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1 Introduction

The importance of the Fast Fourier Transform (FFT) can hardly be overestimated. It is the foundation
of many signal and image processing procedures, like filtering or recognition; data analysis, like time
series encoding or correlation or used to solve partial differential equations. The best known algorithm
for the FFT is the one by Cooley and Tukey [20] from 1965, although its origins can be traced back
to Gauf} in 1805. Today it is an omnipresent algorithm for the analysis and manipulation of all kinds
of digital or discrete data.

The FFT permits the fast computation of the discrete Fourier transform giving a decomposition of a
periodic function into a linear combination of complex exponentials. Depending of the user’s point
of view, the FFT either computes an approximation of the classical Fourier transform on the real
line, a function of a certain band-limit on the circle S!, or the expansion of a function defined on a
cyclic group. From here generalisations of the FFT scheme split in several branches, two of which
are important for the upcoming considerations in this thesis, namely the use of arbitrary, in particular
nonequispaced sampling points instead of uniformly distributed ones, and the application of the tech-
niques to other manifolds than the circle or to more general groups, than the cyclic, in particular to
non-abelian groups.

The need for using arbitrary samples in a variety of applications, like e.g. medical imaging with MRI
led to various works on the so-called nonequispaced fast Fourier transform amongst which we like to
point out the work by Potts, Steidl and Tasche on this transform, called the NFFT, that is summarised
in [71]. Other approaches include [12, 26]. In these algorithms, the complex exponentials of the
function’s expansions are efficiently evaluated with a previously chosen target accuracy. They all are
using different approximation schemes which trade run time for the precision of the approximation.
The other branch of generalisations is concerned with the restriction to expand functions in terms of
complex exponentials. These can be exchanged e.g. for orthogonal polynomials or spherical harmon-
ics, see [23, 65, 70, 77].

Even more generally, as functions defined on certain groups have expansions in terms of suitable basis
elements which generalise the complex exponentials in terms of group invariance. Therefore it seems
sensible to examine whether one can efficiently evaluated functions given in these generalised basis
functions. Indeed, fast algorithms exist for many classes of groups, see [62] for a review of the group
theoretic approach to the fast Fourier transform.

Of central interest in this thesis is the fast Fourier transform on the rotation group SO(3), which is
important for a number of applications from various fields. This includes texture analysis [43, 85],
protein-protein docking [15, 54, 76], robot workspace generation [17], or spherical image analysis
[60], to name just a few.

Motivated by these applications, several different techniques have been proposed for computing Fou-
rier transforms on the rotation group SO(3) during the past years. The algorithms to compute such
transforms are based on evaluating the so-called Wigner-D functions D™ for degree { € N and or-
ders m,n = —(, ..., £. The Wigner-D functions yield an orthogonal basis of L>(SO(3)).



Using these basis functions, we can approximate arbitrary functions f € L2(SO(3)) by the finite sum

L ¢

4
fa> Y > frrppem (1.1)
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The evaluation of this sum is called the discrete SO(3) Fourier transform of maximum degree L.
Such a degree-L transform at Q different function samples, or nodes, of f requires O(L3Q) arithmetic
operations in a direct calculation, too much computations under real-world conditions. Finding an
algorithm computing the same result only with less complexity, is the main result of this thesis. We
will introduce two different of them along with a generalisation and a promising application.

There have been previous works that derived fast algorithms for the computation of the above sum.
Most of them are based on rewriting (1.1) into a classical Fourier sum over complex exponentials.
Risbo [73] describes how the Wigner-D functions themselves are expanded into a Fourier sum and
thus evaluates a quadruple sum by means of an FFT leading to an algorithm with O(L*) arithmetic
operations. The algorithm as described there evaluates the SO(3) Fourier transform at O(L?) particu-
lar function samples.

Also, Kostelec and Rockmore [53] discuss an O(L4) algorithm for 813 particular nodes. There, the
acceleration is achieved by exploiting the tensor product character of the SO(3) basis functions and
the particular choice of nodes. They acknowledge that a variation of the Driscoll-Healy algorithm
[23] could improve this to O(L? log2 L), but note doubts about its performance for realistic amounts
of data.

Nevertheless, their idea was pursued in conjuction with this work and combined, for the first time,
with the NFFT by Potts, Steidl, and Tasche from [71] to an approximate O(L? log? L + Q) algorithm
for Q nodes free of choice. This generalises a similar algorithm for the discrete Fourier transform on
the sphere S? as presented by Kunis and Potts [57], as well as Keiner and Potts [51].

The comparison of the different approaches by Potts, Prestin, and Vollrath in [68] showed ambivalent
results. For relatively large transform sizes (roughly L > 512) the asymptotically faster Driscoll-
Healy-like algorithm outperforms the method of Kostelec and Rockmore in a synthetic test scenario.
But unfortunately, a stabilisation scheme that must be employed for numerical stability interferes with
the potential gain in performance under practical conditions. Further considerations, like different
memory requirements, their effect on performance, or the achieved accuracy of both methods, seem
to make it difficult to decide at this point whether one algorithm should be preferred over the other.
Motivated by these results, a new algorithm emerges here, proposing to replace the Driscoll-Healy-
like method with a different one. This approach thereby generalises results established by Rokhlin
and Tygert [77] for the discrete Fourier transform on the sphere S>. The outcome is a new type of
algorithm that, as we will demonstrate numerically, has the potential to remove some of the undesired
properties mentioned above.

This being the main scope of this work, we nevertheless examine two other interesting topics: gener-
alisations and applications of SO(3) Fourier transforms. For the first time, the algorithms for SO(3)
Fourier transforms will be adapted, or rather generalised, to compute Fourier transforms on the group
SU(2) of complex rotations of which SO(3) is a subgroup. The newly introduced SU(2) Fourier trans-
form has potential applications in particle physics [82], or in the computation with pseudodifferential
operators [78].

The applications that merit our special attention here are on one hand, the combination of the SO(3)
Fourier transform with kernel based approximation methods to compute kernel density estimations
from electron back scattering diffraction data, a problem relevant in texture analysis.

On the other hand, we will lay out how the nonequispaced SO(3) Fourier transforms can be used to



1 INTRODUCTION

develop a new algorithm to handle the protein-protein docking problem, an automated procedure that
is widely used to predict how proteins might interact with each other. To understand these interac-
tions, it is essential to determine the three-dimensional structure of the participating proteins. Based
on the analysis on the known structure of proteins, docking procedures calculate the structure of new
formed protein complexes. An essential tool is the Protein Data Bank (PDB) which stores the struc-
ture of around 12000 proteins and protein complexes determined by NMR or X-ray techniques, [11].
Provided with this large collection of structural data single proteins, we formulate the protein-protein-
docking problem as the computation of atomic coordinates of a protein complex out of the atomic
coordinates of the component molecules.

The first automated docking algorithm has been described in 1978 by Wodak and Janin in [92]. Since
then many different approaches to tackle the problem have been proposed, see e.g. [27, 40]. The com-
mon aspect of these approaches is an optimisation problem. The solution space is the set of motions,
i.e. rotations and transformations the molecules can undertake upon formation of new complexes. The
according objective function evaluates the quality of the complex.

We will present a strict mathematical description of the problem including protein descriptions to
compact the textual approaches found in literature. We will demonstrate the non-convex behaviour
of the related objective functions hence motivating the need for a fast and efficient new global search
algorithm. Such an algorithm using the nonequispaced SO(3) Fourier transform and a comparison to
existing similar methods, completes this thesis.

Outline We start in Chapter 2 that is intended as a self-contained introduction to the rotation group.
We collect basic material about the rotation group SO(3) including basic notations, important prop-
erties concerning rotations and their representations by elements of SO(3). We compile different pa-
rameterisations of rotation and provide a convenient overview how these different parameterisations
can be transformed into each other. As an own aspect, we prove basis properties of the parameter-
isations in a constructive manner using the definition of the SO(3) as a group of matrices. We also
lay the foundation for the following chapter on harmonic analysis on the rotation group by relating its
elements to geometric objects and giving a suitable metric on SO(3).

Then Chapter 3 gives a short summary about harmonic analysis on the rotation group SO(3) followed
by the definition of the Fourier transform on SO(3) and its adjoint. We motivate the definition of
integration of rotation dependent functions by deriving of the Jacobian for different parameterisations
of rotations. In Section 3.2, we approach the Fourier transforms on the rotation group from a group
theoretic perspective. The key theorem to these considerations, the Peter-Weyl theorem, will be given
as well as the definition of the matrix elements of unitary, irreducible representations of SO(3). We
will show that they constitute an orthogonal basis in the space L2(SO(3)). By means of these func-
tions, called Wigner-D functions D;*™, the SO(3) Fourier transform arises in Definition 3.2.9 and
consequently we give the discrete SO(3) Fourier transform (NDSOFT) in Definition 3.2.11. We will
then see that computing convolution and correlation by Fourier transforms follows the same lines on
the rotation group as it does in the standard settings.

In Section 3.3, we consider the Wigner-D functions and their decomposition into complex exponen-
tials and Wigner-d functions. Given the relation of the latter to classical orthogonal polynomials,
we are able to state important properties, of Wigner-d functions like three-term recurrence relation,
Rodrigues formula and symmetries. We then examine another close connection between the rotation
group and the two-dimensional sphere by using the SO(3) Fourier transform to compute convolution
and correlation of spherical functions.

A new application, the fast summation of functions on the rotation group is presented in Section 3.5.
The main result is the efficient computation of sums of rotation dependent functions by splitting them



as in Equation (3.35). That way, they can be computed using an SO(3) Fourier transform preceded
by an adjoint SO(3) Fourier transform. In Lemma 3.5.3, we moreover give an error estimate for these
computations. This section’s algorithms have been applied to a problem from texture analysis and are
published in [43]. They have been implemented in C and tested on an Intel Core 2 Duo 2.66 GHz
MacBook Pro with 4GB RAM running Mac OS X 10.6.1 in double precision arithmetic.

Chapter 4 provides the central and most important part of the work as, we present new and efficient
methods to compute SO(3) Fourier transforms at arbitrarily sampled rotations, here. The crucial point
of the presented algorithms is to replace the Wigner-D functions by a product of complex exponentials
such that we can employ the well-analysed nonequispaced fast Fourier transform (NFFT) algorithm
for the computations. Its cost, O(L*log L 4+ Q), is that of a classical three-dimensional FFT plus a
term linear in the number of nodes Q, see e.g. [12, 26, 56, 71] and the references therein. Moreover,
a C subroutine library implementing the NFFT algorithm is available in [49].

In Section 4.1, we will develop two different ways to efficiently compute coefficients of a three-
dimensional standard Fourier series out of given SO(3) Fourier coefficients. Our first approach is
described in Section 4.1.1. It describes new algorithm for the fast evaluation of the so-called Wigner-
d functions at nonequispaced sampling points. It generalises the fast polynomial transform (FPT)
algorithm introduced by [23, 70] which uses a cascade summation based on the three-term recurrence
relations of the respective orthogonal polynomials. This approach will be adopted to the Wigner-d
functions yielding the extended three-term recurrence relation in Equation (4.5). This algorithm is a
first important step to improve the efficiency of the SO(3) Fourier transform. Its implementation in C
is available as a part of the public NFFT subroutine library [49]. We will refer to it as the FWT-C (the
fast Wigner transformation based on cascade summation). A more extensive discussion along with
numerical results and comparisons of this algorithm have been published in [68].

The second proposed approach is the fast transformation of Wigner-d functions based on semisep-
arable matrices (FWT-S) covered in Section 4.1.2. Essential to this algorithm is the transformation
of sums of arbitrary Wigner-d functions into those of Wigner-d functions of low orders m and n as
stated in Equation (4.6) and the application of the differential operator (4.8) to the Wigner-d functions.
There we replace the cascade summation scheme with an approximate technique that is a generalisa-
tion of the algorithms proposed by Rokhlin and Tygert in [77] for spherical harmonic expansions on
the sphere S?>. We show that the matrix representation of this transformation is related to the eigende-
composition of certain semiseparable matrices in Lemma 4.1.3 and Lemma 4.1.5. This enables us to
employ a divide-and-conquer algorithm developed by Chandrasekaran and Gu [16] that we combine
with the well-known fast multipole method (FMM) [38] to the desired fast algorithm.

In Section 4.2, we state the central theorem about the nonequispaced fast SO(3) Fourier transform
(NFSOFT), Theorem 4.2.2. A schematic overview of all steps of the NFSOFT with corresponding
references within this thesis is provided in Figure 4.8.

Numerical results on the proposed new algorithms can be found in Sections 4.1.3 and 4.2.2. There we
also provide numerical results on the fast summation algorithm proposed in Section 3.5. Our conclu-
sion is that both of our methods offer distinct advantages over previous approaches as well as room
for further improvements.

The next big issue in this work, is the generalisation of SO(3) Fourier transforms. Section 5 starts
with the novel consideration of nonequispaced Fourier transforms on the complex rotation group
SU(2) which is motivated by the close relation of the groups SO(3) and SU(2). Again we determine
a set of basis functions for the space L?>(SU(2)) which are a union of the already known Wigner-D
functions and Wigner-D functions for half-integer degrees and orders. We describe the modifications
and adaptions of the algorithms described in Section 4. The main results are the fast transform of half-
integer Wigner-d functions based on semiseparable matrices that is derived in Lemma 5.1.6 for the
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first time and the nonequispaced SU(2) Fourier transform (NFSUFT) itself given in Theorem 5.1.9.
The proposed new algorithm has been implemented in Mathematica.

Another promising generalisation is the Fourier transform on the three-dimensional motion group
SE(3), of which SO(3) is a subgroup. In contrast to SO(3) and SU(2) the motion group is not locally
compact bringing about new difficulties in computing Fourier transforms on this group. The SE(3)
Fourier transform is given in Definition 5.2.11. Its computation has an interesting application, which
we will discuss extensively in Chapter 6, the protein-protein docking.

Chapter 6 starts with a description of the protein-protein docking problem as the prediction of protein
interactions, a central task of structural biology. In this work, we shall focus on the first stage of dock-
ing and present two methods that can be categorised as Fourier-based rigid-body docking. This term
refers to the search strategy on one hand and to the design of the solution space of the underlying op-
timisation problem on the other hand. The textual literature on the protein-protein docking problem is
condensed to a strict mathematical description. We will introduce two choices of objective functions
(6.6) and (6.8). Then, we will demonstrate the difficulties of handling this highly non-convex prob-
lem first in a simplified setting, then in the realistic one. The occurrence of numerous local extrema
motivates the usage of search algorithm at discrete grid points of SE(3).

The application of our nonequispaced SO(3) Fourier transform to the problem is established in Lemma
6.5.4 and the corresponding new algorithm called fast rotational matching is described in Algorithm
2 of Section 6.5. The numerical cost to obtain a solution of the protein docking problem is drasti-
cally reduced here. We conclude our considerations of the docking problem by a suggestion for a
refinement step.
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2 Rotations and the Rotation Group SO(3)

In the first part of this introductory section, we compile some basic facts and introduce notations con-
cerning the group SO(3) of rotations in three dimensions. We will give a definition of both, rigid-body
rotations and the group consisting of such rotations. Moreover, we will introduce rotation matrices
and consider their eigenvalues and eigenvectors. A metric on the rotation group is presented. The
second part continues the observation of rotations by presenting different parameterisations of ele-
ments of SO(3) including axis-angle parameterisation, Euler angles and unitary 2 x 2 matrices. We
show how these different parameterisations can be transformed into each other and give an overview
on how rotations can be composed and inverted in these different parameterisations. We also briefly
consider integration of rotation-dependent functions. If not stated otherwise, most of this section will
be based on [17] or [84].

2.1 Three-Dimensional Rotations

Surely, everybody has an intuitive idea what a rotation is. This section aims to provide a mathematical
foundation of this intuitive idea that allows us to characterise and to compute with rotations. As stated
in the section’s title, we are interested in three-dimensional rotations.

Definition 2.1.1 (Rotation). A rotation of R around the origin 0 € R is a linear map p : R> — R3
with p(v) = Rv and an orthogonal matrix R € R3*3 with det(R) = 1.

The composition p = p; o py of two rotations p;(v) = Ryv and p(v) = Ryv is the map

P:Vi— RzR]V.

1

This can be seen by p(v) = (p2 0 p1)(v) = p2(p1(v)) = RaR;v. The inversion p~* of a rotation

p(v) = Rv is the map

p v Ry

Iand p gives v = id(v) = p~'(p(v)) = p~!(Rv). This is fulfilled for all v if

as composing p—
p~l(v) =R w.

Lemma 2.1.2. Given two different orthogonal matrices with determinant one, their corresponding
rotations are different as well, i.e. Ry # Ry = p; # p».

Proof. The two matrices Ry, R; satisfy Ry lRl # 1, hence, there is a vector v such that
0, (p1(v)) =Ry 'Ryv#v
and therefore p, Lo py £ id. |

By means of this lemma, we will, from now on, identify a rotation p and a matrix R with each other
and refer to R as a rotation matrix.
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Theorem 2.1.3. The set M = {R € R3*3 | det(R) = 1 and RTR =T} forms a group with respect to
matrix multiplication.

Proof. G1) Since det(RjRy) = det(R;)det(Ry) = 1 and (R;R2)T(R;R;) = RI(RIR|)Ry) =
R2T R; =1, we have R|,R; € M = R|R; € M, i.e, closure with respect to matrix multiplica-
tion.

G2) Seeing that multiplication is associative in general, we have R;(R;R3) = (RRy)R3.
G3) Forall R € M, IR = R holds true. As I € M, it is the neutral element of M.

G4) The inverse element of M is given by R~! € M. This is due to det(R™!') = det(R)~! and
(R"HTR™! = (RRT)~! = I. As R is orthogonal, its inverse is R~ = RT.
|

Definition 2.1.4. The group (M, -) is called special orthogonal group SO(3).

Just like we call the matrices R rotation matrices, the group SO(3), which is constituted by rotation
matrices, is called the rotation group. Note also that the rotation group SO(3) is non-abelian. We shall
now consider some properties of rotations, from which we will then deduce some more properties of
SO(3).

Every linear map, and in particular a rotation, is completely described by its action on the vectors v of
length ||v|| = 1, with the Euclidean norm || - || . That is a simple consequence of linearity as v = ||v||e
with [le[| = 1 with p(v) = [|v[[p(e).

Lemma 2.1.5. Given three unit vectors u,v,w € R3, a rotation preserves
i) the length of a vector v, i.e., ||p(V)|| = ||v],
ii) the angle between two vectors v and w, i.e., v-w = p(v) - p(w),

iii) the orientation of three vectors u, v, w, Le., det([u, v, w]) = det([p(u), p(v), p(w)]),
where [u, v, W] denotes a matrix, the columns of which are given by the three vectors, u, Vv, w.
Proof. We have for

i) el = [Rvl| = v/ (RV)T(Rv) = V¥TRTRv = VvTv = |Iv],,

ii) p(v) - p(w) = (Rv)T(RW) = v RTRW=v'w =v-w,

iii) and finally
det([p(u), p(v), p(w)]) = det([Ru, Rv,Rw]) = det(R[u, v, w]) = det(R)det([u, v, w])
= det([u, v, w]).
|

The following lemma will show that the properties (i)-(iii) from Lemma 2.1.5 suffice for a linear map
p to be a rotation. Actually (i) is even an immediate consequence of (ii) when setting v = w.

Lemma 2.1.6. A linear map p fulfilling the properties (i) — (iii) of Lemma 2.1.5 for all unit vectors
u,v,w € R3 is a rotation.

10
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Proof. Let R € R**3 be the matrix of the linear map p. An angle preserving transformation described
by the matrix R satisfies

viw=(Rv)"(Rw) = v'R"Rw
forall w € R3. Hence, v = v RTR must hold true for all v € R? which is only the case if RTR =1,

i.e., R is orthogonal.
If the matrix R, moreover, describes an orientation preserving transformation, it satisfies

det([u, v, w]) = det([Ru, Ry, Rw]) = det(R)det([u, v, w]).
Obviously, for arbitrary u, v, w € R?, the equation only holds true for det(R) = 1. |

Consider v to be an eigenvector of the rotation matrix R. By means of the length preservation (Lemma
2.1.5 1)), it fulfils ||Rv|| = ||v|]|. Therefore, we get by ||[Rv|| = [Al|[v|| = ||v|| that all eigenvalues of R
have absolute value one, i.e., |A| = 1. Since R is a real-valued 3 x 3 matrix with 1 = det(R) = A{AzA3,
we get one real eigenvalue A; = 1, a pair of conjugate complex eigenvalues A, = A3 and hence
MA3 = 1. This yields Ay = 1/A3 = eF% with w € [0, 7.
The eigenvalues of rotation matrices only vary in the argument w, which can be uniquely determined
by the equation

r(R) =1+ ¢® +e 'Y =14 2cos w. 2.1

Note that the case w = 0 leads to A} = A, = A3 = 1. Taking a closer look on this case, we find that

3
due to the normalisation of its columns, any orthogonal matrix R = (gi; )i j—1,3 satisfies Z g% =1
j=1
fori=1,2,3, and hence, |91,j| < 1. If its eigenvalues are equal to one, we conclude from

3 3 3 3
2D g=3=) N=uR)=) g
i=1j=1 j=1

j=1

that all non-diagonal elements of R are zero, while the diagonal elements are one, i.e., R = L.
Next, we shall use the angle w to transfer the concept of distance to SO(3).

Definition 2.1.7 (Distance on SO(3)). Given R € SO(3), we denote the angle of the rotation R by
R| = w with
tr(R) — 1

2
and 0 < w < 7. The distance between two rotations Ry, Ry € SO(3) is defined as the angle of the
rotation Rle_l that transforms Ry into Ry, i.e., Rle_l ‘

CoOsSw =

In literature, e.g. [14], we also find the angle of rotation to be called absolute value of the rotation.
Later on, in Lemma 2.2.9, we shall see that the just defined distance is indeed a metric on SO(3).
Using elements of SO(3) to represent three-dimensional rotations has several computational advan-
tages. Performing a rotation becomes a simple matrix-vector multiplication. By means of a matrix
multiplication we cannot only compute a sequence of several rotations, but also combine rotations
with other linear transformations like translation or scaling, which can be described by matrix-vector
multiplications, too.

But for the applications we have in mind, this representation is not always convenient. Therefore, we
introduce different ways to parameterise rotations in the next section. A central thought to this is that
any element of SO(3) can be uniquely described using three parameters which are, in case, the entries

11



2 ROTATIONS AND THE ROTATION GROUP SO(3)

of a rotation matrix.

A rotation matrix R = [gy, g», g3] where each vector g; € R3 fori=1,2,3 represents a column of the
matrix, has nine entries. But they can not be chosen freely as we impose certain constraints on them.
As R is orthogonal, we have g; - g; = d;; for i,j = 1,2,3. As the inner product is commutative we
have six constraints for the nine entries of R. This reduced the number of freely eligible entries of R
from nine to three. The condition det(R) = 1, will reduce the possible choices of the matrix elements
but not their total number. We will refer to the three eligible entries as the three degrees of freedom in
a rotation.

Just as the rotation matrices, the parameterisations of rotations in the following section also need to
have three degrees of freedom; they will just be described in a different way.

2.2 Parameterisations of Rotations

In this section, several parameterisations of rotations are reviewed from [84, Sect. 1.4] and [17, Sect.
5.4] and will be discussed in more detail.

Axis-Angle Parameterisation We start with the maybe most intuitive way to describe a rota-
tion, i.e., by means of a rotation axis around which the rotation takes place and a rotation angle that
describes how much the object is rotated.

Definition 2.2.1 (Axis of a Rotation). Let a rotation be described by the matrix R = (gjx)j k=1....
SO(3) with R # 1. We define the axis of the rotation to be the normalised eigenvector r to the
eigenvalue A =1 of R.

Note that we excluded the case R = I in this definition. This is due to the fact that R = I has a three-
fold eigenvalue one and therefore no uniquely determined normalised eigenvector to this eigenvalue.
While Definition 2.1.7 gives a formula to retrieve the rotation angle out of a rotation matrix, we give
the following lemma for a computation of the rotation axis. Again the case R = I is excluded but still,
the rotation angle of this matrix can be determined and yields w = [I| = 0.

Lemma 2.2.2. Let r be the axis of the rotation R = (gjx)j k=123 € SO(3) withR # Land letv € R3.
Then r is given by

923 — 932
r = mv with v= | g31 — g13
Jgi2 — 921

Proof. Let u be an eigenvector of the rotation matrix R to A = 1, we have Ru = u. Multiplying this
with RT we obtain u = RTu. Combining the two yields (R—RT)u = 0. Hence foru = (1, us, u3) ",
we have

uz2(g12 — go1) —us(g31 — gi3) =0,
u3(g23 — g32) —wi(gi2 — ga1) =0,
ui(g3r — g13) —uz(g23 — g2) =0.

This is solved for arbitrary multiples of u = (g23—g32, 931 — 913, g12— 921 )T = v. By Definition 2.2.1
the rotation axis r is the normalised eigenvector to the eigenvalue A = 1 and hence, normalisation of
v proves the lemma. |
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2.2 PARAMETERISATIONS OF ROTATIONS

Now, we investigate some special sets of rotations. We denote the set Z = {Z € SO(3) | Ze, = e,}
of all rotations conserving e, = (0,0, 1)T.

Lemma 2.2.3. Every rotation Z. € Z fulfils

cosy —siny O
Z=|siny cosy O
0 0 1

for somey € [0,2m).
Proof. LetZ = (zjk)jx=123- As Ze, = (213,223, 233) " = e,, we immediately obtain z;3 = zy3 = 0

and z33 = 1. Frome, = Z'e,, we additionally get z3; = z3p = 0.
Since now Z is orthogonal having determinant one, the matrix

<Zn 212> c R2%2

Z21 Z22

formed by the remaining entries of Z is an orthogonal matrix with determinant one, too. In fact, it is
an element of the group SO(2), defined completely analogous to the SO(3) as the group of orthogonal
2 x 2 matrices having determinant one.

In the same manner elements of SO(3) describe rotations in three dimensions, an element of SO(2)
describes a planar rotation, and we have

(zu 212> _ (cQSy —s1ny> € SO(2)
Z1 zZ2 siny  cosvy
for some y € [0,2m). [ ]

Note that, in fact, Z is a subgroup of SO(3) that is isomorphic to SO(2).

Remark 2.2.4. If we compute the rotation axis and angle of an element Z € Z, we see that for
vy € [0,71) we have r = e, and w =y, while fory € [m,27) we have r = —e, and w = 27T — .

Remark 2.2.5. Analogously to Lemma 2.2.3, we can show that for e, = (0, 1,0)T the set
Y ={Y € SO(3) | Ye, = ey} contains the rotations

cosp O sinf
Y= 0 1 0
—sinfp 0 cosf

for B € 0,2m).

Corollary 2.2.6. Given a rotation axis v, a fixed rotation matrix U € SO(3) with Ue, = r, then every
R € SO(3) with Re, = r can be decomposed into R = UZ, for some Z € Z.

Proof. A rotation R with Re, = r satisfies U'Re, = e, and therefore Z = UTR € Z. Thus, we have
R = UZ for some Z € Z. [ |
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2 ROTATIONS AND THE ROTATION GROUP SO(3)

a) b) c)

Figure 2.1: In a) we see an arbitrary rotation axis r(¢,8) € S? which is rotated about the angle ¢
around the z-axis. The resulting new axis (0, 0) is rotated in b) around the y-axis to point
to the north pole of the sphere. The axis r has now been rotated to the z-axis. Then we
perform a rotation about w around this axis. After this, the two rotations about 6 and ¢
will be reversed, leading, in c), to the actual rotation described by r and w. This gives the
formula from Lemma 2.2.8.

In fact, UZ is a left coset of the subgroup Z in SO(3). The set of all such cosets is isomorphic to the
two-dimensional unit sphere
S*={xeR|[x| =1}

As a rotation axis r € R satisfies |[r|| = 1, we have r € S2. Any vector r € S?, and in particular rota-
tion axes, with given Cartesian coordinates r = (rq, 13, 13)T can be rewritten in spherical coordinates
r = (@, 0) where the angles 0 € [0, 7] and ¢ € [0, 27t) denote the latitude and the longitude of the
point r on S?, respectively. For r% + T% > 0, we have

arccos \/% forry > 0,
T T
e and O = arccos r3.

21— arccos —=—= forry <0,
T1+T2

If ry =1, =0, the longitude ¢ of the point r is not uniquely determined. In reverse,

T sin O cos @
T = sin O sin @
T3 cos

holds true.

Definition 2.2.7 (Axis-Angle Parameterisation). Given a rotation axisr = (@, 0) € S? and a rotation
angle w € [0, 7], we define Rp(w) € SO(3) by

Ri(w) = Re,(@)Re, (0)Re, (W)R; (O)R; ().

