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Abstract

The reconstruction of a function defined on the two-sphere from its mean values along
all circles of the sphere is an overdetermined problem. Every circle of the sphere is the
intersection of the sphere with a plane. We say that two circles are perpendicular if the
respective planes are. This thesis revolves around the circular average transform 7, which
computes the mean values along all those circles that are perpendicular the equator of the
sphere. We describe a singular value decomposition of the circular average transform based
on the Funk-Hecke formula for spherical harmonics.

Any function f that is symmetrical with respect to the equator can be reconstructed from
its circular average transform 7 f, but the reconstruction is an ill-posed problem. We
describe a fast algorithm for the reconstruction based on the discrete spherical Fourier
transform. Therefore, we sample the function 7 f at discrete data points and assume that
the sampled values are disturbed by white noise. As a regularization scheme we use the
mollifier method, which essentially means that the smoothing in the reconstruction process
is done by a convolution with the mollifier. Finally, we construct a family of mollifiers that
minimizes the maximum risk of the reconstruction error assuming that the original function
f has a certain degree of smoothness with respect to Sobolev spaces on the sphere.
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Introduction

The problem of reconstructing a function from its integrals along certain lower-dimensional
submanifolds has been studied since the early twentieth century. It is associated with the
terms reconstructive integral geometry [42] and geometric tomography [17]. In a paper from
1917, Radon [44] introduced what later became known as the Radon transform, which maps
a function defined on the plane to its mean values along all lines lying in the plane. The
Radon transform provides the mathematical background of the computerized tomography;,
whose development started in the 1960s and which has become a crucial part of medical
diagnostics since, cf. [49]. An even ecarlier work was published in 1913 by Funk [16]. He
described the problem of reconstructing a function on the two-sphere knowing its mean
values along all great circles of the sphere. The computation of these mean values is known
as the Funk transform or spherical Radon transform. This is not to be confused with the
similarly named spherical mean Radon transform, which computes the mean values over
spheres of functions defined on the three-dimensional space, cf. [22, 36].

What Funk did for great circles can be generalized to other classes of circles on the unit
sphere S?. One can consider the integration along all circles with a fixed radius. This
is known as the translation operator, cf. [48, 7, 24]. Another example, introduced by
Helgason [24, I1.1.C], is the spherical slice transform, which computes the means along all
circles that contain a fixed point of the sphere.

Any circle of the sphere is the intersection of the sphere with a plane. We call two circles
perpendicular if the respective planes are. In this thesis, we consider the circular average
transform which computes the averages of a function along all circles perpendicular to the
equator of the sphere. Let us denote with e, = (coso,sino, O)T, o €T = [0,27), the
point on the equator of the sphere with the latitude o. The circular average transform of
a continuous function f : S? — C is defined by

Tf(ot)= (0,t) € T x (=1,1),

1
T dy,
T /@’%Hf(y) Y

where the integration is carried out with respect to the arc length on the circle. For ¢t = +1,
we set T f (o,£1) = f (*e,).

11



1 Introduction

The circular average transform first arose in 2010 in a problem related to photoacoustic
tomography. Zangerl and Scherzer [59] described an algorithm for inverting the circular
average transform using a connection to the circular Radon transform. We will describe
this method in Subsection 3.3.1.

The circular average transform is a compact operator on L? (S?), thus it has a singular
value decomposition. In Theorem 3.9, we describe a singular system (Y, x, Bpk, A (1, k;))nk
such that 7Y, = A (n, k) B, for all n € Ny and k = —n, ..., n. The spherical harmonics
Y, r are the basis functions of the singular value decomposition on the sphere. The basis
functions B,, x (0, t) in the range of T are the products of the exponential functions o — e'*?
in the o variable and the Legendre polynomials P, in the ¢ variable, normalized with respect
to the L?-norm, see (2.29). The singular values A (n, k) € C are known explicitly, see (3.15).

Reconstruction. We want to reconstruct a function f given its circular average transform
g = T f. Like it is the case for many other problems of this type, the inversion of the circular
average transform is an ill-posed problem. This means that the reconstruction of f is very
sensitive to small errors in the data g. Any practical observation incorporates some noise.
So, instead of g, we only have the noisy data g + €.

There are two main kinds of error assumptions in inverse problems. In the deterministic
framework, the noise is assumed to be bounded in some norm, i.e. |lg]| < r, cf. [29]. On
the other hand, there is the statistical framework we chose in this thesis, where the noise
is described by a random process, cf. [5]. Here, the number of observations of g goes to
infinity, while the norm ||e|| converges to zero in the deterministic setting.

In most practical applications, the number of observations is finite, so it makes sense to
sample the function g on discrete data points (0y,t,) € T x [-1,1] for [ =1,..., L, m =
1,..., M. We consider the discrete noisy data

g (o, tm) =g (o, tm) +e(l,m), 1=1,...,L, m=1,..., M,

where [ (I, m)], ,, is an uncorrelated, zero-mean random variable, see Definition 4.1.

To overcome the ill-posedness of the reconstruction problem, we use the mollifier method
(cf. [38]), i.e. we aim at recovering a smoothened version of f, namely

vxf(@) = | v(ay)f(y) dy, xS,
S
where 9 : [—1,1] — R is some mollifier, see Section 4.1. We are going to use the estimator
i =vx (TLxg)

where T denotes the pseudo-inverse of 7 and Ly is a (hyper-)interpolation of degree N
of the sampled data. The L x M-point hyperinterpolation

N n /L M -
Lng=Y. Y (Z > wimg (01, tm) Bk (Ulatm)> Bk

n=0k=—n \l=1m=1
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is a Fourier series with respect to the basis functions B, ;, truncated at degree N, where
the Fourier coefficients of g are computed using a quadrature rule. One should be aware
that Ly is not necessarily an interpolation. We say that Ly is exact for a function g €
C(T x [-1,1]) if Lyg = g.

We assume that the function f belongs to the class of Sobolev-smooth functions
F (5,8) ={f € H* (S) "N(T)" : | fll gogery < S}

where s, S > 0 and N (7)) denotes the nullspace of the operator 7. The Sobolev space
H* (S?) is equal to the set of functions whose weak derivatives up to the order s exist and
are square-integrable, provided s is an integer, c¢f. Subsection 2.2.3.

The minimax risk of the estimator f7 is defined as

-1

L2(S?) )

inf sup E‘
Y feF(s,9)

cf. [53, 5]. Our aim is to find optimal mollifiers ¢* for which the above infimum is attained,
le.

i

L2(s2)

sup [E ’
feF(s,S)

2
Cx— =inf sup E
fs f‘ L2sn) ¢ fey(E,S) ‘
Since this is a rather tough problem, we look for asymptotically optimal mollifiers instead,

as the number of sampling points goes to infinity.

In the first stage, we prove an asymptotic upper bound for the minimax risk in (4.36).
Therefore, we need to make two assumptions on the L x M-point hyperinterpolation Ly
that we apply to the sampled data on the set T x [—1,1], cf. Definition 4.7. The first one
is pretty natural, it says that £y should be exact for the basis functions B, ; if n < N.
Secondly, we assume that there exist some constants v,7% > 0 such that

T SO S utn Bu (o1, ) < 0, N, k
TaAs WimBn,k \OL; m SV77, N=U 4V =—N,..., N,
lLM B =1 m=1 ' o fyLM

if L and M are sufficiently large. This condition is satisfied with v =% = 1 if the weights
wy,m are constant, i.e. independent of [ and m. Since constant-weight quadrature rules
with a certain exactness on the unit interval and thus on T x [—1, 1] are difficult to achieve,
we also prove that the above condition holds for the hyperinterpolation based on the Fejér
quadrature on the unit interval, cf. Corollary 4.11.

In the second stage, in Lemma 4.15, we prove that the mollifier can be chosen out of a
class of mollifiers, namely

N oop 41 n4+1\° 8
- 1— ("2 P, N >0,
=2 T (1 (55) ) e v

1
n=0 2

then the error is still below the upper bound we derived for the minimax risk. This also
gives us an asymptotic lower bound for the minimax risk.

13



1 Introduction

Theorem 4.17 serves as the main result of this thesis. It shows the asymptotic optimality of
the so-defined family of mollifiers 15 for the class .Z (s, S) provided s is sufficiently large.
In particular, we prove that there exists a sequence N (L, M) such that the minimax risk
is asymptotically achieved by using the mollifier ¢ g, 5s) where the number of sampling

points LM goes to infinity, i.e.

sup E Hf — fi
feZ(s,9) v

2 2
o~ inf sup E|f— f]
L2(8?)  yeL?([-L1]) fe?i(lg,s) Hf fd)

L,M)

L2(s2)

Furthermore, the minimax risk decreases of the order (LM )_22?

In [5], the Dirichlet kernel ¢ = 27:1 (2n +1) / (47) P, was considered as mollifier in a
more general setting. It was shown that the error decreases of the same asymptotic rate
as for the optimal mollifiers. However, they assumed that the Fourier coefficients of g were

given, compared to the sampled values of g in our setting.

Structure of this thesis. The rest of this thesis consists of three chapters. The next
chapter describes some basics that will be useful later on. In Section 2.1, we will present
some facts about quadrature and approximation on the relevant manifolds for the circular
average transform, particularly the unit sphere S? and the side of the cylinder T x [—1,1].
We generalize a result from Sloan [50] for the interpolation error in Theorem 2.2. An intro-
duction to the theory of spherical harmonics, which form a complete system of orthogonal
polynomials on the sphere, follows in Section 2.2.

Chapter 3 is about the definition and properties of the circular average transform. At
first, we define the circular average transform in terms of the mean operator on the sphere,
which maps a function defined on the sphere to its mean values along all circles. Then we
construct some maps that connect the circular average transform with the circular Radon
transform and the Radon transform whose inversions have already been subject to research,
see e.g. [B8, 46, 2, 41, 44, 24] and [44, 24], respectively. Using stereographic projection,
we can relate the circular average transform to the circular Radon transform in the plane,
which calculates the mean values of a function defined on the plane along all circles centered
on a line, see Theorem 3.7. Furthermore, we can use orthogonal projection to establish a
connection with the Radon transform, see Theorem 3.8. In Section 3.4, we compute the
singular value decomposition of the circular average transform. Based on this and the fast
spherical Fourier transform [31], we present a fast algorithm for the computation of the
circular average transform in Section 3.5.

Chapter 4 is about the inversion of the circular average transform. At first, we present
the setting we use for the regularization of the problem. Then, in Section 4.2, we show
that the expected reconstruction error can be decomposed in two parts and examine those
parts separately yielding to upper bounds of the error. In Section 4.3, we compute lower
bounds of the error and show that the family of mollifiers (4.37) is asymptotically optimal.
In Section 4.4, we describe an application of the inverse circular average transform in
the context of photoacoustic tomography. An algorithm that computes the estimator fj
numerically is presented in Section 4.5. A final conclusion follows in Chapter 5.

14



Preliminaries

We introduce some common symbols describing the asymptotic growth of sequences. For
simplicity, let (o), and (53;), be two non-zero sequences of real numbers. The sign
“<” means “asymptotically less than or equal to”. We say that a; < 3; for j — oo if
limsup;_,, «;/B; < 1. The symbol “>” stands for “asymptotically less than or equal to”
and is defined analogously. Furthermore, o; ~ 3; if a; < 8; and a; > B;. For the well-
known Big Oh notation, only the order of growth matters. We say that a; € O (p;) if
there exists a ¢ € R such that o; < ¢f;. Moreover, we introduce the Big Theta notation,
a; €O (8;) if a; € O(B;) and b(j) € O (o).

2.1 Quadrature

In this section, we present some basic facts about quadrature, a.k.a. numerical integration.
We first describe the general case and we will come to quadrature on specific manifolds
later. The first part of our considerations is based on [50].

Let Q C RY be either the closure of an open, connected set or a closed smooth manifold of
lower dimension. Let p be a finite measure on €. We usually write dz instead of du(x) if
it is clear which measure is meant. We denote by [Q| = [, 1du(z) the volume of Q. The
space C' () is the vector space of all continuous functions defined on €2 with values in the
complex numbers C. Equipped with the supremum norm || f{|q) = | flloo = Supseq | f(2)],
the space of continuous functions is a Banach space. The Lebesgue space L?(f2) consists
of all measurable functions f : Q — C that satisfy [, |f (z)|* du () < co. Tt is well-known
that L?(f2) is a separable Hilbert space with the inner product

(f.g) = / f@)g@de, foge X Q) (2.1)

and the norm

1 lliage = / F@Pde, fel?(9).

15



2 Preliminaries

Let e,, n € N, be an orthonormal basis of L? (2), that is:
e (€., €m) = Opm, where 0 denotes the Kronecker delta, and

e cvery function f € L?(Q) can be written as Fourier series

F=3 Fn)e

n=1

with the Fourier coefficients
fo) = [ s@entayas. nen
Q

In L? (Q), like in every other Hilbert space, Parseval’s identity

171220 = 32| () Y ferrQ), (2.2)
holds, cf. [57, V.4.9,(b),(vi)]. Let
N
Pnf = Z (f,en) en. (2.3)
n=1

denote the orthogonal projection of the function f € L*(2) onto
Iy (2) =span{e, :n=1,...,N},

where span denotes the set of all finite linear combinations. Let a quadrature formula @)
on €2 be given by

J
Qf =2 wif(z;), [€C(Q) (2.4)
j=1
with the quadrature nodes x; € {2 and the corresponding weights w; € R, j =1,...,J.
The quadrature formula @ is called exact for a set A C L? (Q) N C (Q) if

Qf—/gf(x)dxforalleA.

In case that @ is exact for A = ITy (Q2), we say that @) has the order of exactness V.

Applying the quadrature rule @ to the computation of the inner product (2.1) leads to the
discretized inner product

(f:9)g=>_ f(x)) g(xj)w;, f,g9€C(Q).

Jj=1

It is easy to check that (-,-), is a non-negative sesquilinear form. But, in general, (-,-),
is not an inner product because it lacks the positive definiteness. If the quadrature @) is
exact for {e e, :m,m =1,..., N}, then the discrete orthogonality relation

(ensem)g = Onm, mn,m=1,...,N, (2.5)

16



2.1 Quadrature

holds. Now we can define a discretized version of the orthogonal projection Py from (2.3),

N
ENf = Z <fa en)Q €n. (26)
n=1
The operator Ly is referred to as hyperinterpolation. If the equations

LNf('Tj) - f(xj)v J: 17"'7J7 (27)

hold for all continuous functions f, then Ly is called interpolatory. The following two
lemmas with properties of the discretized inner product and the hyperinterpolation have
been shown in [50, Lemma 5]. There, it was assumed that the functions e,, are polynomials,
but the proof is basically the same.

Lemma 2.1. Let f € C(QQ), N € N, and the quadrature Q) be exact for the set
span{e, &, :n,m=1,... N}.

