Ry(z)=F (—n,n 11,1, 1;”) , (2.7)

where F(a,b,c;z) is the Gaussian hypergeometric function. Note that R, (1) = 1
and, moreover, f_ll R,(t) Ry (t) dt = 2(2n 4+ 1)718,,,. The closely related Legendre
functions RX k,n € Ny, n < k, are defined as

(n—k)!
(n+k)!

w2 4

RE(t) = (1—1t2) e ln®), k< (2.8)

We now define Y, : S — C by

2 1 .
Yor(x) =Y i(0,0) = \/% RIFl(cos9) ¢, n e Ny, |k <n. (2.9)

These functions are simply called spherical harmonics. The set {Y,, x : k= —n,...,n}
is an orthonormal basis of the space H,,. This fact and (2.6) give

/ ank(:c)YmJ(:c) dO’(.’I}) = / / Kl,k(ﬂa<ﬂ))ym,,l(197@) dd dgﬁ = (;n,m(sk,l- (210)
S2 -7 JO

Consequently we obtain dimH,, = 2n + 1 and dim Iy = (N + 1)%.
The following addition formula is of fundamental importance. It relates the spherical
harmonics and the Legendre polynomials in the following way

> Vor@Vary) = 2t Rula - y). (211)

k=—n



We consider the product space S? x S? with product measure o x o. To keep the
notation simple we will also often use the symbol 7 for the product measure o x o.
The L"-spaces are defined accordingly and we have L"(S? x S§?) = L"(S?) ® L"(S?),
where ® denotes the tensor product. For the Hilbert space L?(S? x S?) we have the
orthonormal basis

Yoik @ Yoo ko (®,Y) = Yoo ey () Yoo ko (¥),  m1,m2 € No, |k1] < ny, k2| < ng. (2.12)

To keep the notation simple we write Sy, k for Yy, k, ® Yo, k, with n = (n1,n2) and
k = (k1, k2). Throughout this paper the function Sy, will be called tensor spherical
harmonics. We obviously have the following orthogonality relation

/ Sn,k(ma y)Sm,l(wv y) dT(:]J, y) = 5n1,n2 5k1,k2 6m1,m26l1,l2~ (213)
S2 xS2

Throughout the paper we will follow the convention that boldface indices are elements
of N? resp. Z2. Corresponding to (2.13) the spaces

Hap :=Hpy @ Hp, = span{Sn i : |ki| <mn;, i =1,2}
respectively
Oy =1y, @y, = span{Sn x : n1 < N1, ng < N, |k <ng,i=1,2}

contain the tensor spherical polynomials of total degree |n| = n; + nq respectively of
total degree at most |[IN| = Ny + Na.

For the dimension of these spaces we obtain dimH,, = (2n; + 1)(2ns + 1) resp.
dimIIn = (N7 +1)% (N3 + 1)2. To keep the notational effort in reasonable bounds we
introduce the following abbreviations for index sets

In ={(n,k) € N3 xZ? : n; < Ny, na < No, k1| < na, |ka| < no},
(2.14)
Ioo :{(TL,’C)EN%XZQZ |k’1| S’ﬂl, |k2|§n2}

For a function f € L*(S? x S?) the Fourier coefficients w.r.t. the tensor spherical
harmonics are given by

fi= [ f@y)Saaey) driwy). (k)€ L (2.15)
S2 xS?
and hence )
F~ Y fuk Snk (2.16)
(n,k)El
Clearly, for p € IIn we have p(z,y) = >  DPnk Snr(®,y). The projection of
(n,k)EIN

f € L?(S? x §?) onto H,, is given by

Prnflz,y) = Z Z [/s2><s2 f(u,v) Spg(u,v) dr(u,v)| Spr(x,y). (2.17)

k1=—7l1 k2=—7l2



As an easy consequence of (2.11) we get

s e = (@ni+1)(2ny+1)
Z Z Sn,k(w7 y>Sn,k‘(u7 U) = 1672 Rn1 (iL‘ : U)an (y ' ’U) (2'18)

k1=—n1 k2=—n2
which in turn allows us to write the projection operator (2.17) in the form

(2n1 +1)(2ng +1

Puf@y) = CEDCRID [ o) R (@) B y-0) do(w) doo)
s s2 Js2
(2.19)
The projection of f onto Il is given by
N Ny
ni=1ns=1 (220)
_ K HK 1)d d
=z [ [ ) Br e ) Kna(y-0.1) dofu) dofo),
where .
Kn(s,t) = Y |1Re]l7® Ri(s) Ric(t) (2.:21)
k=0

is the Darboux kernel corresponding to the Legendre polynomials. In the following we
will simply write K, (s) for K, (s,1). Using the formulas (4.5.3) and (4.1.1) in Szegd
(1975), we have

(2 + D poyg). (2.22)

KTL(S) = 2 n

where RS"?) are the Jacobi polynomials with respect to the weight (1—s). From (2.22)
we get that K, (1) = @

Since we are dealing with scattered data on S? x S?, it is necessary to introduce a
metric on the set S2 x S2. In order to attain this, we start with the canonical metric on
the sphere S? which is defined by the geodesic distance. More precisely, for x,y € S?,
the geodesic distance between these points is given by do(x,y) = arccos(x - y). The
geodesic distance is related to the Euclidean distance of the points @,y by |x — yls =
2 — 2cos(do(x,y)). A family of product metrics on S? x S? can be defined by

d®) ((x,y), (u,v)) = (do(w,u)s + do(y,v)s)l/s, 1< s <oo, (2.23)

d(oo)((x,y)’ (u,'v)) = max{do(:c,u),do(y,v)}.