¢y

In the notation of Definition 2.2.7, we can denote all elements of the set Z from Lemma 2.2.3 by
Re, (w).

Lemma 2.2.8. Given a rotation axis v = r(@,0) and rotation angle w, a rotation R € SO(3) is
uniquely determined by R = R (w).

14



2.2 PARAMETERISATIONS OF ROTATIONS

Proof. By Definition 2.1.7 and (2.1), the rotation angle w uniquely determines the eigenvalues of R
as A = 1l and Ay = 1/A3 = eF® with w € [0, 7).

The matrix of a rotation with rotation axis r, satisfies Rr = r. By Corollary 2.2.6, the rotations UZ
with a fixed U satisfying Ue, = r and an arbitrary Z € Z are all rotations fulfilling r = UZe,. Hence,
we have RUZe, = UZe, and Z"U'RUZe, = e,.

The matrix A = ZTUTRUZ € Z has the same eigenvalues as R. By Lemma 2.2.3, we get

cosy —siny O
A= |[siny cosy O
0 0 1

with y € [0, 271). Its spectral decomposition is given by A = VDV'. Since the eigenvectors of A are
known, we find with Remark 2.2.4 that

z z 0 e 0 0
V=|—iz iz 0| andD=| 0 e '® 0
0 0 1 0 0 1
. 1 . . . .
with z = —— and the rotation angle w. Note, that for y € [7m,27), the rotation axis —e, is an

V2

eigenvector as well as e, itself.
Since A € Z, we have A = ZAZ" and we can conclude

R=UZAZ'UT —UAUT = U (VDVT) U" = (UV)D(OV)"

as U = U. We obtain the eigenvectors of R in UV independently of Z € Z. Having the spectral
decomposition of R it is uniquely determined. |

A geometric interpretation of Definiton 2.2.7 and Lemma 2.2.8 specifying the rotation axis is the
following. The rotation axis is invariant under rotation about this axis. Converting r into Cartesian
coordinates gives r = (sin 0 cos @, sin 0 sin @, cos G)T. This vector satisfies R;Fy (G)R;FZ((p)r = e,.
By Re, (w)e, = e, we can verify

(Re.(@)Re, (0)) Re, (@) (RE, (OR (@) ) r =Rr =,

i.e., that r is the rotation axis of R. This idea is also depicted in Figure 2.1.
Let us now list a few more useful facts about the axis-angle parameterisation. Given two rotations
Ry, (w1), Ry, (w2) € SO(3), the combined rotation Ry(w) = Ry, (w; )Ry, (w2) is determined by

. W wr 4 s wr w1 i w1 (60))
r = SIN—COS—— Iy +SIN—COS— 1T +COS— COS — I X I
2 2 2 2 2 2 ’
w wi wy . w1 . Wy 2.2)
COS— = C(COS— COS —— — SIln — SIn —7rj - I'p. .
2 2 2 2 2

This can be verified using Definition 2.2.7. For the identity element R.(w) = I of SO(3), we get by
Definition 2.1.7, w = 0 for the rotation angle while the rotation axis is not uniquely defined. In fact,
R;, (0) = I'holds true for any rotation axis ry € S?.

The back rotation to Ry (w), i.e., the inverse element, is given by R_(w).

The axis-angle parameterisation of rotations helps us to verify the following property of the rotation
group SO(3).
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2 ROTATIONS AND THE ROTATION GROUP SO(3)

Lemma 2.2.9. The distance between two rotations, cf. Definition 2.1.7, defines a metric on SO(3).

Proof. Let Ri,R,,R3 € SO(3) describe rotations. Let the rotation angle and rotation axis of the
combined rotation R; Ri—1 fori,j = 1,2,3 be denoted by w; ; and ry j, respectively.

i) The identity of indiscernibles follows from w;, =0 < RyR; ' =1 R; =R,.

ii) As the trace of an orthogonal matrix and its inverse, i.e., its transposed, are equal, symmetry of
the distance is shown by tr(RzRfl) = tr((RzRfl)T) = tr(Rlel) S Wiy = Wa.

iii) The rotation R3R1_1 can be rewritten as the composition R3R1_1 = (R3Ry ])(Rle_l ). Its
rotation angle w 3 is determined by

cos D13 _ cos P12 cos w23 sin @12 sin 23 r r
— = — —Q — —( TI12-°I3,
2 2 2 2 2
cf. (2.2). As|ri2 - 123| < 1, we have
Ccos D13 > CcOoS W12 cos 23 — sin ad sin W23 _ cos M
2 7 2 2 2 2 2

which proves the triangle inequality w3 < w2 + wa3.

Euler Angle Parameterisation In the axis-angle parameterisation, we had three degrees of free-
dom to describe a rotation uniquely, the angle w and the two spherical coordinates ¢, 0 to denote the
rotation axis r. Now, we use a different way to parameterise these three degrees of freedom, namely
we choose three successive rotations about independent axes and use their absolute values to charac-
terise a rotation. As any triplet of rotations about fixed axes can be used to uniquely describe arbitrary
rotations as long as two consecutive rotations have linear independent axes, there exist different con-
ventions for choosing those axes, e.g. [84, 91] use a rotation around e, followed by a rotation around
ey and another rotation around e, while [17] use e, for the second rotation instead of e,. Here, we
shall define Euler angles as follows.

Definition 2.2.10 (Euler Angles). Given three angles «,y € [0,27) and B € [0, 7, a rotation matrix
R(«, B,7v) is given by

R(O(9 B,'Y) = ReZ(O()Rey (B)Rez (Y)

The three angles «, p and 7y are called Euler angles of the rotation R(«, ,7v), (see Figure 2.2).

Throughout this work, we use this convention for the Euler angles. Whenever occurring, we set
o« — o mod 27t and y — vy mod 27t. Definition 2.2.10 assigns a rotation matrix to a given set of
Euler angles. In the following corollary, we describe a way how to compute the set of Euler angles
out of a given a rotation matrix.

Corollary 2.2.11. A rotation, specified by the rotation matrix G = (gjx)jx=123 € SO(3), is de-
scribed by the Euler angles «, [3 and 'y for the following choices of Euler angles.
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2.2 PARAMETERISATIONS OF ROTATIONS

a) b) c)

Figure 2.2: The Euler angles, described in Definition 2.2.10, are three consecutive rotations around
the z-axis (a), the y-axis (b) and again the z-axis (c).

Iflga3| # 1, then R(«, B,y) with

[3 = arccos g33

arccos % for gaz >0,
o= 9137923
27 — arccos ——2—  for g3 <0,
V9131933
arccos % for gz >0,
v = 931195

27 — arccos —=L—  for g3 < 0.

V 9311935

describes the same rotation as G. If gsz = 1 then R(«, 3,7v) with = 0 and

oy —  Aecosgu for ga1 =0,
= 2t —arccos g1 for g1 < 0.

describes the same rotation as G.
Likewise, for g33 = —1, all Euler angels with 3 = 7 and

arccos(—gi1) for g1 <0,
X — =
Y 21— arccos(—gy1) for ga; > 0.

specify the same rotation as G.
Proof. Given a matrix G = (gy;) € SO(3) for i,j = 1,2, 3 and matrix

COS X COS 3cosy —sinxsiny —cosysin & — cosxcos 3siny cos csin 3
R(x,B,v) = | cosPcosysinx+cosasiny cosxcosy—cosPsinasiny  sinocsinf3
—cosysinf3 sin 3 siny cos 3

given in Euler angles as in Definition 2.2.10. We are now examining how to choose «, 3 and 'y such
that R(«, B,v) = G. The comparison shows that 3 has to be chosen such that g33 = cos f3.
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2 ROTATIONS AND THE ROTATION GROUP SO(3)

Let us assume for now that 3 ¢ {0, 7t} and hence sin 3 # 0. Considering the remaining entries of the
last row of R(«, 3,y) we can determine 'y € [0, 271] from

cosy = — LE) siny = 132
sin B’ sin 3
e ain R — ) 2
using sin B = \/1 —03; = \/931 + g3, as
arccos ——=BL_ for gs» > 0,

V 93,+9%

21 — arccos —=L— for g3 < 0.

931793

Y:

In an analogous manner we obtain o using g3 and g»3.

It remains to examine the cases in which |gss| = 1 and hence 3 € {0,7t}. If g33 = 1, due to the
normalisation of the rows and columns of a rotation matrix, we have gj3 = g3; = 0 forj = 1,2. On
the other hand, a rotation matrix in Euler angles with the same third row and column is given by

cos(x+vy) —sin(ax+7vy) 0
R(e,0,v) = | sin(c+7v) cos(ax+7vy) O

0 0 1
If we now insert
f >0,
oty = arccos gii Oor go1
21— arccos 11 for go1 <0,

into the matrix R(c,0,v) = (rij)ij=123 we find that also Tj; = g1;. The equalities T2 = gy,
T21 = 921, T21 = g21 and consequently 151 = g1 follow from row normalisation, up to a sign. The
correct sign is established by the given case distinction. Consequently the matrices G and R(«, 0,v)
are equal, and therefore, describe the same rotation. Note that the proof for g33 = —1 is completely
analogous and will be omitted. |

Corollary 2.2.11 establishes a rule how to compute Euler angles out of an arbitrary rotation matrix.
The following lemma discusses the uniqueness of this assignment.

Lemma 2.2.12. Every rotation matrix R = (vjx)j k=123 € SO(3) with |r33| # 1 has uniquely
determined Euler angles.

Proof. Consider two triples of Euler angles («, 3,7) and («’, B’,7y’) and a rotation R which can be
written in terms of Euler angles using Definition 2.2.10 as

R =Re, ()Re, (B)Re, () = Re, (a')Re, (B")Re, (v').

Rewriting this as

Re, (¢ — a')Re, (B) = Re, (B )Re, (v — ) (2.3)

and applying e, on both sides of the equation yields

Rez((x_ O‘I)Rey(B)ez = Rey(B,)Rez(’Y, _Y)ez = Rey (B,)ez-

18



2.2 PARAMETERISATIONS OF ROTATIONS

Inserting the formula for a rotation around e, from Lemma 2.2.3 and for a rotation around e, from
Remark 2.2.5, we obtain

sin 3 cos(ox — o’) sin B’
sin B sin(ox — ') | = 0
cos B cos B’

From the initial condition |r33| # 1, we get by Lemma 2.2.3 that R ¢ Z and —R ¢ Z. This restricts
the Euler angle {3 to the interval (0, 7t) and hence we have sin 3 # 0.

Looking at the third component of the above vector, we see 3 = 3/, and as sin 3 # 0, the equality for
the second component is only satisfied for sin(ox — ') = 0, i.e., « — &’ = k7, k € N.

Inserting this on the first component, we get sin 3 cos(k7t) = sin 3. This however holds true only for
cos(kmt) = 1, i.e., for even k. Hence, we get « — o’ = 2k7t which, by definition of the Euler angles
means that o« = o’. Now (2.3) gives Re, (Y’ —v) = I and hence v/ =. [ |

Let us now list a few more useful facts about this representation. In contrast to the axis-angle rep-
resentation, a composed rotation can not conveniently be simplified in Euler angles. The explicit
formula is, therefore, omitted here. Instead, we give another useful formula which almost provides
the Euler angle representation of a combined rotation. Combining R( e, f1,7v1) and R(xz, B2,v2)
using Definition 2.2.10 yields

R(or, B1.vi)R(e2, B2, v2) = Re, (B1)R(x2 +v1, B2, 02 +v1).

The identity element of SO(3), R(«, $,v) =1, is not uniquely determined in Euler angles and can be
obtained by setting 3 = 0 and & =y = 27tk for k € N, see Corollary 2.2.11. The back rotation, i.e.,
the inverse element to R(«, 3,7y) for § # 0 is given by R(27t — v, 3,27 — «). The back rotation of
R(,0,7v) is given by Re, (—(x +v)).

Combining Lemma 2.2.2 and Lemma 2.2.12, it becomes obvious that one can also translate the axis-
angle representation into Euler angles and vice versa.

Given three Euler angles &,y € [0,27) and € [0, 7], we have R.(w) = R(«, B,y) with rotation
angle and axis

w = 2 arccos (cos g cos x+ Y)

2
(F 4o T), fora+v =0,
r=(¢,0) = B 24
(72f + %, arctan <Sin (XTJ%Y )) , otherwise.

This can be verified using Corollary 2.2.11 to compute a rotation matrix out of the Euler angles
followed by calculating the eigenvalues and eigenvectors of that matrix to obtain rotation axis and
angle, see also [84, p.26]. In case we are given R (w), with w € (0, 7) the Euler angles can be
computed by

x = arctan (cos 0 tan 8) + @ — E,
2 2

= 2arcsin (sin 0 sin %) ,

Y = arctan (cos 0 tan %) — ¢+ g
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2 ROTATIONS AND THE ROTATION GROUP SO(3)

This can be seen by using the Definitions 2.2.7 and 2.2.10. Note, taht we excluded w € {0, 7t}. In that
case, we do not find unique Euler angles, but can only determine the sum o + y and f3.

These transitions between Euler angles and axis-angle parameterisation will be especially useful in
Section 3.5.

The next parameterisation we will discuss gives a connection between the rotation group SO(3) and
another matrix group which is in some sense a generalisation of SO(3) and which we are going to
consider in Section 5.1.

Special unitary 2 x 2 matrices In the following, we present a way to characterise rotations using
special complex-valued 2 x 2 matrices, rather than real-valued orthogonal 3 x 3 matrices.

Theorem 2.2.13. The set N = {U € C>*? | det(U) = 1 and UU= I} forms a group with respect to
matrix multiplication.

Proof. Gl) Let U;,U, € N, since det(U;U,) = det(U;)det(Us) = 1 and (U;U,)T (U U,) =
ET(WTUl U,) = ﬁzTUz =1, we see that U; U, € N, i.e, N is closed with respect to matrix
multiplication.

G2) As multiplication is associative, we have Uy (U,Us) = (U;U,)U; for Uy, Uy, Uz € N.

G3) Forall U € N, IU = U holds true. As I € N, it is the neutral element of N.

G4) The inverse element U~! € N is given by U~! = U

Definition 2.2.14. The group (N, -) is called special unitary group SU(2).

In correspondence to the rotation group SO(3), the special unitary group SU(2) is also called the
complex rotation group. It also shares the properties of length, angle and orientation preservation (cf.
Lemma 2.1.5) and that the eigenvalues of the matrix elements have absolute value one. Like elements
of SO(3), elements of SU(2) offer three real degrees of freedom, too. Due to their unitarity they can

be written as
a b
v=(5 o)

with a,b € C and aa + bb = 1 (see e.g. [64, Chap. 5-16]). Of the two components a,b € C, we
may choose real and imaginary part. But the constraint det(U) = ad + bb = 1 reduces these four
choices to three.

We, so far, dealt with arbitrary vectors u € R3 which were to be rotated by applying an element of
SO(3) to them. To rotate three-dimensional objects by using elements of SU(2), we need to modify
their representation.

Lemma 2.2.15. Let x = (X],Xz,X3)T € R3 be given in Cartesian coordinates and let
—X x| +ix
x= (7, )
X1 —1Xp X3
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2.2 PARAMETERISATIONS OF ROTATIONS

be a corresponding matrix. Computing Y = Uxu' for an arbitrary U € SU(2) with U = (_QE 2)

yields Y = <y1__yi3y2 Ui ;;192> with (y1,Y2,Y3) " = Rx for

| a?—b2+a2—-1v>  i(a®?+b*—a%>—1b% 2(ab+ ab)
R=R(a,b) == [ —i(a®>—b>—a’+b?>) a?>+b>+a>+b> 2i(ab—ab)| €SO(3).
—2(ab + ab) 2i(ab — ab) 2(ad — bb)

. =T
Proof. The matrix Y = UXU takes the form
v_ ab(x; —ixs) + ab(x; +ix2) + (bb — ad)xs —b%(x1 —ix2) + a?(x; +ix2) + 2abxs
B @(x1 —ixa) — b (x1 +ix2) + 2abx —ab(x; —ixp) — ab(x; +ixp) + (@@ —bb)xz |-
We can now directly assign

! 3 _ _
=g (xl(az B+ @ —b) +xi(a® + b2 —a — ) + x3(2ab + ZHb))

1 L ! J—
v=5 <X1i(—a2 402+ @ —b)+xa(a?+ b2+ @+ D)+ x3i(2ab — 2ab))
ys = —(ab + ab)x; +i(ab — ab)x; + (a@ — bb)xs

which proves that (y,12,y3)" = Rx with R given as in the lemma. One can also see by straight-

forward computations that this matrix is indeed a real-valued matrix. Exemplarily, we show that
ab +ab € R. We have

Im(ab +ab) =Im(ab +ab + 1) =Im(ab+ab + aa + bb) =Im((a+b)(a+b) =0.
We can also see that R is orthogonal with determinant one. |

Obviously we could also derive rotation axis and angle as well as Euler angles of a unitary rotation
matrix U € SU(2).

Conversely, we can get the corresponding unitary matrix U from any of the previously mentioned
parameterisations of a rotation. Exemplarily, we state the relation between a rotation given in Euler
angles and U € SU(2) as it is the most convenient. There are two unitary matrices U performing the
same rotation as a given rotation R(«, 3,v). They are

ei(azﬂ) cos B e*i(mzWJ sin &
U(e, B,y) = £ ( i(a—y) 2{3 i(a—y) f52> . (2.5)

—€ 2 sm7 € 2 COSf

A more detailed description and proof of this representation can be found e.g. in [82].
Finally, we consider a category of parameterisations that will be very useful in the next Section 3 as it
gives a connection between the rotation groups SO(3), SU(2) and certain geometric objects.

Parameterisation of SO(3) Related to Geometric Objects Consider the set
B ={xe R} x=wr forw e [0,7],r € S}

As ||r|| = 1, we see that all x € B satisfy ||x|| = w < 7. We can identify w and r with the rotation
angle and rotation axis of an element R (w) € SO(3). By doing so, we can uniquely identify rotations
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2 ROTATIONS AND THE ROTATION GROUP SO(3)

by elements from B. As for two points x,x’ € B and two rotations R(w), Ry (w’) € SO(3), we
have x = x’ & Ry(w) = Ry/(w’), cf. Lemma 2.2.8.

At this point, we introduce the three-dimensional unit sphere S* = {x € R* | ||x|| = 1} embedded in
R*. Points x € S? are given in spherical coordinates by

sin w sin O cos ¢
sin w sin O sin

x=| > ¢ (2.6)
sin w cos O

cos w

with 0, w € [0, 7] and @ € [0, 27). Note that for any fixed value w € (0, 71), this parameterises a two-
dimensional sphere of radius | sin w|. If we restrict w to the interval [0, g], this mapping of x € S to a

sphere with radius | sin w| will be unique. Otherwise w and 71— w will yield the same two-dimensional
sphere. In correspondence to this, we define the upper hemisphere Sir =S*N{x € R* | x4 > 0} of
S3. It is the set of all points x € R* satisfying

W
sin - sin 0 cos @
& .
sin 7 sin O sin @
sin 5 cos 0

w
Cos )

2.7)

Considering only x € S , we have a bijective projection onto elements x’ € B, and hence, x uniquely
determines a rotation, as well.

The conversion (2.7) allows us to see a connection between the metric on Si and the metric on SO(3)
from Lemma 2.2.9. If we compute the angle between two points X1, X, € Sir in spherical coordinates
(2.7) and compare the result with the combination of two rotations in axis-angle parameterisation from
(2.2), we see the equivalence of the two metrics.

Concerning the group of complex rotations, a point x € S* uniquely determines a complex rotation
U € SU(2). This can be seen by converting (2.5) into its axis-angle parameterisation, which yields
(2.6).

We could consider even more parameterisations of rotations, like Rodrigues or Euler parameters,
skew-symmetric 3 x 3 matrices, or quaternions, to name just a few. But as we will not use these
parameterisations, we refer the reader to [17] for further information on this subject.
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3 Harmonic Analysis on the Rotation Group

This chapter gives a short summary about harmonic analysis on the rotation group SO(3). In the
first two sections we collect the ingredients that are needed to consider harmonic analysis on SO(3)
amongst which we find the definition of integration over the group SO(3), in Section 3.1. To actually
define the Fourier transform on SO(3) and its inverse in Section 3.2, we shall consider the space of
square integrable functions on SO(3) and its orthogonal basis functions, the Wigner-D functions. The
latter arise from group representations of SO(3), or to be more exact, from unitary, irreducible repre-
sentations of SO(3). We will find them to be matrix-valued functions, the matrix elements of which
constitute orthogonal basis functions on the rotation group, the so-called Wigner-D functions. The
key theorem to these considerations, the Peter-Weyl theorem, will be given as well as the definition of
Wigner-D functions resulting from it.

As the central aspect, the Fourier transform and its inverse will be defined. Moreover, we show how
the discrete versions of both transforms can be defined by sampling, on one hand, and by using quadra-
ture rules, on the other. We will then see that computing convolution and correlation follows the same
lines on the rotation group as it does in the standard settings.

To conclude the section, we get back to the various parameterisations of the rotation group and ex-
emplarily show in Section 3.3 for the Euler angles how explicit formulae for the Wigner-D functions
can be found, i.e., we look at homogeneous polynomials and the Laplace operator on SO(3). The
Wigner-D functions will arise as eigenfunctions of the latter.

Subsequently in Section 3.4, we will point out the relations between the SO(3) and the sphere S with
their respective orthogonal basis functions, the Wigner-D functions and the spherical harmonics; as
well as other connections between these two manifolds.

In the final Section 3.5, we consider an application of Fourier transforms on the rotation group, namely,
the fast summation of functions, and especially, radial basis functions on SO(3).

3.1 Integration of Rotation-Dependent Functions

In the previous section, we saw that the rotation group SO(3) corresponds to certain geometric ob-
jects, e.g. elements of SO(3) can be identified with points x € Si on the upper hemisphere of the
three-sphere. The standard metric on Si provides a topology also for the rotation group SO(3), and
therefore, we can deal with SO(3) as a geometric object itself.

In fact, the rotation group is a locally, compact group which allows us to perform analysis on SO(3),
cf. [87]. Note that the same argument applies to SU(2).

Definition 3.1.1. Integration of a function f : SO(3) — R defined on rotations R € SO(3), which are
parameterised by rotation axis and rotation angle, reads as

1 27T 7T T
J f(R)dR = QJ J J f(Ry(p,0)(w))(cosw — 1) sin0 dw dO de
SO(3) e Jo Jo Jo

with the normalised volume element dR on SO(3) defined in terms of the axis-angle parameterisation

1
as dR = —(cosw — 1)sin 0 dw dO de.
472
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

This definition originates from the parameterisation of the SO(3) by elements of S‘i. The surface area

of Si is
27T 7T 7T
JS dx:J0 Jo Jo \/det(JJT)dw dO de, 3.1)

by the transformation formula, with the Jacobian J € R**3 being the Jacobian of the coordinate
transform (2.7),

3
T

1 w : 1 w o3 . 1 w 1 o3y
5€08 5 cos@sin® 5cos T sinBsing 5 cos T cosO —3sin G

0
J:mT)(;m: cosOcos@sing  cosOsin g sing  —sin 5 sin0 0
> —sin 5 sin@sin@  cos @ sin 5 sin O 0 0
(3.2)
Asdet(JJT):isin‘l%sinze,weget
1 27T 7T 7T
J dX:J J J (cosw — 1)sin® dw d0de = 2,
s 4Jo Jo Jo

the surface area of one hemisphere of the S*. Hence, integration of f = 1 gives

1 27T pTU T 1
J dR:2J J J (cosw—l)sinedwdﬁd(pzzj dx =1.
S0(3) 4 Jo Jo Jo ™ Jsy

Remark 3.1.2. The volume element dR from Definition 3.1.1 gives the Haar measure | of SO(3) by
dR = du(R). For a more extended overview on Haar measures, see e.g. [41] or [44].

Corollary 3.1.3. Integration of a function f : SO(3) — R depending on rotations R € SO(3)
parameterised in Euler angles reads as

1 27T p7U 27T .
Lo(3)f(R) dR:WL Jo Jo f(R(, B,v)) sin B dacd dy.

Proof. To determine the volume element of SO(3) in terms of its Euler angle representation, we again
use the coordinate transformation formula (3.1) and conclude

Ls dx = Jjn E Jjn \/mdocd[s dy

with the Jacobian J = a(TYf;Y) obtained by inserting the conversion formulae (2.4) into the Jacobian
T, |

(3.2). Asdet(JJ7) = 7 sin? B holds true, we get dR = 3 sin 3 dacdf dy by Definition 3.1.1. This

proves the corollary. |

In an analogous way, we can also define the volume element on SU(2).
Definition 3.1.4. The normalised volume element dU on SU(2) is defined in terms of the Euler angle

1
parameterisation as dU = Ter2 sin 3 decdf3 dy.
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3.2 FOURIER TRANSFORMS AND CONVOLUTION ON SO(3)

Again this definition is consistent with the geometric interpretation of the SU(2) as points on S>. Its
surface area is double the area of the upper hemisphere used in the SO(3) case. The Euler angles for
complex rotations are from the interval [0, 27t) x [0,71) x [—27,27), (cf. [17, p.294]). Hence, by
Corollary 3.1.3, we obtain

1 27t pU 27T ‘
JSU(ZJ MU= 160 J_h L L f(U(e, B,y)) sin p docdf dy.

If we are able to integrate functions on SO(3) and SU(2), it may be natural to ask whether we might

also convolute functions on these groups. Indeed, this can be done if we restrict ourselves to functions

f € 12(SO(3)) which is defined completely analogous to the standard consisting of equivalence

classes of functions f : SO(3) — C satisfying J If(R)>dR < oo and equipped with an inner
SO(3)

product of two functions f, g € L?(SO(3)) given by

(f.9) = J f(R)g(R) dR. (3.3)
SO(3)
The convolution of two such functions f, g € [2(SO(3)) is written as

(f+9)(Q) =J f(R)g(RTQ) dR. (3.4)

SO(3)

Completely analogously, we define L?(SU(2)), with an inner product
(h,k) = J h(U)k(U) dU (3.5)
SU(2)
for two functions h, k € L2(SU(2)). The convolution of these two functions reads as

(hxk)(V) = LUm h(U)k(UTV)dU. (3.6)

3.2 Fourier Transforms and Convolution on SO(3)

In the following, we provide an analogue of the well-known Fourier transform and the Fourier series
for the rotation group SO(3). Most of the results presented in this section can be applied, not only
to the rotation group, but also in a more general context, to locally compact groups. The reader
interested in the general theory is referred to the books [44] or [87]. We will however provide a few
basic definitions.

Group Representations We start by giving a brief review on representation theory on groups.
Most of these results occur in the context of representation theory of finite groups. However, they can
be directly transferred to infinite groups, on the condition that a Haar measure can be defined on the
group. This is the case for the rotation group SO(3), cf. Remark 3.1.2 and Definition 3.1.1, and for the
complex rotation group SU(2), see Definition 3.1.4. Actually this is the case for all locally compact
groups, as e.g. [44] lay out in great detail. We begin with the central concept in harmonic analysis on
groups: representations.
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

Definition 3.2.1 (Representations). Let N € N and V be an N-dimensional vector space, and let
{vi e V|1i=1,...,N} be some basis in V. Moreover, let G be a locally compact matrix group, the
elements of which act on vectors v € V by the operation of composition, and let GL(V) denote the
set of all linear transformations over V. Then the group homomorphism D : G — GL(V) is called a
representation of G on V.

Corollary 3.2.2. Consider the functionf : V — VandD : G — GL(V) with (D(G)f)(v) = f(G™'v)
where G € G and v € V. Then D is a representation of G on V.

Proof. For G, G, € G, we have
D(G1G2)f(v) = f((61G2)'v) = f(G; 'G ') = (D(G2)D(G1)f)(v).
Therefore D : G — GL(V) is indeed a homomorphism as specified in Definition 3.2.1. |

Let V and W be n-dimensional vector spaces. Two representations Dy : G — GL(V) and Dy :
G — GL(W) are denoted as equivalent, or Dy = Dy, if there is an isomorphism of the vector
spaces A : V — W such that we obtain A(Dv (G)v) = Dw (G)A(v), or equivalently

Dv(G)v = A" (Dw(G)A(v)),

foranyG e Gandv e V.

This can be phrased differently. The representations Dv/(G) and Dy (G) as well as the isomorphism
A can be identified with N x N matrices and the above equation becomes Dy (G) = A~'Dy/(G)A.
That means, the matrices of two equivalent representations are similar. Two equivalent representations
Dv and D, give the same linear transformation but for different basis functions.

A subspace V| C V satisfying D(G)V; C Vj for all G € G and a representation D : G — GL(V)
is called G-invariant. If the only G-invariant subspaces of V are {0} and V itself, the representation
D(G) is called irreducible. On the other hand, a representation D (G) is called reducible if there is a
nontrivial G-invariant subspace V| of V.