Then the following statements hold:
1 = Lo g)g = 0 for all g € ITy ()
2. (L[ Lnfhg <[, Ng

Proof. Let g € Iy, then, by the assumed exactness of ) and the discrete orthogonality
relation (2.5),

N
<f_£Nf7g>Q = <f Zl fen enag>
N NQ
= <f Z f €n Qenu Z 9, en en’>
n=1 n/=1 Q
N N
= <faz guen n> Z fen g7€n>Q
n=1 n=1
=0

which shows the first equation. This also implies that

Lyl Lnfg = (FLy)g
{(F: o= [ =£Lnfq
= <f7f>Q_ <f_£Nfaf_'CNf>Q

The second equation follows because (g, g) o = 0 for all continuous functions g. ]

17



2 Preliminaries

Theorem 2.2. Let f € C(Q2), N € N, and the quadrature Q) be exact for
span {e e, :n,m=20,... N}
and for constant functions. Then
IEnf = o < 2yI19 mf IIf = gllow) - (2.8)
Proof. From Lemma 2.1, we obtain the estimate

ILnfll72@ = (Enf Lxf)g

J 2
ij|f($j)|

IN

J 2
> w HfHC(Q)
j=1

2
= Q| /1l -

In the last line, we have used the exactness of ) for constant functions. For any p € ITy (),
we have Lyp = p and, by the above,

IEnf = Fllie@ < IEn (F =Dz + I = Pl
< VIR = pllog) + VIR = Pllog) -

Since this estimate holds for all p € ITy (€2), it implies (2.8). O

2.1.1 The unit interval

Let © = [—1,1] and let p be the Lebesgue measure on the interval [—1,1]. We denote
with I7, (R) the set of polynomials in one variable that have a degree not greater than
n. The orthogonal polynomials in this space are the well-known Legendre polynomials P,,
n € Ny. The following formulas can be found in [1, Section 22]. An explicit expression is
given through Rodrigues’ formula

P, (t) = inn! -i; (=1)"), tel-1.1]. (2.9)

The Legendre polynomials P, are polynomials of degree n with P, (1) = 1. They satisfy
the three-term recurrence relation

Pos(t), n>1, (2.10)

18



2.1 Quadrature

which is initialized by the equations

1
2
/Pn (1) Py (1) dt Soms 1m0 € No, (2.11)
—1

where ¢ denotes the Kronecker delta.

Any function f € L*([—1,1]) can be expanded into a Legendre series

X 2n+1 4
= P, 2.12
F= 3 2 fw) 2.12)
with the Legendre coefficients
1
f(n) = 2ﬂ/f(t)Pn(t) dt, n €Ny. (2.13)
“1

The following inequality holds for the Legendre polynomials, cf. [1, 22.14.9]

1

2
P, (cosf)| <min |/ ———=,1
1P, (cos0)] < ( = _—

), 0<d<m neN,. (2.14)

An asymptotic approximation of the Legendre polynomials is given by Stieltjes’ general-
ization of the Laplace-Heine formula, cf. [51, 8.21], for n — oo

P, (cosf) = \/ECOS ((n\/—l%@ ~ %) +0 ((nsin 0)73/2) , 0<f0<m. (2.15)

2.1.1.1 Quadrature on the unit interval

There are several different choices of quadrature formulas

1

Quf = 3 wnd () = [ £(6) du(t) + Rus 2.10

-1

for some measure p on the unit interval [—1,1]. We call Qs exact of degree n € Ny if
Ry f = 0 for all polynomials f having degree up to n. The m-th Lagrange basis polynomial
I is a polynomial of degree M — 1 which is uniquely determined by 1, (tx) = dmk, m, k =

19



2 Preliminaries

1,...,M. For any pairwise disjoint set of nodes {t,, :m =1,..., M}, we can use the

weights
1

wm:/lm(t)w(t) du(t), m=1,..., M, (2.17)
21

which are also known as the Cotes or Christoffel numbers. Using the so-defined weights,
the quadrature @), is exact of degree M — 1.
The Gaussian quadrature uses as nodes t,, the zeros of the orthogonal polynomials with
respect to p. The Gaussian quadrature is exact of degree 2M — 1, see [52, Section 19].
When g is the Lebesgue measure, i.e. du (t) = dt, the orthogonal polynomials are the Leg-
endre polynomials (2.9) and the corresponding Gaussian rule is called the Gauss-Legendre
quadrature.
The Gauss-Chebyshev quadrature of the first kind [13] is the Gaussian quadrature for the
Chebyshev weight of the first kind du (t) = ﬁ dt. This quadrature uses the Chebyshev
nodes of the first kind
2m—1)m

2M
The Gauss-Chebyshev quadrature of the first kind is denoted by

to! = cos (05)), 65! = m=1,..., M. (2.18)

GOy _ ]\Zmzﬂf (cos (651)), feC(-1.1)). (2.19)

The Gauss-Chebyshev quadrature of the second kind [11] is the Gaussian quadrature for

the Chebyshev weight of the second kind du (t) = v/1 —t2dt. This quadrature uses the

Chebyshev nodes of the second kind
192 = cos (652), 65 = Mm:r m=1,..., M. (2.20)

The Gauss-Chebyshev quadrature of the second kind is denoted by

M
Ge2p_ T - (pC2))? €2
N = mzzjl (sin (052))" f (cos (652)),  feC([-1,1]). (2.21)
Using the Chebyshev nodes of the second kind for a quadrature rule for the Lebesque
measure leads to the Fejér quadrature [18, 55]. The weights (2.17) of the Fejér quadrature
can be expressed through the explicit formula

LM/2] gin ((2j - 1) 9%2>

W = Mi psin (607) 3 25 -1

m=1,..., M. (2.22)
j=1
The Fejér quadrature is exact for polynomials of degree M —1 with respect to the Lebesgue
measure du (t) = dt. The Clenshaw-Curtis quadrature is very similar to the Fejér quadra-
ture: in (2.20), m =1,..., M is replaced by m = 0,..., M + 1 and the weights are chosen
like in (2.17), cf. [52]. There are also explicit formulas for the Clenshaw-Curtis weights.

20



2.1 Quadrature

The asymptotic behavior of the nodes and weights of the quadrature formulas are of inter-
est. The asymptotic distribution of the nodes is the same for Legendre, Clenshaw-Curtis
and Fejér, so the nodes 0, are almost uniformly distributed on [0, 7] for M large, cf.
(33, 12]. Equivalently, the asymptotic distribution of t,, is given by (1 — tQ)_l/ ?,

For the Cotes numbers wy,, the circle theorem of Davis and Rabinowitz [9] states that

]‘:w;nm ~ 1 (00 (2.23)

as M — oo for the nodes and weights of the Gauss-Legendre quadrature. This theorem
was extended to the Clenshaw-Curtis and Fejér quadrature in [37]. Figure 2.1 on page
21 gives a visualization of the circle theorem. A further estimate presented in [14] states
that for every quadrature with non-negative weights w,,, m =1, ..., M, which is exact for
polynomials with degree < 2k + 1, its weights satisfy

T T
wm < (,/1 R |tm|> . (2.24)

Gauss-Legendre quadrature
0.2 Clenshaw-Curtis quadrature

— Vi

| |
-1 —-08 -06 —-04 —-0.2 O 02 04 06 08 1
b

Figure 2.1: Plot of Mw,,/m for M = 10, ...,100 where w,, are the weights for the M-point
Gauss-Legendre and Clenshaw-Curtis quadrature. The red curve is the graph
of the function /1 — #2 to illustrate the equation (2.23) from the circle theorem.

Up to this point, we chose the nodes and computed the corresponding weights to achieve
exactness of the quadrature. Alternatively, we can fix the quadrature weights to be constant
and try to choose appropriate nodes t,,. This is called Chebyshev-type quadrature. When
the quadrature is exact for constant functions, we have >Y_ w,, = fjl 1dt = 2 which
shows that w,, must be 2/M. So we define the Chebyshev-type quadrature rule by

2
Q5if =57 3 £ (tn). (2:25)
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2 Preliminaries

Chebyshev-type quadrature rules with degree of exactness M are known to exist, but,
unfortunately, for M > 10 the nodes t,, are not all in the unit interval, instead t,, €
C\ [-1,1] for at least one m € {1,..., M}, cf. [19]. When we require that ¢,, € [—1,1] for
all m, such quadratures having degree of exactness n exist with the number of nodes M,
satisfying

0.269n% < Ms,_1 < 5.657n?,

which was shown in [32]. One should note that the estimate My, ; = O (n?) for the
Chebyshev-type quadrature is very bad compared to My, 1 = O (n) for the quadra-
ture formulas from above like Gaussian and Clenshaw-Curtis. This is the reason why
Chebyshev-type rules are rarely used in practice for N > 10.

2.1.2 The one-dimensional torus

Another well-described case is 2 = T where T is the one-dimensional torus which is the
same as the one-dimensional sphere. Then, the orthonormal polynomials can be written
as

1 .
0,27] = C, 0 — e ke,

V2r

where Z denotes the set of all integers. The degree of these polynomials is defined by
deg e*() = |k|. The Fourier expansion of a function f € L?(T) is given by

fo)=—= 3 fe, oeT,

k=—o00

with the Fourier coefficients
27
N 1 .
k)= — “hde, k€ Z 2.26
k) = = / f(@)e " do (2:26)

On the torus, quadrature rules with equidistant nodes 27l/L, l =0,...,L — 1, and equal
weights 27 /L are a convenient choice. The quadrature is exact of degree L and the hy-
perinterpolation of degree L — 1 with this quadrature is interpolatory. Applying such
quadrature to the computation of the Fourier coefficients in (2.26) yields to the discrete
Fourier transform. The discrete Fourier transform DFT (f) of a vector f € CF is defined
by

[DET (f)] (k) = Lz_l fDe ™MLk —0,...,L—1. (2.27)

The discrete Fourier transform can be computed efficiently in O (L log L) steps using the
famous Fast Fourier Transform (FFT) which was introduced in [6]. The inverse discrete
Fourier transform (IDFT) is defined by

1L—1A

)=+ 3 F(k)e . (2.28)

k=0
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2.1 Quadrature

2.1.3 Tensor product of Lebesgue spaces

We consider the space L? (T x [—1,1]) with the Lebesgue measure. This is the tensor
product space of L? (T) and L?([—1,1]). The set T x [—1,1] can be imagined as the side
of a cylinder. We define the functions

Voan+1
AT

which are just the products of the Legendre polynomials P, and the exponential function
e**) normalized with respect to the L? norm. The set {B, : n € Ny, k € Z} forms an
orthonormal basis of polynomials in L* (T x [—1,1]).

Bhi: T x[-1,1] = C, (0,t) — e P.(t), neNy, keZ, (2.29)

For quadrature rules on T x [—1, 1], we also use the ansatz of a tensor product. Let

L
Qlg=> wig(o), geC(T)
=1
and
M
Qyh =Y wyuh(tw), heC(-1,1))
m=1

be quadrature rules on the torus and the unit interval, respectively. Then, we define the
quadrature

M L

Qf: Zzwl,mf (O-latm)v fEC(TX [_171]>

m=1[=1
where w; , = wwl.
Proposition 2.3. Let N € N and Q be the quadrature on T x [—1,1] as above, where
Q3 is exact of degree L = 2N, QY is evact of degree M — 1 = 2N, and the respective
hyperinterpolations are interpolatory. Then the hyperinterpolation

N

ENQf O'l, Z Z ank (0[,t )

n=0k=—N

is an interpolation.

Proof. Let N € N. We have

ACN’Qf(O'l,tm) = Z Z f;Bnk (O'l,t )

n=0k=—N
N N M L

= Z Z Z Zwl’m'f ot /) (Ubt )Bn,k(ghtm)

n=0k=—Nm/=11'=1

= > S S S Wil f (0w t) €% Py () €% P, (1)
i O e T
N M N L
2 1 )
= Z TL4—|— wfn,Pn (t ( Z Z wl/ O'l/ - 1kal/elkal) )
n=0 m/=1 —NIU'=1
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2 Preliminaries

From the assumed exactness, we observe that

N M
2n+1
EN,Qf (gl7 tm) - Z 2 winfpn (tm'> Pn (tm) f (0-1, tm’)
n=0 m’/=1
= f (Ulatm) )
which shows that Ly ¢ is an interpolation. O

2.2 Approximation theory on the sphere

In this section, we present some basic results of the approximation theory on the two-
dimensional sphere S? = {x € R®: |x| = 1} which we are going to use later. Here, |z|
denotes the Euclidean norm of the vector . Further information about these topics can
be found in books such as [15] or [7].

A vector & € S? can be written in the spherical coordinates ¢ and ¥ as

cos () sin (9)

x (o, V) = | sin(p)sin(d) |,
cos ()

where ¢ € [0,27) is the azimuth and 9 € [0, 7] is the polar angle. We denote with e; the
1-th unit vector and write @ = x1e; + rses + r3es. In the spherical coordinate system, the
integral of a function f : S? — C on the sphere is parametrized by

T 27

f(x) dw://f(cosgosim?,singosim?,cosﬁ) d¢ sin 9da. (2.30)
SQ
00

The measure of the whole surface of the sphere is 4.

A function f : S? — C is called a radial function with respect to some vector y € S? if
there exists a function g : [—1,1] — C such that f (x) = g ((z,y)) for all x € S?. Since the
surface measure is invariant under rotations, we are free in the choice a coordinate system
and we choose one where y is the north pole (0,0, 1) of the sphere. Then the integral over
f equals

T 2w

REEE / / g (cos ) dy sind df /1 o(t) dt. (2.31)

2.2.1 Harmonic polynomials on the sphere

In order to define an orthonormal basis of polynomials in the space L? (S?), we follow the
approach from [7, Charpter 1] throughout this section.

24



2.2 Approximation theory on the sphere

We denote the set of all polynomials in three variables having degree up to n with I7,, (R?).
A polynomial p : R® — R is called homogeneous of degree n if p is a linear combination
of monomials of degree n. For a multi-index o € N}, a monomial is @ — % = {25225
and has degree |o| = a3 + s + a3. An equivalent definition is the following: we call a
polynomial p homogeneous of degree n if p(ra) = r"p(x) for all x € R* and r € R. Let
2, (R3) denote all polynomials homogeneous of degree n. A polynomial p € &, (R?) is

called harmonic if Ap = 0 where A denotes the Laplacian

0? 02 0?

A= .
ox? + 03 + 03

The Laplacian restricted to the two-sphere is often called the Laplace-Beltrami operator.
Let 7, (S?) denote the set of all harmonic polynomials, homogenous of degree n on R3,
restricted to the sphere. A function Y,, € J%, (S?) is called a spherical harmonic.