Note that d(¥) is the Riemannian metric on the product manifold S? x S? and,
obviously, dV)((z, y), (u,v)) < d*)((x,y), (u,v)).

Now let X = {(x;,y;) € S* xS?: j =1,...,M} be a finite subset of points. In
order to measure how uniform the points of X are distributed on S? x S2, we introduce



the terms mesh norm dx and separation distance gy according to (2.23). They are
defined respectively as

(5(8) = i d®) .
X (9B 82 jt (z,y), (z;,y,)), "

Since we will work here mostly with the case s = oo, we will ignore the superscript
and write simply dx resp. gy instead of (55?0) resp. qg?o).

There is a natural decomposition of S? x S? coming along with the set X. This
decomposition consists of a finite collection R of closed regions Rj € S? x S?, k =
1,..., M, with no common interior point, covering S? x S?, and with exactly one point
from X in every single Ri. We will refer to such a decomposition as an admissible
decomposition of S xS? w.r.t. X. The partition s-norm of an admissible decomposition
of S? x S? is defined as

Rs == d® ((z,y), (u, 2.25
IR max | g max, o (z,y), (u,v)) (2.25)

In the case s = 0o, we simply write | R|.

3 Discrete spherical tensor Fourier transform on S? x S?

In the present section we describe briefly the mathematical background of the dis-
crete tensor Fourier transform and its fast realization. We consider a tensor spherical
polynomial p € Il, i.e.,

p@.y)= Y Pnk Snr(@y) (3.1)
(’I’L,k)EIN

and a finite set of points X = {(x;,y,) : j = 1,...,M}. Assume that the Fourier
coefficients pn r € C, (n,k) € In, are given. Then the discrete Fourier transform is
defined by
p@jy;) = Y Pk Snk(@iy;), j=1,...,M. (3:2)
(n.k)elN

If we define the tensor spherical Fourier matrixz by

.....

2 2
= Yok (@) Yook (¥)) 21 arimmyern € CHMX NN+,

and the vectors p = (p(2;,Y;))j=1,..M, P = Pk, e, )» then (3.2) can be written
as

p=Yp. (3.3)



This establishes a linear map from CM+D*(NV2+D* ¢4 CM | Its adjoint map CM —
CM+1)*(N2+1)” defined as

é=Y%
is called adjoint discrete tensor spherical Fourier transform.

A naive implementation of the discrete spherical tensor Fourier transform and of
its adjoint transform for M € N arbitrary nodes and for polynomial degree N =
(N1, No) € N? requires O(NZNZM) floating point operations. Fortunately, this can
be done in a much more efficient way.

Let
N
Z R RIF (¢
for k even and
1 X |
t) = —— W RIFL(E
gr(t) m,;f KR (E)

for k odd. Note that g is a polynomial of degree N or N — 1, respectively. Now we
perform a change of basis via fast polynomial transform (see Potts et al. (1998)) to
obtain the representation

N

gr(cosd) = Z Y, (3.4)
n=—N

with coefficients ¢, € C and ¢t = cos(d). This transform takes only O(N log® N)
arithmetical operations. Now we consider (3.2) again. Rearranging the summation
and using (2.9) gives us

Ny N, N No
p(mjvyj) = Z Z Z Z Dy yno ki ko

k1=—N1ni=|k1| ka=—N2 no=|k2| (35)

2 1 /2 1 i
\/ ny + \/ ng + R\kl COSG ) 1k1¢jR|T{€22|(Cosﬁj)e”%%”

ni

where x; = (sin 6, sin ¢;,sin 0, cos ¢, cos 6;) ,Y; = (sind; sing;, sin ¥, cos p;,cos ;)"
After rearranging the summation again, we apply the change of basis as described
above two times to arrive at

wj7y E § E E Cni,nz ki k2 el etk gina?s gika (3.6)

k1=—N1 TL1:7N1 kg——Nz ’ng—ng

An evaluation of the coefficients cp, ny iy k. from the coefficients pn, n, ky .k, can be
realized by the fast polynomial transform and takes only O(N2N2 (log* Ny +log? Ny))
arithmetical operations. Finally, the evaluation of p(wj,yj), j =1,...,M, can be
realized by the NFFT algorithm with O(N2NZ(log N; 4 log Ny) + log*(1/¢) M) arith-
metical operations, where € is a prescribed accuracy. We refer to this algorithm as



the nonequispaced fast spherical tensor Fourier transform. A fast algorithm for the
adjoint transform, i.e., for the fast matrix-vector multiplication for Ye follows in a
straightforward way as suggested in case of the sphere S?, see Keiner and Potts (2008).