A reducible representation D (G) satisfies

- (D1(G) 0
D(G):< 0 Dz(G))

for two representations D;(G) and D,(G), cf. [91, p.85]. This has two main consequences. On
one hand, any finite-dimensional reducible representation matrix can be decomposed by similarity
transforms until it is no longer block-diagonal, rendering the resulting representations irreducible.
On the other hand, if we can decompose V into a direct sum of G-invariant subspaces V=V, &... &
Vi, with . € N, then the representation D (G) fulfils

D (G) 0
D(G) =
0 D;(G)
Whenever the representations D (G) fori = 1, ..., n are irreducible, D(G) will be called completely

reducible.

We state the following important lemma without proof (for a proof, see e.g. [44, pp.7-8]). It tells us,
among others, that finite-dimensional irreducible representations result in invertible matrices.
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3.2 FOURIER TRANSFORMS AND CONVOLUTION ON SO(3)

Lemma 3.2.3 (Schur’s Lemma). Let Dy : G — GL(V) and Dw : G — GL(W) be two irreducible
representations of a group G. Suppose there is a linear transformation A : V. — W such that
(Dw(G)A)(v) = A(Dv(G)V) forany G € G and v € V. Then A is either zero or an isomorphism.
IfV=Wthen A = N for A € C.

The representation D : G — GL(V) is called unitary if there is a G-invariant positive definite Hermi-
tian form (-, -) on V, i.e., (v,w) = (D(G)v,D(G)w) = (Gv,Gw), VG € G, Vv,w € V. A group
equipped with a Haar measure possesses such a Hermitian form as

(v, w) = JG (D(G)v. D(G)w) dp(G)
fulfils the required properties for any inner product (-, -) on V.
One now shows that every unitary representation D of the compact group G on a finite-dimensional
vector space V is completely reducible. This can be seen by considering a nontrivial G-invariant
subspace V| of V and its orthogonal complement VIL. Using the above Hermitian form we can
conclude by

(D(G)v*,v) = (v, D(G)"'v) =0 veV,vteVvi

that Vi~ is G-invariant as well. Hence, we decomposed V into two G-invariant subspaces. Repeated
application of the same arguments will result in the sought decomposition.

Given a unitary representation D (G), a complex-valued function D ,(G) = (D(G)vy, v2) forvy, v, €
V and G € G is called representative function on the group G. We state the following lemma about
representative functions. Note that the representative functions are actually the matrix elements of a
represention.

Lemma 3.2.4. Let {vi | 1 = 1,..., N} be an orthogonal basis of the N-dimensional vector space V
with respect to (-, -). Then the representative functions Di;(G) = (D(G)vi, vj),1,j =1,..,N,G € G
of the group G with respect to the irreducible representation D(G) form a set of orthogonal functions.

Proof. On alocally compact group G, we can define an inner product by

(f.h) = J f(G)R(G) dG
G

with respect to the integration over the group, cf. Definition 3.1.1 and (3.3), for the SO(3) case as

well as Remark 3.1.2.

Let A : V — V be a linear transformation. By Corollary 3.2.2, we have (D(G)A)(v) = A(G™v)

and thus (D(G~')A)(G~'v) = A(v). By Lemma 3.2.3, the linear transformation A is described by

tr(A
a multiple of the identity matrix A = AL We obtain (D (G~ 1A)(Gv) = rg\] )v.
Taking the inner product with respect to vy on both sides of the equation and replacing v with v;, we
get

J (D(G)A(G ™ 'v¢), v;) dG = w(A){ve,v5)
G N

Now let A(v) = (v, vi)v;. The trace of the corresponding matrix satisfies tr(A) = (vi, vi).
We can use this in the integral (3.7) to obtain

3.7

(Vi, vic) (ve, v5)

N = JG<<DI(G)VZ,Vk>D(G)Vi,Vj>dG

- JG<D(G)vi,v]-><D—‘(G)vm) 4G.
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

As D(G) is unitary, we have

(Vi, Vi) (Ve, v5)

N = J <D(G)V1,V]‘><D(G)Vk,Vg> dG = <Di,j’Dk,(’,>-
G

As vy for k =1,..., N are orthogonal basis vectors of V, we get

<V1,Vi><Vj,Vj> fori:kandj ={
Vi, Vi) (Vg, Vi) =
(Vi vie) (ve J> {0 otherwise.

This proves the orthogonality of the representative functions Dy ;. |

From the previous lemma it is clear that the representative functions depend not only on the represen-
tation itself but also on the choice of the basis in the space V. It would be, therefore, convenient to
study functions of representations that remain invariant under a change of basis. Such a function will
be called the character of a representation.

The character ¥ : G — C of a representation D of the group G on an N-dimensional vector space is
defined by

xp(G) =) Du(G). GeG. (3.8)

It is conjugate invariant, i.e. xp (GG'G™!) = xp (G’). If D and D’ are irreducible, then we have

0 ifDZD/,
D) = 3.9
(XD>XD") {1 DD’ (3.9

We will examine characters of representations of SO(3) more closely in Section 3.5.

Now we have all ingredients to formulate the following theorem, which provides an analogue to
Fourier’s theorem for a locally compact group as it specifies the orthogonality relations of represen-
tative functions on a locally compact group G. For a proof and extended information of the theorem
see [90, pp. 157 ff.].

Theorem 3.2.5 (Peter-Weyl Theorem). The representative functions Dy j of all representations D of
the locally compact group G form a complete, orthogonal system in L*(G).

The following Lemma states that we do not need all representations of G to construct an orthogonal
basis.

Lemma 3.2.6. Let A = {Dy} denote the set of all inequivalent, finite-dimensional, unitary, irreducible
representations of a compact group G and let DJ*™ be the representative functions on G with respect
to each representation Dy. Then the set of functions

DM(G) | Dee Asmn=1,...}
is an orthogonal basis of L*(G).

Proof. This follows by putting together Lemma 3.2.4 and the Peter-Weyl theorem. |
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An Orthogonal Basis of L>(SO(3)) Now we apply these general results to the rotation group
SO(3) to characterise an orthogonal basis for it. The rotation group SO(3) is a locally compact group
which fits into the setting from the previous subsection. Recall that SO(3) possesses an integration
invariant Haar measure, cf. Section 3.1.

At first, we consider the 2-sphere S? as it is a suitable vector space on which the elements of SO(3)
act transitively, i.e., for all &;, &, € S?, we can find an element R € SO(3) such that £, = R . Let
£ € S? and let (@,0) € [0,27) x [0, 7] be its coordinates. For any £ € Ny and m = —{,...{ the
spherical harmonics of degree { are defined as

20+1 [(£—m)! :
YiH(E) =/ i Eg_i_E%!PFl(cosG)elm‘b

where P : [—1,1] — R are associated Legendre polynomials, cf. [81], that arise as the derivatives
of ordinary Legendre polynomials P¢(x) and are given by

Hom m (_l)m pym qétm 5 ¢
Pt (x) = (=)™ (1 —x7)2 dmeE(X) = T!(l —X )TW(X — 1) (3.10)
Moreover, the spherical harmonics satisfy the orthogonality relation
| veeve e de = sus G0
S
The subspace Harmg(S?) = span{Y;" | m = —(,... £} spanned by spherical harmonics with a

fixed degree £ € N is called harmonic space of degree {. The harmonic spaces Harmg(S?) provide a
complete system SO(3)-invariant subspaces of L2(S?), i.e.,

o
L2(S?) = clos;: @ Harm, (S?). (3.12)
=0

This has two main consequences. Firstly, as also (3.11) is fulfilled the set {Y;™ | { € Ny, |m| < {}
forms an orthonormal basis of L%(S?).

And secondly, the representations D(R) for R € SO(3) acting on functions f € L?(S?) are completely
reducible. They decompose into irreducible representations D¢ (G) corresponding to the harmonic
subspaces Harmg (S?) in the sense that any function f € Harm(S?) satisfies

D¢(G)f(&) = f(G'E).

Having considered this, we take a closer look to the representative function resulting from the irre-
ducible representations Dy (R).

Definition 3.2.7 (Wigner-D functions). Let D¢(R) for any { € N and R € SO(3) be a unitary,
irreducible representation of SO(3) on Harmq(S?). Then the representative functions on SO(3) given
by DP*™(R) = (D¢(R)Y YY) for myn = —(, ..., are called Wigner-D functions of degree { and
orders m and n.

Using Wigner-D functions of fixed degree { € N, we define the subspaces

Harm(SO(3)) = span{Dy"" : m,n=—(,...,{}. (3.13)
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

Lemma 3.2.8. The set of Wigner-D functions
{DF'"™M(R) [ L€ Nyp, myn=—L,..., 0}
forms an orthogonal basis of L*(SO(3)).

Proof. Employing the set of spherical harmonics {Y;™ | m = —{,...,{} as an orthonormal basis of
Harm, (S?), the proof follows directly from Lemma 3.2.6 and (3.12). |

The Wigner-D functions D™ are not normalised with respect to the inner product (3.3), but they
satisfy the orthogonality conditions

872

r_i_lémn&n’n’éﬂ’- (3.14)

J D™ (R)DP™ (R) dR =
SO(3)
We can conclude from Lemma 3.2.8 and (3.12) that L?>(SO(3)) decomposes into the direct sum

12(SO(3)) = clos; 2 éHarmg(SO(?a)).
£=0

Motivated by Lemma 3.2.8, we give the following Definition.

Definition 3.2.9 (SO(3) Fourier Expansion). The series expansion

of a function f € L*(SO(3)) in terms of the Wigner-D functions DI*™, for any R € SO(3) is called
the SO(3) Fourier expansion with Fourier coefficients ;"™ given by the inner product

~ 20+ 1
= TLG,D?“)- (3.15)

The Fourier expansion of functions f, g € L?(SO(3)) allows convenient computation of their convo-
lution.

Lemma 3.2.10. Given the SO(3) Fourier expansions of f and g,
() 4 [4 (%)
fR) =) Y > f'""DPR). gR)=) > > §"DPM(R),
=0 m=—€n=—¢ =0 m=—fn=—¢
we find the Fourier coefficients ﬁ?“‘ of their convolution h(R) = (f x g)(R) to be
4

. 20+1 Ak A
R
k=—¢
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Proof. The Fourier coefficients H?m of the convolution (f % g)(R) are given by

. 2041 2041 _—
h" = ——(h(R), D) = h(R)D*"(R) dR.
o WRLDP) = S5 | h(RIDFTR)

Inserting the definition of convolution in SO(3) from (3.4), and rewriting g in terms of its Fourier
expansion, we get

8”23;““—] | f@g@rDFTRIcQR
20+1 s0(3) Jso(3)
0 e’ e’
o b o3 5 67D (Q"RIDJ™ (R) dQUR.
SO(3) —0m/=—0' n/=—{/

By the addition theorem of Wigner-D functions,

4
D{™Q'R) = ) D{MQNDE™R), |ml.Inl<t,
k=—¢

cf. [84], we obtain

8m

2 o E,
O fmn _ J J f(Q) An}/n/Dn}/k(QT)Dk/n/(R)Dmn( R)dR dQ.
2041 " s0(3) Jso(3) E/Z_Om/’n/’%_g/ . ‘ ‘

As the Wigner-D functions satisfy the orthogonality relation (3.14), the expression simplifies to

¢

]’,‘Lmn :J
M o

m/=—{

¢

mnym’'m T _ mnHmm’ (N
£(Q)o1" " D; (Q)dQ—Lom Y QDI (Q)dQ.

m/=—({

Now, we rewrite f in terms of its Fourier expansion and use the orthogonality of Wigner-D functions
once more,

e//

]’:1 J Z Z Z ?},//n// munu(Q)g?lnmdQ
e z// 0 m// nl/ I/
[4

82
mlf

which proves the lemma. n

Note that the Wigner-D functions also allow us to conveniently compute convolutions of functions on
[%(S?). We will consider this in Section 3.4.

Discrete SO(3) Fourier Transforms In the preceding paragraphs, we saw how Fourier expan-
sions are defined on the rotation group SO(3). It is, therefore, quite natural to ask whether we can also
transfer the formulae for its well known variations, the Fourier partial sum and the discrete Fourier
transform, to SO(3). Especially the latter will be needed in order to construct algorithms for fast
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

Fourier transforms on SO(3) in Section 4.

For L € N consider functions f € L?(SO(3)) the Fourier coefficients of which fulfil fir = 0 for
€ > L. We call these functions L-band-limited.
Moreover, we define the function spaces

L

Dy = @Harme(SO(S))
=0

for arbitrary L € N the elements of which are the above mentioned band-limited functions. An
orthogonal basis of these spaces is given, due to (3.13), by

{D"(R) [ €=0,....,L;m,n=—(,..., 0
For convenience, we define an ordered set of indices
I ={¢,mn):€£=0,....L;mn=—¢L,..., (3.16)

corresponding to all sets of admissible indices (£, m,n) within the space D . Throughout this work,
we keep the particular order of the indices fixed.
The dimension of the spaces Dy is given by

L
dim(Dy) = 9] = Y (204 1) = S(L+ DL+ DL+ 3),
=0

Now, any function f € D1 can be written as its unique finite Fourier partial sum
fR) = > "D (R). (3.17)
(L,mn)edy

Evaluating the Fourier partial sum (3.17) not for all R € SO(3), but only for a finite choice of
rotations, i.e, a sampling set on SO(3) leads to the following definition.

Definition 3.2.11 (Discrete Fourier Transform on SO(3)). Let Rg = {R; € SO(3) [j = 1,...,Q},
be an arbitrary finite set of rotations. Then

fR)= Y  f{"DPM(Rq). q=1....Q

(Lmmn)ed

with given Fourier coefficients f = (1??“)( ¢, mn)eg, evaluates a function f € D at the nodes
Ri,...,Rq. The corresponding operator Dy CPLl — CR with f(Rq) = [DL,ny’] q is called
nonequispaced discrete SO(3) Fourier transform (NDSOFT).

As usual, the operator from Definition 3.2.11 will be identified with its corresponding matrix Dr », €
ClPLIxQ_ Hence, the NDSOFT can be thought of as the matrix vector multiplication f = Dy » Q? with

.....

In general, the matrix Dy %, is not squared. Thus, the NDSOFT is not readily inverted. But we can
immediately define the adjoint NDSOFT using the adjoint operator DERQ by

Q
[DE Rt ((nn) = " = D f(Rq) DI (Rq), (3.18)
q=1
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3.3 WIGNER-D AND WIGNER-D FUNCTIONS

for all admissible (¢, m,n) € Jr. The coefficients f?m we obtain will generally not be equal to the
SO(3) Fourier coefficients ﬂm“ -

But since the Fourier coefficients f;*™ are given by the inner product (3.15), i.e., by known integrals,
they can be recovered from the function values f(Rq) if a quadrature rule with weights wq, q =
1,...,Q, and a sufficient order of exactness is available. In that case, we can compute the inverse
NDSOFT by

Q
fm =3 wqf(Rg)D™M(Rg),  (Lm.n) €Ip.
q=1

For a special set of nodes, we will consider the inverse NDSOFT in Section 4.2. But apart from that,
we are not going into more detail about it. For more information on how one could analyse the SO(3)
Fourier coefficients out of given samples by quadrature formulae and their corresponding sampling
sets, the reader is referred to [36]. For the cases where we do not have a matching quadrature rule,
e.g. if there are less function samples than Fourier coefficients, we refer to [35], where the authors
describe how to use the adjoint NDSOFT for interpolation.

Complexity of the SO(3) Fourier Transform We conclude this section with a few remarks
on the computational complexity of the NDSOFT, its adjoint and inverse. The application of the
operators DL;RQ and DERQ takes O(QL3) operations, owing to the size of the matrix D]_’jQQ. The

discrete Fourier transform of a function f € D needs O(L?) Fourier coefficients as given input along
with Q rotations on which the function will be evaluated. This adds up to O(Q + L?) input values,
which gives a lower bound for the computational complexity any algorithm computing the NDSOFT
can have. One of the main aspects of this work is to find an algorithm for computing the NDSOFT
that has a lower complexity as the direct O(QL?) and which is as close as possible to the lower bound
of O(Q + L3). In Section 4.2, we will consider fast SO(3) Fourier transforms (NFSOFT) which are
fast algorithms to compute the same result as the NDSOFT. Their complexity will not reach the lower
bound. But we will approach it with two approximate algorithms, one of O(L*logL + Q) and one
of O(L31og? L + Q) flops, in Sections 4.1.1 and 4.1.2, respectively. We shall also discuss the merits
and drawbacks of both algorithms. But before, we need to discuss some important properties of the
Wigner-D functions which are key to develop the NFSOFT algorithms.

3.3 Wigner-D and Wigner-d Functions

Definition 3.2.7 characterised the Wigner-D functions D;"*™ as the matrix elements of the unitary
irreducible representations of the group SO(3) on S? (cf. also Lemma 3.2.6). Due to this, they satisfy
the representation property

4
Dy (RS)= ) D{*R)DE™(S).  R.S€S0(3) (3.19)
k=—¢

as wellas D" (R) = D,}“”(R‘l) as a consequence of unitarity, cf. Lemma 3.2.6.
Recall from Section 2.1 that the elements of SO(3) have three degrees of freedom. It has proven to

be a powerful idea to split up the Wigner—D functions according to these degrees of freedom. More
precisely, in the following, we will use the Euler angle parameterisation to give explicit expressions
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for Wigner-D functions. It is, of course, also possible to give the Wigner-D functions in any other
parameterisation mentioned in Section 2.2 but the Euler angles are especially helpful as they will
provide a direct connection between the spherical harmonics and the Wigner-D functions.

To get a parameterisation of Wigner-D functions in Euler angles, we consider the Laplace-Beltrami
operator.

Definition 3.3.1 (Laplace-Beltrami operator). Let R(q1, g2, q3) € SO(3) be given in a parameteri-
sation of SO(3). The Laplace-Beltrami operator on SO(3) acting on a function f € C>(SO(3)) in the
given parameterisation is defined as

3
1 of of
Aso3) = —F——e det(JIT) (I —
SO(3) det(JJT) ijz_l aql i,j aq]
with the Jacobian J = m of the coordinate transform of x € Si with respect to the given
parameterisation. ‘
. . . ox
For the Jacobian of the coordinate transform in Euler angles J] = ————, we get
0(x, B,v)
1 0 cosf 1 1 0 —cos 3
"= 0 1 0 and (JJ') ' = — 0 sin® B 0
cosp O 1 sin” B\ _ cos f 0 1

Applying this to Definition 3.3.1 and using 1/det(JJT) = sin 3, we find

1 02 0? 02 02 0
ASO(3) = m (W —2cos Bm + a]/2> + Tm ‘|‘C0tf.})%.

Note that the definition of the Laplace-Beltrami operator Agg(3) does not depend on a particular
choice of coordinate system which implies rotational invariance of Agg(3), cf. [41, Sect. 2.4.2.].
Due to the rotational invariance, we can see from Ag Y™ (&) = €({ 4 1)Y;™(E), (cf, [31, Sect. 3.5])
that Ago(3) Y (RT1E) = £(¢ + 1)Y;™(R™€) is satisfied. Employing Definition 3.2.7 of the Wigner-
D functions, we conclude that the Wigner-D functions are eigenfunctions of the Laplace-Beltrami
operator fulfilling

Aso3) DM =L+ 1)D™™, (3.20)

for £ € N.

This allows us to find an explicit expression for Wigner-D functions in Euler angles using a separa-
tion of variables approach with D™ (R(«, 3,v)) = di(a)da2(v)ds(B). This yields three ordinary
differential equations with periodic boundary conditions;

(

d/’ + m?*d; =0, d,(0) =d,
do(

dy +n%d; =0, d,(0)

). di(0) =

27),
2n), d3(0) =

2 2
(sinpd}) + <€(€+ 1) sin p — T 2mneosp £m > ds

sin 3
d3(0) =ds(m)  d3(0) = ds(m).
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3.3 WIGNER-D AND WIGNER-D FUNCTIONS

The solutions for d; and d» are given by d;(x) = e ™% and d,(y) = e ™ for m,n € Z. To solve
the equation for d; we set x = cos 3 and obtain the following differential equation, [86, p. 138],
2 2
(m—m) (m+m) >d3—0.

(1—x*)df —2xdj + <W+”_ 20—%x)  2(1+x)

3.21)

The solution of the differential equation for ds is given by the Rodrigues formula

_(=ptm (€+m)! (1 —x)n—m gb=m (1 —x)n+t
B =" \/((’,—n)!(€+n)!(€—m)!\/(1+x)m+“ X (gt O

This solution will be referred to as the Wigner-d function d;"™(x) = d3(x).
Putting D" (R(«, B,v)) = di(o)da(y)ds () together again, we get an explicit expression for the
Wigner-D functions in terms of Euler angles. For [m/|, |n| < £ € N the Wigner-D functions are given
by

D™ (o, B, y) = e e ™Y A7 (cos B). (3.23)
Hence, the Wigner-D functions factorise into an exponential function depending on « and 'y and a
Wigner-d function depending on 3 only. We continue by laying out important properties of the latter.

Properties of Wigner-d Functions The Wigner-d functions d;*™ are related to Jacobi polyno-
mials cf. [84, p. 78] and [81, pp. 58] as

(€—B59)r(e+ B!
where @ = In — mJ, v=n+ m| and

1 ifn>m,
£ =
(D)™™ ifn<m.

0— 20+ B ey n v
d?‘n(x)zs\/( =) 2 )2* 2 (1—x)2(l+x)2P£E’%(x), (3.24)

From Equation (3.24) it can be seen that the Wigner-d functions d;"*™ are polynomials of degree { if
m + 1, and therefore, also n — m are even. If n + m are odd, v/ 1 — x2 d?m(x) will be a polynomial
of degree {. As distinguished from the degree {, we denote m and n as the orders of the Wigner-d
functions d;*"™.

A variety of properties of Wigner-d functions is a consequence of the fact that they are matrix elements
of unitary, irreducible representations of SO(3) for special elements R € SO(3), i.e., dj*™(cos ) =
D" ™ (R(0, 3,0)). At first, Wigner-d functions form a complete system of orthogonal functions for
fixed m and n, with respect to the inner product

2
So .
2014t

Obviously, the Wigner-d functions are not normalised, therefore we introduce the normalised Wigner-

1
(AT apm) = J A 4 (x) dx = (3.25)
d functions which are given by dj*™ = |/ 25 dm.
Lemma 3.3.2. Wigner-d functions fulfil certain symmetry relations including
d?tn (—X) _ (_ 1 )ZJrn dEern (X)

as well as
d?ln(x) — (_1)m+nd?m(x) — (_1)m+ndefmfn(x) — d;nfm(x)‘

35



3 HARMONIC ANALYSIS ON THE ROTATION GROUP

Proof. We setx = cos 3. By using the representation property (3.19) on d;*™(cos 3) = D(R(0, 3,0))
and the fact that dJ*™(—1) = (—1)**™8_ 1 4n, We can write

¢
A" (—cos0) = dy"(cos(m—0)) = Z dj™*(cos )df ™ (cos 0)
k=—¢
¢
= ) (=D _mpedf™(cos 0) = (—1)"dy ™ (cos 0).
k=—1

Considering that the Di*™ are elements of a unitary matrix, we have
D" (R™') =D}™(R).

Setting R = R(0, 3,0), we get the back rotation R~! = R(m, 3, 7). For the separated Wigner-D
functions, we have

DR = e "™7TdM M (cos Ble T = (—1) ™A (cos 6).
As the Wigner-d functions are real-valued functions, we get

D™ (R(0. B.0)) = df™ (cos ).

Putting this together yields
(—1)™ ™7™ (cos B) = df™ (cos B).

By repeated application of these two symmetries, the other symmetries from the lemma follow imme-
diately. |

Wigner-d Functions of Different Orders and Degrees We will now examine a fundamental
property of the Wigner-d functions that are used for the algorithms in Section 4. That is, the possibility
to connect Wigner-d functions dj"*™ for given orders m and n, on one hand, to Wigner-d functions
dy*™ of lower degrees ¢’ < ¢, and on the other hand, to Wigner-d functions d}“’“’ of lower orders
m’ <mandn’ <n.

The first connection can be realised by a three-term recurrence relation that reads for |m/, [n| < £ as

o (x) = (ux + v ait (x) Fwtt it (x), X = cos 0, (3.26)
with the recurrence coefficients given by
(t+1)(2+1)

u?]'n — )
VE+m+D)—m+DE+n+D{—n+1)
mn —mn(2(+ 1)
Ve = 5
L/l+m+1D)—m+D+n+1)l—n+1)
o —(L+1)/(2 —m2)(2 —n2)
; =

L/l+m+1D)—m+D+n+1)l—n+1)
where we set d;"™(x) = 0 for all £ < max(|/m/|, n|). This three-term recurrence relation results from

the fact that the Wigner-d functions d;*™ are special cases of Jacobi polynomials (cf. (3.24)).

To formulate the second connection, we take into account that a finite linear combination of Wigner-d
functions d;"™, £ = max(|/m/,[n|),...,L, can be expressed in terms of Wigner-d functions d?l,“/,
¢ = max(/m/|[,[n']),..., L, of certain lower orders m’ and n’ given by the following lemma.
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3.3 WIGNER-D AND WIGNER-D FUNCTIONS

Lemma 3.3.3. Let L € N, and m,n € Z with |{m|, n| < L. By D™ we denote the space spanned by
the functions dj*™ for { = max(|m|,n|),..., L If we define

0 ifm=n=0,
U m=d4n#0, o+l ifm=4n#£0,
0 else, 2 if m+n even, Im| # n|,
1 ifm+nodd, |m| # n|,

then we have D{*™ C D’L“l“l.

Proof. The lemma provides five distinctions. These are

)

ii)

iii)

— =0 : : 00 _ 00
m =n = 0: In this case, we simply get D}" = D}".

m = n # 0 : Recalling Equation (3.24), the Wigner-d functions d;*™(x) are related to Jacobi
(In—ml,Jm+nl)

polynomials Pe—max(\ml,\ml)

(x). Using this, we find the space D{™™ to be spanned by functions
(1+ X)|m|P£O,2|m\) (x) for{ =0,...,L — |m| multiplied with a scaling factor.

On the other hand, the space ID)IL1 is spanned by the functions (1 +x)P£O’2) with{=0,...,L—1
multiplied by a factor. It follows that we have D™ C ]DDIL1 , form # 0.

m = —n # 0 : Analogously to the previous case, the space D[~ ™ is spanned by functions (1—

x)m Pézlm"o) (x) for{ =0,...,L—|m| multiplied with a scaling factor while the corresponding

space ]D)lf1 is spanned by the functions (l—x)Péz’O) with £ =0, ..., L—1 multiplied by a factor.

Hence, it contains D™~ ™ for m # 0.

m+n odd: We set /m +n| =2M+ 1 and [n —m| = 2N + 1. In this notation, the space D{"™
is spanned by functions (1 + %)™ (1 —x)Nv/1 — széN’M(x) for{ =0,....,L-M—-N-—1
multiplied with a scaling factor.

The corresponding space ]D)?_1 is spanned by the functions v/'1 + XzPél’l) with{=0,...,L —1
multiplied by a factor. Hence, we get D" C ID)%I.

m+ n even, |m| # |n| : Finally, we set [m + n| = 2M and [n — m| = 2N. In this notation, the
space D["™ is spanned by functions (1 + x)M(1 — x)NPéN’M(x) for{ =0,...,L—-M—N
multiplied with a scaling factor.

The corresponding space D?_z is spanned by the functions Péz’z) with{ =0,...,L—2 multiplied

by a factor. So indeed, we get D™ C D2,

Remark 3.3.4. The quantities m' and n' will always depend on given orders m and n of Wigner-
d functions, ie, m’ = m/(m,n) and n’ = n/(m,n) . But in order to avoid these lengthy no-
tations, we will just write m’ and n'. Also, we introduce the notation Ly = max (|m/|,[n|) and
L) = max (jm’|, n'|).

Now let m and n be fixed and let

L

f=>Y ffmarn
=L,
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

be a finite expansion in Wigner-d functions d;"™, { = Lo,...,L. Due to Lemma 3.3.3, f can be
expressed in Wigner-d functions dE“/“/ of low orders,

L
f=) frmap™ (3.27)
=1/

where the sought transformation from coefficients 15}”1“ to coefficients fj*™ is linear. Therefore, there
exists a matrix A™" = (agy) € R(E-Lo+x(L=Lo+1) guch that the vectors f™™ = (f;) € CL—Lot!
and f™™ = (f;) € CE—Lo*! are related by the equation

i — A g (3.28)

Due to the orthogonality of the Wigner-d functions, the entries of the matrix A™™ are given by agx =
2e+1)(2k+1) , ;m/n’ ymm
A T AT

Corollary 3.3.5. The matrices A™™ obey the following symmetries for |m| + n| > 2;
ATTLTI — (_l)manfmfn Amn — (_Umannm

mn _ q; _ 1\ MAEd L —mn g: AL
A™" = diag (( 1) Il ‘)E:L()A diag (( 1))

=L,

Moreover, for |m| + m| < 2 we have

AT {—I for (m,n) = (0,—1) or (m,n) = (1,0),
I

else.