Proposition 2.4. The harmonic spaces F, (S*) are orthogonal with respect to n, i.e. if
Y, € 2, (S*) and Y, € 5, (S*) with m # n, then (Y,,,Y,,) = 0 where (-,-) denotes the L*

inner product.

Proof. Since Y,, is homogeneous, Y, (rx) = r"~1Y, (z) for € S? and consequently

Y,

5 (re) = nr"_lYn(a:),

where 0 denotes the partial derivative. Using Green’s second identity, we can conclude

(m—n)(Y,,Y,) = (m—n)/S2YnYmda:

oY, aY,
- y Zm _y Zn
/Sz<n8r m8r>dm

= / (YnAYm — YmAYn) dx = 0.
B1(0)

]

Proposition 2.5. The homogeneous polynomials can be decomposed into harmonic poly-

nomials through
n/2 '
2. (8%) = Dl Aoy (7).

J=0

Proof. We show the result using induction over n € Ny. The basis is clear since 545 = &
and 74 = #,. For n > 2 we note that A&, C ¥,,_, and thus

dim &, < dim /%, + dim £2,,_,.
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2 Preliminaries

From the induction hypothesis, it follows that
n/2 4
| * s (S7) = @ el Hroja (5°).
=0
Because of the orthogonality of the harmonic polynomials shown in Proposition 2.4,
dim &, > dim ¢, + dim &2, _,.

Hence, we have

P =20 ||2|® Pus.
]

With the help of Proposition 2.5, we can calculate the dimension of the harmonic polyno-
mial spaces .7¢;,: The dimension of the space of homogeneous polynomials &7, is

n+2\ (n+2)(n+1)
n >_ P) ’

dim &,, = <

which can be seen by counting the number of three-dimensional multi-indices a with |o| =
n. Then

(n+2)(n+1)—n(n—1)
2

dim 7, = dim &,, — dim £,,_5 = =2n+1.

Let Y, x, k = —n,...,n be an orthonormal basis of #,. Proposition 2.5 implies that every
polynomial on the sphere can be written as a linear combination of spherical harmonics Y, .
Since the sphere is compact, the Stone-Weierstrass theorem states that every continuous
function can be approximated uniformly by spherical harmonics.

Zonal harmonics. For n € Ny, the reproducing kernel Z, : S? x S? — C of 7%, is solely
defined by the reproducing property

Y, (x) = /Yn(y)Zn(:I:,y) dy forally, € 7, = c§S> (2.32)
S2

The existence and uniqueness of the reproducing kernel follows from Riesz’s representation
theorem applied to the linear functional 7, — C, Y, — Y, (y) for every y € S®. Let Y,
k = —n,...,n be an orthonormal basis of 7, then it can be easily verified by inserting
into (2.32) that

k=—n

This shows that the zonal harmonics Z,, are polynomials of degree n in both arguments.
Note that (2.33) is independent from the particular choice of the basis Y, since the
reproducing kernel is unique.
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2.2 Approximation theory on the sphere

Proposition 2.6. For n € Ny and =,y € S?, the reproducing kernel Z, (x,y) depends
only on the geodesic distance of the arguments @ and y. It can be written as a multiple of
the Legendre polynomials by

2n+1

Zy (z,y) = pm

Proof. At first, we show that Z, (x,y) depends only on the geodesic distance of x and y.
We observe that the space .77, is invariant under rotations, because the Laplacian A is
invariant under rotations. Let SO (3) denote the three-dimensional rotation group which
is the set of all 3 x 3-dimensional orthogonal matrices with determinant 1. For a rotation
matrix ) € SO(3), the functions Y,, x(Qo), k = —n,...,n form an orthonormal basis of
H,, so we have Z,, (Qo, Qo) = Z,. For any x,y € S? there exists a rotation matrix @ such
that

P ((z,y), =yeS. (2.34)

Qz = (0,0,1) and Qy = (0, V1— t2,t)

for some ¢t € [—1,1]. Because the reproducing kernel 7, is unique, this shows that Z,, only
depends on t = (x,y) and we write

Fo((z,y) = Zn (2,y) -
The zonal harmonic Z,, is a polynomial of degree n in both arguments. So the function
Zn, (CB, 63) =F, (<33, €3>) =F, (I3>
is a polynomial of degree n in @ and since it only depends on x3, we obtain that F, is a

polynomial of degree n.

Now we show the orthogonality of F),, on the interval [—1,1]. For n,n’ € Ny with n # n/,
we have for some y € S? by (2.31) and (2.33)

/ AWOFDd — /S2Zn(zc,y)Zn/ (@.y) da

n n’

=YY Ve ) [ V@) Vow @) de

k=—nk'=—n'

= 0

where we have used the orthogonality property of the spherical harmonics Y, j, from Propo-
sition 2.4.

Next, we show the normalization of F,,. For any y € S?, we have

JIBOF @ = Y TV @) [ Yos @) Vo @) da

k,k'=—n

n

k=—n

= Y Yk @) = Za (. 9) = Fu(1).

k=—n

27
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Thus, the function 37 |Y;,x|” must be constant. Again by of the assumed orthonormal-
ity of the spherical harmonics Y, ;, we have

i Yor (@) = Z 47T \Ynyk(az)|2 da

k=—n k=—n
2n+1

47
Putting the things together, this shows that the polynomials Fj, are orthogonal on the
interval [—1, 1] with respect to the Lebesgue measure. Because the orthogonal polynomials
are unique, the functions F, must be equal to the Legendre polynomials P, multiplied by

a constant factor depending only on n. The factor can be determined by using F, (1) =
(2n+ 1)/ (47) and P,(1) = 1. O

Combining formulas (2.33) and (2.34), we obtain the so-called addition theorem for spher-
ical harmonics:

" 2n+ 1
Z Y’fhk (33) Yn7k (y) - 471' P’n (<CC, y>) ) 337'!/ € S27 ne NO‘ (235)

2.2.2 Spherical harmonics in spherical coordinates

In the following, we give an explicit representation of the spherical harmonics in spherical
coordinates shown in [40]. Therefore, we use the associated Legendre polynomials

pmki[—l,l]—)R, ne€Ny, k=-n,...,n,

which are given in terms of the Legendre polynomials for £ > 0 by

Py (t) = (—1)F (1—t2)k/2dkp (), tel[-1,1] (2.36)
n,k dtk n ’ s+ :
and ( o)
n—k)!
P, (t) = (—1)f——= P (), te[-1,1]. 2.37
alt) = (F)F P, te L] (2.37)
They satisfy the three-term recurrence relation (see [20, 8.735.2])
V1I—1P, 1 (t) =n—Fk)tPy i (t) — (n+ k) Py (2), (2.38)
which is initialized for £k = 0 by the Legendre polynomials P, 0. The spherical

harmonics Y, € %, (S*) are defined in spherical coordinates by

2 1 —
Yor ((p,0)) =4/ n+ \ Z+k P,k (cos?) e neNy, k=— S n. (2.39)

The so-defined spherical harmonics Y, kK = —n,...,n form an orthonormal basis of
H,;, (S?). Therefore, every function f € L?(S?) can be represented by a Fourier series with
respect to the spherical harmonics as it was discussed in Subsection 2.2.1 for the general
case.
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2.2 Approximation theory on the sphere

2.2.3 Sobolev spaces on the sphere

We introduce function spaces containing functions of a certain smoothness, so-called Sobolev
spaces. More background information about Sobolev spaces on the sphere can be found in
[15, section 5.1].

Definition 2.7. For s > 0, the Sobolev space H* (S?) is defined by
2s
H*(8?) == { f e I* (8) ; 3 Z ( ) Fn k)" < oot (2.40)
n=0 k=
The Sobolev space is equipped with the inner product

=3 Y (nes) T BTER)

n=0k=—n

and the induced norm HfHHs(Sz) =\ /(f, f)s

The Sobolev space (H*(S?),(-,-),) is a Hilbert space. The Sobolev spaces are nested,
H* (S*) C H'(S?) for s > t. The equality H°(S?) = L*(S?) follows directly from the
definition. If s is an integer, then H* (S?) can be thought of as the space containing all
functions that are square-integrable together with their weak derivatives of the order s.

Proposition 2.8 (Sobolev embedding theorem, cf. [25]). If s > 1, the Sobolev space
H* (S?) can be embedded continuously into the space of continuous functions C (S?). Fur-
thermore, there exists a constant ¢ > 0 independent of f such that

||f||C(82) S c ||f| HS(SQ) 5 f c C (SQ> .

Proof. Let f € H*(S?) with s > 1 and « € S%.. Then, by the Cauchy-Schwartz inequality
and the addition theorem (2.35), we have for N € Nj

iihk<>sééﬂMWQﬁmw@@f

N n 1 —2s
< Ml | X 2 o @F (n+5)

n=0k=—n
N —2s
2n+1 1
< _
< Wl | g (74 3)

= |/l

N 1 1 1-2s
e\ Lo (7)o
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The sum converges for N — oo if and only if 1 — 2s < —1, or equivalently s > 1. This
shows that the Fourier series of f converges uniformly to a continuous function provided
s > 1. Since the Fourier series converges to f in the L?-norm, we obtain that

i i f(n7 k) Yn,k (JJ)

n=0k=—n

S | 1 1-2s
e | 2 57 (7 +5)

f (@) =

IA

2.2.4 Spherical convolution

The spherical convolution 1 x f of ¢ € L? ([—1,1]) with a spherical function f € L*(S?) is
defined as

vxf@= [ o))y, zes

cf. [7, Section 2.1]. In this definition, y — ¢ ((x,y)) can be taken as a radial function on
the sphere. The spherical convolution satisfies the following Young inequality:

Proposition 2.9. The spherical convolution x : L? ([—1,1]) x L* (S?) — L?(S?), (¥, f) —
1 * f is bilinear and bounded operator satisfying

14 f||L2(sz) < ||¢||L2([—1,1]) ||f||L2(52) :

Proof. Let ¢ € L*([—1,1]) and f € L*(S?), then, by Fubini’s theorem,
o flieey =[]
< / v (. 9)) f ()] dy dz
S2 J§2
= [ (L el ae) i o aw

2

((z,y)) f (y) dy| d=

Since & — |1 ((z,y))|” is a radial function, we can use (2.31) to evaluate the inner integral

1
[ 10 (@) do - / 90 = 9]0y

Hence,

2 2 2
14 ey < WlEgorny [ 1F @) d.
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2.2 Approximation theory on the sphere

The following theorem is known as the Funk-Hecke formula, c.f. [7, Theorem 1.2.9].

Proposition 2.10. Let ¢ € L*([~1,1]) and Y,, € 5, (S*), then

Y*Y, (x) = . Y ((@,9) Ya(y)dy = ()Y, (z), @S’ (2.41)
with )
Q/AJ(TL) = 27r/1b(t)Pn(t) dt = 2w (1, Pn)L?[—l,l} , n € Np. (2.42)

Proof. At first, we assume that ¢ is a polynomial of degree N € N, so we expand v in
terms of the Legendre polynomials,

From the reproducing property (2.32) of Z,, it follows that

vaVi@) = [ Vawe () dy

= P(n)Y, (z).

Now, let ¢ be an arbitrary function in L? ([—1,1]), then ¢ can be approximated with
respect to the L? norm by polynomials, which follows from the Weierstrass approximation
theorem and the fact that the set of continuous function is dense in L? ([—1,1]). Together
with the boundedness of the convolution shown in Proposition 2.9, this implies (2.41). O

A simple corollary from Proposition 2.10 is the equation

brf =03 D) f (nk) Y (2.43)

n=0k=—n

where f € L2 (S?), ¢ € L?*[—1,1], and ¢ (n) is defined in (2.42). So the spherical convo-
lution of two functions is just the multiplication of their Fourier coefficients. The identity
(2.43) is an analogue to the convolution theorem for functions on the torus.

Convolutions can also be used for approximating functions. Therefore, we convolute a
spherical function f € L?(S?) with a mollifier » € L? ([—1,1]), such that ¢ x f is “near”
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to f. A sequence of such such mollifiers (wj)j cn 18 called an approximate identity if for all
f el (s,
jlggo |f =1 * fHL2(g2) = 0.

An equivalent characterization of approximate identities is that

lim t;(n) = 1 for all n € Ny,

Jj—00
see [15, Section 8.1]. The following theorem gives an upper bound for the approximation.

Proposition 2.11. Let f € H*(S?) for s > 0 and ¢» € L*([—1,1]), then the error of the
approximation of f by ¥ x f is bounded by

Hs (SQ)

1 —(n)
fw*fLma<2§((n+Ds>f|

where ¥ (n) is defined in (2.42).

Proof. From Parseval’s identity (2.2) and the Funk-Hecke formula (2.41), we obtain

8

n

If = * flliaeey = Z L Ux f Y

n=0

= 2
n=0k

8 1L

I M§ |||

f( k) = D(m) f(n. k)|

R PR
CEEL L et

Now we can write the supremum of the first factor in (2.44) left of the sums, insert the
H*-norm of f from Definition 2.7, and we see that

~ 2
1f =% fll 72z < sup W
nENg (n+%)
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Circular Averages on the Sphere

3.1 The mean operator on the sphere

In this section, we describe properties of the mean operator on the sphere M that computes
the mean values along circles of functions defined on the two-dimensional unit sphere
S?. Every circle on the sphere can be described as the intersection of S? with a plane
{y eR?: (x,y) =t} where x € S* and ¢ € [—1,1]. The diameter of the sphere that is
perpendicular to the circle is called the axis of the circle. The endpoints of this axis, i.e.
x and —x, are called the poles of the circle, cf. [27].

The mean operator M : C' (S?) — C (S* x [—1,1]) is defined for every function f € C (S?)
by

s S [ (W) ds(y),  zeSte(-11)

3.1
f(x,+t), zeS? t==+1 (3:1)

/\/lf(:v,t):{

(cf. [7, Section 2.1], [48]) where ds denotes the arc length along the circle {y € S : (z,y) = t},
which has the poles & and —x the radius v/1 — ¢2. So the spherical mean M f (x,t) is just
the mean value of f on that circle. For t = +1, the set {y € S?: (x,y) = +1} consists
only of the single point @ on the sphere, so M f (x,£1) = f (£x) can be seen as the “mean
value” of f on the set {£+x}.

The factor 2mv/1 — t2 in (3.1) is equal to the circumference of a circle {y € S* : (z,y) = t}.
Hence, the mean operator applied to a constant function f = ¢ € C gives a function that is
constant in both & and ¢ and has the same value as f. Moreover, the following symmetry
property of the mean operator on the sphere is easy to check,

Mf(x,t) = Mf(—x,—t), (x,t)cS*x][-1,1].

As a consequence of (2.31), the integration over the whole sphere can be written with the
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3 Circular Averages on the Sphere

help of the mean operator on the sphere as
1
(@) de = 27r/./\/lf(y, ) dt (3.2)
SQ
21

for any y € S%.