Algorithm 3.1. Input: p, € C Fourier coefficients, X grid

1. Compute from the given values pn, . € C, (k,n) € In, n,, the coefficients ¢y, n, ks ks €
C in (3.6) with the fast polynomial transform in O(NZNj(log® N1 + log® Ny)).

2. Compute, for j =1,..., M, the values p(x;,y;) € C by the NFFT in O(N{ N3 (log N, +
log N) + log*(1/¢)M).

Output: p(z;,y;) €C,j=1,..., M.

4 Approximation and interpolation from scattered data

We are now going to consider the main problem of the algorithmic construction of a
polynomial model for a given data set. This means that we try to find, for a given
data set A = {(z;,y,, fj) € S?x$2xC: j=1,...,M}, a polynomial p € TIn
which approximates (p(z;,y;) =~ f;) or interpolates (p(x;,y;) = f;) the data. This
is obviously equivalent to the problem of computing the Fourier coefficients using the
data set A. Applying the notation of the previous section, the problem consists of
finding a vector p with Yp = f, where f = (f;);=1,..., m. Clearly the solvability of this
problem depends on the relation between the number of data points and the degree of
the polynomial (which reflects the complexity of our model). In case M > dimIly =
(N1 + 1)2(N3 + 1)2, the problem is overdetermined, and our aim is in general not
achievable. The best we can do is to find an approximation, i.e., we are looking for
a polynomial with p(wj,yj) ~ f; or, equivalently, Yp ~ f. In the underdetermined
case M < dim Il = (N7 +1)%(N2 +1)2, we will look for an interpolation as described
above. In the following we investigate both cases and give conditions for Y to have
full rank. In both cases we study the condition numbers of the problem related to the
normal equation.

4.1 Least square approximation

In the first part we concentrate on the overdetermined case of the problem, i.e., M >
(N1 + 1)2(N3 + 1)2. In general the given data f € CM can only be approximated up
to some residual r := f — Yp. In order to compensate for clusters in the sampling set
X it is also useful to incorporate weights w; > 0 into our problem. This means that
we consider the weighted least squares problem

M
If = VBl = w;lf; — p(x;,y;)]* L min, (4.1)
j=1

where W := diag(w;) =1,...m €

10



Lemma 4.1. The least squares problem (4.1) is equivalent to the normal equation of

first kind
Y'Wyp=y'wr. (4.2)

This assertion is due to (Bjorck, 1996, Thm. 1.1.2) for the matrix W/2y.

The stability analysis of the problem is based on the MZ inequalities. Roughly speak-
ing, MZ inequalities compare continuous r-norms with discrete r-norms of a function.
In case of scattered sampling points on the unit sphere in R%, MZ inequalities were
first established by Mhaskar, Narcowich, and Ward in Mhaskar et al. (2001). Based on
this work, a closer inspection was presented in Filbir and Themistoclakis (2008) which
leads to concrete bounds of the MZ constants. We will show in the following presen-
tation how to derive the Marcinkiewicz—Zygmund inequalities in the tensor product
case. Although the main ideas are similar to the classical case, the constants differ
slightly. Moreover, we present the material to keep the paper self-contained.

A fundamental role in our considerations will be played by certain kernels. We will
now give the construction principle for those kernels. In case of univariate polynomial
approximation on the unit interval [—1,1], these kernels have been studied before in
Filbir and Themistoclakis (2004, 2008). We will present the material here in a slightly
modified form suitable for our purposes in connection with fast algorithms on S? x S2.

We start with a reproducing kernel of de la Vallée Poussin type in the univariate
case (see Filbir and Themistoclakis (2008)). For n,m € Ny with m < n let

K, (t) K (t)

Vi) = 2 =,

(4.3)

where K, (t) = K,(t,1) and K,(+,-) is the Darboux kernel as defined in (2.21). Now
let n,m € N3, n = (n1,n2),m = (my,mz), with m; < ny, ma < ny and define a
tensor version of (4.3) in the usual way by

K, (8) K, (8) K, (t) Kim, (1)
K, (1) K, (1)

Vin(s,t) = Vit (s) Vi2(t) = 4

The following estimates are now an easy consequence of the inequalities presented in
Section 3.1 in Filbir and Themistoclakis (2008).

Theorem 4.2. For all n,m € N%, with m1 < ny, mo < ng, we have

. 14+1)(ne+1 1! !
(@) [Vl <4 fudginatl), /mmal

(ii) | Iﬂa‘)él VR (s, )] < (n1 +2)? (ng + 2)2.
s, |t <

In order to construct an operator sequence for approximating functions defined on
S? x S% we make the following choices for the parameters n,m € N2. For N; € N, i =

11



1,2, let

%Ni if N; even, ]g if N; even,
n; = m; = (44)
M= if N; odd, Nizl if N; odd,
and define
’L)N(S,t) =N (S) UNQ(t)7 N = (N13N2)7 (45)

where vy, () = & Vi(z), i = 1,2. Clearly, vy, is a polynomial of degree 2N; — xn;,
for ¢ = 1,2, where xu, is 0 if N; is even and 1 if IV; is odd. Thus, we get