Proof. These are direct consequences of Lemma 3.3.2 and Lemma 3.3.3. |

The efficient application of the matrix A™™ to a vector will be discussed at length in Section 4.1.
To show how this can be done, we will derive properties of A™™ that will enable us to apply some
well-known fast algorithms.

3.4 Rotations on the 2-Sphere §?

In Section 2.2, we already saw that there is a relation between the rotation group SO(3) and the sphere
S?. The connection was reflected e.g. in the axis-angle parameterisation which characterises a rotation
uniquely by an angle w € [0,27) and a unit vector r € S?. Also the Euler angle parameterisation
gives a connection. Consider any point p € S? with spherical coordinates p = (o, 3). It can be
written as p = Re_ («)Re, (B)ez, cf. Lemma 2.2.8 and its proof. This is consistent with the Euler
angles parameterisation of a rotation established in Definition 2.2.10 as p = Re, (¢)Re, (B)Re, (v) =
R(«, B,7) is fulfilled for arbitrary v € [0, 27t). Yet another link was given in Definition 3.2.7 where
we defined the Wigner-D functions by means of spherical harmonics Y™, an orthonormal basis of
[%(S?). This gives reason to collect some more properties that connect the sphere S* and the rotation
group SO(3). By a reformulation of Definition 3.2.7, we get the representation property

YR 'p) Z Y™ (p)DMM(R),  for|m| < Lp e S%R e SO(3), (3.29)

m=—{
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3.4 ROTATIONS ON THE 2-SPHERE S?

reflecting the rotational invariance of the spherical harmonics.

Now, it comes as no surprise that Wigner-d as well as Wigner-D functions generalise functions that
are known from harmonic analysis on S?. In fact, by setting one order of the Wigner-d functions to
zero we get associated Legendre functions by

{—m)!
MPF(X), (3.30)

cf. Equations (3.10) and (3.24). Due to (3.30), the Wigner-d functions are also called generalised
associated Legendre functions. We now obtain immediately another relation between Wigner-D func-
tions D™ and spherical harmonics Y™ as

(-1 ; (
Y@ B) = )7 ey Oleos p) = /2, DFIR(xB.v))

= /2D R B )
T
where the Euler angle y € [0, 27) can be chosen freely. Owing to this relationship, Wigner-D func-
tions are sometimes also called generalised spherical harmonics (e.g. [14]).
As a nice consequence of the above properties, one obtains the correlation between functions on
[%(S?) using SO(3)- Fourier transforms. Computing a rotation-dependent correlation C(R) of two
functions f, g € L?(S?) leads to evaluate the integral

C(R) = ng f(p)g(R~1p) dp, R € SO(3). (3.31)

dM(x) = d) ™ (x) =

Being a basis of the L?(S?), we can use the spherical harmonics Y™ to expand the functions f and g
into

00 14

Z Z Mp). 9P =) > brY(p)

=0 m=—¢ {=0m=—¢

with Fourier coefficients aj™ and by".
Inserting these expansions into (3.31) using the representation property (3.29) yields

00 e’
C(R) = J (Z Z a Y )(Z Z by,vp(Rlp)> dp

=0 m=—¢ '=0n=—¢'

-3y Y Z Z Z DEA(R) bpjzvmp)vb(p)dp.

=0{0'=0m=—Ck=—('n

Knowing that the Y;™ constitute an orthonormal basis in L?(S?) for different degrees £ and orders m
and considering the symmetries of Wigner-d functions from Lemma 3.3.2, we obtain the following
equation
¢ ¢

Z (—1 )m—o—naF‘LWDe—m—n (R)
—An=—¢

M ¢

C(R) =
4

0m

~

Z _l)m—o—nae—mbe—nD%nn (R).
m=—~{n=—¢
This perfectly fits into the setting of the NDSOFT from Definition 3.2.11.

I
TT[VIE;
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3.5 Summation of Functions on the Rotation Group

To conclude this chapter on harmonic analysis on the rotation group, we present in some detail an in-
teresting application of Fourier transforms on SO(3). That is, the fast summation of functions where
we especially focus on the summation of radial basis functions to be established in Definition 3.5.1.
The summation of radial basis functions is a key task in kernel based approximation methods, which
have proved to be a suitable tool for solving a large class of problems on the rotation group, e.g. in-
terpolation, least squares approximation, clustering or principle component analysis [29, 39, 85, 93].
Fast radial basis function algorithms that utilise fast Fourier techniques to find an approximation of
the function f, which then can be evaluated at arbitrary nodes, are well established in the Euclidean
and the spherical case. They have been discussed in [50, 69]. There, they come off well compared
to other algorithms like Moving Squares, Thin Plate Splines, partition of unity, or fast multipole (see
e.g. [28]). All this gave reason to establish a fast radial basis function algorithm for the rotation group
as well. This was initially done in [43] and shall be reviewed here.

We will show how to evaluate linear combinations of radial functions on the rotation group based on
the NDSOFT. This approach takes O(] + K) arithmetic operations for | and K arbitrarily distributed
source and target nodes, respectively. This is a significant improvement over a naive algorithm com-
puting the same result with complexity O(JK). We will also investigate a selection of radial functions
and give explicit error bounds.

For more extensive information on these issues, we refer the reader to [43] which also provides nu-
merical tests of runtime and errors of the presented algorithm along with more examples of kernel
functions and an application of the method, namely the kernel density estimation from electron back
scattering diffraction data, a problem relevant in texture analysis, see [2].

Radial Functions on SO(3) Using the distance measure from Definition 2.1.7, we define radial
functions on SO(3).

Definition 3.5.1. A function f: SO(3) — C is called a radial function with centre Ry € SO(3) if it
depends only on the rotational distance to Ry € SO(3). That means for all Ry, R, € SO(3) that fulfil
RiR, I = RoR Y with respect to the metric on SO(3) (see Lemma 2.2.9), the function f satisfies
f(Ry) = f(Ry).

Note that a conjugate invariant function on SO(3) (cf. (3.8)) is automatically radial with centre Ry = L.
We already saw an example of such conjugate invariant function; the character xp (R) of a represen-
tation D (again, cf. (3.8)). Recall that it was defined to be the trace of a matrix representation of an
element R € SO(3). So in case of the Wigner-D functions, we have

[4
xt(R)= > DP™(R).

m=—{

Definition 2.1.7 established a connection between the rotational distance |R| and the axis-angle pa-
rameterisation, i.e., |Ry(w)| = w. Having this in mind, we formulate the following lemma.

Lemma 3.5.2. The character x¢(R¢(w)) of a rotation R € SO(3), with { € Ny given in terms of axis
reS?and angle w € [0, 7, can be calculated by

Xe(Re(w)) = Uz (cos )
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where
sin(£ + 1)w

sin w
for w € (0,7) and Ug(1) = €+ 1 and Ug(—1) = (—1)* (L + 1) denote the Chebyshev polynomials of
second kind.

Ug(cosw) =

Proof. As x¢(Ry(w)) is conjugate invariant, it satisfies X¢(Rp(w)) = X¢(S™'Re(w)8S) for S €
SO(3). By means of Definition 2.2.8, we can indeed find a rotation S such that S~ 'Ry (w)S = R, (w).
In Euler angles this rotation is denoted by R, (w) = R(w, 0,0). Applying formula (3.23) for Wigner-
D functions separated in Euler angles, we get for the character

4 4

¢
- w
xe(Re(w)) = E D™ (w,0,0) E e MY =142 E cosmw = Uy (cos 5)

m=—~{ m=—{ m=1

Using the conversion (2.4) from axis-angle to Euler angle parameterisation, we obtain the character
for rotations given in arbitrary Euler angles by

xe(R(et, B,v)) = Uy (cosgcos oc—;y) )

Lemma 3.5.2 motivates an alternate definition of radial functions, that is a definition via a Fourier
expansion in terms of Chebyshev polynomials of even degree. More precisely, we say, a function
f € 12(SO(3)) is a radial function with centre Ry € SO(3) if and only if its Fourier coefficients ﬂ?m
fulfil

' = f,D"™(Ry), L€ Ny, m,n=—L,....¢

for certain coefficients fy. Specifically, we then get

o 0 R 71|
=y f D" (RIDF™ (Ro) = Y fo Une (cos 70) 3.32
; m;€ n—Z_e 0) g 2 > (3.32)
We will use this formula to construct some examples of radial functions.
As a consequence of the orthogonality of the characters (3.9) and of the Peter-Weyl-Theorem, we
observe that the characters x, for { € N are a basis of the subspace of conjugate invariant functions
on SO(3), cf. [44], that is why they are also called radial basis functions.
Let us now collect some radial functions on SO(3), which we denote by P (R) with R € SO(3).

1. The Generating Function’s kernel: The generating function of the Chebyshev polynomials of
second kind is given by (cf. [5, Sec. 7])

o0 1
¢ _ _
E kK Up(t) = el te 1,1,k € (0,1). (3.33)

Employing (—1)“Ug(—t) = U,(t), we construct a radial function {: SO(3) — R based on the
generating function for any k € (0, 1) by

— 20 R 3 3
(R) = ;} K= Uop <Cos 2) = IRI | |

1 —2kcos 5 + K2 1 4 2k cos 5

4+ k2

which is in correspondence to (3.32).
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2. The Abel-Poisson Kernel: By differentiating the generating function (3.33) with respect to K,
a second summation formula for the Chebyshev polynomials is obtained by

1 — k2

T e[—1,1],k € (0,1).

oo
Z (20 + 1)k Ug t) =
=0

Again after symmetrisation, we get the Abel-Poisson kernel on SO(3) ([63, Sec. 17]),

P(R) = Z(Zﬂ + 1)k* Uy (cos |R|>

2
=0

1 1—«? N 1—«?
2 \ (1 —2«kcos ‘R‘ +x2)2 (14 2kcos 5 IR k2)2

3. The von Mises—Fisher Kernel: For any k > 0, the von Mises-Fisher kernel on SO(3) is
defined as (cf. [42])

i = Je(k) = Jep1(x) @ B 1 k cos|R|
W=D e (e0s3) = g™

where J,,, n € Ny denote the modified Bessel functions of first kind

1 7T
In(k) = J e ® cosnw dw.

4. The Gauss-Weierstrass Kernel: For k > 0 the Gauss-Weierstrass kernel on SO(3) is defined
by its Fourier series

5. The de la Vallée Poussin Kernel: This kernel differs from the others given previously as it has
a finite Fourier-Chebyshev expansion

R) = S cos™ = = o ) (2041 u R|
b(R) (2K + 1)22« oS (2K + 1)22x é( + )( « €> 2¢ <COS > > ,

for any k € N. More details are provided in [10].

All these kernels 1\ have in common that they define positive and monotonously decreasing radial
functions on SO(3). The parameter k determines the sharpness of the peak of 1, see Figure 3.1.
Furthermore, we have {(I) — co as k — 1.

Fast Summation of Radial Functions Let],K € Nandlet8; = (Sy,...,8y),S; € SO(3) and

T = (Ty,...,Tx), Tk € SO(3) be lists of rotations. Given a radial function \{: SO(3) — C, and a
coefficient vector ¢ = (cy,...,cj) € CJ, we are concerned with evaluating the sum

J
Ty ) :Zcﬂp(Tks;l), k=1,...,K, (3.34)
j=1
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500 - 500 ‘ 500
400! 400; 400
300, 300 300,
> 200! = 200! 200!
100} 100! 100l
971 T c—)ﬂ _r x n 977 — x n
2 2

Figure 3.1: From left to right, we see examples of the following kernels: the Abel-Poisson Kernel for
k = 0.8,0.85,0.875, the von Mises-Fisher Kernel for k = 8, 14,20 and the de la Vallée
Poussin Kernel for k = 20, 30, 40 plotted with dashed, solid and dotted lines, respectively.

for all rotations Ty € Tx. We will call the rotations S; € 8y source nodes and the rotations Ty € T
target nodes.
The function 1 can be approximated by its truncated Fourier series expansion as in (3.32);

YIS ) =P (TS = ) hDPTIDF™(S), S.T €50(3),
(Lmm)edp

with a fixed cut-off degree L € Nj. Inserting this into the sum (3.34) leads to a separation of the

source nodes S;,j = 1,...,], and the target nodes Ty, k = 1,...,K, as
o (J
f(T) ~fL(T) = Y B[ D ¢DF™(S)) | DI™(Tw) (3.35)
(Emmn)edy j=1

is satisfied.
Based on this representation, our fast summation algorithm splits into three steps:

1. the calculation of the innermost sum which is an adjoint nonequispaced Fourier transform as in
(3.18),

2. the multiplication with the Fourier coefficients ¢, and

3. the computation of the outer sums which is essentially a nonequispaced discrete SO(3) Fourier
transform evaluated at the target nodes Ty, k = 1,..., K (cf. Definition 3.2.11).

By this separation, we achieved the reduction of the computational complexity as the first step has
O(J) arithmetic operations, while the third step is of complexity O(K). The second step does not
depend on the input nodes at all, but on the cut-off degree L of the Fourier sum only. Hence, it does
not contribute to the complexity in terms of nodes. In total, we get a O(] + K) algorithm compared to
the naive O(JK) one.

Of course, the cut-off degree L contributes to the complexity in all three steps but is neglected here.
We will get back to this aspect in Section 4.2 after introducing the algorithms for the fast computation
of the NDSOFT and its adjoint.

Expressing the original summation problem (3.34) as the matrix vector product f = Wc¢ with

.....

f=(f(Tk))k=1..x € CX, We CJ, :q)(Tks;l) and ¢ = (cy,...,c;) € CJ,
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

the fast summation algorithm corresponds to a rank |Jy | approximation W1 € CK*J of the matrix W.
We obtain a reformulation of (3.35) in terms of a matrix-vector multiplication by f; = Wy ¢, with

fL ~ f(T)k=1.x € C, and ¥ € C*¥T W]y ~ IP(Tij_l).

,,,,,

In particular, (3.35) allows a factorisation of the matrix ¥ into
Y = DL,‘J‘KWLDESI,

where Dy 7, DL,S] are the Fourier matrices as defined in Definition 3.2.11, and ‘i’L e CPLIxPil jg
given by
Vi = diag(Pr), Wrlemn = e

Fast Summation of Arbitrary Functions on SO(3) In case that the function 1 is not radial,
its truncated Fourier series expansion may be written using the representation property (3.19) of the
Wigner—D functions as

YIS~ P (TS = > P ZDmh(T)D?h(S), S.T € SO(3).

(L,mmn)ed h=—

Substitution in (3.34) and rearranging of the sums again yields a separation of source and target nodes

¢ ]
fT) ~f(T) = Y DPMMT) Y ™Y oDp™(s)). k=1....K

(¢, m.n)eIL h=—¢ j=1

where the innermost sum is an adjoint Fourier transform and the outer most sum is a direct Fourier
transform. In contrast to the radial case, Step 2 now consists of L 4+ 1 matrix-matrix multiplications

fo=ee,, (=0,...,L,

20+1)

where matrices of Fourier coefficients f;, li) 0, € € CEHx( are defined as

NA)(]mn = 11\)?1“7 [Ce)mn = [DL,SIC]E,m,n and [ff]mn = {:\?an mn=—4...,¢0
In terms of nodes, again the complexity is reduced from O(JK) to O(] + K).
Error Estimates Next we discuss the error introduced by the approximation of ¥ by Wi. Obvi-
ously, this error depends on the decay rate of the Fourier coefficients 1™

Lemma 3.5.3. For a radial function\p € L*°(SO(3)), we have the error estimate
If—fillo < llelly Y20+ 1) [be]
1>L
while for a general \p € L*°(SO(3)), the error is bounded by
I = filloo < llelly 3 V20+ T el
¢>L

where || || denotes the Frobenius norm of the matrix {p, € C2¢+1x(20+1),
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3.5 SUMMATION OF FUNCTIONS ON THE ROTATION GROUP

Proof. The first assertion follows from

] A Ts; |
I =felle < 3 lo| max |3 [Pe|Use | cos——

j=1 ¢>L

For the second assertion, we rearrange the values of the Wigner-D functions at R € SO(3) as matrices
D¢(R) € C2e+1)x(28+1) with
[DE(R”mn = D?n(R)-

Hence, we can write

]
IIf —frllo Z}c)‘ max Z Z Z wmn (T
j=1 Teso(3 {>L m=—LCn=—{
= llell,  max ZtrlbeHDe ))‘

Applying the Cauchy-Schwarz inequality to the Frobenius inner product, we obtain

~ H 1/2
1=l < el g, 3 Il (w(Du(TID ()
=|le max | Use(1)1/2
el s 3 el L)
= lell; > V204 T[]l

{>L
|

Analogously to [50], one obtains immediately the following approximation error between the matrices
W and Y1 with respect to the p-matrix norm.
For a radial function 1 € L*®(SO(3)) and 1 < p < oo, we have the following condition on the
Pp-matrix norm
W —well, <J7RKE Y 20+ 1) [l
¢>L
For a general function { € L°°(SO(3)) one has

_1_ 1 ~
W —Will, <T7PKP D> el

¢>L

Let us now apply the error estimates for ”fﬁcfHLH

1
considering the sum

= to the particular, previously defined kernels by

o0

> e+ 1) ]|

¢=L+1
We computed for the radial function derived from the generating function an error of

> 2L 3 — k2
20 2L+2
§ 20+ 1)kt = « <1K2+(1K2)2>

{=L+I1

= O(L«*Y for fixed 0 < k < 1.
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3 HARMONIC ANALYSIS ON THE ROTATION GROUP

Analogously, for the Abel-Poisson kernel, we have

ad AL(L+1 L 4_9k2
Y e 12t = K2L+2< (L+])  SL9tx K)

1—«? (1—«2)3
(=L+1

= O(L%?h) for fixed 0 < k < 1.

For the Gauss-Weierstrass kernel, we have

e (o/e]
Z (2€+1)2e_€(1+1)|< < Z (20 + 1 )2 —(L+1)(e+1)k
0=L+1 Pt
(L1 [ALL+1) (8L + 9)e2(L+1)k 4 | — 9e(LH1)x
= € (LJrl)K_l ( (L+1)x 1)3
= 0L (HHIE2)) for fixed k > 0.

For the von Mises-Fisher kernel, we use orthogonality of the cosine system. Under the condition
that we chose { > k + 2, the resulting sum can be approximated by the error estimate in the Leibniz
criterion. This yields

o0
>«
7ir!

=0

cos” w(coslw — cos({ + 1)w) dw

%ﬂ

[
M8 >

7T
Jcos w(cosflw —cos(f + 1)w) dw
0

v (( 172~ fmcos (e+r)( r) (—1)fz—%%cosg(1+e+r)r(1+r)>‘
r

Il
M2
51 =

20

We first reckon

3 Te(k) = e (6)
¢ o
E;rl(z £ Jo(k) = TJ1(x)
1 s o0
Jo(k) —TJ1(x) E;I (2t+1 TZO JCOS w(cosfw —cos({ + 1)w) dw
N S i R O
< Jo(K)—jl(K) e;] 2001 .
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3.5 SUMMATION OF FUNCTIONS ON THE ROTATION GROUP

This sum can be estimated by two geometric series. Thus, one obtains

o0

(20+1
J —31 _; 2e€'

1 kL & K s > s
= 30(k) = 1(x) (2Lu ;)<2(L+1)> S vZO< ) )
B kEH! ( (L+1) (L+2) >
© Jo(k) = Ji(k) \2TLI(2(L+ 1) — ) 2L+ D)!(2(L+2) — k)
= (‘)(Tj) for fixed k > 0.

Since the de la Vallée Poussin kernel has a finite Fourier expansion, the approximation error becomes
exactly zero when choosing the cutoff degree L > k. However, for very large k truncating the Fourier
expansion at a cutoff degree L < k might be desirable. Details on this can be found in [43].

For the sake of completeness, we also state the asymptotic estimate for the approximation error of the

de la Vallée Poussin kernel for A — co and L = A4/ k + % € N. It is given by

If—flle (<) Z (204 1)2k!(k + 1)!
lell, 2+ 122 & (k= Ok + L+ 1)
4 = 1 2%+ 1 00
= 272 ~—0)? %4J 0*dNg(0).
2k +1 ;)(K—'_z )< ) > N 0.1(¢)
where Ng ; ({) is the normal distribution
1 _106ep?
Nu’cy(x) = e 2 o2

V2mo

with mean p = 0 and standard deviation 0 = 1. There is an upper bound for this approximation error
that does not depend on k and decays exponentially in A. It satisfies for k € N,

— }\\/7 1 a
”f HCT’LHOO < ( +C )3/2J e 2 %/2 dl < CJ (e_‘_l)Ze—%(g_l)z a0
1 K

(e ¢] —00

for some constant C > 0 that does neither depend on 1. nor on {. The proof of this error bound, can
be found in [43].

If we seek to compute the sum of radial basis functions as in (3.35), one type of error that will occur
is the one which depends on the polynomial cut-off of the kernel functions 1. We just gave theoretic
error bounds for this kind of error for some kernel functions. Having in mind that we want to find
fast algorithms to perform the computation of (3.35), we will be dealing with another type of error,
namely the approximation error of the nonequispaced fast SO(3) Fourier transform algorithm.

We will provide more information on this type of error in Section 4.2. There we will also perform nu-
merical experiments on the runtime of the fast summation algorithms. But before this can be done, we
will introduce, describe and analyse the algorithms we need to compute the SO(3) Fourier transforms
in a fast manner.
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4 Algorithms for SO(3) Fourier Transforms

In this section, we present the most important part of the whole work, namely the fast algorithms
to compute SO(3) Fourier transforms at arbitrarily sampled rotations. Recall that we have already
introduced the foundations of harmonic analysis on SO(3) and in particular defined the discrete SO(3)
Fourier transform (NDSOFT) in Section 3.2. In this paragraph, we will outline the general strategy
to efficiently compute the NDSOFT by our nonequispaced fast SO(3) Fourier transform algorithm
(NFSOFT) before it will be described in detail in the upcoming subsections.
This algorithm is based on evaluating the Wigner-D functions D;*™, which yield an orthogonal basis
of 1>(SO(3)) as we stated in Lemma 3.2.8.
Let L € N, by means of Definition 3.2.11 every function f € D has a unique series expansion in
terms of Wigner-D functions,

f= > {fDrm,

(L,mn)edy

with SO(3) Fourier coefficients "™ = 2;;31 (f,D*™). Moreover, we have a set Rq of Q arbitrary
rotations R given in their Euler angles

Ro ={R(xq,Bq:Yvq): g=1,...,Q} with Q € N.

If parameterised in Euler angles, we can rewrite their series expansion using Equation (3.23) as

f(R(xq,Bq,vq)) = Z f?lne*im“qd}“”(cosBq)e*inyq 4.1)
(¢,mn)edp

where the SO(3) Fourier coefficients f}fm € C are given by the integrals

27T p7U 27T
ﬁ““ = L Jo L f(R(, B,y))e™*d™™ (cos B)e™ sin B dy dp dex.

If we rearrange the triple sums of Equation (4.1) to

L L L
f(R(ag. Bq:Yq)) = Z Z e M eIy Z i di™(cos Bq), (4.2)
m=—Ln=—L £=max(|m/,[n|)

we will see the merit of the Euler angle representation. The sum (4.2) almost resembles

L L L
f(R(otq. Bq.vq))= ) D D h{Te Mxae ithagminve, (4.3)

{=—Lm=—Ln=—L

a standard three-dimensional Fourier sum, except for the sum over the degree {. But for us, the main
difference between the first and the second sum is that for the second one we know an algorithm
that can evaluate the sum fast, namely the NFFT algorithm. Its cost is that of a classical three-
dimensional FFT plus a term linear in the number of nodes Q, O (L3 logL+Q); seeeg.; [12,26,56,71]
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and the references therein. Moreover, a C subroutine library implementing the NFFT algorithm is
available; [49]. Of course, this is only helpful if we can efficiently compute the coefficients ﬁ{“" out
of the SO(3) Fourier coefficients f 1™ (see Figure 4.1 for a schematic representation of the coefficient
transform).

Hence, the crucial point to replace the triple sum of Wigner-D functions by a triple sum with complex
exponentials is the modification of the sum over { to

L L
Z f}fmd?m(cos B) = Z ﬁ}“”e_im.
{=max(|m|,|n|) {=—L

Note that this replacement will not depend on the given rotation. Instead, it is a rotation-independent
transformation of coefficients. We take two main steps to do this. At first, we exchange expansions in
Wigner-d functions with expansions in Chebyshev polynomials of first kind

L
Z fmd™ (cos B) =

f=max(|ml,|n|)

G Te(cos B).

an1w

And secondly, in a far easier step, we obtain the sought expansion in complex exponential functions.
The transformation from Wigner-d function expansions to Chebyshev expansions will be considered
in Section 4.1 and we will refer to it as the discrete transformation of Wigner-d functions (DWT).
We will actually present two different ways to efficiently compute the Chebyshev coefficients g™
out of the SO(3) Fourier coefficients 1?}““: the first approach is based on the fast polynomial trans-
form (FPT) algorithm introduced by [23, 70] which uses a cascade summation based on the three-term
recurrence relations of the respective orthogonal polynomials. This approach has been adopted to the
Wigner-d functions in [68, 89] where the previously mentioned three-term recurrence relation (3.26)
is used. The implementation of this approach is part of the NFFT subroutine library [49]. We will
refer to it as the FWT-C (the fast Wigner transformation based on cascade summation) and discuss it
in more detail in Section 4.1.1.

The second approach is the fast transformation of Wigner-d functions based on semiseparable matri-
ces (FWT-S). Essential to this approach are the transformation of arbitrary Wigner-d functions into
those of low orders m and n (cf. (3.27)) and the application of a differential operator to the Wigner-d
functions. It will be covered in Section 4.1.2. There we replace the cascade summation scheme with
an approximate technique that is a generalisation of the algorithms proposed in [77] for spherical
harmonic expansions on the sphere S?. This technique is based on an efficient algorithm to compute
matrix-vector multiplications with semiseparable matrices. An application of this technique to Gegen-
bauer polynomials has been analysed in [48]. Here it will be used for Wigner-d functions for the first
time. We will complete the consideration on transformations of Wigner-d functions by comparing the
two approaches in terms of runtime and accuracy in Section 4.1.3.

After the central step of computing with Wigner-d functions, Section 4.2 returns to the bigger scope
of the SO(3) Fourier transform as we briefly explain how to replace Chebyshev polynomials with
complex exponentials to obtain

L

" Telcos Bg) = Z ﬁ}“”e_imq.
e:o t=—L

I\/]h

Having finally obtained the three-dimensional Fourier sum (4.3) we were looking for, we can invoke
the NFFT algorithm. We are now able to compute fast SO(3) Fourier transforms (NFSOFT). We
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4 ALGORITHMS FOR SO(3) FOURIER TRANSFORMS

b)

Figure 4.1: This figure shows an overview of the four transitions of coefficients we perform to get
from Equation (4.2) to (4.3). The coordinates (£, m,n) of each cube represent the orders
m and n, and the degree { of the corresponding coefficient.
In a) we see a schematic arrangement of the SO(3) Fourier coefficients, with which we
start our computations. When using the FWT-S, these coefficients will be transformed
into the coefficients seen in b), and then into the coefficients of ¢). The FWT-C omits this
step directly producing the Chebyshev coefficients depicted in c). Finally in d) we see
the coefficients from the standard three-dimensional Fourier sum from (4.3), on which we
perform the NFFT algorithm. We will explain these transforms in the following sections,
for a comprehensive overview, please see Figure 4.8.

will summarise the algorithm, derive its adjoint version and consider its complexity. Depending on
whether we use the FWT-C or the FWT-S we will get algorithms of O(L* + Q), O(L*log’ L + Q)
or O(L?log L + Q) arithmetic operations where Q is the number of sampling nodes and L the cutoff
degree of the Fourier sum. This is a huge improvement over the O(L*Q) operations for the naive
computation of the NDSOFT.

In Section 4.2.2 we provide numerical tests on accuracy and runtime. In the course of that, we will
test the summation algorithms for radial and arbitrary functions on SO(3) that have been introduced
in Section 3.5. We will also test a quadrature rule in the adjoint transform for a special sampling
set on SO(3). This gives a brief example on how the evaluation of SO(3) Fourier coefficients from
function samples can be accomplished, although this is no direct focus of this work. However, readers
interested in the subject of the Fourier analysis of functions on SO(3) are recommended to consider
[35] and [79] where two different types of algorithms for the SO(3) Fourier analysis, i.e., the inverse
NDSOFT, in our terminology, are described. These Fourier analysis algorithms are based on our
NFSOFT algorithm as well as on its adjoint.