Theorem 3.1 ([4, Section 4.2], [7, Section 2.1]). Let f € L*(S?), Y, € ,(S?) and
t € [—1,1], then
(MF (1), Yn) = Pu(t) (f,Ya), n €Ny (3.3)

Proof. Let g € L?*[—1,1] and n € Ny. For a spherical harmonic Y, € J,, we have

gxYu(e) = [ al@u). ) dy

- / /< ) ds) a

= 27T/g (t) MY, (z,t) dt, =z € S”. (3.4)
e
Using the Funk-Hecke formula (2.41), we have on the other side
1
g*Y, = 21V, / g(£) P (1) dit. (3.5)
1

Combining the equations (3.4) and (3.5) yields

/Q(t)/\/lyn(-,t) dt = Yn/g(t)Pn(t) dt.

Because this equality is valid for all g € L?[—1, 1], we can conclude
MY, (1) = Po(t)Y, (3.6)

for almost all ¢t € [—1,1]. Since both sides of (3.6) are continuous with respect to ¢, the
equality must hold for all ¢. Finally (3.3) follows by the Fourier decomposition of f. [

Theorem 3.1 can be seen as a kind of generalization of the Funk-Hecke formula (2.41).
Formally, inserting the § distribution into the Funk-Hecke formula, ¢ = § ((-) — ¢), would
yield (3.3) immediately, but the delta distribution does not lie in L? [—1,1].

The singular value decomposition of the mean operator on the sphere follows from Theorem
3.1,

o n

Mf (@, t) =3 3 F(n,k) Pu(t) Yor (2).

n=0k=—n
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3.2 The circular average transform

Restrictions of the mean operator on the sphere. When considering the reconstruction
of a function f where M f is given, we have more information available than we actually
need. To see that, we assume that we know M f (x, 1) for all & € S%.. Then, by definition,
we have already full information about the function f = Mf(-,1). So it makes sense to
consider the inversion of M when we only know the spherical means on a submanifold of
the image space S? x [—1,1].

A well-known example is the so-called spherical Radon or Funk transform, where we fix
t =0, cf. [16, 8]. In that case, we integrate f along all great circles of the sphere. Obviously,
all odd functions lie in the nullspace of the Funk transform. It has been shown that any
even function f € L?(S?) can be reconstructed from its Funk transform. The translation
operator is a slight generalization to the Funk transform, cf. [48]. Instead of ¢ = 0, we fix
an arbitrary t, € [—1, 1].

Another example was considered in [24, I1.1.C]. For the spherical slice transform, a function
is integrated along all circles passing through the north pole. Formally, the spherical slice
transform of a function f is given by  — Mf (x, (z, e3)) for & € S* with z3 > 0.

In the following, we will take a closer look at the circular average transform, which computes
the integrals along all circles that have their poles on the equator.

3.2 The circular average transform

In order to define the circular average transform, we introduce some notation. Let o € T
be a point on the one-dimensional torus T = [0, 27). Now we denote with

e, = (coso,sino,0) € S?
the point on the equator of the two-dimensional sphere S? with longitude o.

Definition 3.2. The circular average transform T f of a continuous function f € C(S?) is
defined by
Tf(o,t)=Mf(est), (0,t)€Tx[-1,1], (3.7)

where M is the mean operator from (3.1).

The circular average transform 7 f (o,t) computes the mean values of a function f along
the circles

Clot)={yes: (ye,)=t}. (3.8)

We denote with € = {C(0,t) : (0,t) € T x [—1,1]} the set of all these circles. Then ¢
contains exactly those circles of the sphere whose poles are located on the equator of the
sphere.

For (o,t) € T x [—1, 1], the small circles C(o,t) and C(o + m, —t) are equal. With that in
mind, we define the equivalence relation ~ on the domain T x [—1,1] by saying that two
points (o,t) and (0/,t') are equivalent if t = —t’ and 0 = ¢’ + 7 + 2k7 for some integer k.
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3 Circular Averages on the Sphere

Figure 3.1: Red: Circles C'(o,t) for a fixed ¢ = 57/18. The plane with the grid is the
r1—T9 plane.

So the set of circles € is topologically equivalent to the quotient set (T x [—1,1]) / ~. This
set is called a Mobius band, which was first described in 1886, see [39]. It can be described
as a rectangle [0, 7] x [—1, 1] whose lower and upper edge are identified via (0,t) ~ (m, —t)
for t € [—1,1], see Figure 3.2 on page 37.

Proposition 3.3. Let (o,t) € T x [—1,1]. The small circles C(o,t) given in (3.8) have
the parameterized representation

cos o —sinocosp

C(o,t) =<t| sinoc | +vV1—1t2]| cosocose |:9eTy. (3.9)
0 sin

Proof. For = (z1,72,73)" € S?, we obtain from (3.8)

x € C(o,t) & x1c080 + x98ino =t.
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3.2 The circular average transform

T (€
polar
angle o
0 - 3
-1 distance ¢t 1

from the center of C(o, 1)
to the origin

Figure 3.2: Left: Visualization of the Mobius band. The red arrows are identified with
each other.
Right: The Mobius band embedded in R3. (image: CC-BY-SA 3.0 JoshDif)

At first, let o = 0, then the circle C(0,t) is parametrized by
C(0,t) = {(t, V1—1t2cosp, V1 — tzsingo) Cp € ']I‘}.

The circle C(o,t) is just a rotation of C(0,t) with the angle ¢ around the x3 axis. This
rotation can be described with the rotation matrix

coso —sino 0
@Q,=| sinoc coso O
0 0 1

So we have C(o,t) = Q,C(0,t) which shows that

tcoso — /1 —t?cospsino
C(o,t) = tsino ++/1—t?cospcoso |:p €T
V1—1t?sinp

The following basic properties of the circular average transform are easy to see.

1. As a special case of spherical means, the circular average transform preserves constant
functions in the sense of

f=ceC=Tf=c

Furthermore, it satisfies the symmetry

Tflo,t)=Tf(c+m—t), oel0,n], te][-1,1].
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3 Circular Averages on the Sphere

2. Let Ref denote the reflection in the z1—z5 plane, i.e. Ref(zy,zq,x3) = (23,22, —23).
Then T f = T (Reff) for all functions f : S* — C. So, if the function f is odd in the

third component, then its circular average transform vanishes.

3. Equation (3.9) implies the formula

27
Tt (ocost) = o [ £0nale) dio (310)
0
with the integration path
cos o —sino cosp
Yo :T—S*:p>t| sine | +vV1—12| cosocosep
0 sin ¢

One should note that the integration variable ¢ does not represent the arc length
on a circle C(o,t). Instead, the length of the tangent vector is ||, = v1 —¢2.
When we rewrite the integral (3.10) in terms of the arc length, it must be divided by
V1—1t2
Remark 3.4. The family ¢ consists of all circles whose poles are located on the equator ez
of the sphere. One could also define the circular average transform for circles with poles
on any great circle z, & € S?. But since we are free to choose the coordinate system, we
restrict our considerations to the equator.

The following theorem gives a necessary condition for a function to be in the range of the
circular average transform. This range condition is very much like the range condition for
the planar Radon transform that was proven in [24, Lemma 2.3].

Theorem 3.5. For every function f € C (S?), the circular average transform T [ satisfies
the following condition: For every n € Ny, the function

1
Ur—>/7-f(0,t)t"dt, oeT,
1

is a trigonometric polynomial in o of degree n.

Proof. Using (3.2) and (3.7), we observe that that for f € C'(S?) and g € C ([-1,1])

/ Tf(o.t)g(t)dt = / M (e,.1) g(t) dt

_ / Km760>tf(w)g(t) ds () dt

- [ r@atwen) da
= g*fl(es).
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3.3 Relation to planar Radon transforms

Considering the Funk-Hecke formula (2.41), we see that if ¢ is a polynomial of degree n,
then g * f is a homogeneous polynomial of degree n on the sphere. So g f can be written
in terms of spherical harmonics,

n

gxf= Z arYn i

k=—n

for some coefficient vector @ € C*"*!. Inserting the representation (2.39) of the spherical
harmonics shows that f x g (e,) is a trigonometric polynomial of degree n in o. [

3.3 Relation to planar Radon transforms

In this section, we present two well-known transforms that are defined on the two dimen-
sional plane, namely the Radon transform and the circular Radon transform. We utilize
two mappings from the sphere onto the plane to establish a connection from the circular
average transform to these other transforms.

3.3.1 Relation to the circular Radon transform

Definition 3.6. Let f : R? — C be a function on the two-dimensional plane. Then its
circular Radon transform is defined as (see [46])

27
1
Ref(u,r) = 2W/f(u+rcos<p,rsin<p) de, (u,r) € RxR,. (3.11)
0

The circular Radon transform of a function f computes the mean value of a function along
circles having the center (u,0), which lies on the x; axis of the two-dimensional plane, and
the radius r. The circumference of such a circle is 27r. The circular Radon transform of
a constant function fy = ¢ € C is again constant,

2w

1
Refolu,r) :%/cdgz):c, (u,7) € R x R
0

The following theorem shows the relation between the circular Radon transform and the
circular average transform. A similar version of the theorem was proven in [59]. This
method was also used in [58] as one step of inverting the circular Radon transform with
the help of the Funk transform. Before stating the theorem, we define the stereographic
projection of the two-sphere onto the xo—x3 plane by

xT T
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3 Circular Averages on the Sphere

The pushforward metric in R? with respect to the stereographic projection is called the

spherical metric. It is given by

d.TldIL'Q
T2 L2 3.12
14 a3 + 23 (3.12)

see [54, Chapter 1].

Theorem 3.7. Let m(_1,) denote the stereographic projection as above and (o,t) € T x
[—1,1] satisfy t + coso # 0. Then the following relation between the circular average
transform on the sphere and the circular Radon transform in the plane holds:

V1I—=12[Tf](o,1) (3.13)
tsino + 1 —t2coso V19—t J1-—1¢2
= [RC(F)] 3 - ;
1+tcoso—+1—t2sinc t+coso t+coso

where

{f o 7r(,170,0)} (5)
2(1+1€1%)
Proof. Let (o,t) € T x [—1,1]. It is well-known that the stereographic projection maps

circles onto circles. At first, we calculate the radius of the circle m(_;00)Co;. Inserting
v =0 and ¢ = 7 into (3.9) gives us the points

-
Tio = (tcosaZF\/l —t?sino,tsino £ V1 —tQCOSO',O)

which are antipodal on the circle C,;. Then the stereographic projection of these points

is given by
tsino +v1—1t2coso 0
(- T12 = 7 .
(-1.0,0)™1,2 1+tcoso Fv1—sino

Since the circle C,; is symmetric in the x3 coordinate, the circle m(_y o)Cs,; is symmetric
in its second coordinate. So the points m_; )21 and m_; )22 are also antipodal on the
circle m(_1,0,0)Cs¢. Hence the radius r,; of the circle m(_10,0)Cs; is given by

1 tsino ++v1 —t2coso tsino — /1 —t2coso
Tor = ~— —
. 1+tcoso—+1—1t2sinc 1-+tcoso++1—1t2sino

F (&) = . £ ER?

2
V1—¢?

t+coso’

Now we determine the center (uqy,0) of the circle 7(_1,0,0)Cy,, which is just the midpoint
of the two antipodal points x; and x4, so

tsino ++v1 —t?2coso V1 —t2
Uy = — _
* 1+tcoso —+/1—t?sinc t+coso

Equation (3.13) follows by inserting the formula (3.12) of the spherical metric in the plane.
]
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3.3 Relation to planar Radon transforms

The circular Radon transform has been examined in many publications like [46] or [2]. The
latter featured an inversion method utilizing Fourier transforms. The connection shown in
Theorem 3.7 can be used to compute the inversion of the circular average transform. This
approach has some drawbacks, like, it is necessary to deal with functions on the whole
plane instead of the compact sphere.

3.3.2 Relation to the Radon transform

The circular average transform on the sphere is closely related to the Radon transform in
the plane which was first described in [44] (for an English version, see [45]). The Radon
transform R of a function f : R? — C is defined by

Rf (o,t) = / f(x)ds(x), (o0,t) €T xR,
(

eq, )=t

where the integral is carried out with respect to the arc length s. The domain of integration
is the line {x € R?: (e,, ) = t} which has the angle ¢ to the z, axis and the distance ¢
to the origin. The Radon transform can be written equivalently in terms of a line integral

riwn= [ 1(e( e )+ (o ) aw @oeTxr

Let f: S? — C be a function on the sphere. We define its corresponding planar function
f:R?2 = C by

T sl
i ) 1 f To +f T , i tai<l
T1,%2) = —F/——=
2/ x? + 23 1 — 2} — 23 _\/1_$%_$g
0, otherwise.

The corresponding planar function f is like an orthogonal projection of the function f
onto the x1—xy plane. For every point (z1,72) € Bi(0) C R? in the open unit circle

B1(0) = {x € R*: ||z|| < 1}, there exist exactly two points on the sphere whose first two
T

coordinates are equal to those of (x1,z5), namely z* = (xl,xz, +4/1 — 22 — x%) . The

corresponding planar function function evaluated at (x1,z5) is just the average of f (™)
and f (x~). If the function f is even with respect to the x3 axis, then we have

f ()

/23 + 23

- f(xb x2)

for @ = (1, 29, x3) € S2.
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3 Circular Averages on the Sphere

Theorem 3.8. Let f be a function on the sphere which is even in the third component and
f denote its corresponding planar function as defined above. Then the following relation
between the circular average transform on the sphere and the Radon transform on the plane

holds: )
Tf(o.t) = [Rf|(o,t), (o) € T x (~1,1).

Proof. According to (3.10), we have

1 . cos o —cospsino
’Tf(a,t):/f t| sinoc | ++V1—-¢| cospcoso de.
T 0 0 sin ¢

because [ is even in the third component. 7 f can be written in terms of the corresponding
planar function f as

e [ ) e 2

2
\/1—t2—(1—t2) (COSQO) / Sin o COS o

since

S o COS @ COS O

, 2
(52} eva (e e (o) s
Performing the substitution

u = V1—1t%>cosp,

with
du = \/Tt?sm(pdgo
= VI-/1-
V1—182—u? u2
leads to

— 7 cos o —sino
Tf(o,cos0) 1 ra f<t<sina>+u< cos o >>d -
s | Y o B

—/1—t2

Since f vanishes outside the unit circle B;(0) by definition, equation (3.14) becomes

Tf (0,cos0) = / f(x) ds(x).

(.(n0))=
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3.4 Singular value decomposition

The Radon transform and its inversion have been subject to many publications, since it
is used to describe the mathematics of computerized tomography, cf. [24, 49]. Using the
equivalence shown in Theorem 3.8 to compute the circular average transform is somehow
problematic because the corresponding function usually has a singularity along the unit
circle ||z|| = 1. If, for instance, the function f = 1 is constant on the two-sphere, its
corresponding function

f(x) = S S B (0) C R?