2N1—xnN; 2N2—X N,y

Z Z aN17kaN27l||RN1||2_2||RN2||2_2 Ry, (S) RNz(t)' (4.6)
k=0 =0

1

on (50 = Tgr

The coefficients an, 1 resp. an,,; can be calculated explicitly, see Filbir and Themis-
toclakis (2008). From (Filbir and Themistoclakis, 2008, equations (3.13), (3.14)), we
obtain

9
lonlls = llow it llow, s < -5 for all N, (4.7)
and
N N3 N* -
max |un(s,t)| < max |vy, (s)| max |v, ()| < — 5 Z < —5, forall N >4,
Is],lt|<1 [s|<1 [t|<1 T us
] (4.8)
where N = max{Ny, Na}.
Corresponding to vy we define the operator
Infay) = [ fwv)on(e uy o) dr(uo), (49)
S2 xS?

which is the tensor version of the generalized de la Vallée Poussin operator studied in
Filbir and Themistoclakis (2008). The tensor de la Vallée Poussin operator has the
following properties.

Theorem 4.3. (i) For all N € N3 we have
Vnp=p foreverypeclln.
(ii) For all N € N2 and any 1 < r < oo, we have
VN il <ONFllr  for all f € L7 (8% x S?).

The proofs follow easily from (Filbir and Themistoclakis, 2008, Proposition 3.4 resp.
Theorem 3.5.).

We now make use of the de la Vallée Poissin operator in order to establish the MZ
inequalities for scattered points on S? x S2. Let again X = {(wj,yj) €S?xS?:j=

12



1,..., M} be a set of sampling points with corresponding tensor decomposition R.
The appropriate discrete r-norms of a function f : S? x S2 — C are defined as

1/r

M
Z|f(wj7yj)‘TT(Rj) if 1 <r<oo,
j=1

£l = (4.10)

[ ax |f (2,95l if r = oo.

The 7(Rj) is referred to as the weight of the region R; and will be later on also denoted
by Wy .
For the proof of the MZ inequalities, we need the following lemma which establishes

a Markov-type inequality for polynomials from II.

Lemma 4.4. Let p € lIny. Then for (x,y), (u,v) € S? x S? and s = 1 or s = o0 we
have

p(@,y) — p(u,v)| < (2= 61,.) N d® ((@,y), (v, v)) |plls2 x52 00, (4.11)
where 01 5 denotes the delta function which is 1 at s =1 and 0 otherwise.

Proof. The proof follows from the Markov inequality for spherical polynomials ¢ on
S2, see Jetter et al. (1999). For ¢ € Iy and x,u € S? this inequality reads as follows

lg(x) — g(u)| < N do(z,u) [Iqlls? o0 (4.12)

Now let p € IIn. Then for fixed y € S?, the polynomial p, (z) = p(x,y) is a spherical
polynomial of degree Ny, and the Markov inequality (4.12) applies to it. Clearly, the
analogous statement holds for p,,(y) = p(u,y) for fixed u € S? and N instead of Nj.
For (z,y), (u,v) € S? x %, we obtain

Ip(z,y) — p(u,v)| = I[p(z,y) —p(u,y)| + |p(u,y) — p(u, v)|

< [py(2) = py(u)| + [Pu(y) = Pu(v)|

< Nl do(.’ll, u)Hp‘y”SQ,oo + N2 do(y, ’U)Hpu”SZ,oo
S (Nl d0<w> ’LL) + N2 do(y? v))||p||52><82,oo

< (2= 815N d¥((2,y), (u,0)) [[plls2xs2 00

We are now prepared to formulate the main result of this section.
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Theorem 4.5. Let N € N2, and let R be an admissible decomposition of S? x S?
according to a sampling set X such that

IRl < —, (4.13)

21N

where n € (0,1) is arbitrarily fized. Then for r =1 or r = co and any p € I, we
have

(L =n) Iplls2xs2.r < llpllr < (14 2) [Plls2xs2.0- (4.14)

Proof. We start with the case r = oo. For proving the left-hand side, let (x,y) € S?xS?
an arbitrary fixed point and assume that (u,v) € X is a point with d((x, y), (u,v)) =
d((x,y),X) = dx. We conclude by Lemma 4.4

Ip(z,y)| < |p(z,y) — p(u,v)| + |p(u,v)|

<2Nd((@,y), (w,v)) [Iplls2xs2 0 + max [p(z;,y;)].