Also, there are other approaches to compute samples of functions on SO(3) at special, i.e., equispaced
sampling sets the NDSOFT, e.g. [53] and [73]. The authors of [53] use a similar approach to split
the Wigner-D functions but they divide their transform differently into a two-dimensional FFT and a
direct recursive evaluation of Wigner-d functions which depends on the chosen sampling set and in
contrast to our NFSOFT is no node-dependent but a coefficient transformation. In [73] it is described
how to expand the Wigner-d functions directly into a Fourier sum and thus evaluating a quadruple
sum by means of an FFT. Both works describe O( Y algorithms although the authors of [53] point
out that their algorithm has the potential to be a O(L3log? L) one, as well. Note that the number of
source rotations QQ does not occur in the total complexity of these equispaced transforms as it depends
on L and is of order Q = O(L3). We see that our NFSOFT algorithm has favourable complexity over
these two and can moreover be applied to arbitrary sampling sets on SO(3).
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Figure 4.2: The aim of the transform of Wigner-d functions is to turn expansions of these functions
with maximum degree L into expansions of Chebyshev polynomials of first kind. The
figure shows the input and output coefficients of the transform, in the sense that each cube
with coordinates (£, m,n) represents a coefficient of orders m and n, and degree {. The
transformation between these coefficients is a linear one and can, hence, be expressed as
a matrix. In this transform, the matrices C™™ for m,n = —L, ..., L realise the change of
basis.

4.1 Fast Transforms of Wigner-d Functions

The aim of this section is to find a transformation which turns linear combinations of Wigner-d func-
tions dj"™ for a fixed set of orders m,n € N, with [m/|, [n| < ¢, into linear combinations of Chebyshev
polynomials of first kind T (x) = cos({ arccos x).

Recall Equation (3.24) which gave an expression of Wigner-d functions in terms of Jacobi polyno-
mials. From this equation, we saw that the Wigner-d functions d;"™ are polynomials of degree { if
m+niseven. If n +mis odd, the Wigner-d function dj"™(x) is almost a polynomial but multiplied
with the factor v/ 1 — x2. In that case, it is a polynomial of degree { — 1.

Consequently, the task for this section is to find coefficients §;"™ such that for any given set of orders
m and n and known coefficients 15?1“, we get the series expansion

L
L Z g¢ " Telx) if m + n even,
D At =< {7 (4.4)
=to g1 —x2Te(x) if m +n odd.
£=0

for x € [—1, 1] and with Ly = max(|m/, [n|), see also Figure 4.2.

Definition 4.1.1. For given L € N and fixed orders m and n, the change of basis, given in Equa-
N . . T
tion (4.4), from SO(3) Fourier coefficients ™™ = <f‘ﬂ;“, .. .,f‘ﬂ”‘) to the vector of Chebyshev

coefficients g™ = (g™, ..., gM™) T is described by the matrix C™™ € CIHDX(E=Lo) through
gnnL::(ﬁnnﬁnn‘

We will refer to the application of the matrix C™™ to a suitably sized vector as the discrete Wigner-d
functions transformation (DWT).

Let us take a closer look at the DWT. It is well known that polynomials of a certain degree £ can be

2k+1

represented by their values in Chebyshev nodes Ty 1 = cos (zz 5

7r> . We will use these nodes for the
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4 ALGORITHMS FOR SO(3) FOURIER TRANSFORMS

computation of the DWT as we want to have the transition between the two types of basis function

in (4.4) independent of the actual source nodes x. We, hence, replace d;*™ by (d?‘“(’cg,k))e In

k=0"
terms of matrix-vector notation the basis transformation (4.4) is rewritten as

TgM™™  for m + n even,

Dmnfmn —
TSg™™ for m + n odd,

where the vectors f™™ € CL—Lot+! gmn ¢ CL+! contain the SO(3) Fourier coefficients and Cheby-
shev coefficients, respectively; and we evaluate the occurring polynomials at their Chebyshev nodes

by
T — (COS@HUﬁf) , S:diag<smﬂ<+1)ﬂ>
2L+1) )01 L+2 /oL

,,,,,,,,,,

Dmn — (dFlTl (COSM)> .
20+1) ) ) xco. Lie=1,..1

.....

Thus, the whole transforms, i.e., the matrix C™™ given in Definition 4.1.1 can be separated into

CTTLT\.

B T 'pmn for m + n even,
STIT'D™™ for m +n odd

where we get by simple computations

T — (2_6% cos 2ty 1)k7£>
= L+1 2L+1) Jye—oor

—1
1 . (k+1)m
S™ = dlag<<smL+2 .
k=0,...,.L

.....

The total complexity is determined by the matrix D™™ the application of which to the vector fmn costs
O(L?) operations. Neither the multiplication by T~ which is realised by the discrete cosine transform
(DCT) from [8] in O(LlogL) nor the multiplication by the diagonal matrix S~! in O(L) steps will
increase the asymptotic complexity. In the forthcoming Section 4.1.1, we present an approach that
manages to split the matrix C™™ such that the multiplication with the new matrices can be done in
as little as O(Llog? L) steps. In Section 4.1.2, we will present another approach with a even more
favourable complexity of O(LlogL).

4.1.1 The Fast Transform of Wigner-d Functions Based on Cascade
Summation

Our aim is the efficient computation of matrix-vector multiplications using the matrices C™™ for all
m,n = —L,...,L. A more detailed description of the algorithm and its implementation, along with
extensive numerical tests, can be found in [68] but is summarised here.

The fast polynomial transform, such as the one to be outlined here, has been described in [57] and
[23] for the sphere S?. Our algorithm is a generalisation of the algorithm presented in [57] for the
associated Legendre functions on the two-dimensional sphere, in the sense that Wigner-d functions
are actually a generalisation of the associated Legendre functions (cf. Section 3.4).

The essential property of Wigner-d functions we are exploiting here is their three-term recurrence
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4.1 FAST TRANSFORMS OF WIGNER-D FUNCTIONS

relation given in (3.26). Based on this relation the Clenshaw algorithm [18] can evaluate a linear
L

combination of Wigner-d functions Z fId"™ (x) at one node x at a time. This is not favourable

=1,
in our case as we seek to evaluate this sum for general x. For this, we first need a more general form

of the three-term recurrence (3.26). This generalisation is two-fold, it comprises an extension of the
three-term recurrence relation to Wigner-d functions for orders |m/, [n| > £ that have been previously
undefined, as well as the possibility to shift the degree £ of d;"*™ by an arbitrary ¢ € N, instead of only
one step. These steps have been described for the Wigner-d functions in [68]. At first, we modify the
three-term recurrence relation by defining the Wigner-d functions for [m/, |n| > € as well. Note that
this is the important step which allows us to realise the fast Wigner-d transform in a fast and stable
way. We obtain for arbitrary L € N, m,n = —L,...,Land { = 0,...,L the extended three-term
recurrence formula

dit(x) = (ag™™x + B AP (x) + v d (x), 4.5)

where the recurrence coefficients read as

1 form=n, (=)™ +1 - for 0 < £ < Ly — min(jm/, n]),
apt =<0 form+mnodd, m#An, ot % for Ly — min(jm/,|n|) < £ < Ly,
—1 otherwise, ut" for Ly < ¢,
1 for 0 < £ < Ly, 0 for f < L
or ~ >
B =<0 form=n=0, and yit = 0
o . wit™  otherwise,
%) otherwise

using up*™, vi"*™ and wi"™, the recurrence coefficients from (3.26). To start the recurrence for all

(2min(|ml,[n|))!

m,n=-—L,...,[, weset d™" = 0; and with Ay, = Sl min (1 Ve obtain
A () = Amn for m 4+ n even,
AmnV1—x2 form+n odd.

For the second modification of the three-term recurrence relation, we introduce associated Wigner-d
functions d;"™ (-, ¢) with a shift parameter ¢ € N by

d™%(x,c) = 0, dy"(x,c)=1,

d€+1( ) = (“E+CX+ B€+c) (4 (X C) +y€+cd ( )
One can prove that the sequence {d?m(x c) } (e 18 again orthogonal, cf. [88, Sect. 2].

Instead of only one step as in the modified recurrence (4.5), we will now shift the degree { of dj*™ by
c € N steps by

(e (x) = dZ™ (x, 0dg™™ (x) + v A (x, 6+ 1A (x).

This alone does not yet yield a faster algorithm. A serious drawback is that we still can only com-
pute the recurrence for one node at a time. Instead, we would like to make the computations node-
independent, i.e., compute with functions instead of numbers.

We know that Wigner-d functions d;"™ are polynomials of either degree { or £ — 1 if we neglect
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4 ALGORITHMS FOR SO(3) FOURIER TRANSFORMS

the occasionally occurring term /1 — x2. In fact we will not treat this term in the transformation
of Wigner-d functions but will include it later on the transformation from Chebyshev coefficients to
standard Fourier coefficients. It is well known that such polynomials can be represented by their
Chebyshev expansion

¢
¢
it =) Ty, d¢™™ ~ (o) k=
k=0
or, as previously mentioned, by their values at Chebyshev nodes Ty i with

4
d?ln(’[e,k) = d?ln<COS (%7’()), d?ln ~ (d?ln(’[e,k))k 0

Switching between both representations allows us to find an efficient algorithm to compute the Cheby-

L L
shev representation of the linear combination Z 1?}“” d"(x) = Z G Te(x).
=L, =0

A basic step includes the treatment of the coefficients 13?1“, not as numbers, but as polynomials of
degree zero. On them, we can employ the generalised Clenshaw procedure using the new three-term
recurrence.

The sum over the Wigner-d functions is split into consecutive blocks of four summands, of which the
respective Chebyshev expansion is known. To combine the four summands in each block, we make
use of the discrete cosine transforms, DCT-III and DCT-II, which are an efficient way to convert func-
tions in Chebyshev representation to their representation in Chebyshev nodes and back, see [8]. The
exact details on the theoretical background of this step can be found in [89]. After this, we get new
blocks, this time containing polynomials of degree at most 3, of which we just computed the Cheby-
shev expansion. This step is repeated until we are left with one single block of one single polynomial
of degree at most £. A graphic interpretation of this would lead to a cascade which becomes smaller
towards the end. The original algorithm [23] described the transposed version of this transform, i.e.,
the transition from Chebyshev expansions to an expansion in other polynomials. Hence, it had a "clas-
sical”, growing cascade which initially led to the name cascade summation.

The described cascade has a depth of O(log L) layers. On each layer, except for the first and last, we
perform a DCT which takes O(Llog L) operations, yielding a total O(Llog? L) for the whole compu-
tation.

This complexity is already an improvement over the one of O(L?) the DWT possesses. This gives rea-
son to call the described algorithm the fast transformation of Wigner-d functions (FWT). We specify
FWT-C (for cascade summation), not to confound this methods with the one from Section 4.1.2. But
we encounter a new problem here: numerical instabilities. When using exact arithmetic the FWT-C is
exact. But when computing in finite precision, small errors, introduced by the DCT algorithms in the
cascade, cause numerical instabilities (cf. [72]) when they are multiplied with large function values
of the associated Wigner-d functions d{"*™(x, £). Those occur for function values [x| ~ 1 at certain
admissible triples (¢, m,n) € J;. This already happens for comparatively small sizes of { > 12.

An effective approach to improve the stability of this summation has been developed in [24, 72]. The
authors identify unstable multiplication steps in the cascade and replace them by a stabilisation step
whenever the functions to be transformed exceed a certain threshold « at |x| &~ 1. This corresponds to
removing the critical polynomial from the cascade, dealing with it separately and inserting it again at
the very end, on the last layer of the cascade. In a scenario where every single polynomial is removed
from the cascade, we would get back exactly the slow DWT algorithm.
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4.1 FAST TRANSFORMS OF WIGNER-D FUNCTIONS

The algorithmic details on this stabilisation method, as well as its implementation for associated Leg-
endre functions, can be found in [57] and [49], respectively. This method has been directly applied to
and implemented for the Wigner-d functions in [68].

Although we now have a method to improve the stability of our computation, its application will
increase the runtime of the algorithm. Each stabilisation step will cost O(Llog L) operations. That
means, if we need for than O(log L) of them, the FWT-C will no longer be a O(Llog? L) algorithm.
So far, we do not know an upper bound for the number of stabilisation steps with respect to the band-
width L for a given threshold k and thus the true asymptotical complexity of the stabilised FWT-C.
However, the numerical experiments conducted in [68] support the conjecture that, although, the sta-
bilised FWT is slower than the unstabilised version with O(Llog?L) flops, it is still asymptotically
faster than the DWT with O(L?) flops.

Apart from this, the numerical stability of this method has neither been proven. It is just more stable
than the unstabilised version. These drawbacks of the FWT-C lead to a new algorithm which will
be presented in the next section. It will overcome the problems of the stabilisation and yield a more
favourable complexity of O(Llog L) instead of O(Llog? L).

4.1.2 The Fast Transform of Wigner-d Functions Based on Semiseparable
Matrices

The algorithm we present in this section is, like the cascade summation in Section 4.1.1 an approx-
imate technique the complexity of which increases with increase of accuracy. Furthermore, it is
a generalisation of the algorithm proposed in [77] for spherical harmonic expansions on the two-
sphere. Their technique is based on an efficient algorithm to compute matrix-vector multiplications of
semiseparable matrices. An application of this technique to Gegenbauer polynomials has been anal-
ysed in [48] already.

Again, we will show how to exchange expansions in Wigner-d functions with expansions in Cheby-
shev polynomials of first kind. Essential to this are the transformation of arbitrary Wigner-d functions
into those of low orders and the application of a differential operator to the Wigner-d functions. This
will yield specially structured matrices G™™ that are semiseparable. Applying a divide-and-conquer-
type algorithm from [16] with a minor extension to our matrices of semiseparability rank one, we
compute the eigendecomposition of these matrices. The algorithm, called the fast transformation of
Wigner-d functions based on semiseparable matrices (FWT-S), has complexity O(Llog L) if applied
toa L x L matrix.

Again we are given a set of orders m and n and coefficients f}fm, and we seek to find the coefficients
A mn

9e
L
L Z g Te(x) if m + n even,
DI it VR
=ho Z VI—x2Te(x) if m+n odd.

0=

But this time we introduce an intermediate step in this transform:

1. Starting from the SO(3) Fourier coefficients f}“n for |m|, In| > £, we consider the transform

Z fmn mn Z fmn m'n’ ) (4.6)

=Ly =L
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where m’, n’ are those low orders that have been defined in Lemma 3.3.3. Recall also Equation
(3.28) which defined the matrix A™™ that realised the change of basis between Wigner-d func-
tions and Wigner-d functions of low orders. That is, A™™ € R(L—Lo+ 1> (L—Lot+1) gatisfied

f-mn — AT fmn
for ™" = (fy) € CH o and ™ = (fy) e CH Lot !,

2. The next step is to replace the Wigner-d functions d}?l/“/ by Chebyshev polynomials of first
kind T, in order to get

L
L Z gy Te(x) if m 4+ n even,
DI Ht R COER
=L > o V1-x2Te(x) if m+nodd,
=0

“.7)

For the matrix-vector notation, we introduce the matrices B™™ € R(L+UX(L=Lo+1) for fixed
m,n = —L,..., L. They realise the change of basis in (4.7), i.e., they satisfy

gmn — pmn fmn
with ™™ = (") € CLTL. An explicit formula for the matrices B™™ will be given in
Lemma 4.1.6.

Step 1: Computing the Matrices A™": Let L € N and the two orders m,n with [m/|,n| < L
be given. On account of Corollary 3.3.5, we can restrict the cases of orders we need to consider. In
fact, it is enough to assume 0 < m < L[, and 0 < n < m. All remaining cases can be reduced to these
cases by using one or more of the respective symmetries from Corollary 3.3.5. Figure 4.3 illustrates
this fact.

Moreover, we will always compute with normalised Wigner-d functions apm =4/ %T*ld?m in this
section. While for the FWT-C the key property was the three-term recurrence relation of the Wigner-d
functions, we now revert to the differential equation from which the Wigner-d function arose. Putting
together (3.20) and (3.21), the Wigner-d functions are eigenfunctions of the differential operator

(4.8)

) 2
pmn(y) =—(1—x2)y”+2xy’—|— <TL m| |m + n| >

2(1—x)  2(1+x)

to the eigenvalues Ay = £(£ + 1).

If we compare the differential operator D™ for arbitrary orders and the differential operator D™ ™'
for the low orders from Lemma 3.3.3, we encounter a similarity between them. To be more precise,
we have

pmn _ .Dm/n/ =D 4+ Dt
with the operators D~ and D™ defined by

_ n—mp2—mn' —m/? n+m/2—n’+m’]?
D™ (y) = DH(y) =

201 —x) Y - 2(1 +x)

Both operators are of much simpler structure than D™ ™, Note that although D~ and D" depend on
m and n we omit their indices here to improve readability.
Using the differential operator D™™, we define a certain matrix.
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Amﬂ,
> om
cf. (3.28)
; - n
Wigner-d functions Wigner-d functions - 0 L
- / L of low orders
a)
b)

Figure 4.3: The figure depicts the transform between expansions in Wigner-d functions with maxi-
mum degree L and Wigner-d functions of low orders. Again, input and output coefficients
of orders m and n, and degree { of the transform are represented by the cubes with coor-
dinates (£, m,n). In this step of the transform, the matrices A™™ for m,n = —L,...,L
realise the change of basis.

In b), we see the reduction of relevant matrices A™™ (grey squares) due to the symmetries
from Corollary 3.3.5. If moreover m + n < 2 holds true, the matrix A™™ is the identity
matrix (black squares).

LoLg )% (L-Lyy +1

Definition 4.1.2. The matrix G™™ = (g¢x) € R Vis defined by

gex = (AF™, DM (AR ™).

This will be very helpful in the development of our fast algorithm in the sense that, on one hand,
the matrix A™™ comprises the eigenvectors of the matrix G™™, and on the other hand, G™™ is a
specially structured matrix on which we can apply some well-known fast algorithms.

Lemma 4.1.3. Let ax = (ag,....aLk)’ € RENFL L < k < L be the (k — Lo + 1)st
column of the matrix A™™. Then ay is a normalised eigenvector of the matrix G™™ to the eigenvalue
A =k(k+1).

Proof. Recall that

L L
~ ~ ! ! ~ ~ ! ! ~ ! !
arm = 3 (@rapmapr ™ = Y agd™
=L} =L}

Consider the (£ — L) + 1)st row of the matrix-vector product G™™ ay for L) < ¢ < L which satisfies

L L L
_ Tm'n’ mn; ym’'n’ _ /am'n’ mn oam/n’/
> gejaje= ) (@@L DM AN ))aj = (AL D D ajxd] )
j:L(’) j:L(') j:L(’)

L
= (@, DM @) = (@Y Al = (@ A Y aged™™)
j=L}
L
:Ak Z <dP1 n , d;ﬂ n >aj,k = Akaﬂ,k-
j=L}

The vectors ay are automatically normalised due to the use of the normalised Wigner-d functions. W
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4 ALGORITHMS FOR SO(3) FOURIER TRANSFORMS

Now that we know the connection between the matrices A™™ and G™"™, we move on examining the
structure of G™™. The matrix G™™ can be split into a sum of three matrices, each of which we can
analyse separately. This is achieved by using the operators D~ and D to rewrite the entries g 1 of
G™™ as

geie = (AP DA™ + (L DT + (L DE (AR ™).
This leads to a representation of the matrix G™™ in terms of a sum of three (L—L)+1) x (L—L{+1)
matrices, G™ =D + S~ + ST with
D= (dex), dex = (D™™ (AP, dr ™),
M).dpm) (4.9)

The matrix D is actually a diagonal one as a{j,“, is an eigenfunction of the differential operator
DM (o the eigenvalue A, = k(k + 1), and we, therefore, obtain

de’k _ <®m/n/(aTkn/n/), a?l/n/> _ <7\kakm/n/’ aFL/n/> _ }\kée’k,

While the matrices S~ and ST do not have such a nice structure as D, their entries can also be given
explicitly. The quite extensive derivation of these formulae can be found in [52, Lemma 4.7]. We omit
this here, mainly due to the fact that Section 5.1 features a new proof of the corresponding formulae
for Wigner-d functions in half-integer orders (cf. Lemma 5.1.6) which follows a similar procedure as
the one in this case, but can not be found elsewhere. The entries of the matrices S~ and ST are given
by

B o ., |n—m|2—|n’—m‘|2~ .
S“‘ZJ AT Ty @ 0 = (I mf - m P

! Ym/'n’ |T1+m|2—|m‘—|—n‘|2~ It
St = J AT 2(1+x) A (dx = (=D (4 mP — '+ m/Phy g

with £ = min{¢, k}, k = max{¢, k} and

0o+ 1) o
m lfm—:I:TL,
6+ 3)(k+ 1) (C—1ee+1)(t+2) .
hex = 1 K~ DOk(kF (k2] if m + n even,
e+1) .
2 m lfm+n0dd

Now we are ready to examine the special structure of the matrix G™™ a bit closer.
Definition 4.1.4 (Semiseparable Matrix). An n X n matrix G is called semiseparable of rank R, if
there exist vectors d,u,, v € R™, r=1,...,R, such that
R
G = diag(d) + Z (triu (uy vy) + tril (veuy)) .

r=1
Here, diag (d) denotes the diagonal matrix with the entries of the vector d on its diagonal. Further-
more, triu (ur vf) and tril (Vr uI) are the strictly upper and lower triangular parts of the rank-one
matrices Uy VI and vy uf, respectively; see [83].
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4.1 FAST TRANSFORMS OF WIGNER-D FUNCTIONS

Lemma 4.1.5. The matrix G™™ from Definition 4.1.2 is semiseparable with semiseparability rank
R=2 ie.,

G™" = diag(d) + triu (uy v{ ) + tril (vi uf) + triu (up v3) + tril (v2u3) , (4.10)
withd = (d¢), wp = (u}), vi = (v}), wa = (u3), va = (v}) e RNt fore =1, L, where

2(20+1
dz:(’,(2—1—1)—1—(In—m|2—In’—m’|2+|n+m|2—|n'+m’|2)yi( 8+ ),

u% = W%We, v},{ :W%We_l, u% = W%We, v% = w%we_l,

wh=2y/in—mP = = mR) e+ D), wE = (D (e mP ) e D),

2 1 dd,
we =< V=1L +1)(L+2) ifm+neven, Y:{If U;m—i—no
eLse.
te+1) ifm+n odd,

Proof. Using the decomposition of matrices G™™ from (4.9), we get

ST = +triu (u1 VlT) + tril (V1 ulT) and ST = triu (uz vg) + tril (vz ug) .
By separating the coefficients hg i into a product of a term depending only on £ and a term depending
only on k, we obtain the proposed coefficients u} and v} for the matrix entries s, and u% and v% for
the matrix entries s{k. The proof follows by straightforward computations. |

Let us now consider some special cases of the matrix G™™. If m—n| < 2or|m+n| < 2, G™M"
becomes semiseparable with rank one as either  m+n|—|m’+n/|=0or/m—n|—|m’'—n/[=0
is fulfilled. This will eliminate one semiseparable part from the matrix G™™ in Lemma 4.1.5.

If m =0orn =0, we have /m —n| = [m + nl, and jm’ — n/| = |[m’ + n’|, and therefore, w} =
(—l)zw%. As a consequence, each element gy i from G where {4k is odd is eliminated. This checker
board structured matrix G™™ can be rearranged such that the resulting matrix is block-diagonal with
two blocks, Ge, and G,, where each is a symmetric semiseparable matrix of semiseparability rank one.
Note that these are the transforms that are applied to the Wigner-d function a?‘o for m < { which
are by (3.30) the normalised associated Legendre functions. An algorithm for the fast evaluation of
associated Legendre functions, based on semiseparable matrices of rank one, has been described in
[77].

Fast Algorithms for Semiseparable Matrices Now we know that the matrices G™™ are semi-
separable either of rank two or one and that the matrices A™™ from (3.28) contain the eigenvectors
of the respective G™™. But so far we did not discuss how such eigenvector matrix of a semiseparable
matrix can be efficiently applied to a vector. A method to do this for matrices with semiseparability
rank one is described in [16]. With a minor extension the same method can be applied to our matrices
with semiseparability rank two, too. We give a very brief outline of this method and refer the reader
to [16] for more specific details on the implementation.

The main idea for the divide-and-conquer approach of the algorithm is the fact that the matrix G™"™
can be written as

G 0
GM" = ( 01 G2> + p1 Wi W] + paWa W3,
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where p, p» = +1 are freely chosen scalars, wi, w, € R™, and G| and G, are matrices of the same
type as G™™ and may, therefore, be decomposed recursively in the same manner as G™™. This is
repeated until we can directly compute the eigendecomposition of the matrices. A proof of this can
be found in [52, Sec. 4.1.2].

After the divide phase, the eigendecompositions of those smaller matrices are combined, in the con-
quer phase, to eigendecompositions of the next bigger matrices, following the decomposition tree,
until the sought eigendecomposition of the original matrix is obtained. So, suppose that we have com-
puted the eigendecompositions Gj = Aj /4 AT, with diagonal eigenvalue matrices A\, and orthogonal
eigenvector matrices Aj for j = 1,2. For the matrix G™™, this implies the representation

A 0 T ™ (AT 0
Gmn:<0 Az) (/\+91Z1Z1+p2Z2Z2)<01 A_zr ,

with

(M0 B AlT 0 .
/\—(0 /\2>’ Z)—<0 Ag)wl’ j=1,2.

From this representation, it takes two steps to obtain the eigendecomposition of the matrix G™™; the
solution of two rank-one modified diagonal eigenproblems. In the original algorithm from [16] only
one step is necessary. In this sense, our strategy is a generalisation of the original algorithm, but a
minor one as all its properties are preserved.

This way, we find

(A+ P1Z12Z] + lezlz) A, (A + pzizig) Al =4, (Az/(zlig) AT

with Z; = Ag Z. The eigenvector matrix A™™ of G™™" is, therefore, given by

Al 0 x «
mn __
A _(0 AZ)AlAz.

It is important to note that we do not compute the A™™ explicitly, but only its effect on a vector,
as the corresponding eigenvector matrices A; and A, can be efficiently applied with an approximate
algorithm at linear cost.

An analysis of the methods, found in [16], shows that if A™™ is an L x L matrix, it can be applied
to any vector at cost O(LlogL). It is important to note that the resulting algorithm also includes a
pre-computation part which computes O(Llog L) values in advance.

Step 2: Computing the Matrices B™™: The next step is to replace the Wigner-d functions
dE“’“’ by Chebyshev polynomials of first kind Ty (cf. Figure 4.4). Here the main idea is to exploit
the relation between Wigner-d functions and Jacobi polynomials (3.24). As we reduced the occurring
orders of Wigner-d functions to the low coefficients m’ and n’ from Lemma 3.3.3, we only need to
consider five cases, namely,

20+1 .

00— - + P A2 = b7 P + b7, P,
g /2e+1 /e+

01 _

d ﬂ 1’

oW}

1,1 (0.1) (0,1)
¢ =by P b Py

~1,—1 . — p(L0) (1,0)
d, =be Py +b P
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with

N 1 i ifk = ¢,
by = T .
’ 200+1) |L+1 ifk=0—1,

_— 1 —0 ifk=¢
TR0+ e+ ifk=0—1,

0 — .
2 1 (C+1)(L+2) _((€+1) ifk=¢

b=
: (=1
2y2(2t+1 ¢ k=02,

These relations are a direct consequence of [1, p.782]. Note that only four different types of the Jacobi
polynomials occur that, moreover, have only two different choices for the parameters. Our next aim

is to transform them into a sum of Legendre polynomials P; which satisfy P;j(x) = P].(O’O) (x). We use
the following identities

e .
(0.1) 01 p(0.0) 01 i+e2)+1
PO =D P cpy = (—=1P* 1
| +
j=0
(10 _ % (00) 2j+1
1,0) 10 (0.0 o _
P, = cj’sz , Cpj = 1
j=0
4 P
(L1) 11 p(0,0) 11 0 lf] + £ Odd,
Pe =2 ol %o = {2(25+1) i
j=0 t+2  ©Ise,

from [61] and [48]. Having arrived at a representation of the Wigner-d functions in terms of Leg-
endre functions one step remains to be done; the transition to Chebyshev polynomials which is now
described by

1 1
0 2—6j0r(T)+§> F(Tj+§>
Z d?,Tj, 49 = : . :
Tor(FP (%)
For a representation of the matrices B™™, m,n = —L,..., L, we can now state the following lemma.