/1 —|lz|*

has a singularity along the unit circle because

li flx) = hereas i F(x) = 0.
H;ﬁ%f() 0o wher ”;ﬁllf()

3.4 Singular value decomposition

The following theorem shows the singular value decomposition (SVD) of the circular av-
erage transform 7 in terms of the spherical harmonics Y, ; and the functions B, j from
(2.29). This will be the basis of our inversion algorithm.

Theorem 3.9. The circular average transform, as defined in (3.7), can be extended con-
tinuously to a compact linear operator T : L* (S*) — L* (T x [—1,1]). The singular system

{(Yok, Bug: A(n,k)): neNg, k=—n,...,n}

of the circular average transform consists of the spherical harmonics Y, i, cf. (2.39), the
basis functions

2n—+1

B, :Tx[-1,1] - C, (0,t) — pm

eikaPn (t),

cf. (2.29), and the singular values

_1\(n+Ek)/2 (ntk-1)!! [ (n—k)!
( 1> (n—k)!! (n+k)!? n+k even (315)

0, otherwise.

A(n, k) =

The following singular value decomposition holds for all f € L*(S?),
(Tf,Bnx) =X k)(f.Ynr), neNy, k=—-n,...,n (3.16)

Notation. We are going to use the symbol T for the operator defined for continuous func-
tions in (3.7) as well as for its extension on L?* (S?).
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3 Circular Averages on the Sphere

Proof. Let n € Ny and k € {—n,...,n}. Initially, we compute the circular average trans-
form applied to a spherical harmonic Y,, ;. By the Definition 3.2 of the circular average
transform, the singular value decomposition of the mean operator in Theorem 3.1 and the
definition of the spherical harmonics in (2.39),

TYn,k (0-7 t) = MYn,k (80, t)

w (1) Yok (€5)

To derive a closed formula for P, (0), we start with the case P, (0) = P,(0). According
to the recurrence relation (2.38) for the Legendre polynomials, we have for n > 1

n!!

P,(0) =
(0) 0 :n odd

—(n—1)P,»(0) {(—1)”/2 (DU even
n

and Py (0) = 1. With the recurrence relation (2.38) for the associated Legendre polynomi-
als, we obtain for n, k > 1,

Pk (0) = —(n+k—1)F14-1(0)
n — !
= (-1* Eni—z_gupn—ko(o)
p k- 1+ (=D sy (n— & — 1)
= =D En—k—li!!( 2 )(_1)( ! ((n—k)!!>
n+k—1n(1+(=D)""
_ (_1)(n+k)/2( (:L_fk)‘ll)”( +(2 ) )
and, by (2.37),
Pisl®) = (DR
n—k—1! n+k)/2+k 1+(_1)n7k
_ W<_1)( o ( : )
where we define (—1)!! = 1. Hence,
n+k—1)n(1 )" ) /n
TYui(ot) = (= 1)(n+k)/2( (ka)lﬁ)” - - +1 n—f—:
'Pn(t)eika
s (k=D (X D" [ — )
= () ((n—k)!!> ( 2 ) En+k;!B7k(U’t)
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3.4 Singular value decomposition

With A(n, k) from (3.15) and the orthonormality of Y, and B, , this proves (3.16).
Let f € span{Y,r :n € No, k = —n,...,n}, i.e. f is a polynomial. Then

’szzfi ﬁfo@%k)Ao%k)Bmkanﬂ

n=0k=—n

where the first summation is only over finitely many indexes n.

Since the singular values A (n, k) are bounded independently of n and k, the operator T
is bounded on span {Y,; :n € Ny, k = —n,...,n} with respect to the corresponding L?
norms. So 7 is a bounded linear operator on a dense subspace of L?(S?). Hence, there
exists a unique bounded linear operator L?(S?*) — L?(T x [—1,1]) extending 7. For
simplicity, we denote the extension just by 7. Because the sequence A (n, k) converges to
zero for n — oo, the operator 7T is also compact. ]

Remark 3.10. Double factorials can be expressed in terms of factorials for n even by

n!

on/2 (g)'

I — on/2 (Z)l (3.18)

With these formulas we can derive a representation of the singular values (3.15) without
double factorials. For n + k even,

(n— 1)l = (3.17)

and

A k) = (=1)"R2 (n+k—D" | (n—k)!
| )

-k \ (n+k)

(_1)(n+k)/ (n+ k)! 1 (n—k)!
n+k/2(m)|2nk)/z< ) (n+ k)!

_ (1) Y+ ) V(”_k)!' (3.19)

» () ()

Asymptotics of the singular values. To describe the asymptotic behavior of the singular
values \(n, k), we use the following version of Stirling’s formula. It was shown in [47] that
forn=1,2,...

n! = V2mn" 1/ 2e e () (3.20)
where r,, satisfies
1 1
<rp < — 3.21
2n+1 " 120 (3:21)
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3 Circular Averages on the Sphere

Theorem 3.11. Letn € Ny, k € {—n,...,n}, and n+ k be even, then the singular values
A (n, k) of the circular average transform, cf. Theorem 3.9, can be written as

efink) (3.22)

2 1
b= g

1
3min (n+ k,n — k)

where

IR(n, k)| < (3.23)

Furthermore, for n even, we have

1

)
Ymn

[A(n,n)| ~ n — oo. (3.24)

Proof. By Stirling’s formula (3.20) and the representation (3.19) of the singular values,

V(@ + k)L (n— k)

S GO
B \/ﬂ\/ (n+ k) L2 (k) or n+k)\/ ) FL2 (k) gr(n—F)
o ((n+k)"*5*le #l2) ((n;k)"f*le—ngker<"2k>>
B e (n+k)—2 R -nopt (n— k)%m—"%k“
ﬁ_M+M+TeW+wr(T)T(T)
_ \/7_21'<n+k) V()RR
where (n 4+ H) ( 0 i .
r(n r(n— n n—
R(n, k) = 5 + 5 —T( 5 )—r( 5 )

This shows (3.22).
Next, we derive a bound for the error term R(n, k). We set v = min (n + k,n — k), then

n+kn—kef{v,v+1,...,2n—v}.
With the inequality (3.21) for r, we derive the upper bound

R(nk) = TW**)+T“’*”—r(n;k>—r<n;k>

2 2
1 1 1 1
< 24(n+k)+24(n—k)_6(n+k)+1_6(n+k)+1
SR 1 - 1
T 2y 24 6(2n—v)+1 6(2n—v)+1
1 2

12v 6(2n—v)+1
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3.4 Singular value decomposition

and, analogously, the lower bound

R(n.k) — r(n+k:)+r(n—k:)_r<n+k>_r<n_k>

2 2 2 2
1 1
6(n+k) 6(n—+k)
1 1
7 o o
B 1
-

The last two calculations imply (3.23).
Now let n € N be even. Using the same arguments as in the first part of the proof, we
observe that

(A(n,n)| =

\/ /o (2n)2”+1/2 e—2nar(2n)
Qn\/%nn+1/2e—ner(n)

1
_ 767“(271)/277"(71) )

Y

Equation (3.24) follows using the truncated Taylor series of the exponential function
1/x 1
e’ =140(-], x— o0
x
[
Remark 3.12. To get a better understanding of the error bound (3.23) for the asymptotic

expression (3.22) of the singular values of the circular average transform, let us fix some
v € N. Then

1
IR (n, k)| < 3 n>v, |kl <n-—uw.

Adjoint operator. Let A € L(X — Y) be a bounded linear operator between the two
Hilbert spaces X and Y. Then the operator A* € L (Y — X) satisfying (Af, g) = (f, A*g)
for all f € X and g € Y is called the adjoint operator of A.

Theorem 3.13. The adjoint operator of the circular average transform T : L*(S?*) —
L2 (T x [—1,1]) is given by

T g(a) = /g(a, (,e,)) do. (3.25)
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3 Circular Averages on the Sphere

Proof. Let f € C(S?) and g € C'(T x [—1,1]). Then, by (2.31),

2w 1

(Tfg) — //Tf(a,t)g(a,t) dt do

_ / /Mf(eg,t)g(a,t)dt do

_ L /f 0, (x,e,)) dz | do = (f,T*q).

0

Since the sets of continuous functions are dense in both the Hilbert spaces L?(S?) and
L% (T x [~1,1]), we can conclude (3.25). O

3.5 Computing the circular average transform

In this section, we describe an algorithm for the computation of the circular average trans-
form based on its singular value decomposition from Theorem 3.9. Suppose that we are
given a continuous function f € C'(S?). For the derivation of an algorithm, we assume
that f is a polynomial of degree up to N € N. In the first step, we compute the Fourier
coefficients f(n, k) via the quadrature

Zw]f x;) Y, (x;), n=0,....,N, k=—-n,....n (3.26)

with the nodes «; and the corresponding weights w; for j = 1,...,J. The computation
of (3.26) can be done efficiently with the adjoint Nonequispaced Fast Spherical Fourier
Transform (NFSFT) which was developed in [31]. The adjoint NFSFT is an approximative
algorithm for computing the Fourier coefficients f (n, k) up to degree N given the function
values f (x;). When the number of nodes J is in O (N?), the NFSFT needs O (N2 log? N)
operations. The NFSFT is available as part of the open source NFFT software package
[30].

We want to compute the circular average transform 7 f at some nodes
(o1, tm) € Tx[-1,1], I=1,....,L, m=1,..., M.
From the singular value decomposition in Theorem 3.9, we obtain that

2n+ 1 Z i f n, k) A (n, k) e* P, (t,) . (3.27)

n=0k=—n

O-l7
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3.5 Computing the circular average transform

First we examine the inner sum from (3.27). Therefore, we define the matrix § € CV+U*L
by

)= 3 f(n,k)X(n,k)e*, n=0,...,N,l=1,...,L

k=—n

We choose the equidistant nodes

which is a pretty natural choice on T. When we define f (n, k) = 0 for |k| > n, then, for a
fixed n, we can rewrite S with the discrete Fourier transform defined in (2.27):

Stn,1) = > fnk)A(n,k)e*H/E
k=—n
2n+1

- Z f(n,N —k)A(n,N — k) o 2mikl/Lo2miNI/L

= [DFT (f(n,N = 0) A(n,N —0))] (1)e*™ N/~ (3.28)

So [S(n,1)], is the discrete Fourier transform of the vector [f(n, k) A (n, k)}k multiplied
with an exponential function. For analyzing the computational complexity, we assume
that L, M, N € O(N). In (3.28), we compute N fast Fourier transforms of size L which
leads to a complexity of O (N?log N). If the nodes o; are not equidistant, the FFT can
be replaced by the NFFT (Nonequispaced Fast Fourier Transform) which is of the same
complexity class, see [35].

Now, (3.27) can be written as

2n+1

Z S(n, )P, (t,,) - (3.29)

Ulv

Evaluating the sum in (3.29) means computing the product of the matrices ST and

[P, (tm)]ﬁlo n]\:[:r The computation of this matrix product is done in O (N?) arithmetic
operations. The matrix [P, (¢, )];V 0 T]r\f , can be evaluated using the three-term recurrence
for the Legendre polynomials, which can be done using O (N?) operations. The computa-

tion of (3.29) can be accelerated with the fast polynomial transform algorithms proposed
in [43] which leads to a complexity of O (N 2 (log N )2> steps. Hence, the whole computa-

tion of the circular average transform can be done with O (N 2 (log N )2) operations. For
the case that t,, are the Chebyshev nodes, we can alternatively use the algorithm [21] to
compute (3.29) in O (N2 (log N)* /loglog N) steps.

The following algorithm sums up the considerations in this section.
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3 Circular Averages on the Sphere

Algorithm 3.14. Input: Function values f (z;) of the function f € IIy (S*), a quadrature
rule

J
> wif(x;)
j=1
using the weights w; and the nodes x; € S* that is exact for Iy (S?), and nodes
(o1,tm) € Tx[-1,1), 1=1,...,L, m=1,..., M,

where T f should be calculated.

1. Compute the Fourier coefficients

J
Z‘“ij z;) Yo (x;)
form=0,...,N, k=—n,... n.
2. Compute for eachn =0,...,N the fast Fourier transform
S(n,1) = [DFT (f (n,N = 0) A(n, N — 0))] ()e*" /"

forl=1,... L.

3. Compute the discrete Legendre transform

Tf<27rl > 2n+1ZSnl b)

forl=1,....L, m=1,..., M.

Output: Circular average transform

2
7f<”l ),l:L”wLﬂn:L”wM.
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Inversion of the Circular Average Transform

We consider the inversion of the circular average transform 7 from Definition 3.2. Given a
function 7 f, we want to compute the original function f € L?(S?). As shown in Theorem
3.9, the circular average transform 7 : L?(S*) — L? (T x [—1,1]) is a compact operator.
Therefore, the inversion of the circular average transform is a so-called ill-posed problem.
An ill-posed problem is, loosely speaking, a problem which is overly sensible to small
deviations of the input data. For a more detailed view on ill-posed problems and their
regularization, we refer to [29, 28].

4.1 Regularization

Pseudo-inverse. As a compact operator, the circular average transform is not invertible.
That is why we introduce the concept of a pseudo-inverse. We denote by

R(T)={Tf: fel?(s?)}
the range of the operator 7 and by
N(T)={ferL*(s?): Tf=0}

the nullspace of 7. The singular value decomposition from Theorem 3.9 shows that the
nullspace of the circular average transform is non-trivial, in particular

N(7) =span {Ynx : n € No, [k[ <n, n+kodd}, (4.1)

which is equal to the set of all functions of L? (S?) that are odd in its third coordinate.
The orthogonal complement of N(7) is denoted by

N(T)Y: = {feL*($?) : {f,h)=0,heN(T)}.
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4 Inversion of the Circular Average Transform

We define the generalized inverse or Moore-Penrose pseudo-inverse
TH:D(TH =R(T) @ R(T)" — N(T)*

of the operator T as follows, cf. [29, Section 2.9]. Let g € D(TT) , s0o g = g1 + g2 can
be written as the sum of g, € R(T) and go € R(T)t. The set {f € L*(S?): Tf =g}
is a convex subset of the Hilbert space L?(S?). Hence there exists a unique function
fo € L*(S?) that minimizes the norm [/ 2(s2) on that set, i.e. [|foll 22y < [[fl2s2) for
all f e L*(S?) with Tf = g;. We define

ﬁg = fo-

It is easy to see that 7T is a linear operator. Another direct consequence from the definition
is, that 777 is equal to the orthogonal projection onto N (T)L. Since T is compact, its
pseudo-inverse is unbounded.