Taking the maximum over (z,y) € S*xS?, we obtain, by using the fact d((z, y), (u,v)) =
d((x,y),X) < ||R]|1, the L>*-MZ inequality

(1= 2IRIL) Iplsexs e < max [p(€;.m)] < (14 28R ) [Ipllsee oo

""" (4.15)
This, in combination with (4.13), provides inequality (4.14) for r = oc.
For r = 1, we are going to show both inequalities of (4.14) simultaneously by proving

Iplls2xs2,1 — Ipllxa]| < 0 llpllszxse,1-
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Using Theorem 4.3(i), we obtain

M

/S2 S2|(acy|drﬂr:y Z (xj,9,) T(R;)
X

M
= %[ el = )] dr(e.p)

M
< Y[ ey -p@p) driay)
M
< Z/R Vnp(z,y) — Vnp(xj, y;)| dr(z,y)
M
< sup Z;/R lon (T - u,y - v) —uN(z; - w,y, - v)| dr(z,y)

(u,v)eS2xS? y

<[, pwo)] dr(o).
S2 xS2
It suffices to show that

sup Z/ lon(z - w,y - v) —on(z)-w,y; - v)| dr(z,y) | <n.  (4.16)
(u,v)€eS? xS§? i

To this end, we use spherical coordinates for the spheres with respect to the point
(u,v) € S? x S?. This leads to & - u = cos&, y - v = cosn. We obtain

M
Y= Z/R lon(z-u,y-v) —uN(z; - w,y, - v)| dr(z,y)

M
S /R o (c0s.€) v, (€08 ) — v, (cos €5) vy (cos )| dr(, )
oy

_ Z/ [|UN2 cos77|/ ‘ UNI(COSt)’dt+|'UN1(COS£J)/nj

x d7(x,y).

d
N (cost) ’ dt]

For further estimation of the above expression, we introduce a partition of S? x S?
in the following way. Let L = LﬁJ and define Z, = [(v—1)n L=, (v+1)nL71], v =
1,...,L —1. For 41,45 € {1,...,[/—1} let

Boy e, = {(z,y) €S* xS*: (&,n) €Ty, x Ty, } -

15



Let B, = {z € S? : ¢ € 7,,}. We then have By, ¢, = By, X By,, UZTflzzl By, 0, = S*xS?,
and By, ¢, N By o, = 0if €y > 03 +2 0r £y < € —2, and o > 05 +2 or £y < by — 2.
This provides a decomposition of §? x S? into overlapping regions. Let us denote by
33 ,n] and & ; ,77] the minimal resp. maximal value of the coordinates £ resp. 7 of the
region R;. Since

max{¢ — &, nf —ny } < diam(R;) <Ry < 7L,
the region R; is contained completely in at least one By, ¢, with ¢1,¢5 € {1,...,L—1}.
Accordingly, we have

L-1L-1

HESD YD /|UN2 COS?7|/‘ VN, cost)’dth(a:,y)

li=14s= lRCB[[
L—-1L-1

T Z Z Z / [un, (cos&;) |/ ‘ UN, cost)‘ dt dr(z,y) .

£1=14>=1 R;CBq, 45

We denote the first sum on the right-hand side of the above inequality by £() and the
second sum by (). Now we have to distinguish between different cases. These cases
are

(11) 61:1/\{52:1\/62:[/71}, (12) fliLfl/\(égil\/gQ:L*].,

(13) 62:1/\(51:1\/£1:L—1), (14) ZQZL—I/\(glzl\/fl:L—l);

(21) 81:1/\626{2,...,11—2}7 (22) @1:L—1/\€26{2,...,L—2},
(23): lo= 1AL €{2..., L =2},  (24): b= L—1Al €{2,..., [ -2}
(3)2 (16{2,...7L—2}/\€26{2,...7L—2}

A detailed analysis of all these cases for both sums £(!) and 2 finally gives us the
following result (see Filbir and Potts (2009) for details):

¥ < 8832N3 | R + 9216 N® | R||® (4.17)

Assume that |R|; < . Then we obtain
»< 8832 9216 —- 4.18
< ( o3 + o ) (4.18)

A short computation shows that for C' = 21, the first factor in (4.18) is less than 1.
This shows the desired result. u

For our purposes, we need the MZ inequality for the case r = 2. Since the polynomial
spaces Il are finite-dimensional, we cannot get the desired inequalities by applying
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the Riesz—Thorin interpolation theorem. Alternatively, we can observe that if we
consider instead of p the polynomial p? € Ilyn, the MZ inequality holds for L? with
2N instead of N. This leads to a constant which is two times the constant in Theorem
4.5. Applying this idea, we have the following result for the case r = 2.

Corollary 4.6. Let X = {(z;,y;):j=1,...,M} C S? x §% be a sampling set with
corresponding tensor decomposition R. Let W = diag(w;);=1,....m be the diagonal
matrix of the corresponding tensor weights. If N = max{ Ny, No} satisfies

42N||R|: <1, (4.19)
then for every polynomial p € I, N = (N1, N3), the weighted norm estimate

M
(1= 228NRI ) IplZe e 0 < D wilp(ag, y))2 < (14 2N[RIL) [pllgs ge,z (4:20)
j=1

holds.
Moreover, for the condition number of the matrix way, we have
1+ 42N||R|
cond(Y"WY) < —— 111 4.21
VI = R, (20

Proof. According to the remark above, we get
1 — 42N R|; < [|SxplZeyse » < 1 +42N|R]

Due to p = Yp and Parseval’s identity |||l = ||p||szxs2, 2, inequality (4.20) is equiva-

lent to -

pY WYp
~H

1 —42N||R|; < —= 5 <14 42N||R|1,

from which (4.21) follows. [ ]