Lemma 4.1.6. The matrices B™", realising the change of basis from (4.7), are given by

DY B ifm’ =n’=0,
D'C''B! ifm’'=0n'=1,
=<D'C'"B> ifm’'=0n'=2,
D'CY"BY fm/=1Ln'=1,
DCYB~ jfm/=1n'=-1,

B™™

where the corresponding matrices are defined as

BO c R(L+1)X(L+1)’ Bl c RLXL, B2 c R(Lle)X(L*l)’ B:t c R(L+1)XL,
COI c R(L+1)X(L+1), CIO c R(LJrl)X(LJrl)’ Cll c R(L+1)X(L+l)’ Dl c R(L+1)><(L+1)

s
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an

tions

Wigner-d func-

of low orders

Figure 4.4:

with

=]
=)

B? =

Cll

Lemma 4.1.6

\ 4

Chebyshev polynomials

(. J

The aim of the second step of the FWT-S is to turn expansions of Wigner-d functions of
low orders with maximum degree L into expansions of Chebyshev polynomials of first
kind. The figure shows the input and output coefficients of the transform, in the sense
that each cube with coordinates (£, m,n) represents a coefficient of orders m and n, and
degree {. In this transform, the matrices B™™ for m,n = —L, ..., L realise the change of

basis.

1204+ 1
= diag T+

2
b5 )

(2) b1’3 2

b3, 0 by,
= 2

b3’3 0

2

bia

01 01

Coo -+ Cor

01

CLL

11 11

CO,O oo CO,L

11

CLL

1 20+1 [t+1
B! = diag | ——y/ ———/ —— ,
S N VA S VA
£=0,...,L

+
bo;,
+
N by
BT =
10
C0,0
CIO —
0
doo
D’ =

10
Co,L

10
CLL
0
do

0
dL,L

Proof. The lemma follows by straightforward computations using the recurrence relations of Jacobi
polynomials found in [1, p.782].

Applying the diagonal and bi-diagonal matrices B®, B!, B2, B¥ is clearly an O(L) process. Due
to the separability of the entries CZJ., Cej and dé’j, with respect to the indices { and j, the matrices

C*, C—, and D' can be applied at cost O(L), too. The remaining step, the transition from Legendre
polynomials to Chebyshev polynomials represented by D can also be computed efficiently. An O(L)
method has been described in [4] and [48] to apply this matrix to a suitable vector.
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A Short Summary on the FWT- S The matrix C™" e C(E+Dx(L—Lo+1) egtablished in Def-
inition 4.1.1 for all L, m,n € N with |mJ,n| < L can be applied to a vector in O(LlogL) steps by
splitting it into the product C™"™ = A™™B™™. The matrices A™™, B™™ are defined in (3.28) and
Lemma 4.1.6, respectively. We saw that the application of A™™ demands O(Llog L) operations and
is based on the efficient computation with semiseparable matrices while the application of B™™ is
realised in O(L) steps, only. In contemplation of the step which takes the most effort, we call the
application of A™™"B™™ to a suitable vector, the fast transformation of Wigner-d functions based on
semiseparable matrices, FWT-S.

Compared to the naive O(L?) approach of the DWT and even the O(Llog? L) approach of the (un-
stabilised) FWT-C, this is an improvement in terms of runtime behaviour in any case. The following
section will analyse the bearings of the FWT-S a bit further as we take a look at stability and actual
runtime and compare it to the DWT and FWT-C.

4.1.3 Numerical Results

We have implemented and tested the fast transforms of Wigner-d functions in C on an Intel Core
2 Duo 2.66 GHz MacBook Pro with 4GB RAM running Mac OS X 10.6.1 in double precision
arithmetic. There we have used Apple’s gcc—4.2 compiler with the optimisation options —03
—fomit-frame-pointer -malign-double —ffast-math -mtune=core?2
—march=core?2. In addition to our code, we used the FFTW 3.2.1 [32] and the NFFT 3.1.2 [49]
libraries that we compiled with the same compiler settings.

To test accuracy and time requirements of the fast transformation of Wigner-d functions, we computed
the sums

L

L
Z Z fmnammt(x 4.11)

=0 ¢=L,

for given SO(3) Fourier coefficients 13}3““ at 1000 randomly chosen samples x; € [—1, 1] and fixed
orders m and n. On one hand, we computed this sum directly using the three-term recurrence relation
(4.5) of the Wigner-d functions together with the Clenshaw algorithm [18].

On the other hand we computed the sum (4.11) by the transforms described in the previous sections.
That means, we first computed Chebyshev coefficients g™™ that satisfy

—
—

and only then applied the Clenshaw algorithm to evaluate the Chebyshev expansion

i) =) " Telxi)

=0

at the sampling nodes x;.
The following numerical tests examine the time requirements and accuracy of the transform of

Wigner-d function. For fixed orders m and n, we computed the vector of Chebyshev coefficients
~ ~ T
g™ = (g"",...,g™™) 7 from given SO(3) Fourier coefficients ™™ = ( I’:;X(lm‘ i) ,f'ﬂm)

by evaluating g™ = C™"f™" using a matrix C™" € C(L+1)x(L—max(jmLInl)) “we will consider

three different variations of the transform described by the matrix C™"™:
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. L | FWTS | FWT-C | DWT

g O A 64 | 1506 | 44e-6 | 5.7¢6
5 : 128 | 5.1e-6 | 9.4e-6 | 1.8e-5
20-001’ 256 | 2.2e-6 | 2.6e-5 | 7.1e-5
= 512 | 1.9¢-5 | 9.2¢-5 | 3.0e-4
E 10° 1024 | 1.de-4 | 3.8e-4 | 1.3e-3
2048 | 3.9e-4 | 3.4e3 | 5.6e-3

10 50 100 5001000 5000 4096 | 9.9¢-4 | 8.8¢-3 | 2.1e-2

L

Figure 4.5: The plot shows the average times for evaluating a function f(x;) as in (4.11) out of ran-
- 11
domly chosen SO(3) Fourier coefficients f;*™ € 55 at randomly chosen sampling

points x; € [—1,1] fori =1,..., 1000 as a function of the degree L for L = 16,...,2048.
Depicted are the time requirements of a single DWT (dotted line), a single FWT-C (dashed
line) and FWT-S (solid line). To emphasise the more favourable runtime of the FWT-S,
we added a table of absolute times for selected values of L. Especially for larger L the
improvement is apparent.

1. DWT: the transform corresponding to a direct multiplication with the matrix C™™ as described
in Definition 4.1.1

2. FWT-C: the same transform as above but using the concepts described in Section 4.1.1 including
cascade summation and stabilisation scheme.

3. FWT-S: the transform described in Section 4.1.2 that computes the multiplication with the ma-
trix C™™ in two steps, by rewriting C™" = B™™A™™" . This transform is based on a fast
algorithm to compute with semi-seperable matrices.

Due to the symmetry properties of Wigner-d functions from Lemma 3.3.2, we consider only trans-
forms of orders m =0,...,Landn =0, ..., m for a given maximum degree L. For degrees L > 16,
we computed the Wigner-d function transform for 120 different pairs of orders per degree L. Figure
4.5 shows the average time for one transform as a function of the degree L.

It shows that the fastest of the three presented algorithms is the FWT-S while the DWT is the slowest.
This is in accordance with the asymptotic complexities of O(LlogL) for the FWT-S and O(L?) for
the DWT, we discussed. Concerning the FWT-C, we should observe a O(Llog? L) behaviour. But
note that so far, we are not able to determine in advance the number of stabilisation steps needed
in the FWT-C and hence we can neither prove the asymptotic complexity of the stabilized FWT nor
predict at which orders this problem occurs. However, when looking at the absolute times we see that
the stabilised FWT is still a large improvement over the DWT especially for larger degrees. More
information on the stabilisation issue can be found in [68].

Another thing that can be observed in the FWT-C is the irregular behaviour. This is as well a result
of the stabilisation scheme discussed in Section 4.1.1. When the stabilisation scheme is used in a
transform for a certain set of orders the duration of a transform rises and from the plot in Figure 4.5 it
appears that the FWT-C becomes almost as slow as the DWT. This however is not the case as we see
in the right table of the figure and also in the results of [68].
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0 200 400 600 800 1000

Figure 4.6: The figure shows the error E, that occurs at evaluating a function f(x;) out of randomly

chosen SO(3) Fourier coefficients ﬂm“ € at randomly chosen sampling points

11
22
xi € [—1,1] for i = 1,...,1000 by means of the DWT (dotted line), FWT-C (dashed
line) or FWT-S (solid line). The error is plotted as a function of the degree L for L =

16,...,1024.

The next test should shed light on the errors produced during the transform of Wigner-d functions.
Figure 4.6 shows the error

If — frwlloo

Ex =
€111

between the function samples f = (f(xi))i—1....1000 computed directly and the function samples com-
puted by one of the three variations of the Wigner-d transform. The norms || - ||; and || - ||, are the
P —norms of vectors.

We see that the FWT-S and DWT show basically the same error. Although the FWT-C has a slightly
higher error it will not exceed 10~ for the degrees, we examined here. The Chebyshev coefficients
computed by the FWT-C algorithm show an error of about 10~!? compared to the exact coefficients.

4.2 Fast SO(3) Fourier Transforms

In this section, we return to the bigger scope of the SO(3) Fourier transform, i.e., from sums of
Wigner-d functions we return to sums of Wigner-D functions. Using one of the algorithms presented
in the last two sections to efficiently compute with expansions in Wigner-d functions, we are now left
with Chebyshev expansions that can be easily transformed into sums of complex exponentials. This
transition, just like the transform of Wigner-d functions, will be a coefficient transform which is done
for fixed orders m and n.

But after this, we will, at last, incorporate the actual nonequispaced sampled rotations into our com-
putations. This completes the nonequispaced fast SO(3) Fourier transform, NFSOFT, which will be
finally described here. Subsequently, the adjoint NFSOFT will be given. We will obtain for both
variants algorithms of complexity, of at least, O(L3logL + Q), where Q is the number of sampled
rotations and L the cutoff degree of the Fourier sum.
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Figure 4.7: In the last step of the coefficient transform, we turn expansions of Chebyshev polynomials
with maximum degree L into expansions of complex exponentials. The figure shows the
input and output coefficients of the transform, in the sense that each cube with coordinates
(£, m,n) represents a coefficient of orders m and n, and degree {. The transformation
between these coefficients is expressed by the matrices E™™ for m,n = —L,..., L.

4.2.1 The Nonequispaced Fast SO(3) Fourier Transform (NFSOFT)

After we generated Chebyshev coefficients §;"™ from the SO(3) Fourier coefficients 13}““, one more
coefficient transform needs to be done. That is the transform that turns a Chebyshev expansion into a
Fourier sum. More specific, we seek the coefficients hy*™ in

I\/]l—‘

g¢ " Te(cos B) if m 4+ n even,
D hfme P =87
=t QE““mTe(cos B) if m+n odd
=0

for § € [0, 71]. Again, we find a schematic figure of this transform (cf. Figure 4.7).

Note that in contrast to Sections 4.1.1 and 4.1.2, we return to the Euler angle representation, in the
sense that, we replace x = cos 3. This also allows us a convenient representation of the Chebyshev
polynomials of first kind as

Te(x) = Te(cos B) = cos({B) = = (e!'P + ¢ 1P)

| =

and the non-polynomial part as

V1—x2 = V1 —cos? B = sin B :—% (eiB —efiﬁ).
The following definition now gives the sought transform.

Definition 4.2.1. For given L € N and fixed orders m and n with |[m/|,n| < L, the change of basis,

given in Equation (4.2.1) from Chebyshev coefficients g™ = (Qg)“", s Q‘L““)T to the vector of
Fourier coefficients hmn = (ATL“, e, FL’L““)T, is described by the matrix E™™ ¢ CR2L+1)x(L+1)
through

ﬁmn — Emngmn

g
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4.2 FAST SO(3) FOURIER TRANSFORMS

Depending on whether m + n is even or odd we have

Emn

B E™M if m + n even,
~ | EMME™  if m+nodd.
By means of the complex representation of the Chebyshev polynomials T¢(cos ), the matrix E*™ is

written as |
2

=

E{TLTL — 1 c (C(ZL+1)X(L+1)

0=

whereas due to
sin 3 Tg(cosB) = i sin(B) Te(cos ) = —% (eirS — e_iﬁ) (eim + e_im)

the matrix EJ"'™ reads as

Egln:i -1 o € CL+X(L+1)
2 1
-1 0
Clearly, the application of E™™ has a total cost of O(L) operations.
Now we have discussed all necessary transforms to turn the SO(3) Fourier coefficients into standard
Fourier coefficients.

Finalising the Nonequispaced Fast SO(3) Fourier Transform (NFSOFT) 1In Section 3.2,
we defined the SO(3) Fourier transform for nonequispaced sampled rotations, cf. Defintion 3.2.11.

.....

.....

a function f € Dy at a sampling set Rq. The naive evaluation of

~

f =Dy »,f

takes O(L3Q) operations, due to the size of Dy_x - Butowing to the previously considered coefficient
transformations, a factorisation of the matrix Dy %, which allows its efficient application is now tan-
gible. The fast multiplication with the factorised matrix D g, is called the NFSOFT. The following
theorem specifies the according algorithm.

Theorem 4.2.2. The matrix Dy x,, representing the NDSOFT, can be split into the matrix product
Dr gy, =FrL 2, C
where

_ (a—imog ,—ilB g .—inYq
FLrq = (e c ¢ )q:l,...,Q;(lz,m,n)EJL
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is a rotation-dependent trivariate Fourier matrix and
C = diag (E™C™™")

is the diagonal block matrix containing the rotation-independent coefficient transforms from Defini-
tions 4.2.1 and 4.1.1, though evaluated by either the FWI-C or FWT-S. The application of the matrix
product Fi_ x, C to a suitably sized vector represents the NFSOFT and takes at least O(L3logL+Q)
operations.

Proof. Considering their respective definitions, the subsequent multiplication of the matrices C™"
and E™™, for fixed orders m and n, with the vector of SO(3) Fourier coefficients of the same orders
costs O(LlogL) and O(L) operations (cf. Section 4.1.2 and Definition 4.2.1). If we seek to evaluate
the SO(3) Fourier sum

L 4 [4
f(R((Xq,Banq)) = Z Z Z ﬂznnD}znn(R(o‘q’Bq,Vq))

=0 m=—{n=—"¢

of a function f € Dy, for q = 1,...,Q, we have (2L + 1)?> = O(L?) different pairs of orders m and
n.

First, we use formula (3.2.7) to split up the Wigner-D functions according to the Euler angles of
R(ag,Bq,Yq)- Then, we may rewrite f(R(otq, Bq.Yq)) as

L L L
f(R(g,Bq-vq)) = Z e mXq Z e MYa Z frmay™(cos Bg).

The matrices C™™ and E™™ effect the computation of the coefficients ﬁ}““ from the coefficients
fi*™; and we obtain

L L L

f(R(xg,Bq.Yq)) = Z o imag Z e iNYq Z ﬁ(rannefi(’,[sq

m=—L n=—L {=—L

in O(L3 log L) operations.

Thus, we obtain a three-dimensional Fourier sum which can be represented by the trivariate Fourier
matrix Fr ¢, and which can be computed by means of the NFFT algorithm in O(L3 + Q) steps (cf.
[71]). Putting this together yields the proposed complexity of O(L*log L + Q). |

There is a tabular overview in Figure 4.8 that gives a summary of the transforms performed during an
NFSOFT, along with references to their matrix representations and complexities.

Corollary 4.2.3. The adjoint NFSOFT, i.e., the matrix-vector multiplication with DERQ asin (3.18)
reads in matrix-vector notation as

2 _npH
f=Di Qf.
Corresponding to the matrix Dy x,, we split up its adjoint in a similar way into
f=CMFlz, L.
Hence, it has the same complexity as the NFSOFT.

We shall now present some numerical examples to demonstrate performance and accuracy of the
NFSOFT algorithm and its adjoint.
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g | Theorem 4.2.2 |
Complex exponentials

Figure 4.8: The NFSOFT in a nutshell. This chart depicts the sequence of matrix-vector multi-
plications necessary to compute SO(3) Fourier transforms of a function f € D at Q
nonequispaced input rotations. Note that A™™ actually means that all matrices A™™ for
m,n = —L,..., L need to be applied to suitably ordered coefficients.
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Figure 4.9: The left graph shows the runtime of an SO(3) Fourier transform as a function of the

degree L for L = 16,..., 128 for the three nonequispaced variations NDSOFT (dotted),
NFSOFT(FWT-C) (dashed) and NFSOFT(FWT-S) (solid).
In the right graph we see the runtime of the NFSOFT(FW'I-S) as a function of the number
of input nodes Q = 10™ for n = 2,3, ..., 6 and different bandwidths L = 32 (solid) and
L = 64 (dashed) as well as the runtime of the NDSOFT for bandwidth L = 32 with Q
nodes (dotted).

4.2.2 Numerical Results

We test our NFSOFT algorithm, and compare it to the NDSOFT, i.e., the naive evaluation of (3.2.11).
We chose the following three variations of our algorithm:

1. NFSOFT (FWT-C): the transform from Theorem 4.2.2 using FWT-C (see Section 4.1.1) with
stabilization and the NFFT,

2. NFSOFT (FWT-S): the transform as above but with FW'T-S (see Section 4.1.2),

3. NDSOFT: the transform as above using the DWT and nonequispaced discrete Fourier transform
(NDFT) and thus directly evaluating Equation (3.2.11).

Like in Section 4.1.3 we tested the C-routines of the NFSOFT and NDSOFT on an Intel Core 2 Duo
2.66 GHz MacBook Pro with 4 GB RAM running Mac OS X 10.6.1 in double precision arithmetic.
There we have used Apple’s gcc—4 . 2 compiler with the optimisation options from Section 4.1.3. In
addition to our code, we used the FFTW 3.2.1 [32] and the NFFT 3.1.2 [49] libraries that we compiled
with the same compiler settings.

The first test examines the time requirements of the various nonequispaced variations of the SO(3)

Fourier transform mentioned above. From the vector f = (fi""™) (g m.n)eg, of randomly gener-

ated SO(3) Fourier coefficients 1?}”1“ € [—% %], we computed the vector of function samples f =

(f(Rq ))R eRq for Q randomly chosen rotations Rq € SO(3).

This was done by evaluating the matrix-vector-product f = DL,gng with the nonequispaced SO(3)
Fourier matrix Dp x, = (D" (Rq ))Rq ERgi(tm.n)eT, -
In Figure 4.9 we show the time requirements for the NDSOFT, NFSOFT (FWT-C) and the NFSOFT
(FWT-S), respectively. The number of nodes is set to Q = 1000 while we test the algorithms for
different bandwidths. We see that the two NFSOFT algorithms outperform the NDSOFT for all band-

widths.
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Figure 4.10: This figure shows the accuracy as a function of the cut-off degree L where we used the
Abel-Poisson kernel with k = 0.6. In the left graph we fixed the number of source nodes
M = 103 and plotted the accuracy for different choices of Q target nodes (Q = 103
(dashed), Q = 10* (solid), Q = 10’ (dotted), Q = 10° (dot-dashed)). The solid, bold
line in the graph shows the theoretical error bound from Equation (3.36).
To give an idea about the localisation property of the used kernel functions the right
graphs give the error E., depending on the degree L of the Fourier expansion (3.35) for
the Abel-Poisson Kernel 1\ for k = 0.7 (solid), k = 0.8 (dashed) and k = 0.85 (dotted),
as depicted in Figure 3.1.

Comparing the two NFSOFT versions, we see that they do not show any significant differences. This
is not surprising considering that the NFFT algorithm dominates the runtime behavior completely.
In other words, after the improvement from O(L3Q) to O(L3logL + Q) following the exchange
of the NDFT algorithm with the NFFT, the Q-independent FWT algorithms with complexities of
O(L3log? L) compared to O(L3log L) effect only a small change considering the size of the degrees
L we used. The results from Section 4.1.3 suggest that for larger bandwidths an improved runtime
behaviour of the NFSOFT using the FWT-S should be seen. However, due to memory limitations we
are only able to compute the NFSOFT for Fourier expansions of maximum degree L < 90. Surely,
we could try computing the NFSOFT on machines with more RAM, but as the memory requirements
depend cubicly on the degree L as well. Consider only the memory needed to store all Fourier coeffi-
cients for the final NFFT, doubling the maximum degree L means we need to store eight-times more
coefficients and hence at least eightfold memory.

The right plot of Figure 4.9 shows the runtime of the NFSOFT(FW'I-S) as a function of the number
of input nodes for L = 32 (solid) and L = 64 (dashed) compared to the runtime of the NDSOFT at
L =32. We see thatup to Q = L3 nodes the runtime is almost constant, i.e., the bandwidth controls
the runtime of the NFSOFT. For larger number of nodes they become the dominant factor over the
bandwidth. We then see linear growth of runtime which verifies that the nodes only add linear to the
asymptotic complexity. If we computed these figures also for the NFSOFT (FWT-C), we would not
spot a difference in time between the NFSOFT (FWT-S) here. That is due to the fact that both Wigner
transforms, FWT-C and FW'T-S, are independent of the input nodes (see Section 4.1).

To conclude our numerical tests, we like to show an example for the fast summation of radial functions
on SO(3) from Section 3.5. Following Lemma 3.5.3 we calculated the error

IIf — fi [loo

Ewo =
el
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and compared it to the theoretical estimate from the lemma. Here, the vector f = (f (Rq ))g=1,..Q €
CQ contains the directly computed values of f at the target nodes R4 € SO(3), while we compute fi
from (3.35). Again the rotations, R for the Q target nodes, and Sy, € SO(3) withm =1,..., M,
for the M source nodes, were chosen randomly. Furthermore, the vector ¢ = (¢ )m—1...
also contains random values. Figure 4.10 shows two error calculations for the Abel-Poisson kernel,
one comparing the theoretical error bound with the numerical determined for varying number of target
nodes, the other one showing the error for differently localised kernel fucntions. It can be seen that
the number of target nodes has no effect on the accuracy, and that the theoretical error bound is met
until it drops below the accuracy encountered by the NFSOFT algorithm at around 10~!2. We also
see that for sharper, i.e. better localised kernels a higher maximum degree L of the Fourier expansion
is required to achieve the sought accuracy, as expected.
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5 Generalisations of SO(3) Fourier
Transforms

In the previous chapters we considered the group SO(3) from many perspectives. We reviewed rep-
resentation theory on the group, defined the Fourier transform of functions on SO(3) and developed
fast algorithms to compute these Fourier transforms and also sums of functions on SO(3).

Now we like to give two generalisations of Fourier transforms on the rotation group:

e Fourier Transforms on the complex rotation group
e Fourier Transforms on the motion group.

Recalling Section 2.2, we saw that there is another matrix group by which we can describe rotations,
namely, the special unitary group SU(2). The SU(2) is sometimes also called complex rotation group.
In fact, there is a two-to-one homomorphism from SU(2) to SO(3) (cf. [91, pp. 157-161]) and so
SU(2) and SO(3) share some nice properties, in particular, the unitary irreducible representations of
SO(3) are a subset of those from SU(2) (cf. e.g. [17]). We saw that unitary irreducible representations
are the key ingredient to define Fourier transforms on a group. The aim of the first section in this
chapter is to transfer the concept of the SO(3) Fourier transform to the SU(2) to obtain a fast algorithm
for its computation. Such a fast algorithm could be used in applications from particle physics [82],
or to compute with pseudodifferential operators on SU(2) [78]. While SO(3) is diffeomorphic to
the upper hemisphere of the 3-sphere S°, SU(2) is diffeomorphic to the S*. This means that by a
simple coordinate transform a fast algorithm for the computation of S® Fourier transforms based on
the Fourier transformation on SU(2) would be at hand.

After that we would like to consider Fourier transforms on the three-dimensional motion group. Rigid-
body motion in three-dimensional space consists of translation and rotation. This leads to another
direction of generalising SO(3) Fourier transforms, though a more difficult one. The group of three-
dimensional rigid-body motions SE(3) does not share as much properties with SO(3) as SU(2) does.
In particular, SE(3) is not compact which leads to infinite-dimensional representation matrices of the
group. Hence, computing Fourier transforms on the group will become more challenging. On the
other hand the computation of SE(3) Fourier transforms has a vast field of applications, one of which
we will discuss extensively in Chapter 6.

5.1 SU(2) Fourier Transforms

The relation between the elements of the rotation group SO(3) (cf. Definition 2.1.4) and the special
unitary group SU(2) (cf. Definition 2.2.14) was established by (2.2.15) and (2.5) describing the two-
to-one homomorphism between the two groups.

A different way to express elements in SU(2) in Euler angles as in (2.5) is by enlarging the domain
of the third Euler angle y from y € [0,27) toy € [—27,27). Note, that we could also take the first
Euler angle, «. Therefore, Euler angles in in this section will always be « € [0,27), f € [0, 7] and
Y € [—2m, 2m).
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Let us now collect the main ingredients for defining Fourier transforms on SU(2). We have considered
the integration of SU(2) functions with a suitable integration invariant volume element in Definition
3.1.4. If using arguments parameterised in terms of Euler angles, the inner product of two functions
f,g € L2(SU(2)) reads as

- 21t 7 27T
(oo = AUSOIAU= | |7 (e 6,))g(UTe B ) sin B docdp by

Now we still need a complete set of irreducible unitary representations of SU(2) to obtain an orthog-
onal basis on L?(SU(2)). But we are already half-way there since the representations of SO(3) are a
subset of those in SU(2). The matrix elements of irreducible unitary representations of SU(2) arise in
the same manner as they did on SO(3), as eigenfunctions of the Laplace-Beltrami operator (cf. Defini-
tion 3.3.1). Indeed, the sought orthogonal basis functions are the already known Wigner-D functions
D™ but defined for a different set of indices (¢, m,n). The group SU(2) is a double cover of SO(3),
i.e., there is a two-to-one homomorphism from SU(2) to SO(3), which motivates the extention of the
Wigner-D functions to elements of SU(2). So in this chapter, Wigner-D functions will be functions
Dyt SU(2) — C.

Definition 5.1.1 (Half-integer index set). Let N) = {ZEL | k € N} denote the set of all half-integer
numbers. Based on this, we define a set of indices J1 ={({, m,n) | { € N%;E <Limn=-—{(...,¢
forL e N.

We state the following lemma without proof.

Lemma 5.1.2. The set of Wigner-D functions

{D"™(U) | ¢ ENUN%, mn=—4...,{}
forms an orthogonal basis of 1>(SU(2)). The L>(SU(2)) decomposes into the direct sum

L*(SU(2)) =clos;. €D  Harme(SU(2)),
€=0,1.1,...

where
Harmg(SU(2)) = span{D;"™" : m,n=—L{,... {}.

A detailed derivation of the Wigner-D functions as matrix elements of the irreducible unitary repre-
sentations of SU(2) can be found in [17, pp. 281-296]. We will omit this and continue giving SU(2)
Fourier transforms.

Any function f € L?(SU(2)) has a unique series expansion in terms of the Wigner-D functions, the
SU(2) Fourier expansion

¢ ¢
foy="% > > frDrt(u),
(eENUN| m=—fn=—1{
2

for any U € SU(2) and with Fourier coefficients f}“n given by the inner product

~ 20+ 1
i = WU’D?UL)LZ(SUQ))- (5.1
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Note the factor 212;21 which is due to the normalisation of Wigner-D functions with respect to the inner
product on SU(2). Using the seperation of Wigner-D functions into components with only one Euler
angle, (3.23) and considering the normalisation of Wigner-d functions d;*™ from (3.25) we get

27 7T 27T
(DF™DF ™ )sue) = Jz L L e imactnyleilmiactn'y) gnn (3)qm™ () sin f dovdp dy
—Z7T

167t

768,@’6m,m’6n,n’-

20+1

For L € N consider functions f € L?>(SU(2)) the Fourier coefficients of which fulfil f*™ = 0 for
¢ > L. In correspondence to the SO(3) case, we define the function spaces

]D)iU(z) = @ Harm,(SU(2))
¢=0,1.1,...L

for arbitrary L € N the elements of which are the above mentioned band-limited functions. An
orthogonal basis of these spaces is given by

{D(U) [ (€, m,n) € I UL}

where U € SU(2) and Jy_is the index set defined in (3.16).

The dimension of the spaces ]DiUm is given by
L L 2L+1 |
dim(DPV) =90+ 190 = Y 0+ 12+ Y (202 =) 2= L+ DL+ 1){[EL+3).
=0 =0 £=0

For functions on these spaces we now define the discrete Fourier transform.

Definition 5.1.3 (Discrete Fourier Transform on SU(2)). Let Ug = (Uy,...,Ug), Uq € SU(2)
define an arbitrary sampling set on SU(2). Then

f(Uq) = Z f?lnD?ln(Uq)’ q= 1,___’Q’
(zﬁm’n)ejLU3L
with given Fourier coefficients f= (?F“)(g’m’n)egw& evaluates a function f € ]D)?_Um at a set of

nodes Ug ={Uq € SU(2) | q = 1,...,Q}. The corresponding operator Dy gt CPrval 5 R
with f(Uq) = [DL,RQE‘] q is called nonequispaced discrete SU(2) Fourier transform (NDSUFT).