Another characterization of the pseudo-inverse uses the singular value decomposition of
the operator 7. For a function g that lies in the domain D (7’*) of the pseudo-inverse, we
have

Fran k) = {A(n, B a(n,k),  A(nyk) #0

0, otherwise,
and thus o ank)
a\n,
= Yok, D . 4.2
T'g ;k;n N, k) kg€ (ﬁ) (4.2)
2|(n+k)

The mollifier method. We use the so-called mollifier method for invere problems which
was introduced in [38]. The idea is to compute a smoothened version of f, namely

vef@= [ i@y /@)y 2es (1.3

for some mollifier ¢ : [-1,1] — R.

Let g € C (T x [~1,1))ND(TT), we want to compute f = TTg. We assume that the mollifier
1) is a polynomial of degree N € N. As in the Funk-Hecke formula from Proposition 2.10, we

denote the Fourier coefficients of the mollifier v with respect to the Legendre polynomials
Py, by

h(n) = QW/z/z(t)Pn () dt, n=0,...,N.

So we can write the mollifier in terms of its Legendre decomposition

vH)=> "I P, te[-11]

n=0
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4.1 Regularization

(cf. Subsection 2.1.1). Thus, by the addition theorem (2.35),
N no
= Z Z @Z)(TL) Ymk (m)Yn,k’ (y)v fE,y 682'
n=0k=—n

With the Funk-Hecke formula (2.41), we see that
v fl@) = | vl@y)f(y)dy
= Y Y W M Y(e), wes
n=0k=—n

This formula also shows that the smoothened solution is a polynomial of degree N, i.e.
Y f € Iy (S?). The mollified solution 1 x f can be expressed in terms of the given
function g, by (4.2) we have

- o n g(n’ k’)
YvxTlg= nzzjow (n) k;n N, k)Yn’k' (4.4)
2|(n+k)

Discrete data. Suppose that we are given the function values of 7 f on the discrete data
points (oy,t,) € T x [—1,1],

Tf(ontn), =1,....L, m=1,....M

We are going to use a quadrature rule on T x [—1, 1], namely,

Qh = ZZwlm (o1, tm), heC(Tx[-1,1]), (4.5)

=1 m=1

cf. Subsection 2.1.3.

For the mollified solution (4.4), we compute the Fourier coefficients

1 27
G(nk) = //g (0,4) By s(o,1) do dt.
-1 0

We replace the integral from the inner product by the quadrature rule () and obtain
<ga Z Z Wimg Ula Bn,k(07 t)
I=1m=1

As in (2.6) for the general case, we denote by

n

Lyg(o,t) Z > (9, Bug)o Burl(o,t) (4.6)

n=0k=—n
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4 Inversion of the Circular Average Transform

the hyperinterpolation onto
IIN (T x [-1,1]) =span{B,x(0,t): n=0,....N, k= —n,...,n}.

Note that, in the definition of the hyperinterpolation, we have made the restriction |k| < n
because the functions B, j where |k| > n do not lie in the range of the circular average
transform, see Theorem 3.5.

We define the discretized regularized solution

fo =1+ T Lng. (4.7)

Noisy data. We assume that the given data ¢ is disrupted by some white noise € which
is specified in the next definition.

Definition 4.1. Let L, M € Ny and (0y,t,,) € T x [-1,1],l=1,...,L, m=1,..., M, be
the nodes of a quadrature as in (4.5). Furthermore, let the random variable ¢ : Ct*M — C
be

1. unbiased, i.e. E (e (I,m)) =0 for all ([, m), and

2. uncorrelated, i.e. E (e (I,m)e (I';m’)) =0 for (I,m) # (I',m'), and

3. has a standard deviation of § > 0, i.e. E (5 (1, m)Q) = 62 for all (I,m).
Then we denote the noisy data by

G (o1, tm) =T f (o1, tm) + (I, m)

and we define the estimator
i =0 (T'Lng") (4.8)

where we use the convention that

L M
Lyg =3 30 S0 o o1 tn) B lon t) B

n=0 k=—n l=1 m=1

This is a standard statistical model for inverse problems, cf. [5]. Note that the estimator
[y also depends on the quadrature ) and the degree N.

4.2 Decomposition of the error

As a measure for the accuracy of the estimator fj of the actual solution f, we use the
mean integrated squared error (MISE). The MISE is defined as

: —E
Lx(s?) <2

MISE (£5, f) = E|

fo—=1

file) - 1@ aa).
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4.2 Decomposition of the error

We want to bound the MISE over some Sobolev balls

F(s,5) ={f € H* (S) "N(T)" : |||

e S S)

for some positive constants s,.S > 0. To be more precise, we are interested in the maximum
risk

sup MISE (f, f). 4.9
fe/(ls)S) (fw f) ( )

The condition that f lies in the orthogonal complement of the nullspace of the circular
average transform is important since the nullspace is nontrivial, cf. (4.1). If this condition
were dropped, we could replace f by f + afy where fo € N(7)\ {0} and a € R. Then
the data T (f + afy) would be exactly the same as T f and, no matter what estimator we
use, the MISE would grow infinitely for o« — oco. Thus, the maximum risk could not be
bounded.

Now it is pretty reasonable to ask for mollifiers ) that minimize the maximum risk. The
maximum risk for the “best” choice of the mollifier is called the minimax risk

inf sup MISE (f5,f), 4.10
YeL?[-1,1] fe,/(ES) (fw f) ( )

cf. [53]. We are looking for mollifiers minimizing the maximum risk asymptotically as N
goes to infinity.

In the rest of this section, we derive bounds for the MISE.

Lemma 4.2. Let N be a positive integer and ¢ fulfill the conditions from Definition 4.1.
Then the expected value of the estimator f;, given in (4.8) is equal to the reqularized solution
fy with exact data from (4.7), i.e

Efy = fo.

Proof. We have for x € S?,

Eff (@) = E([¢x(T'Lyg)] (@)
= ([p+(TLwg)] @) +E ([0 = (T7Lne)] ()

)
>

n L M
= fu() w*ﬁ( > D> > Ee(l,m) By (o1, tm )BM) (z)
n=0 k=—n =1 m=1
= Jfu(=)
because Ee (I,m) = 0 as assumed in Definition 4.1. O

Theorem 4.3. Let f € C(S?), fy be as given in (4.7), and [y be the estimator of f from
Definition 4.1 where ¢ satisfies the conditions from there. Then the following decomposition

of the MISE holds:

]EHf fw (4.11)

||f f1/1||L2 §2)+Ewa f¢

L2(S?) L2(S?)
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4 Inversion of the Circular Average Transform

The MISE consists of the bias term

2
1f = foll 2

and the variance term

E wa fu;

L2(S2)

Proof. We have

E|f- £l

L2(s?) = E H (‘f n Efi) N (fi’ f¢> L2(S2)
_ IEHf Efw o) Efw
—E (2Re (f - EfS, f; — EfS))

L2(S?)

where Re denotes the real part of a complex number. Because the expected value and the
inner product are linear, we observe that

E(f—Ef, f5—Ef) = (f—EfLE(f—Ef))

= (f-Ef5,Ef; —Ef5)
= 0.

The lemma above shows that Efj = f; which finally implies (4.11). ]

We are going to analyze the variance and the bias term of (4.11) separately.

4.2.1 Variance error

Theorem 4.4. Let f € N(T)", N € N, ¢ € L*([-1,1]), and the estimator fi as in
Definition 4.1 using the hyperinterpolation Ly from (4.6). Then the variance term of
(4.11) is given by

2 L M )
ZZ |wlm n,k Ulatm)| . (412)

=1 m=1

E wa - f¢

Yoo | d(n)
2
L2(S?) =0 nE::O k;n A(n, k)

2|(n+k)
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4.2 Decomposition of the error

Proof. By Parseval’s equality and the uncorrelatedness of ¢ from Definition 4.1,
2

EHfTZJ fw 12(S?) = Z Z 7zzwlm5 lm (017 )
n=0 k=—n l 1m=1
2|(n+k)
A~ 2
_ % SRAGEN
n=0 k=-n A(n, k)
2|(n+k)
M
wl,mwl’,m’Bn,k (Ula tm) Bn,k (01’7 tm’)Eg (l7 m) € (l/7 m,)
LU'=1m,m'=1
N n N 2 L M
= ) > vt S |wim B (01, )| (4.13)
n=0 k=-n )\(TL,k) =1 m=1
2|(n+k)
which proves (4.12). O

This theorem shows that the variance error (4.12) is independent of the particular func-
tion f. In fact, the variance error depends only on the variance § of the data error, the
hyperinterpolation £y and the choice of the mollifier .

Proposition 4.5. Let the conditions of Theorem 4.4 hold. If the quadrature @), on which
the hyperinterpolation Ly is based, is exact for the functions ]Bn7k|2, n <N, |kl <n, and
has constant weights, i.e. wy,, = 4n/(LM), then

47?5
L2 S2 Z Z

" sl

Proof. Let wy,, = 47 /(LM) and the quadrature be exact of degree 2/N. Since the functions
B, i, are an orthonormal system and \Bn7k|2 is a polynomial of degree 2n < 2N for which
Q) is exact, we have by Theorem 4.4

L M
Z Z |wl,mBn,k (Ulatm>|2 = Z Z Wi,m, ‘Bnk o, t )l

=1 m=1 l 1m=1
1

47 )
_ LM//|B,1,,€(U,¢)\ dt do
0 —1

LM

¥ (n)
A(n, k)

Ewa fw

(4.14)

and thus )
W (n)
A(n, k)

47r5 n
J, Z )

=0 k=—n
2|(n+k)

Ewa - fw
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4 Inversion of the Circular Average Transform

Remark 4.6. The assumption in Proposition 4.5, that the quadrature weights should be
constant, is rather strict. Let () be the usual equidistant quadrature with respect to o
on the unit arc, and some quadrature on the unit interval as defined in Subsection 2.1.1.1
with respect to t. So o, = 2nl/L. We denote with ¢,, the nodes and with w,, the weights
of the quadrature in the ¢ variable, so that w;,, = 27w,,/L. Using the definition of B,,
n (2.29), the inner sums from (4.13) become

1

L M 2
2
wy mBn k\O1, tm 2 = nt 2 771— w2
) ) 27T m

=1 m=1 m=1

= QLW ( ) Z w2 : (4.15)

e p. (tm)

‘ 2

The numerical computation of (4.15) for n < N suggests that

2

— P ~ — 4.1
(n—i— Q)mzlwm () = — (4.16)

for n and M being sufficiently large which can be seen in Figure 4.1 on page 59. So (4.16)
gives a justification to believe that (4.14) is approximately true for the Gauss-Legendre
and Clenshaw-Curtis quadrature. From Theorem 4.4, we know that (4.16) holds with “="
if the quadrature has equal weights.

In the following definition, we will make an assumption on Ly. That assumption is a
weaker version of (4.16).

Definition 4.7. For N € N, let Ly be an L x M-point hyperinterpolation on T x [—1, 1]
usmg the quadrature Q) with positive weights w;,, > 0 and the nodes (oy,t,,), as deﬁned

n (4.6). We say that Ly is applicable if there exist constants 7,7 € (0, 00) such that the
equation

4
lLMSZZhUlm ik (01,1 )| Sﬁﬁ, n=0,....,N, k=—-n,...,n, (4.17)

=1 m=1

holds for every sufficiently large N, Qx is exact for Iloy (T x [—1,1]), and LM € O (N?)
for N — oo.

Proposition 4.5 shows that equal-weight quadratures are applicable. In the following, we
are going to prove the applicability of a hyperinterpolation based on the Fejér quadrature.

Lemma 4.8 (Fejér quadrature). Let t,, and w,,, m =1,..., M, be the nodes and weights
of the the Fejér quadrature as defined in Subsection 2.1.1.1 and let P, denote the n-th
Legendre polynomial, as usual. Then

Zwm]P —fyM/\/l—tQIP()\ dt, MeN, n<M-1,
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4.2 Decomposition of the error

1,02 UL UL T T 1

0.98 - .

0.96 - .

0.94 |- .

— Gauss-Legendre quadrature
—— Clenshaw-Curtis quadrature

092 L] L] L L1
10° 10* 102 103
n

Figure 4.1: Numerical computation of & Y2 | (n + %) w2 P, (t,)? from (4.15) with N =
1000 and M = 2N, where t,,,w,, denote the nodes and weights of either
the Gauss-Legendre or Clenshaw-Curtis quadrature. This figure suggests that
(4.16) holds for large n. Note that the factor N/2 is equal to the right side of

that equation.

where
0.9028233 = v < vy <7 = 1.1789797, M € N. (4.18)

Proof. The Fejér quadrature uses the nodes (2.20)

tm =cos(0p), On = m=1,...,M

and the weights (2.22)

4 72 sin ((25 — 1) 6,)
m — i em ) m, :17...,M.
wm =y S ); 27 — 1 "

We want to derive an approximation of w,,, therefore we define for M € N the function

sin ((2j — 1) 0)
2j —1

|M/2]
Sy (0) = Z , O¢e(—mm), (4.19)
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4 Inversion of the Circular Average Transform

which is equal to the sum in (2.22) where we replaced 6,, by 6. The function Sy, is the
| M /2]-th partial sum of the Fourier series of the Heaviside step function

9|—>4sgn0 0e(—mm)),

where sgn denotes the sign function, cf. [20, 1.442]. So Sy/(#) converges for M — oo to
the constant 7/4 for all § € (0,7), but this convergence is not uniform. In fact, Sy (6)
oscillates near the boundary 6 € {0, 7} of the interval. The fact that this oscillation does
not decrease even for large M is known as the Gibbs phenomenon. In [26], it was shown
that

M2 in (25 — 1) 6,,)

SN 4.20
2j — 1 4 (420)

j=1

with some constants v, satisfying
Y <VMm <7, m=1,...,M, M eN.

Combining (2.22) and (4.20) yields

7
M+1

Wi, = Yatm Sin (0,,) - (4.21)
Up to the factor yar,,, the weights w,, are equal to the weights of the Gauss-Chebyshev
quadrature of the second kind (2.21), which uses the same nodes as the Fejér quadrature.
Because the M-point Gauss-Chebyshev quadrature of the second kind is exact of degree
2M — 1 for the integral with respect to the measure /1 — t?2dt, and P, is the Legendre
polynomial of degree n, we have for M > n + 1

/|Pn (1) V1 dt = Miln;(sm( )2 P (cos 6,7

Considering this and (4.21) leads to

M 2 2 ™ 2 U . 2 9 2
Sk Pt = (57) 3 (i) e P (cost)]

m=1 m=1

= P T (si 9)2‘ ( ‘9)‘2
E in P,
VMM—l—l ]\4—i—1S " n 105 Um

where ), satisfies the same inequality as yas . [
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4.2 Decomposition of the error

Remark 4.9. The inequality (4.18) is asymptotically sharp for m € {1,2, M — 1, M} and
M — oo while 7/, is considerably nearer to one when m is farther away from the extremal
points 1 and M, which can be seen in [26]. Thus, also vy, is closer to one than the lower
and upper bounds 7 and 7, respectively.