4.2 Optimal interpolation

In this section, we focus on the underdetermined case M < (N; + 1)2(Na + 1)2. As
described at the beginning of Section 4, we will interpolate the data A = {(z;, y;, f;) €
S?xS§2xC:j=1,...,M}. Instead of only asking for a polynomial p(x,y) =
Z(n,k)eIN Pn.kSnk(x,y) which satisfies p(x;,y;) = f;, j=1,..., M, we will try to
find an optimal interpolating polynomial, i.e., we try to find a polynomial which is a
solution to

L2
min Z M subject to  p(zj,y;) = fj, j=1,..., M, (4.22)
pElln Wy, W,
(n,k)EIN 1 2
where Wy, , Wn,,n1 =0,...,N1,n2 =0,..., Ny, are given positive real numbers.

Whereas for the least square problem the mesh norm was the critical parameter, this
role is now played by the separation distance g of the set X = {(x;,y;):j=1,..., M}.
The weights 0y, , W,, have to be chosen according to this parameter. Problem (4.22)
can be equivalently restated in the following matrix form (see, (Bjorck, 1996, Thm.
1.1.2)).
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Proposition 4.7. The optimal interpolation problem (4.22) is equivalent to the normal
equations of second kind

YWY F=f  p=WIF, (4.23)

where the weighting matriz is given by W := diag() € ROV1F1)* (Na+1)?x(N1+1)* (N2+1)*
for the vector @ = (Wn k) (n,k)elny With Wi,y ky ke = Wny Wny, (N,Kk) € IN.

It is the crucial observation that the matrix entry (yWyH) j:1 can be expressed as
a product of certain polynomial kernels. Indeed, we have used the addition formula
(2.18) and obtain

(yWyH> = Z Wy W, Sn,k(mjvyj)sn,k(mla Y1)
gil (n,k)eln
Ny n1 N2 n2
= Z Z Z Z wnlwnzynhh (wj)Yn1,k1 (ml)
n1=0k;=—n1 n2=0ky=—ny
XY;QJW (yj)Ynz,k?, (yl)
Ny N

2711 +1 2712 +1 R “
= Z Z dn A Wy Wy Ry, (X5 - 1) Ry (Y- 1)

n1=0n=0

= Py(zj-z1) Pn,(y; - v1),

where
N1 Ny
2n1 +1 2no +1
Py, (t) ==Y O By (1), P, (1) 1= > OBy (). (424)
n1=0 ngo=0

Corresponding to this observation we introduce the shorter notation P for the matrix
YWY Note that the positivity assumption on the coefficients w,, ,w,, ensures the
positive definiteness of Py, resp. Pu,. For convenience let us further assume that the
kernels (4.24) are normalized, i.e.,

Py,(1) =1, Py (1)=1.

This normalization obviously does not change the type of the problem. The aim is
now to give an estimate on the eigenvalues of the matrix P. To this end we use the
Gerschgorin circle theorem. Consider (x1,y;) € X and let us assume without loss of
generality that (z1,y;) = ((0,0,1)7,(0,0,1)7). Due to the structure of the matrix
P, for the eigenvalues A(P), we obtain the estimate

M M
IANP) =11 <> Pj1=> Py, (21-2;) Px, (41 - ).
j=2 =2

Our aim is to make this estimate more precise and finally to get from this a criterion
for the matrix Y to have full row rank. In order to do so, we first have to examine the
set X more precisely and, secondly, to construct well-localized kernels.
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We define a partition of the sampling nodes X" into “rings” with increasing distance
from the node (x1,y;) € S? x S%. Let the separation distance of X satisfy ¢ < 7. For
0<m< [mg~ 1], let

S‘Lm = {(:va) €S?x§*: mg < d((wlayl)v (w,y)) < (m+ 1) Q}

and

Sq \mq-1] = {(:c,y) €S?xs?: melJ qg<d((z1,y,),(x,y)) < 7r}.

Their restrictions to the set of sampling nodes is Sx ¢.m := Sq,m N X. The cardinality
of these sets will be denoted by [Sx ¢.m|-

The next proposition provides an estimate for the cardinality of the set Sx ¢.m, i.e.,
we give an upper bound for the number of g-separated sampling points which can be
placed within a certain distance to (x1,y;). In contrast to (Narcowich et al., 1998,
Thm. 2.3), our estimate relies solely on the index m but no longer on the separation
distance g. We follow the lines in (Keiner et al., 2007, Lemma 4.3).

Proposition 4.8. Let X be a set of g-separated sampling nodes with ¢ < w/3. Then
form=1,...,|7q ]|, we have

1S gm| < 128m + 192m? + 224m + 80.