The operator Dy, corresponds to a matrix Dy 1, € CPrVdtixQ  Hence, the NDSUFT can be

.....

Definition 5.1.3.
Most conveniently, for the efficient computation of the NDSUFT, we can reuse the NFSOFT algo-
rithms by splitting the sum from Definition 5.1.3 into

f(Ug)= Y f{"DMM(U)+ Y f™DP(Ug). q=1.....Q.
(L,mn)edy (L,mmn)edy
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The sum over the index set J; can be computed by the NFSOFT algorithm. In the following, it remains
to show how the sum over the half-integer Wigner-D functions

h(Ug) = ) DM (Ug), q=1,...,Q; (5.2)
(Lmmn)edr

can be efficiently computed using various modifications of the NFSOFT.

Again, we will try to convert the sum (5.2) into a three-dimensional standard Fourier sum to employ
the NFFT algorithm for its computation. Let us start by separating the sums according to the Euler
angles as we did in the SO(3) case

h(Uq) :h(U((Xq’Bq,yq) — Z amnefi(mourny)d?ln(ﬁq)‘
(Lmmn)edr
While it is quite clear how the complex exponentials behave for { € N; and m,n = —{,...,¢,

2
respectively, the behaviour of half-integer Wigner-d functions needs further examination; and we also
need to show that we can efficiently compute the coefficients hy™™ from f;*™.

The Fast Transformation of Wigner-d Functions of Half-Integer Orders and Degree
The aim of the following paragraphs is to convert Wigner-d functions of half-integer orders and de-
gree into Chebyshev polynomials. Recall the definition of Wigner-d functions in terms of Jacobi
polynomials from (3.24) as

C— BEYY (04 B oy n
d?m(x)zs\/ge—“ZV;vE(ML”ZVg'Z 2 (1=x)2
2 : 2 .

where u = n —m|, v=[n+m|, Ly = max(m/, n|) and

y
2

(1+x) 2P (x), (5.3)

1 ifn>m,
£ =
()™ ™ ifn<m.

If we insert orders and degree from the half-integer index set ({, m,n) € J, we find u,v € N.
Moreover, if p is odd then v will be even, and the other way around. This conveniently yields £ +
% € N to define the x-independent factorials and by { — Ly € N we obtain an integer degree of the
Jacobi polynomials.

The Wigner-d functions di*™ for (£, m,n) € Ji are no polynomials. But by dividing them by either
V1 —x or /1 + x, depending on whether p or v is odd, they become polynomials of degree £ — %,
for{ € N;.

Thereforez, it is possible to perform a change of basis to Chebyshev polynomials such that

-1 -1 .
’ Y mn {\/l—i—x if m + n even,

> oAt =) a1 (%) =% ifm4nodd (5.4)

2
=Ly =

for x € [—1, 1] and for fixed m and n holds true. The coefficients gy*" can, again, be obtained in
different ways. E.g., we could exploit the three-term recurrence relation 3.26 to modify the FWT-C
algorithm to the Wigner-d functions of half integer orders. We shall not examine this here but instead
consider the necessary modifications to the FWT-S to compute the fast transformation of Wigner-d

functions of half-integer orders and degree. We formulate a lemma similar to Lemma 3.3.3 to identify
the necessary low orders into which the Wigner-d functions will be transformed first.
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Lemma 5.1.4. Let L,|m|,In| € N%, Iml,n| < L, and denote by D"™ the space spanned by the
functions dj*™, £ = Ly, ..., L. Moreover, define

+1 ifm=4n=1
1 1 3 1
5 ifm|=mn|=7 +5 ifm=4n, |m|> 3,
m' =<3 .f|| |1| 7o =77 f ml > (5.5)
5 ifiml> 3. 3 if m+neven, m #n,
—% ifm+nodd, m #n.
Then we have D™ C ]D)}?'"'.
Proof. The proof follows the same lines as the proof from Lemma 3.3.3. While for m’ = %, and
hence m’ = [n’| the proof is immediate, we examine the cases for m’ = % The space D{"™ for even
m + n is spanned by the functions di", ..., d{"™ which can be expressed as Jacobi polynomials
31
Pél’i), e P(Lm) multiplied by V1 —x(1 4 x) and a normalising factor. These functions span D;*.

31
Analogously, the p'2 o 3 yees PI(_Z’I) multiplied with /1 +x(1 —x) spanD{" ?, the space of Wigner-d

functions with odd m 4 n; while the P'° o 3 e P(LO’3J or PE:O;, s P(L3’O) multiplied with /(1 % x)3

'i
span ID>2 , the spaces of Wigner-d functions with m = +n. |

Let L € Nand m,n with |m|,|n|] € N 1 be fixed and let f be a finite expansion in Wigner-d functions

dit™ t=1Lo,...,L— % By Lemma 5.1.4 we see that, like in the integer order case, f can be expressed
in Wigner-d functions d}“/“/ of low orders,

-1 -1
f_me“ mn men m'n’
=L, =L}

where the sought transformation from coefficients 15}““ to coefficients ?}Z’m is linear. Therefore, there
exists a matrix A™" = (agy) € R(L—L6+3)x (L=Lo+3) guch that the vectors f™™ = (f,) € CL—Lo+3
and f™™ = (fy) € CL—Lo%2 are related by the equation

o= Amngmn (5.6)

. . . 20+1) (2k+1
The entries of the matrix A™™ are given by agx = # (amm’, ammny,
Again for Wigner-d functions dj*™ of half-integer orders |[m/,[n| € N, and degree, L € N, we can
2 2

formulate some special cases and symmetries.

Lemma 5.1.5. For |m/|,|n| € N% it holds true that A™™ = 1 if (m,n) is one of(%, j:%), (%, j:%) or
(—%, %), and A™™ = —1if (m,n) is either (—%, —%) or (—%, %) Also, the known symmetries

AT — (_l)m—nA—m—n AT — (_l)m—nAnm
hold true. Additionally, we have

L—=
mn _ j; _1\¢+m L_% —mn jg; o bt :

A™™" = diag (( 1) )E—L/ A diag | (—1) P
o =L,

which slightly differs from the case of integer orders and degree cf. Corollary 3.3.5.
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Proof. These are direct consequences of Lemma 3.3.2 and Lemma 5.1.4. |

The symmetries from this lemma allow us to restrict our considerations of the matrices A™™ tom,n €
Ni withn <m<L-— % as the remaining cases can be deduced from them. Note that from now we
2

use the normalised Wigner-d functions, denoted by agm, again. Recall the approach of the FWT-S in
Section 4.1.2. The fast algorithm developed there was based on the realisation that the matrices A™™
are composed of the eigenvectors of the matrices G™™, cf. Definition 4.1.2 and Lemma 4.1.3. After
showing that the matrices G™™ are semiseparable of rank at most two, we employed a fast algorithm
that applies eigenvectors of semiseparable matrices to other suitably sized, arbitrary vectors.
Consider the matrices G™™, from Definition 4.1.2 for [m/|,[n| € N;. The explicit entries of these
matrices for half integer orders and degree vary from the integer casés. We shall derive them in the
following lemma.

Lemma 5.1.6. Let L € N and |m|,|n| € N% be given such that the pair (m,n) does not belong to
the set of special cases from Lemma 5.1.5. The matrix G™", from Definition 4.1.2 can be split into
G™ =D+ S + ST withD,S™,S™ as defined in (4.9). For {,k = % .., L— % the entries of the
matrix D = (dg ) are given by dgc = (L + 1)d¢x, while S~ = (Szk) and ST = (SZk) satisfy

0 form=mn,
1 _ 1
(€+21) (e %)(€+23) form:—n,
(f+%)(k+%) 3(k + j) (k—i)(k—l- E)
2 12
Pk L 8 ‘ 2 —(E—%)((’,Jr%) for m+n even
(k—3)(k+3) ’
(€+3) [ (=3 +3)
(k—i—%) (k—%)(k—i—%) form +mnodd,
(€+3) (t—3)(t+3) B
S+ D k—hk+y ormem
1 1 0 form = -,
L+ 3)(k+3)
= (D P e e e Dy
(k+3) | (k=3)(k+3) ’
(€—3)(+3)
2 (k—%)(k+%) for m+n odd,

where T := min{{, k}, k := max{(, k}.

Proof. We will sketch the proof only for the entries s, , . The procedure for s;k is completely analo-
gous; and the entries dg x are the same as in the integer order case. Note that owing to the symmetry
gk = Si.¢ We assume, without loss of generality, k > £. First we expand the expressions for s, (cf.
(4.9)) to

1

ll_xdwﬁkmdp“%xmx

o 1
Sp = M+§Mk+é”‘
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Expressing the Wigner-d functions in terms of Jacobi polynomials as in (3.24), and using Lj = m’,
W =m'—n"andv/ =m’ +n’, we get

w2 — \/(km’)!(k+m’)! (€ —m/)1 (L +m/)!

1 1
R T P e I G T U AR

! /

l ! !
X J (1 —x)™ (] 4 xmn/plm nfm i) g plm’ “nfm S ) gy
—1

k—m/’ {—m
Let us examine the four occurring cases of m and n.

i) For m 4+ n even, we have m’ = 5N = % The coefficients now read as

2 ” 3 3 1
_ W= [(k+3) 0+ 3) 1 1 J 2p(1.2) (12)
= (+3)(k+ 5 1 P P,- d
T =\ e D HY R B | PP 0P ) ax
By [1, 22.7.16]
2 , n+1 s
(1+x)PR (x) = PR (0 + P )
holds true which we apply twice on our above expression. This leads to evaluating the integral
1 1
11 1.1) 2 1.1 0.0 n+3 0,0 22
|| PR GaPE ) ax = P PR = T | PR (P

by partial integration. The integral over the interval [—1, 1] of a Legendre polynomial PT(11 +)1

times any polynomials of smaller degree evaluates to zero. As we consider only orders with
n < m the integral on the right side of the equation vanishes and we have

1
(L1) (L1) m+ 1
P P dx 47
Jl m(x)Pn (%) )

Inserting this in the formula for s, , we obtain the s, as stated in the lemma by

1 (— 1
1+x)2P ) ()P (x) dx = 8—2.
P op o ax =8, S
ii) For m +n odd, we have m’ = 3, n/ = —1. The coefficients satisfy
2 ” 3 %

- _ - (k+32) (€+3) (2,1) (2.1)
Stk = g P % l \/( E—I— k+ l—x "'X)Pk,%(X)Pg,% (x) dx.
Using almost the same idea as in the m + n even case, here we are applying [1, 22.7.15] only
once to get

1
(1 —x)P2 () = P () = T
n+2

but also use partial integration by which we obtain
1 1 1
2.1 21 -3+ 3)
1—x)(1+x)P x)P x)dx =4 —F—~—
e op 2 =g

in an analogous manner as in i). From this, the assertion in the lemma follows.
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iii) Frm=nwegetm’ =n'= % and as u? — u'?> = 0 we obtain immediately Sex =0

iv) For m = —n, and hence, m’ = %, n’' = —% the coefficients simplify to
2 2 1
- _HTH I 1 2p(3.0) (3.0)
Sex = 5 (€+2)(k+2)J_1(1—x) Pkig(x)Ph%(X) dx
The proof of this part is the most lengthy one and can be done by induction over { and k to show
that
1 1
_ 2p(30) (1 p(3.0) 4=+ )+ 5)
Ie-%,k—§ = J_l(l X) P %(X)P 3 (x) dx = 3k %)(kJr y % (5.7)

is satisfied and we will get the coefficients from the lemma.

If{ = L(’) = %, then formula [34, p. 228, 7.391, 4.] gives the induction base by

1
= J (1— X)ZP(3’O)(X) dx = 16 , k=
—1

I 3 =
ki - (k= D)(k+1)(k+3)

NSRS}
N | L

[SI[oN)

For the inductive step, we fix { > % and assume that (5.7) holds true for £ replaced by { — 1
and all k > ¢ — 1. We now calculate the integral Iy i by induction over k. The corresponding
induction bases are obtained by setting k = £ on one hand. Then formula [34, p. 228, 7.391, 5.]
asserts that

! 2 (p30) )2 4
[ 303= Jl(l —x) (sz (X)) dx = 3.

[SI[o%}

On the other hand by setting k = £ + 1, we obtain the second base by using the three-term
recurrence for Jacobi polynomials [81, p. 71] which eventually gives
4(0—14
3,0) dx — — ( g) .
3(0+3)

Let us examine why. By the three-term recurrence formula [81, p. 71], we obtain
9L+ 1) 206+ 1)(€+ )
3,0 3,0
PR = : n 1 2x | PP (%)
2 2A(C=3E+3) (=3 Ee+3)

L3
(6—*)(34‘1)( E)P( S(X)9
(2—7)(24— )4 =3

[N

which we insert into I, 301 yielding

B 1 9(2-}-%) ! 2 (p30) 2
et =g o L0 () e

200+ 1)(¢ + %) Jll x(1 —x)? (Pf’(’; (x))2 dx

_ (E—;)(ﬂ—zl)(f-i-%) Jl (1 —x)2P£3’O)
1
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The first and the third integral are in fact equal to I, s, s and I, s , 3, respectively, so we
2° 2 2 2

can apply the induction base and assumption. Using x(1 —x)? = (1 —x)?> — (1 —x)> and the
orthogonality relation of the Jacobi polynomials, the second integral may be rearranged to

1 1 1
J x(1=x)?* (P2 (x))2 dx = J (1—x? (P (x)>2 dx —J (1=x7 (P2 (x))2 dx.
] 2 ] 2 ] 2
4
U T
Now, all quantities for I, _ 301 are known and we get by straight forward computation the
sought expression for I, 3ot To finalise the induction we now need to consider the term

[,_3, 3fork> ¢+ 2 and use once more the three-term recurrence formula of Jacobi polyno-
2 2
mials to obtain

_ L Ok —3) ' 1 ap(30) p(30)
I, kg_(k—;)(k—i—%)( 1Jl(l x) Pe 3 (X)P775 (%) dx

+ 2k(k — %) Jll x(1 —x)*P

(k—3)(k+ 1)(k+1)

1
2 2p(3,0) (3,0)
_ ' Jlu —x12PC9 (P (x) dx).

Assuming Equation (5.7) is satisfied for Ie-% 3 and Ie—% (1, We get

ﬂ(f l)(Hl)(“%)
3 Dk+1(k+3)

’;
NS} \

for k and have thus proven the lemma. Note that we omitted writing down the inductive step,
as it is rather lengthy and was conveniently done in Mathematica.

Corollary 5.1.7. The matrix G™™ from Definition 4.1.2 is symmetric semiseparable for m,n € N 1
with semiseparability rank R =2, i.e.,

G™" = diag(d) + triu (u_ vT) + tril (v_u") + triu (uy v1) + tril (vi ul), (5.8)

withd = (d¢), u_ = (uy ), vo = (v ), uy = (uf), v = (v{) € RE-BAD fort =17,..., L

where

and

with

2(u -y )—i—(vz ) Sfor m +n even,
(

(W2 —p?)+2(v*=v"?)  form+nodd,

%(MZ—H )+%(V2—V’2) for |m| = n|

— W — o A~ + . + + . +
U, =w, W, vy =w, /W, up: W(',We’ 7 we/W,

c= L e b w0 v b
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for
V2 ifm+nodd, V2
1 if m+ n even, 1
yh= Y =
% ifm=n, 0
0 ifm=-n, 2
and
1
Wy =/(e= D+ 3 x {(E+3)
(t+3)y/ (1= 3+
(€+3)
Wi =/ (t—=3)(t+3) x (1
(€+3)y/ (=) (+

Wigner-d functions,

-1 -1
Z fmn mn Z fmn m'n’
=L, =L}

3) iflml=

Now we see that the same divide and conquer approach used for the FWT-S in Section 4.1.2 can be
applied here and we obtain the coefficients 1?}““ for ({, m,n) € Jp of the expansion in low order

if m+ n even,

ifm+ n odd,
ifm=n,
ifm=-—-n,

ifm+ n even,

ifm+n odd,

) iflm| =

ifm+ n even,

[,

ifm+nodd,

n|.

The next step is now to convert the low order Wigner-d functions into Chebyshev polynomials,

Z fmndm n’

=L

22.7.17]. We have

11 1 1
11 V2L+ 1 \/21+
42 (0) = VI 5P (), 47 2 (x) = VI—x P ().
2 2
3 1
7’:|:7
A2 2(x) = V1T x <b P () £ 03 P (x )),
=3 S
33
422 (x) = VT (b PO ) ¢ blz+1eP021()>,
2 2
3.3
di” ) =v1- X<b P(ZOQ)() be+1eP(201()),
2 2
with
{+3
ifk =14 3y i1
b2l (+3 (-3 1 ’ 03 1 (E+3) ifk=¢
k. — X ke = X
’ 8 1 YT | o
¢ T ife—4 1, (-1 ifk=0+1,
t+1
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1
Jp “Tz_l(x) X
=0

v1+x if m+mneven,

v1—x

We need to consider the following identities which are consequences of (3.24) and [1, 22.7.15-

(5.9

if m +n odd.
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and
J4 . .
(2,0) 20 p(1,0) . 0 G+1)(2+2)
z § o " YD)
(0,2) : (0,1) G+1(2+2)
0,2 02 p (0,1 . 02 i1
P =¥ p®2p! th b2 —(—pp T2
z ;0 o " N E(ESIN

to facilitate the change of basis (5.9). To express (5.9) in matrix-vector notation, we introduce the
/ 1
matrices B™" € REX(L=Lo+3) for m,n = —L + %, ..., L— % They satisfy
gmn — an f-mn
with ™" = (§"™) € CL and ™ = (fmn) e CL-Lote,

Corollary 5.1.8. The above mentioned matrices B™™ are given by

DO 01 go! ifm’ —n! = %’
DO 10 got ifm’ —_n' = %,
Bm,n B DO COl BO2 BO3 l-fm/ — n/ — %,
DO CIO BZO B03 ifm/ — _n/ — %’
011 pl2 ; r 3 1 _ 1
DOcllBZI ifm’:%, Tl/:—%,
where C19, CY C! and DO are given as in Corollary 4.1.6 and
8 ry
21 21
bl,O _bl,o
b21 b21 b21 _b21
. L1 921 . 1,1 2,1
B = N , B = " )
bz,z bz,z
03 03
bl,o _bl,o
b bd3 by b
B03 — B30 — ’ ’
03 . |’ 03 ’
b2,2 : b2,2
20 20 02 02
bo,o bo,L bo,o bO,L
B — B =
20 02
bI_,L bL,L
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The NFSUFT Setting x = cos 3, recall that the change of basis

L
Z gy Te(cos B) = Z hm“ —itp

=0 {=—L

was described by the matrix E™™ (cf. Definition 4.2.1) which in this case is given by E™"™ = E{"*™.
By employing these matrices, we finalise the node-independent coefficient transforms for the half-
integer Wigner-d functions, i.e., we can compute the coefficients h;"™ in

L L}
D frmdit(cosBg) = Z RPrr(Bg)e (¢ 2)Pa (5.10)
=L =—1+1

where

v 1+cosBq if m+neven,
Vv 1—cosBgq if m+mnodd

r(E’q) =

Inserting this into (5.2), we get

L}

menD Ulog: Bgovg)) = ) Z he+2 e Mg tPaeTinya,

m,n:7L+1 (=—L

Note that we did not get rid of the factors /1 &£ cos 3 4. We can handle this by splitting the Fourier
transform into two transforms of half size, one for the coefficients where m + n even, and one for
the coefficients with m + n odd. This will not change the total asymptotic complexity. We shall now
resume the algorithm to compute the NFSUFT and consider the complexity of its steps.

The Nonequispaced Fast SU(2) Fourier Transform (NFSUFT) We have defined the SU(2)
Fourier transform for nonequispaced sampled rotations in Defintion 5.1.3 and introduced the matrix
Dru, = (D7 (Uqg)) (e.min)egugr.q=1...Q that, applied to a vector of SU(2) Fourier coefficients

.....

f = (?Fn)(g’m’n)ejl_ugl_, computed function samples f = (f(Uq))q=1,..0 € CQ of a function

o T T
f € D] at a sampling set Ug. The naive evaluation of

~

f =Dy, f

takes O(L3Q) operations, due to the size of the matrix Dy y( o~ But owing to the previously considered
coefficient transformations, a factorisation of the matrix Dy 1, which allows its efficient application
is tangible. The fast multiplication with the factorised matrix Dy y(, is called the NFSUFT. The
following theorem specifies the according algorithm which is based on the NFSOFT algorithm (cf.
Theorem 4.2.2).

Theorem 5.1.9. The matrix Dy v, representing the NDSUFT, can be rearranged and split into a
block diagonal matrix consisting of three blocks of matrix products,

F 40 C° 0
Diu, = Fi ¢
0 Fi 1, C
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with
e _ / —imog ,—ilBgq,—inyq
LUg — 1 + cos Bq (e € € )q:l,..‘,Q;(Z,m,n)EHL/\m—l—n even,
e _ /1 _ —imog ,—ilPq.—inYq
LUg — 1 —cos Bq (e € € )q:l,...,Q;((’.,m,n)GHL/\ern odd,
i _ —imog —ilBq.—iny
Flu, = (e ie Trde q)q:l,...,Q;(Z,m,n)GJL
and

C° = diag (E*"B™"A™)
C¢ = diag (E}nannAmn)—L+%<m,n<L—%/\m+n odd,

C' = diag (E™B™A™) | oo

—L+i<mn<L—IAm+n even,

The matrices E™™, E{"™ are given in Definition 4.2.1, while B™" is given in the Corollaries 4.1.6
and 5.1.8 and A™" is defined in (3.28) and (5.6).

The application of the rearranged matrix Dy v, to a suitably sized vector represents the NFSUFT
and takes at least O(L> log L + Q) operations.

Proof. If we seek to evaluate the SU(2) Fourier sum

fUg)= Y "D (Ug). q=1.....Q,

(Lmn)eI udr

of a function f € D, forq = 1,...,Q, we encounter 812 + 4L + 1 = O(L?) different pairs of orders
m and n.

Applying coefficients ﬂm“ for fixed m,n, sorted in vectors, to the suitable matrices A™™ costs
O(Llog L) operations per set of orders. The subsequent application of B™™ as well as E™™ or E[*™
costs O(L). Putting this together it takes O(L> log L) operations to perform the change of basis,

L
Z f?LnDan (Uq ) _ Z ]’,‘I'Erlne—imocq e—i( Bq e—inyq
(& mmn)eI Udr {mn=—L
L—1 L—3

+ Z Z "B_T;mefim(xqefieﬁqefinyq

(=—L mn=—L+}
m—+n even

-1 L
n Z Z AET; /71 — qu—imocq e—ieﬁqe—invq'
(=—L mn=—L+}
m-+mn odd

We obtained three three-dimensional Fourier sums which can be represented by a matrix vector prod-

. . . . : . A 3

uct of the trivariate Fourier matrices F} ,, , F$ ,, and F¢ ,  with the vectors A € CCL+1D7
Uq U Uq

he € €4 and h° € C*. Each of these three evaluations takes O(L*logL + Q) operations and
as they are independent from each other, this is also the total complexity of the algorithm. |
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5.2 SE(3) Fourier Transforms

Like in case of the rotations surely everyone has an intuitive idea what a motion is. We shall start
this section by briefly giving a mathematical description of this idea. We will define the group of
rigid-body motions in three dimensions and consider integration of functions that take motions as
arguments. Like on SO(3) we will use unitary irreducible representations of the group to define a set
of orthogonal basis functions by means of which we define the Fourier transform on the group.

Definition 5.2.1 (Rigid-body Motion). A rigid-body motion in R3 with respect to the origin 0 € R3 is
a linear map p : R? — R3 with p(v) = Rv + t where t € R?> and R € SO(3).

The composition p = p; o p; of two rigid-body motions p;(v) = Ryv + t; and pa(v) = Ryv +t; is
the map
p:vi— RoRi v+ Ryt 4+ ts. (5.11)

This can be seen by p(v) = (p2 0 p1)(v) = p2(p1(v)) = Ryp (V) + to. The inversion p—! of a
rigid-body motion p(v) = Rv + t is the map

p*1 cvi> R Tv—R"t

as composing p~! and p gives v = id(v) = p~'(p(v)) = p~!(Rv + t). This is fulfilled for all v if
p~!(v) =RTv—R't.

Lemma 5.2.2. Given two pairs (R, t;) and (Ry,ty) where t;,t, € R3 and R;,Ry € SO(3), their
corresponding rigid-body motions are different as well, i.e. (Ry,t1) # (Ra,t2) = p1 # pa.

Proof. Let the two matrices Ry, R, satisfy Ry 'R, = T hence, there is a vector v such that
0, ' (p1(V)) =RJR\V+ Ry (t) — 1) # v

for any t;,t, € R3. On the other hand there is also a vector v such that for t; # t, and arbitrary
R, R, € SO(3), we have

P, (P1(V)) =RIRiV+ Ry (t) —t) # v
and therefore p, Yo py #£id. |

By means of this lemma, we will, from now on, identify a rigid-body motion p and a tupel (R, t) with
each other.

It also follows that every rigid-body motion can be decomposed into a rotation followed by a trans-
lation with (R,t) = (I, t) o (R,0). Note, that this decomposition is not commutative as we have
(R,0) o (I,t) = (R, Rt).

Theorem 5.2.3. The set M = {(R,t) € (SO(3),R?)} forms a group with respect to the composition o
defined in (5.11).

Proof. G1) We immediately see that the composition (Ry,t;)o (R, t2) = (R1Ry, Rty +t;) is again
an element of M.

G2) Associativity ((Ry,t1) o (Rp,t2)) o (R3,t3) = (Ry,t1) o ((Ry, t2) o (R3,t3)) follows as

(RiRy, Rty +t1) o (R3,t3) = (R{R2R3, R{Rots + Rty 4+ t) = (Ry, t1) o (RyR3, Rotz + t7).
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G3) For (R, t) € M, we have (I,0) o (R,t) = (R,t). As (I,0) € M, it is the neutral element of M.

G4) The inverse element of M is given by (RT, —RTt) € M as (RT,—R't) o (R, t) = (L, 0).
|

Definition 5.2.4. The group (M, o) is called special Euclidean group SE(3).

Remark 5.2.5. The set R ={(R,0) € SE(3) | R € SO(3)} is a subgroup of SE(3) isomorphic to the
rotation group. Similarly, the set T = {(I,t) € SE(3) | t € R3} is a subgroup of SE(3).

Lemma 5.2.6. Any motion (R,t) € SE(3) satisfies (R,t) = (R,zUe;) where z € R and U €
SO(3)\Z.

Proof. By Corollary 2.2.6 every rotation S € SO(3) can be expressed as S = UZ for Z € Z and
U € SO(3)\Z. Using the Euler angle decomposition from Definition 2.2.10 and Lemma 2.2.12, we
can write U = R, ()R, () for oc € [0,271) and § € [0, 71].

On the other hand, we can express a translation vector t € R? in spherical coordinates obtaining the

coordinate transform
TCcOoSs (@ sin 0

t=| rsingsin® | =TR;(@)Ry(0)e,
Tcos 0

where @ € [0,27),0 € [0, 7] and r > 0. Identifying z = 1, x = @ and 3 = 6, proves the lemma. W

A consequence of this lemma is that we can parameterise a motion by five rotation angles «, 3,7y, @, 0
and a one-dimensional translation ze,.

Definition 5.2.7 (Metric on SE(3)). A metric on SE(3) can be constructed using the distance on
SO(3) from Definition 2.1.7 and the Euclidean norm || - ||. Given (t;,R}), (t2,R;) € SE(3), a metric
on SE(3) is specified by

[(t1,Ry), (62, Ro)| = [RoRy | + [t — 4]

Next, we consider some aspects of harmonic analysis on the motion group.

Definition 5.2.8. Integration of a function f : SE(3) — R defined on rigid-body motions (R,t) €
SE(3) reads as

JSE(S) f((R.) d(R.0) = |

SO(3)

where the normalised volume element d(R,t) on SE(3) is defined as d(R,t) = dRdt where dR is
the volume element of SO(3) from Defintion 3.1.1 and dt is a volume element of the R3.