Lemma 4.10. For n — oo,
1
<n+;)/|Pn (t)|2molt:72r+(9(n‘1/2). (4.22)
“1
Proof. By Stieltjes’ formula (2.15), we have

/|Pn(t)|2\/1—t2dt — [ (P, (cos0))* (sin6)? do

St~

sin

= / (:n (COS ((n il %> ' ﬂ) +0 ((nsin 0)3/2)) (sin6)* d@

= 7T2n/<cos<<n+;>9—Z>>2Sin9d0+(’)(n_3/z). (4.23)

0

It is left to evaluate the integral in (4.23). With the formula (cosz)* = (cos 2z + 1) /2, we
observe that

N

<cos<(n+1>e_”>>2 _ COS<(2”+12)9—”) +1

2 4
sin((2n+1)0) +1
5 :

Using this and the integral formula [20, 2.532.1], we do for n > 1 the calculation

/<cos <<n—|— ;) 0 Z))QSinedé’ —

/ (sin ((2n 4 1) #)sin @ + sind) db
(cos (2n0) sin((2n+2)0) o 9>

An 2(2n +2)

N = N

Finally, we calculate the definite integral

™

1 ™\? . 1 [cos(2nf)  sin((2n+2)6) "
/<C08<<n+2>9_4>) oo = 2[ m o 2@ery Y,
0
=1
from which the claimed formula (4.22) follows. O
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4 Inversion of the Circular Average Transform

Corollary 4.11. Let, for N € N, Ly be the hyperinterpolation on T x [—1, 1] based on the
quadrature that is the tensor product of the N—point equidistant quadrature on the torus
and the (N + 1)—point Fejér quadrature on the unit interval. Then Ly is applicable in the
sense of Definition 4.7.

Proof. This follows directly from the previous two lemmas and Remark 4.6. ]

4.2.2 Bias error

With the triangle inequality, we split up the bias error into a smoothing and an aliasing
error,

If = Foll oy < IF = ¥ Fllpae + [0 (F = TiLng)

L2(s?)

Smoothing error. If f € H*(S?) for s > 0, then Proposition 2.11 implies that the
smoothing error is bounded by
) /]

Aliasing error. If the quadrature ), on which Ly is based, is exact of degree 2NN, then
by Theorem 2.2

L —4(n)
1f = fll 2z < sup (W

lg = Lagllrzmao1,yy) < 2V4T genN(inrleH,u) 1f = 9lleerxi—1,1) -
To derive an upper bound for the quadrature error, we define the Sobolev-like space
H3 (T x [—1,1]) as the closure of the set of polynomials

span{B,;: n €Ny, k=—n,...,n, 2|(n+k)}

with respect to the Sobolev-like norm

iy LA

H3(Tx[-1,1]) — > 2 A(n, k)

n=0 k=-—n
2|(n+k)

g1

As a direct consequence of this definition,

1AW rss2y = T 1

s 1
sy rx_1y for all f € H* (S*) nN(T)*. (4.25)

The following two lemmas are taken from [25] where they were proven for the Sobolev
spaces H* (S?) on the two-sphere.
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4.2 Decomposition of the error

Lemma 4.12. For s > 1, the Sobolev-like space H5 (T x [—1,1]) can be embedded contin-
uously into the space of continuous functions C (T x [—1,1]). Let N € N, then there ezists
a constant ¢ > 0 independent of N such that following estimates are valid.

e Forge H5 (T x [-1,1]),

||9Hc(1rx[—1,1]) <cllg| He(Tx[-1,1)» 9 € Hy (T x [-1,1]). (4.26)

e Forge Iy (T x [-1,1))",

1-s
lolleiray < e (N+3)  Nollusens (1.27)
and
||9||Hg(1rx[—1,1}) < (N + ;)S 9] H3(Tx[-1,1)) * (4.28)
o Forge Ily (T x [—1,1]),
1\ 1/2
HgHH%)_(’]I‘x[—l,l}) <c (N + 2) ||g||L2(’]I‘><[—1,1]) : (4.29)

Proof. By (3.15),

n+1i)(n—k)!
)\(n,k):¢< t;)ik)! )Pn,k(()), neNy, k=-n,...,n, 2[(n+k).

From the definition of the spherical harmonics in (2.39) and the addition formula (2.35),
we observe that

Mn, k> = ( 2 P, .(0)?
X AR = 3 S Pu0)
2|(n+k) 2|(n+k)
47 n T |?
= Y0, 2
2n+1 =, #(0:3)
2|(n+k)
47 " N
< Y, 1(0, =
= 2n—|—1k;n +(0,3)
= 1.

Let (o,t) € T x [-1,1] and g € H5 (T x [—1,1]), then, by the Cauchy-Schwartz inequality
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4 Inversion of the Circular Average Transform

and the definition of B, j,

9@ = |33 4(nk) Buulo.t)

n=0 k=-n
2|(n+k)
S T L | TR T
= n e n n, n+ -
n=0 k——n g A(n, k) 4 2
2|(n+k)
> 2n+1 2( 1)23 n 9
< s P,(t - An, k
= ||g|HT(’]I‘><[—1,1]) i | Pa(t))] ”+2 k;n| (n, k)|
2| (n+k)

00 1 1-2s
< Ngllas (rui—1m) Z(n+2) '

n=0

This sum converges if and only if 1 — 2s < —1 which is equivalent to s > 1. Hence, there
exists a constant ¢ > 0 depending only on s such that

19/l < cllgl He(Tx[-11]) 9 € H7 (T x [-1,1]).

This shows the validity of (4.26).

Like in Section 2.1, we denote with Py the L?-orthogonal projection onto Ty (T x [—1,1]).
Similarly to the first part of the proof, we observe that there exists a constant ¢; > 0
independent of N and ¢ such that

Hg _ PNch('ﬂ‘x[fl,l]) = Z Z g (n7 k) Bn,k
n=N+1 k=-n
2|(n+k) C(Tx[~1,1])
00 1 1-2s
< Ngllmg x| 2o (n * 2)
n=N-+1
1 1—s
< ¢ (N + 2) 191 s (rx =111

which proves (4.27). Analogously, the calculation

”g o PNgHH%)_('[[‘X[fl,l]) = Z Z g (n7 k) Bn,k
n=N+1 k=-n
2|(ntk)
1 —S8
< <N + 2) lg = Pngllas coxr-1.1

shows (4.28).
By (3.22), we have for g € ITy (T x [—1,1]),
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4.2 Decomposition of the error

2

N n 1
2 ~
||9||Hg(1rx[—1,1]) - Zo k; g(n, k))\(n,k)
2|(n+k)

1

< 2 supy ———:n=0,...,N, |k| <n, 2| (n+k

< Nolfscany o { ot <, 200+ 1))

1 2
< o (N + 2) HgHLZ(’]I‘x[—LI])
which shows (4.29). O

Theorem 4.13. Let s > 1, f € H* (S2)AN(T)", and g = T f. Furthermore, let for every
N € N, the quadrature used for the hyperinterpolation Ly be exact for Iy (T x [—1,1]).
Then there exists a constant ¢ > 0 independent of f and N so that

1 3/2—s
ooy < C(N3) T Wl

Proof. We first note that, because s > 1, ¢ is continuous and hence Lyg exists. Since
Png € Iy (T x [-1,1]) and Lyp = p for p € II5 (T x [—1,1]), we have LyPy = Pn and

HTT (Lng—9)

HTT (Lng —9)

L2(S?) - ||£Ng - gHHE}(’EX[—l,l])
125 (9~ Prvg) = (9~ Pya)l s e
< ILn(g— PNg)HHg_(TX[—l,l}) +llg - PNQHHg(Tx[—Lu) [(4.30)

Now we examine both terms of the equation (4.30). From (4.28), we observe that that

1 —S
lg = Prgllagruaay < (N +3) 19 = Prgllag oxiory- (1.31)
For the first term of (4.30), we use the Lemma 4.12. Equation (4.29) yields that
1 1/2
12 (9= Pxolugxiny < (N+3) 15 (0= Puolliaraagy - (432
By Theorem 2.2,
1N (9 — PNg)HLQ(’ﬂ‘X[fl,l]) < VAT |g - PNgHC(’JI‘x[fl,l]) : (4.33)
By (4.27), there exists a constant ¢; independent of g and N such that
1 1-s
lg — PNg“C(’]I‘x[—LI]) <a (N + 2) lg — Pyl H5-(Tx[-1,1]) - (4.34)

Combining (4.30), (4.31), (4.32), (4.33), and (4.34) yields
1\ 3/2s
L2(s2) <c (N + 2) lg — ’PNgHHg,(TX[fl,l})
where ¢ is some positive constant. Since Py is a projection, |g — PNgHH';,(Tx[—l,l})
gl

HTT (Lng —9)

<
He (Tx[~1.1])" which finally proves the theorem. ]




4 Inversion of the Circular Average Transform

With this result, we are able to show the following estimate for the aliasing error.

Corollary 4.14. Let the conditions from Theorem 4.13 hold. If ’@Z(n)‘ <1 foralln eN
and f € H (S?) NN (T)*, then the aliasing error is bounded by

1 3/2—s
[T (0= 39 oy S ¢ (N +5) I lren- (4.35)
Proof. This is a direct consequence of Theorem 4.13 and the Funk-Hecke formula (2.41).
O

Combining the decomposition from Theorem 4.3 with the bounds for the variance error,
smoothing error and aliasing error from (4.14), (4.24) and (4.35), respectively, yields that
for f e 7 (s,9),

~ 2
1— 3/2—s
o = (e () S) (430

N n
+60Y D
n=0 k=-—n
2|(n+k)

E|f- s

v ()
A(n, k)

2 L M
Z Z |wlm O-lat )|2

=1 m=1

4.3 Optimal mollifiers

For a positive number s, we define the following family of mollifiers

Vy(n)P, N >0 (4.37)

&N(n)=<1—<7}+%>5>, n=0,...|N|. (4.38)

The so-defined mollifiers 15 are polynomials of degree {]\7 J Later, in Theorem 4.17, we
will show that this family of mollifiers is in a certain way optimal for the reconstruction of
functions f € Z# (s, 9).

Similar to these mollifiers 1, we can define the Dirichlet kernel

Dir_§2"+1
N 47

n=0

b,

of order N € Ny. The Dirichlet kernels are often used for this kind of regularization
introduced in the previous section, but that the Dirichlet kernel oscillates more than that
from (4.37), which can be seen in Figure 4.2 on page 67.

In the following, we will prove the asymptotic optimality of the family {5} 5.
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4.3 Optimal mollifiers

20 I I I
— 1)g(cos 0)
— 1)16(cos )
15 | ir(cosf) ||
10 |- 2
51 .
0 o
0O 05 1 15 2 25 3
n 0

Figure 4.2: The mollifier ¢ 5 (cos ) as defined in (4.38) and its Fourier coefficients, with the
parameters N = 8 (in blue), N =16 (in red), and s = 4. We have also plotted
the Dirichlet kernel for N = 16 in green. It can be seen that the Dirichlet
kernel oscillates way more than ¢5 on the whole interval. For N — oo, both
the mollifiers 15 and wD“ behave like an approximation of the Dirac delta
distribution centered at 6 = 0.

Lemma 4.15. Let ¢ € L*[-1,1], s > 1 and S > 0. Furthermore, let the estimator fg of
the function f € C (S*) and the noise € be as in Definition 4.1, and the quadrature used
for the hyperinterpolation Ly be exact for Iy (T x [—1,1)). If N is sufficiently large, then
there exists an index N* > 0 for which the mazimum risk (4.9) of the estimator fj is
bounded from below by

) N n ,@(n) 2 L M
2,2, = 7 & B L E im0
2/(ntk) o
52
+~78'
(% +3)

The lower bound from (4.39) is the same as the upper bound from (4.36) without the
aliasing error.

Proof. We define the set

N ={N>0:9g5(n) <

¥ (n)] Vn € No} (4.40)
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4 Inversion of the Circular Average Transform

which is not empty because 0 € 4. It is easy to see that .4 is closed. Since the mollifier
Y € L*[—1,1] is integrable, its Fourier coefficients zﬂ(n) vanish as n — oo, so A is
bounded. Hence, there exists an N* = max.#. Now we choose an integer n* € Ny such
that ¢g. (n*) = [@/A) (n*)|. If n* is even, we define the function

. S
P ey e A )

if n* is odd then we replace Y,« o by Y- 1 in the definition of f*. In both cases, f* is in
the orthogonal complement of N(7) and has an H® norm of S. Then, by (4.11),

feS;l(p EHf fw f*_(f*)f/,

The bias term from (4.11) with respect to f* reads
* * (12 * %12
’f fw L) = =177 =¥ * @y = 17 = g * 122

The aliasing error Hw *TH(Tf*— LNT f*) L2(s%)
is a polynomial. Using the Funk-Hecke formula (2.41) and the definition of ¢ 5., we obtain

2
L2(S?) ‘

>E|

L2(S?) —

L2(SZ) wazv* wa* L2(s2)

vanishes if N is sufficiently large since f*

1 = e * [Ny = ZZ (1= by () F (n. k)]
N o\ 2 G2
= (1= g () (e 1
NRY 52

* *(12
= |lf" = ¥x iz -

By the definition of N*, we have ‘w ’ > &N* (n) for all n € Ny. Hence, Theorem 4.4
implies that the variance error of f* with the mollifier ¢ 5. is not smaller than with ¢. [

The following lemma gives us an asymptotic expression of the sum in the variance error

(4.14) for the mollifier ¢5 from (4.37).
Lemma 4.16. Let ¢y the mollifier from (4.38). For N — oo,

2

f:ﬁi Un () g e, (4.41)
2|(n+k)
where -
d, = T (4.42)
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4.3 Optimal mollifiers

Proof. At first, we compute the sum

2

n 1 n
e IR G
k=—n A (TL, kj) 2 k=—n
2|(n+k) 2|(n+k)

12

Z/\/m — 2 dk

T
= —n

8

where we have used the asymptotic expression of the singular values A(n, k) in Theorem
3.11. Now we can insert the Fourier coefficients of the mollifier (4.38) and see that, for
N — oo,

al N N n+1\"\
2 2 2
v(n — ~ — ) n°|l-|=
nior E g = 550 (- (7))
2|(n-+k)

12
| 3,
0\21
3
[\
I/
—_
|
A/
=3
+ |t
o= NI
N——
N

[\
o,
3

12

12(28+3)(s+3>N

After all that preparation, we can finally state our main theorem.