Proof. We use a packing argument from (Narcowich et al., 1998, Thm. 2.3), which
states that for each node in Sy 4., the centered cap of colatitude ¢/2 around it is

contained in the larger ring Sq , = qum_% USq7m+% and has no interior points common
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with the cap of another node. Hence, for m = 1,..., |mqg~!]| — 2, we estimate

/( dr (z,y)

Sq,m

J/ dr (z,y)
Sq/2,0

J

|SX,q,m| <

d7($,y)4,jg ar (z,y)

(M*%)qﬁ

J/ dr (z,y)
Sq/2,0

(m+%)a (m+%)a (m=%)a (m=3)a
/ sin6d9/ sinﬁdﬁ—/ sin 9d9/ sin 9d¥
0 0 0 0

B /g sin #d6 /g sin ¢dd
0 0
R )

B (1 — cos g)Q

_ cos (2m—1)%) —cos((2m +3) 1)

(m+3)q,0

1—cos?
1—cos((2m+3)4¢ 1—cos((2m—-1)4¢
X (( - ) 2) + (( - ) 2) (425)
1—cosg 1—cosg

Using an identity for the trigonometric de la Vallée Poussin kernel, see, e.g. (Prestin
and Selig, 2001, equation (3.4) and (3.5)), we estimate the first term in (4.25) as in
(Keiner et al., 2007, Lemma 4.3) by

cos ((2m —1) %) —cos ((2m+3) %)  sin((2m+1) £)sin (24)
1 —cos? a sin? ¢
2m—1
=448 Z cos%q—l—ﬁcos%—l—élcos@m%l)q—l—Qcos%
1=1
<8(2m+1). (4.26)

We estimate the second terms in (4.25) by using the Dirichlet kernel

1 ((2m+3) %) in (2m+3) 1)\ m+1 ?
— COS m 5 . Sin m 2 . g
1—cosi o ( sin 4 ) o <1+2kz_100$ (k2>>

<(142(m+1))* =4m? +12m +9 (4.27)
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and, similarly,

2

1—cos ((2m—1) %) in ((2m — 1) 4) g ?
1—cos? - :< sin £ 4> (1+2;C08(kg)>

2

<(1+2m—1)>=4m?® —4dm+1. (4.28)
Combining (4.25) — (4.28), we obtain the assertion. |

We now give a construction of well-localized kernels. Our approach is based on
B-spline kernels and is strongly related to the construction given by Kunis (Kunis,
2006, Definition 2.15). Recall that for § € N the cardinal B-spline Ng4 is defined
recursively by

1 0<z<1,
0 otherwise.

Nan (@)= [ Np(@dr M) = {
z—1
The normalized B-spline of order 3 € N is defined as gs : [-3,1] = R, gs(z) :=

BN (B8z + g) By using sample values of these functions we obtain a well-localized
kernel as follows. For 3, N € Nlet Bg n : [—1,1] — R be given by

N
Bg .y (t) == Hgﬁth ; (2—4610) 93 (2(Nl+1)) cos(l arccost), (4.29)
where || - ||1, v denotes the discrete norm
al l
||9B||1,N = Z 9s <2(N+1)) :

I=—N

The kernel Bg n is called the B-spline kernel. The next proposition shows the
localization property of the B-spline kernel. Based on (Kunis, 2006, Theorem 2.35), a
proof was presented in (Keiner et al., 2007, Lemma 4.6).

Proposition 4.9. The B-spline kernel Bg n obeys for N > 3 —1 and t € [-1,1) the
localization property

- 20 1 3
|Ba,n (t)| < cg|(N + 1) arccos (t)] 57 cp = ;671 — )Ci(g)ﬁzrﬁﬁ

(4.30)

Moreover, it is normalized by Bg n(1) = 1 and can be represented as

N
2n +1

n=0

with positive Fourier—Legendre coefficients

1
wn=2w/ R,(t)Bsn (t)dt, n=0,...,N.
-1
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We now turn to our main result, i.e., the estimate for the eigenvalues of the matrix
P. To get this estimate, we make use of the localization of the B-spline kernel (4.30)
and the cardinality estimate of Proposition 4.8. Finally we will obtain an answer to
our initial question on the stability of the optimal interpolation problem (4.22).

Theorem 4.10. Let X = {(z;,y;):j =1,..., M} be a sampling set of S? x S? with
separation distance q. For N1, No, 3 € N, Ny, Ny > 3> 5 let P = (Pj»l)j-lzl oy with
Pji = Bg n,(zj - ©1)Bs,n,(y; - y;)- Then, for every eigenvalue \(P) of P, we have
cp (128¢ (8 —3) +192¢ (8 —2) +224¢ (8- 1) +80¢(8))

(N"+1)8¢8 ’
where cg is giwen in (4.30) and N’ = min{Ny, No}.

INP) — 1] < (4.31)

Proof. We apply the Gershgorin circle theorem where we assume without loss of gen-
erality that x; = (0,0,1)" and y, = (0,0,1)". Using Proposition 4.8, the localization
property in Proposition 4.9, and max;c[_1,1] [Bg,n(t)| < 1, we obtain the estimate

M
j=2
lrg™)
= Sx.qm B -x) B .
mZﬂ |Sx.q, ‘(%;glggqym |Bg,n, (1) Bg.n, (Y1 - YY)

lwa™ "]

3
< 1S qm| ——2——
mzzl TN+ 1) mg)”

lra™ "]

< e Z 128m?3 + 192m? + 224m + 80
(N"+1)Pgh = mpB

8 (128¢(5—3) +192¢ (5 —2) +224¢ (6~ 1) + 80¢ (H))
(N + 1)P¢°

Although estimate (4.31) looks complicated at first glance, it allows us to give con-
crete conditions that ensure the stability of our optimal interpolation problem. More
precisely, we have

Corollary 4.11. Under the conditions of Theorem 4.10 and by choosing 6 =05 in
(4.31), for the eigenvalues of the matrix P = YWY, we obtain the estimate

A(P)—1] < <(N’2j1)q>5 .