Theorem 4.17. Let s > (1 ++/10)/2, S > 0, and 6 > 0. For every N € N, let Ly be
an L x M-point hyperinterpolation, as defined in (4.6), that is applicable in the sense of
Definition 4.7. Furthermore, let the data error € satisfy the conditions from Definition 4.1
and have the standard deviation §. Then the family {15}y, that was defined in (4.38), is
an asymptotically optimal family of mollifiers for the estimator fj for the inversion of the
circular average transform T of functions f belonging to the class F (s, S). In particular,
for L, M — oo, there exist parameters N (L, M) such that

2 2

~ inf sup E|f — 7
L2(S2) ¢€L2[*1:1]fe9?(13,5) Hf fw

feiiu(E,S) . H /- fd’N(L,M)

L2(S?) :
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4 Inversion of the Circular Average Transform
Furthermore, the minimax risk of the MISE is asymptotically for L, M — oo bounded by

3 —2s
6%d, [ 2sS5%\ =+ 2552\ z+3 2
( ( 52d> +5 (35d> )<LM>

< f E
~ weLI%%ll]feiuss Hf fw

2552 =5 2552 s
(75% (35%) + S° <352d> )(LM) el

Proof. 1t L, M are sufficiently large, then, by Lemma 4.15, there exists an N > 0 such that

(4.43)

N

inf sup E H (4.44)
YeL?[-L1] e 7 (s,5) LQ(SQ

N n 2 52
522 > ZZlem nik (00, )| + ——.

=0 k=n =1 m=1 (N + %)

|(n+k)

The main idea behind the proof of this theorem is, to calculate the the parameter N such
that the variance and smoothing error are about equal and to show that the aliasing error
is asymptotically lower when s is sufficiently large.

We minimize the right side of (4.44) with respect to N and denote the optimal argument
with N (L, M).

Plugging the conditions (4.17) and (4.41) into the equation (4.12) for the variance term
yields

2

L M S2
SN i B (01, t0))? + ——5
=1 m=1 (N—i—l)

N n
*y >
n=0 k=-n
2|(n+k)
62d N3 52
+

In order to minimize the right side of (4.45) with respect to N, we make its derivative with
respect to N vanish:

()
A(n, k)

2

z (4.45)

62d N
2 7—2s—1 _
(—25) SPN~%71 4 YT = 0
62d,
373LM = 2552

Hence, the right side of (4.45) is asymptotically minimized for L, M — oo by

1
- 2552 243
Ny (L, M) = <3752d LM) .
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4.3 Optimal mollifiers

Plugging this value for Ny (L, M) into (4.39) yields the following asymptotically lower
bound of the maximum risk

A

) M(L,M) n wN (L) (n) L M SQ
Py 3 | PR IS S B (o ) .
n=0 2’?(272) (n, k) I=1 m=1 <N1 (L, M)+ %)
n+
3 —2s
2552 '\ =H3 2552 '\ zF3 o

> 2o | o Bl LM)z+5 4.4
=< (75 ds (3’7(52ds> +5 (3”}/52d5> ) ( ) ( 6)

Plugging this equation into (4.44) proves the first inequality of (4.43). From this, we also
see that, for the choice Ny (L, M), both terms of the sum in the right side of (4.45) decrease

of the order (LM)%

As we did above to derive (4.45), we can insert the upper bound for the variance error and
obtain

233 [ S S Bt

5 )| S T
2|(n+k)

0%d,N* 2

(4.47)

which is exactly like the equation (4.45) for the lower bound except that v is replaced by
7. Minimizing the right side of (4.47) with respect to N gives us the argument

1
~ 2552 25+3
Ny (L, M) = (375265 LM) .

Analogously to the derivation of (4.46), we plug Ny (L, M) into (4.47) and observe that

2

N2(ZL:M) Z": ¢N2(LM n) EL: f: 0t B (01t + S?
Y mPn.k s bm ~ 2s
—n —1m= Ny (L, M 1
2]f(n+k) f=tm=t ( 2 (L )+2)
< c(LM)%5 (4.48)

where ¢ is some positive constant. According to (4.46) and (4.48), we have for the real
minimizer N (L, M) that

N(L,M) n 1\7 52

EPSEDV e v ZZlem s (71 tm)[* 4 %
k=—n 1=1 m=1 (N(L,M)—i—%)
2|(n-+k)

e o((LM)*)
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4 Inversion of the Circular Average Transform

and
N (L, M) € © ((LM)75) (4.49)

as L, M — oo.

In the second part of the proof, we derive the upper bound for the maximum risk. By
(4.36), (4.41), and (4.35), we have for f € Z (s,95)

2

E Hf — fi,ﬁ ’ < (SSI\II)O (nf]\ig)s + H@Z)*TT g — ENg) L2(S2)>
+E || fu, — wa L) (4.50)
s \2 >
< (i +e (N + ;)3/2 S) +752£z;\2v3' (4.51)

Now we plug N, (L, M) from the first part of the proof into (4.51) and we see that

_s 2
2552 '\ 243 —s 1\3/?s
< —_— LM)2+3 N+ — 4.52
o S (S<3w2d$> (LMY +c (N + ) S) (4.52)

2552
3y02d,

E|f - £ o
2s+3 _2s
+756%d, ( ) (LM)z+s

We have assumed that LM € O (N?) and

Hence, only those terms in the sum in (4.52) that grow like (LM)™*/®**® play a significant

role as L and M go to infinity. Thus, the aliasing error is asymptotically negligible. This
yields to the upper bound

2

_2s
L }\}IEOO fesg-ll(gs)E Hf o fwlvl(L,M) L2(S2) . (LM) B
3 —2s
2552 \ =3 2582 \ =3
~62d, R [ 4.53
! <3752ds> i (375%) ’ (4.53)

which proves the second inequality of (4.43).

It is left to show the optimality of the family of mollifiers ¢ to complete the proof. When
we insert the optimal value N (L, M) into both (4.44) and (4.51), those two bounds coincide
except for the aliasing term, but since N (L, M) grows of the same order as Ny (L, M), the
aliasing part is again negligible. [
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4.4 Photoacoustic tomography

This theorem is somehow remarkable. It shows that, if we want to minimize the maximum
risk asymptotically over all mollifiers ¢» € L*([—1,1]), it suffices to minimize it over the
family 5 which only depends on one real parameter N > 0. Additionally, this theorem

shows that the MISE decreases of the order (LM)% for a good choice of N (L, M). So,
the higher the smoothness parameter s is, the faster the MISE decreases. For s — oo, we

—2s
have o135 1.

Remark 4.18. Taking a closer look at the last proof shows the following. If we drop the
condition for s and replace it by s > 3/2, then this method is still converging, i.e.

2
= 0.
L2(S2)

li Elf—f
Jm s BT,

This can be seen in (4.52) where it follows from the fact that the aliasing error is in

@) ((LM)3/2_S) and thus the MISE vanishes for L, M — oo. But the aliasing error may be
the dominating part of the MISE if s is smaller than it was required in the theorem.

Remark 4.19. Theorem 4.17 gives us a near-optimal choice N (L, M) for the regularization
parameter N for a function f with [|f||;.g2) = S. In practice, the Sobolev norm of

the solution f is usually unknown, so N, (L, M) cannot be computed as in the theorem.
However, there exist a variety of heuristic methods to choose the regularization parameter
N. A famous one is the L-curve method which was introduced in [23], that consists of
creating a log-log plot of the norm of the regularized solution f,iN versus the norm of the

residual f — fj,ﬁ for different values of N. The resulting graph is usually shaped like the

letter “L” and the the regularization parameter NN is chosen to be at the “corner” of the
graph. An overview on different parameter choice methods can be found in [3].

Remark 4.20. Instead of the mollifier method, we could have also used the approach of
Fourier multipliers. This means that in (4.4) the coefficients Qﬂ(n), that depend only on n,
are replaced by the Fourier multipliers g@(n, k) depending on n and k. So, despite being
very similar, this approach is slightly more general. However, in the case of this thesis, it
would have led to the same results as for the mollifier method. This is, because the shape
of the optimal mollifier 15 only depends on the Sobolev space H® which can be seen in
Lemma 4.15. More precisely, in the definition of the Sobolev norm in (2.40), the Fourier
coefficients f (n, k) are multiplied by a factor that does only depend on n and not on k.

4.4 Photoacoustic tomography

This section is about an application of the circular average transform in photoacoustic
tomography (PAT) (see also [56, 10]). PAT is based on the photoacoustic effect which
states that a medium generates sound waves when absorbing electromagnetic waves. PAT
is about reconstructing an image of the examined object by detecting the pressure waves
outside the object during a time interval. The detected pressure is used to calculate a
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4 Inversion of the Circular Average Transform

3D image of the initial pressure in the object. PAT has several advantages over other
technologies. Optical tomography provides high-resolution images but these are limited
to a low depth of around 1 mm. Ultrasound imaging has a greater depth than optical
tomography while the resolution is lower. PAT combines the high resolution and imaging
depth of the former methods. Furthermore, PAT can excite different molecules at different
optical wavelengths and therefore shows some information about the chemical composition.
Since the 2000s, PAT has found many applications in biomedical imaging including cancer
diagnosis and vascular imaging.

There are two main set-ups for the detectors used in PAT: A common way is to use
piezoelectric crystals that measure the pressure at some points outside an object, but the
resolution of this method is obviously limited to the size of the piezoelectric elements. A
different approach makes use of optic pressure sensors that measure the “integral” of the
pressure along the sensor. We describe a setting from [59] which uses optical sensors that
integrate the pressure along circles. These circles lie on the sphere with their poles on the
equator and can be written as C (o, t) like in (3.8). The detector measures the integrated
pressure along the circles C (0,t,,), m =1,..., M at different times 7. This procedure is
repeated L times and the detector is rotated around the z3 axis each time, so we measure the
pressure integrated along the circles C (0y,t,,), ;I =1,...,L,m =1,..., M for different
times 7.

As shown in [59], the reconstruction of the initial pressure f € C (R3) can be done in two
steps. The first step is basically solving the wave equation. This step gives us the circular
average transform 7, f(o,t) of the initial pressure on spheres rS? with radius r < ry. The
second step consists of the reconstruction of the initial pressure f from its circular averages
for all spheres with radius r < ry.

4.5 Practical computation

The algorithm for the computation of the inverse circular average transform is the transpose
to that of Section 3.5. Suppose we are given a function

g=Tfelly(Tx[-1,1]).

In the first step, we compute the Fourier coefficients
1 1 27
Tf n,k :// o, t) e *op, (1) do dt.
fonk) = = [ [atonem
210

For the numerical computation of 7/'}", we use a quadrature @) from (4.5) with equidistant

nodes l
2
al:%, I=1,...,L=2N+1
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4.5 Practical computation

in the first variable, some arbitrary nodes
tm, m=1,....M

in the second variable, and the weights

2
wl,m_lwmu l:]-) 7L7 m:17 7M
L
and get
_ 1 LM .
Tfn k)= — WimG (01, tm) €7 Dt 4.54
(n, k) NGr: ;mgl (01, tm) (tm) (4.54)
forn=20,...,N, k= —n,...,n. Like we did in Section 3.5, we denote the inner sum in
(4.54) with A(k,m) and see

_ 2r [2n+1 M
TE(n. k) = | ”4: o P (b)) A, ).
m=1

We can rewrite A using the DFT from (2.27)

L-1
Alk=Nm) = Y (01, )@~ 2R/ L 2mIN/L
1=0

= ;)FT g0y, tm)) 2ONEN(BY, k=0,...,2N, m=1,..., M.
[DFT (g(0(), tm)) | ()

For the computation of the DFT, we use the FFT, so the computation of A needs O (N?log N)
arithmetic operations.

The next step is the computation of the Legendre transform

M
TF(n, k) — 25,/2”4; L ST Pt Ak m).
m=1

Using the fast Legendre transform algorithms from [43] or [21], the computation of 7/'? is
done in O (N2 (log N)2> or O (N2 (log N)? / log log N) operations, respectively.

In the next step, we multiply the Fourier coefficients 7/’7 with the inverse singular values
A (n, k)" and the regularization coefficients 1)(n). Before we can do this, we have to project
T f onto the range of T by defining T f(n, k) = 0 for n + k odd or |k| > n. Now we set

Fon k) =X(n, k) ()T f(n, k), n=0,....N, k=—n,...,n.
From the definition,

N n
fo=UxTLNTF =33 fuln,k)Yoy

n=0k=—n
In the last step, we compute the function values of f,;. The computation of O(N?) values

of fy can be done using the NFSFT with O (N ?(log N )2> operations, see [34]. Summing
up these considerations yields to the following algorithm:
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4 Inversion of the Circular Average Transform

Algorithm 4.21. Input: Function values g(oy,t,,) of the functiong =T f € Iy (T x [—1,1])
at nodes oy = 2wl/L, 1 = 1,...,L = 2N + 1 and t,, with the corresponding weights w,,,
m=1,...,M.

1. Compute for each m =1,..., M the fast Fourier transform

I
o
=

A(k = N,m) = [DFT (g(o(), tm) ) "ONE] (k), &

2. Compute the fast Legendre transform

— or 2n+1 X
THn k) ==/ PSS o Pa(tm)A(k,m), n=0,...,N, k=—N,...,N.

dm m=1

3. Multiply the Fourier coefficients with the singular values, compute

fl/J(nv k) =

. A, k) )T f(n k), n=0,....N, k=—n,....n, 2|(n+k)
0, otherwise

4. Compute the spherical Fourier transform

N n
folx) =3 3" fulnk)You(zy), j=1,...,J.

n=0k=—n

Output: Function values fy (x;) of the function v x TTLNT f at nodes z;, j=1,...,J.
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Conclusion and Outlook

Results

Here we are at the very last chapter of this thesis. We have examined the reconstruction of
a function given data sampled from its circular average transform on the sphere. We have
chosen the mollifier approach to construct an estimator and found out that it suffices to
choose the mollifier from the class ¥ (see (4.37)) for achieving the optimal minimax rate
for the error. This means that, for practical applications, we need to consider only the real
number N as a regularization parameter. The existence of such minimax estimators like
15 has been proved before for a more general setting, which differs from ours in the fact
the data function is given in terms of its Fourier coefficients, cf. [5].

To obtain the optimality of 15, we have imposed some conditions on the quadrature
formulas that we used, and we have proved that these conditions are fulfilled for the Fejér
quadrature. Moreover, we have generalized existing estimates of the hyperinterpolation
error for a different domain, namely the side of a cylinder.

Outlook

Since we have proposed an algorithm to compute the circular average transform, computa-
tional tests should be done to confirm our theoretical results numerically. This is subject
to further research.

Another interesting point is the concept of applicability of quadrature formulas, which was
introduced in Definition 4.7. So far, we have only proved the applicability of the constant-
weight and the Fejér quadrature. It is possible that this result could be generalized to
other quadratures like the Gauss-Legendre rule.

In this thesis, we have shown the optimality of the class 15 only for the circular average
transform. Nevertheless, our setting of sampled noisy data can also be used for other inte-
gral transforms on the sphere. It would be interesting to see if (or under which conditions)
this class is optimal for other transforms, too.
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