Moreover, let (N’ 4+ 1)q > 22. Then the matrix Y has full row rank M, and the
conjugate gradient method applied to (4.23) converges linearly, i.e.,

29 51
led <2 (egys ) ool (1.32)
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with the initial error &y := WY P~ f and the error &, := f, — WY P~f.

Proof. Applying the standard estimate for the convergence of the conjugate gradient
method, see, e.g., (Bjorck, 1996, p. 289), yields assertion (4.32). [ |

5 An Application to Texture Analysis

As pointed out in the introduction, the paper is motivated by an application. The
Radon transform on SO(3) is of central importance for the analysis of crystallographic
preferred orientations, the technical term of which is texture analysis, cf. Wenk (1985).
It establishes a relationship between the so-called orientation density function (ODF)
f:80(3)/G — R, which models the distribution of crystal orientations within a poly-
crystalline specimen, and the so-called pole density function (PDF) P: S§?/GxS? — R,
which models the distribution of crystallographic lattice planes within the specimen.
Here G C SO(3) denotes a finite subgroup of SO(3) which represents the crystal
symmetries. In terms of the Radon transform R, the relationship between the ODF
f € L%(SO(3)/G) and the PDF P € L?(S?/G x S?) of a specimen reads as

Pla,y) = 5 (Rf(@.y) + Rf(~2.)). (51)

PDFs can be experimentally sampled by diffraction techniques like X-ray, neutron,
or synchrotron diffraction, whereas ODF's cannot directly be measured by these tech-
niques. A central problem in texture analysis is the estimation of the ODF of a speci-
men, given its measured PDF, cf. Bunge (1982); Schaeben and v.d. Boogaart (2003);
v.d. Boogaart et al. (2007); Hielscher (2007). Of particular importance are the lower-
order Fourier coefficients of the ODF since they characterize the macroscopic properties
of the specimen, e.g., the second-order Fourier coefficients characterize thermal expan-
sion, optical refraction index, and electrical conductivity, whereas the fourth-order
Fourier coefficients characterize the elastic properties of the specimen, cf. (Bunge,
1982, sec. 13).

The inversion of the Radon transform R on the rotation group SO(3) is an ill-posed
inverse problem. Hielscher et al. (2008) present a novel approach to the numerical
inversion of the Radon transform on SO(3). Based on a Fourier slice theorem, the
discrete inverse Radon transform of a function sampled on the product space S? x S?
is determined as the solution of a minimization problem, which is iteratively solved
using fast Fourier techniques for S? and SO(3). In this application the unknown
function f is a spherical tensor polynomial of the form

N n n
F=Y"3" > fakiksYnki Yok, - (5.2)

n=0ki=—nko=—n

instead of (3.1). Clearly, f € IIn(S? x S?) with N = (N, N), and Theorem 4.5 and
Theorem 4.10 hold for the special f in (5.2). Due to the special structure of the
sampling set X in the application (see (Hielscher et al., 2008, Definition 3.3)), the
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authors developed a fast matrix times vector multiplication for the forward transform
(see (Hielscher et al., 2008, Theorem 3.5)). In the iterative reconstruction this faster
method was used instead of Algorithm 3.1. Indeed, it was observed that the optimal
interpolation problem (4.22) is stable solvable with the CGNE method if N2 > M, see
(Hielscher et al., 2008, Figure 4.2 b)) and compare with Corollary 4.11. On the other
hand, the authors could solve the approximation problem (4.1) if the sampling set was
0 dense, i.e., if enough pole figures are available, see (Hielscher et al., 2008, Figure 4.2
a)) and compare with Corollary 4.6. Note that after solving the above approximation
problems, we are able to reconstruct the crystallographic orientation density function
by a fast Fourier transform on SO(3) thanks to the Fourier slice theorem, see (Hielscher
et al., 2008, Theorem 2.7).

6 Conclusions

In this paper we solved the approximation and optimal interpolation of functions de-
fined on the bisphere S? x S? from scattered data. We demonstrate that the least
square approximation to the function can be computed in a stable and efficient man-
ner. The analysis of this problem is based on Marcinkiewicz—Zygmund inequalities for
scattered data which we present here for the bisphere. The complementary problem
of optimal interpolation is solved by using well-localized kernels for our setting. Based
on this theoretical findings, we discussed the application and developed methods to
problems from texture analysis in material science. We are able to reconstruct the
crystallographic orientation density function by a fast Fourier transform on SO(3)
thanks to the Fourier slice theorem, see (Hielscher et al., 2008, Theorem 2.7).
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