J f((R,t)) dRdt)
R3

By these definitions, we can express integration of a function f : SE(3) — R in various parameteri-
sations of rotations and translations, e.g., integration of a function f(R,t) with rotations R € SO(3)
parameterised in Euler angles and translation vectors t € R? in Cartesian coordinates reads as

1

27T p7U 27T .
LEB] f((R,t))d(R,t) = 32 JRS JO Jo Jo f(R(e, B,v),t)sin 3 docdp dy dt. (5.12)

Regarding the above integration, we define the space L?(SE(3)) completely analogous to the standard
by
L*(SE(3)) = {f : SE(3) — C | J If(R,£))*d(R,t) < oo}
SE(3)
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with an inner product of two functions f, g € L?(SE(3)) given by
o) = | AROGIRAT AR, (5.13)
SE(3)
The convolution of two such functions f, g € L?>(SE(3)) is written as
(f+g)((Q,s)) = L 5 f((R,£)g((R,t) "' o (Q.s)) d(R, ). (5.14)
E(3

Next, we shall consider Fourier transforms of functions f(R,t) € L?(SE(3)). To define Fourier
transforms on the motion group, we need to use an orthogonal basis for functions on this group.
Like on SO(3), this basis of SE(3) is made up of the matrix elements of the unitary irreducible
representations of group that act on subspaces invariant under the application of group elements. In
Section 3.2 we characterised an orthogonal basis for the rotation group SO(3) by means of Lemma
3.2.6. We shall use the same reasoning for SE(3).

It is important to note that in case of the motion group these invariant subspaces have infinite many
basis elements and hence infinite-dimensional representation matrices. This is because the motion
group, in contrast to the rotation group, is not compact. A method to construct representations for
certain noncompact groups can be found e.g. in [87]. An extensive description how to obtain the
matrix elements of the representations can be found in [17]. Here we simply give their definition and
describe very briefly how these representations arise, as the study of harmonic analysis on noncompact
groups is not within the scope of this work.

At first, we need to consider a vector space on which the elements of SE(3) act transitively. This will
be the R?, i.e., for all x;,x, € R3, we can find an element (R,t) € SE(3) such that x, = Rx; + t.
The subgroup of rotations from Remark 5.2.5 acts on R? though not transitively. Instead, it divides
the space into spheres of radius r,

S%:{X€R3\x:ru,r>0,u682}.
We define the following functions.

Definition 5.2.9 (Modified spherical harmonics). For any £ € Ny and m,n = —{,...{ we define
functions , .

h™(w) = "M (@, 0) =e ™M Pd ™ (cos 0)e™? ues’
Note that h;"™ (¢, 0) = D" (¢, 0, —¢) holds true.

Definition 5.2.10 (Unitary representations of SE(3)). The unitary representations of SE(3) that act
on 12(S2) are denoted by Ug((R,t),7) for s € Z. By

ugﬂ,m]((”m/)((R’ t),‘[‘) _J e—'LTll them Z D hﬂ n( )dll (5.15)
S?

n=—~¢{

we denote the matrix elements of the unitary representations of SE(3).

The functions U m)(¢m’) satisfy the orthogonality relation
I = j ug (R 0, p U™ (R 6, p) AR,
SE(3)
272

D) 62,315€/,€{6m,m16m’,m168,515P,P1’

see [17]. This leads to the following Definition.
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Definition 5.2.11 (SE(3) Fourier Transform). The SE(3) Fourier transform of functions f € L2(SE(3))
is defined as

MR- > Y 3 3 Y [ AUt O (R pRap

m)(ﬂ/,m’)(

where we denote the SE(3) Fourier coefficients by f. g’ ) with

!/

fLm () L | AROUETE (R ). p) aRat
E

By this definition and Equation (5.15) we see that the Fourier transform of functions on the motion
group can be computed using fast Fourier transforms for S, R* and the rotation group SO(3). This
has been described in [17, Sec. 11.3] in the context of computing convolution of functions f,g &€
[>(SE(3)). Similar to that, in the upcoming Chapter, we will explain an interesting application in
which we encounter functions on L*(SE(3)) and describe how SE(3) Fourier transforms could be
employed to compute convolution or correlation of functions on R3.
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6 Protein-Protein Docking

6.1 Overview

The activities of a living cell are manifold, ranging from signal promotion in intra- and extracellular
communication to enzyme catalysis and gene expression. Yet they all have a common purpose: trans-
fer of biological information. A central role in these processes is played by proteins, which bring out
their respective functions by interacting with each other, i.e., by forming complexes. These complexes
may be transient assemblies as in case of enzyme catalysis or stable assemblies like transcriptions fac-
tors, ion channel proteins or cell surfaces.

Due to their enormous importance protein-protein interactions have been in focus of molecular biol-
ogy research for several years now. In vivo proteomics methods like two-hybrid and tandem affinity
purification experiments provide extensive information about interaction networks within the living
cell. To cope with this vast amount of data on structure, sequences and interactions computational
methods are essential to process and combine information. Methods like gene fusion analysis or
phylogenetic profiling determine which proteins might interact (for a review, see e.g. [45]).

In contrast to that, the approach we are about to discuss here, protein docking, aims to predict how
proteins interact. To understand these interactions, it is essential to determine the three-dimensional
structure of the participating proteins. This is a central task of structural biology and is accomplished
via X-ray crystallography, NMR spectroscopy or electron microscopy. Based on the analysis on
the known structure of proteins determined by the mentioned methods, protein docking procedures
calculate the structure of new formed protein complexes. This is particularly useful if we wish to
examine transient protein complexes, which are too short-lived for crystallography or spectroscopy,
[40]. But also for stable assemblies this computational approach is beneficial.

It has been estimated that the number of natural protein folds is of order of 1000 where each of
them has about nine specific interaction partners to constitute one or several of the around 10000 basis
types of interaction depending on the mutual binding site and resulting internal conformation [3]. This
yields an immense number of possible protein complexes of which many thousands are yet uncovered.
Determining all of them experimentally is far from feasible. Thus the prediction of possible protein
complex conformations by computational docking methods is highly useful.

An essential tool is the Protein Data Bank (PDB) which stores the structure of around 12000 pro-
teins and protein complexes determined by NMR or X-ray techniques, [11]. Provided with this large
collection of structural data single proteins, we formulate the protein-protein-docking problem as the
computation of atomic coordinates of a protein complex out of the atomic coordinates of the compo-
nent molecules. Thus docking procedures identify the binding sites and predict the conformation of
the molecules in the complex.

The first automated docking algorithm has been described in 1978 in [92]. Since then many different
approaches to tackle the problem have been proposed, see e.g. [27, 40] for current reviews or very
recently [75], and the references therein. The common aspect of these approaches is an optimisation
problem. The solution space is the set of motions and transformations the molecules can undertake
upon complex formation whereas the objective function evaluates the quality of the complex. From
this common initial point a vast variety of docking approaches emerged, differing in either the choice
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of instances incorporated in the solution space, or the way the molecules are described, the solution
space is searched or the quality of the different complexes is evaluated.

With respect to the type of input data, we can distinguish bound and unbound docking problems. For
bound docking, we start with a molecule complex and split it into two molecules, which then provide
input data for the docking procedure. In contrast to that, the approach where the molecule’s atomic
coordinates are determined individually is called unbound docking. Naturally, the latter problem is
the one we are eventually interested in. But as most molecules change their structure whilst forming
a complex, it is also harder to solve as the solution space is much larger. Despite being an artificial
setting bound docking is useful for testing and evaluating new docking methods.

According to the objective function of the optimisation problem we can also distinguish two main
types of approaches. Methods of the first category are looking for complexes, in which the free
energy is minimised. Central to these so-called thermodynamic or direct approaches are different
approximations of the enthalpy and entropy of the protein complexes. The other category comprises
empirical methods which use chemical or structural complementary of the proteins. These methods
also exploit thermodynamics of intermolecular actions but in contrast to the direct methods they do
not analyse energy minimisation itself but rather pseudo-energy, i.e., other objective functions related
to energy minimisation. That is why these methods are also called indirect methods. Our algorithms,
that we will present in Section 6.4 and 6.5 will use such pseudo-energy functions.

An example for such an indirect method is based on so-called shape complementary. Although the
atoms, of which a protein is composed of, do not have a defined boundary, there exist various models
to describe the shape of a protein, or rather its area of influence. In Section 6.2, we will consider
some exemplary descriptors of the area of influence, e.g., the van der Waals radius which is half
the distance between the nuclei of two atoms that are bound in two different molecules. We will
give a new mathematical description of molecules in this context which we present in the paragraph
Molecule Regions of Section 6.2. Using the van der Waals radius, an atom can be described as a
solid ball of this radius, and hence a protein can be described as the union of such balls. This idea is
incorporated e.g. in the calotte model of molecules [21]. That way we modelled a geometric shape
describing the protein and we also defined its surface. In this setting the most desirable arrangement
of the two molecules is the one in which the resulting complex has the smallest surface area under the
constraint that the two input molecules do not overlap. The amount of surface burial gives an estimate
on the volume of water forced out of the molecules upon complex formation and is as such a measure
for the stability of the complex, see e.g. [22]. Other indirect criteria for good docking orientations,
originating from the proteins structure are the avoidance of large cavities or the formation of hydrogen
bonds.

The objective function and constraints that will be used in this work, will be explained in Section 6.3.
After a suitable representation of the constituent proteins has been found the typical docking procedure
consists of two stages. The first stage is the actual optimisation problem, i.e., a search within a solution
space. This search consists of a huge amount of calculations, as the objective function in general is
highly non-convex possessing several local maxima and minima as we will show in Figure 6.4 in
Section 6.3. That being the case we need to consider suitable search strategies. For practical purposes
it is therefore beneficial if the computation of the objective function can be done relatively fast or if
we restrict the size of the search space. By the search we produced a rather extensive list of about a
thousand putative protein complexes sorted according to the objective function. As mentioned before,
geometric shape complementary has turned out to be the dominant descriptor in docking processes
[46] and hence a good choice for the objective function. Yet other criteria can be used to improve the
ranking like models of desolvation, hydrophobicity, charge complementary or the formation of a high
number of polar-polar contacts.
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Amongst the complexes in the list the near-native complex is often observed. This will be the one we
are interested in. It is not necessarily the global maximum or minimum of the objective function, but
might as well be a local one or even just an instance with a high or low value, respectively. So we
face the problem how to distinguish this good solution from false positives, i.e., other arrangements
of two proteins showing a high energy minimisation. These false positives may occur due to the
restriction of the search space, the empirical objective function or chemical constraints that have not
been incorporated yet.

That is why most docking procedures have a second stage, the so-called refinement where the list from
the first stage is re-ranked by incorporating additional information from previously known protein
interfaces, biochemical experiments or in the simplest case visual inspection. This is the so-called
data-based and data-driven docking, see e.g. [59] for more information on this stage of docking.
Characteristically for this stage are time-consuming heavy-weight calculations. Due to its importance
however, there are a variety of free or commercially available programs that facilitate the docking
procedure. All of them incorporate more steps to evaluate the quality of a protein complex using
various scoring criteria or more experimentally determined data. So far, there is no known method
which can list a near native candidate complex within the top ranks in almost all cases tested. From
this point of view the field of computational docking is still in its developing phase.

Fourier-Based Rigid-Body Docking In this work, we shall focus on the first stage of docking
and present two methods that can be categorised as Fourier-based rigid-body docking. This term
refers to the search strategy on one hand and to the design of the solution space of the optimisation
problem on the other hand. As mentioned before the objective function is highly non-convex, hence
we need to think of a way to faciliate the huge amount of computation. Realistically proteins underlie
conformational changes when binding to each other, i.e, they not only move with respect to each
other but also deform, shear or bend. But as in the setting of bound docking, we will neglect the
latter types of transformation. That means we assume that the input coordinates of a single protein
remain unchanged with respect to each other, i.e., the proteins are treated as rigid bodies. That way,
the only motions the proteins can perform are rigid-body motions as in Definition 5.2.1, combinations
of translations and rotations. Rigid-body motions in R? have six degrees of freedom. Hence, we
drastically reduced the size of our search space such that it becomes six-dimensional. Rigid-body
docking is sometimes called ab initio docking, as we incorporate no other experimental structural data
than the position of the atomic nuclei of the proteins.

The advantage of rigid-body docking clearly is the reduced size of the search space. The downside is
that we have to tolerate some geometric mismatch in comparision to the actual protein complex as in
our setting the conformations of the docked molecules can not be changed. However, this neglect of
the real setting can be overcome by incorporating protein flexibility in the second stage of docking.
In this work, we will not discuss protein flexibility which belongs to the field of molecular dynamics.
A comprehensive review on molecular dynamics in protein docking procedures can be found e.g. in
[75].

Concerning possible strategies by which we can search the solution space of three-dimensional mo-
tion, we can, again, distinguish many different approaches. They fall into three main categories.
Methods of the first group use directed search, i.e., discrete features of the protein description are
extracted. An example is the extraction of concaves and convexes (knobs and holes) of the molecule’s
surface which are then matched in a geometric hashing, a maximal clique algorithm, [30] or by fast
bit-wise arithmetic operations [67]. Another example are triangulated surfaces, [66]. Characteris-
tically these methods are very fast especially if the number of feature points is kept low. However
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they are also likely to miss the right complex conformation if inadequate features are chosen. As the
objective function highly depends on the chosen feature points and the evaluation of the quality of the
found complexes can not be easily adjusted.

The second group comprises pseudo-random search strategies like genetic algorithms, simulated an-
nealing or Monte-Carlo methods, e.g. [37].

And finally in the third category, the Fourier-based search, we collect methods that use convolutions
for searching the solution space and hence employing the fast Fourier transform or one of its varia-
tions to efficiently compute the quality of a complex. Most docking procedures actually fall into this
category. They not only introduce a certain freedom in designing a scoring function but also provide
a desirable precision. The only drawback is that due to the nature of their brute-force search strategy
they are usually slower than the directed search methods from the other two categories.

Many, if not most, existing Fourier-based docking algorithms use a regular discrete three-dimensional
cartesian grid onto which the molecules are projected. Then a weighting function is used to divide the
grid cells into two groups depending on whether or not the underlying atom belongs to the molecules
surface. The correlation of the discretised and weighted atoms serves as objective function for the
optimisation problem. The correlation between pairs of grid cells is computed via fast Fourier trans-
forms thus implicitly searching over the space of 3D - translation. The remaining rotational degrees
of freedom however need to be searched in a brute force global search. Such an approach has been
first published by [47] in 1992. Since then, this approach has been adapted and improved many times.
An overview on these grid-based docking approaches can be found in [27].

More recently, a set of methods arose that omit the regular equispaced grid, replacing it with a non-
equispaced Cartesian one as in [7, 15] or a spherical one as in [55, 76, 80]. The docking algorithm we
will consider in Section 6.4 is based on the one from [15]. We will summarise their method and use
it for different choices of objective functions and protein models. We will also modify the original
algorithm to fit to our descriptions.

The new approach which we present in Section 6.5 starts by following the lines of [76] and [80] using
spherical harmonic functions and classical orthogonal polynomials to model molecular shapes. For the
first time, we employ the fast SO(3) Fourier transform algorithms to solve the docking problem. We
can thus overcome the limitiations of the algorithms mentioned as they use only spherical harmonics
of low orders due to computational complexity. We will also show the connection between the docking
procedure and Fourier transforms on the motion group SE(3) and model proteins using expansions in
terms of the unitary representations of the motion group.

In any approach, we construct an objective function that takes three-dimensional motions as input
and that is evaluated by global search, not for all possible motions but for sampled motions on a grid
on the motion group SE(3). As a result of a Fourier-based docking procedure, we obtain local and
possibly global minima and maxima of the objective function on this grid. After this step however
the evaluation of the objective function may be locally refined by a directed search. A suggestion for
local refinement concludes our considerations of protein-protein docking in Section 6.6.

6.2 Protein Modelling

The input data for the protein-protein docking are the coordinates of the atomic kernels a molecule
is comprised of. In this section, we explain how to obtain a description of the molecule’s area of
influence out of these coordinates, as well as a description of the molecule’s surface.
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The molecules, we use in the docking procedure will be called molecule A and molecule B. When-
ever we derive some expression or function depending on A, we assume an analogous definition for
molecule B, unless otherwise stated.

Areas of Influence of Atoms As the first step in modelling molecules, we describe the area of
influence of a single atom. In a typical description, the atom is considered as a ball of certain radius.
This radius, the van der Waals radius, is half the distance between two atoms of the same chemical
element, at which the repulsive van der Waals force equals the attractive van der Waals force between
the two. The van der Waals radius is determined by measuring how close the nuclei of two atoms,
bound in two different molecules, can move towards each other. A typical choice of v would be the
van der Waals radius of hydrogen atoms which is about r = 1.2A, see [13].

Without loss of generality, we consider an atom positioned at the point of origin. We examine three
different choices of functions k(x) describing the influence of the atom to its neighbourhood. They
are all based on empirical descriptions of the energy density of an atom and are rough approximations
for the interaction energy of two atoms. We denote the closed ball around z € R? with radius r by
By(z) = {x € R? | |x — z|| < r}. The first choice of k(x) = kw (x) approximates the energy density
by a characteristic function of a closed ball B,.(0) of van der Waals radius .

Next, k(x) = kg (x) is a Gaussian-like kernel approximation of the electron density distribution of a
single atom. Finally, k(x) = kp(x) is derived from the Lennard-Jones potential. In addition to the
term which describes the van der Waals forces, it also contains a term describing repulsion at short
ranges from the atomic kernel due to overlapping electron orbitals, e.g. [6, p. 470]. These are in
particular:

i) Using the van der Waals ball B,.(0), we can write
Kw (X) = X8, (0)(X) 6.1
with the characteristic function .

i1) The second choice is
B(1— 1)
kg(x) =e v2 (6.2)

for some parameter 3. The parameter 5 controls the sharpness of the kernel’s peak. A typical
choice from literature is 3 = 2.3 (see [25, 33]).

T 12 T 6
Kp(x) =— () + <) , (6.3)
)\

as the so-called (12,6)-Lennard-Jones potential.

iii) The third choice is given by

The next step is to describe molecules composed by single atoms.

Modelling Molecular Surfaces Consider a molecule A that consists of 15 different atoms. We
define an index set A = {k | k = 1,...,Ia} to number the atoms that are part of A. The centre
of the k-th atom will be denoted by xy € R3. These xi for k € A are the input coordinates of the
protein-protein docking procedure. Every atom centre x for k € A is assigned a ball B;.(xy ), where
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Figure 6.1: Examples of surface types for a cross section of an example molecule. The interior of the
molecule is coloured in grey while the surface layer is coloured yellow. The boundary line
between the red region and the white coloured exterior of the molecule describe 0W,,, in
(a), OWi,, in (b) and 0Wigas in (€).

in general r depends on k.
Let us remark that this ball can be described by

Br(xk) ={x € R® | kw(x—xx) >c} withc € (0,1],
Br(xx) ={x e R} | kg(x—xi) > 1} orby
Br(xk) ={x € R | kp(x — xic) > 0O}.

Now, the union
Wa = | Brlx)

is regarded as the domain filled by the atoms of the molecule, or the area of influence of all atoms of
the molecule, [21]. It can be considered as the rigid-body description of the molecule. For the docking
procedure we are especially interested in the boundary of the domain W4, as this is the part of the
molecules that is exposed to other molecules.

The concept of the surface of a molecule is not mathematically precise. In particular since the
molecule described by W is a porous cavernous union of balls and the surface 0Wa of the do-
main Wx in a mathematical sense has nothing to do with the surface a chemist would have in mind.
Therefore, a common approach, found in [58], uses only a verbal description of a surface, called van
der Waals surface, which is the molecular surface accessible to water in a practical chemical sense.
The atoms accessible to water are called the surface layer. Here we present three more mathematical
surface concepts.

i) Connolly surface:
The concept of this surface as been introduced in [19], in a constructive manner. Here, we
introduce our own description of the Connolly surface in terms of a mathematical definition.
The domain W is enlarged by all points which never are reached by a ball of fixed radius r
rolling along W 4. That is

Weon = (x € R} | x & B,(y) for all y with B,.(y) N1 Wa = 0},
which is identical to

Weon =R\ [ {B+(y) | Br(y) N Wa =0).
yeRr3
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The domain Wcon may have inner cavities, which are completely surrounded by WCOH. These
cavities are not reachable for reagents, and they have to be considered as part of the interior of
the molecule. Hence the Connolly domain is

Wen = [ (V| Weon C V, 9V simply connected J.
VCR3

Now, the Connolly surface is OW,p, see Figure 6.1(a).

1) Isovalue surface:
Here, the domain W _is replaced by sub-level sets of the sum of influence functions, i.e.,

Wio =X R Y xa(x—xi) > cl.
keA

Analogously to the Connolly domain, inner cavities of \/f\v/iSO are filled to Wj,. The actual
isovalue surface is now defined by Wi, see Figure 6.1(b).

More generally, kg can be replaced by non-continous functions of influence like kyy or non-
monotonous functions like k1, but this is suitable for particular applications only.

i) Solvent accessible surface:
While the Connolly surface used the contact areas between a molecule and an artificially added
ball of radius T rolling along the surface, the solvent accessible surface (SAS) uses the centre of
this ball to define the molecule’s surface. Consider the set

Waas ={x € R?| thereisany € Weon : [Ix — y|| < 7).

The actual SAS is now given by 0Wsas. The SAS is depicted in Figure 6.1(c).

Note that, we omitted the definition of Wisas, that is a surface still containing inner cavities. By
using W,,, instead of W,,, to define the solvent accessible surface, we already got rid of these
inner cavities.

Molecule Regions The domain W is now divided into two regions with respect to the just de-
fined surfaces: the surface layer or skin 8 o, described by the outermost layer of atoms of the molecule
and the core Ca, the interior part of the molecule. Furthermore, we distinguish the surrounding of
the molecule between the exterior skin € o, an additional layer around the skin 8 o, and the exterior.
Based on our descriptions of molecular surface, we give new formal descriptions of these molecular
regions.

The indices of the atoms touching the Connolly surface 0W,q, are combined in

0A = {k | By(xx) N OWeon # 0}

Now, the skin is defined by

SA = U B (xx).
kedA
The core is the rest of the molecule
Ca = WA\SA.
The exterior is given by
8A = U Br(Y)-
YEOWias
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We can infer some more properties like

SACWa,  CaC |J Bilx)  EANWa =W
keANOA

If we consider a molecule in which the atomic areas of influence B, (xy) do not overlap for any xy
with k € A then, due to their definitions, SA and CA are unions of a finite number of separated balls
while € o resembles a layer, i.e., a union of infinitely many overlapping balls. We will get back to this
issue in Section 6.3.

In the next step, we will define functions that assign different weights to the molecule regions. These
functions will be called affinity functions and they are needed in the next section to construct a ob-
jective function for the optimisation problem of protein-protein docking. We provide two different
approaches to define affinity functions.

1) Symmetric affinity functions:
Consider the characteristic function Xg, of the molecule’s skin and the characteristic function
Xe, of the exterior skin. The affinity functions QXA : R? — R and QX¢a : R? — R are
defined as the sums

QCA(x) = ) Xsn(Xk)K(x—xi)

keA

QX (x) = L xk(x—y) dy 6.4)

where xi denote the coordinates of the atomic centres, x denotes a scaling factor and k can be
set to any of the functions (6.1) or (6.2), (6.3) describing the area of influence of a single atom.
We define analogous functions for molecule B. This approach is called symmetric as it will
yield the same results after exchanging the two molecules with each other. In contrast to that
the outcome of the second approach depends on the order of the molecules.

ii) Asymmetric affinity functions:
Instead of the characteristic functions used in the symmetric approach, we define two functions
that assign different values to the respective regions depending on the molecule by

pi ifx € Ca, pi ifx € Cg US8g,
YaAX) =<1 ifxe8a, and vye(x)=<1 ifxeég,
0 otherwise 0 otherwise

where p > 1. Based on the YA and yg, we establish the affinity functions QYA : R? — C and
QY® : R3 — C as the sums

QM (x) = ) yaludk(x—xi)

keA

Q" (x) = ) yexk(x—xi) (6.5)

keB

where Xy denote the coordinates of the atomic centres and « is again set to a functions describ-
ing the area of influence of a single atom.
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6.3 Docking Procedure

We already discussed that the protein-protein docking problem can be thought of as an optimisation
problem. With respect to this, we will now consider ways to construct an objective function which will
be, in this case, maximised. This function will allow us to determine arrangements of two proteins
in which their two areas of influence will have little overlap while the circumference of the resulting
area is kept small as well.

To arrange two molecules A and B, they need to be moved. The assumption molecules are rigid
bodies, restricts the motion to rotations and translations in three-dimensional space. Recall from
Section 5.2 that any rigid-body motion, i.e., the application of an element (t,R) € SE(3) to a vector
x € R3 can be written as a rotation followed by a translation. Hence,

f((R,t)ox) = f(R"x — t)

describes a three-dimensional rigid-body motion. We formulate the protein-protein docking problem
depending on the classification of the molecule regions as follows.

Let xy, for k € A and yj, for j € B be the coordinates of the atomic centres of two molecules A and
B.

i) For the symmetric classification of the molecule regions, we give an objective function
CURD) = [ QX (Qn (RTx— ) ax + [ Q¥0r (0 Q¥ (RTx— t) ax
- p J QXsa (x)QXse (RTx — t) dx (6.6)

with (R,t) € SE(3) and p > 1. This function computes the convolution of the fixed molecule
A and the molecule B which is moved and rotated. Positions x € R* where the skin of one
molecule overlaps the exterior skin of the other one contribute positive values to the integral.
These are favourable arrangements, as the actual molecules are close together without over-
lapping each other. In contrast to that, positions that are part of the skins of both molecules
contribute negative values to the objective function to penalise molecular overlaps.

Hence, the solution of the protein docking problem is defined as the pair (Rpax, tmax) With

C((Rmam tmax)) = max C((Re t)) (67)
(R,t)ESE(3)

ii) For the asymmetric classification of the molecule regions, we give an objective function

C((R,t)) =Re <J QA (x)Q"*(RTx —t) dx) (6.8)

with (R,t) € SE(3). Again, molecule A is kept fix, while the motion is applied to B. For an
understanding of the function C((R,t)), we examine the product

1 ifx, €8aNEg
pi if X, € 8A N (Cg USR)
pi ifx, € CANEgp
—p2 ifx, € Cao N(CgUSE).

Ya(xk)VvB(XKk) =
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The arrangements we are interested in are those where the skin of A overlaps the exterior skin
of B while overlaps of the core of A with the molecule B are penalised. The remaining cases of
overlaps are of no interest here. The solution of the protein-protein docking problem is again
the pair (Ryax, tmax) from (6.7).

To solve the docking problem, we need to compute C((R,t)) for a certain number of different mo-
tions. The search space for the solution of the protein-protein docking problem is six-dimensional as a
rigid-body motion has six degrees of freedom. For that reason, we denote the total number of motions
used in the computation by M, i.e., for each of the six parameters of a motion M different values
are inserted. Moreover, the number of atoms in the molecules A and B are given by the size of the
respective index sets as |A| and | B|.

In a straight-forward attempt to compute C((R,t)) for all given motions we would have to evaluate
the affinity function Q(x) for molecule A which takes O(|A|) flops. The same holds true for the evalu-
ation of Q(R"x —t) for one motion (R, t) € SE(3). As we examine M different motions, this yields
O(]A||BIM®) flops in total. Finding the maximum value among all C((R, t)) will not contribute to the
asymptotic complexity.

In a realistic setting the molecules A and B consist of a few thousand atoms, while we might want to
compute 50 different choices per parameter of a rigid-body motion. Considering this, the complexity
of a direct computation is too high for a feasible computation and a fast algorithm is needed. On the
other hand, a lower bound for number of computation steps is given by the number of input values
of the problem which is |A| + |B| + MS. Although, we will not reach this lower bound, we shall
introduce fast algorithms to solve the docking problem in Sections 6.4 and 6.5 which have a much
more favourable complexity than the naive O(J.A||B|M?®) flops.

But first, to gain more insight into the problem of protein-protein docking, we examine a simplified
scenario of the problem.

Simplified Docking Example Consider two molecules A and B of which we cut out one slice
each. Phrased differently, we want to analyse the protein-protein docking procedure for two-dimen-
sional molecules instead of three-dimensional ones. Moreover, their atomic kernels satisfy x, € Z?

1
for k € A U B and have van der Waals radius v = R As possible motions of the proteins we only

consider integer-valued translations.
Figure 6.2 presents a visualisation of this model for the two molecules, we are using in this example.
With these restrictions the domain W is sufficiently described by the grid points W s 72 = Wa N 72,
Now, let

N(xi) = {xi. x4+ (1,0) T, xic — (1,0) ', xic + (0, 1) T, xc — (0, 1) T}

describe the five-point stencil of xy, i.e. it contains all neighbours of xi and xi. Using N we can
easily identify the boundary of the molecule and consequently assign the atoms either to the skin S5
or the core C which in this case are completely described by

GA,ZZ = {X S WA’ZZ | N(X) - WA}, and SA,ZZ = WA’Zz\eA’Zz.

Recall, that the exterior skin € o, was defined as a layer of infinite many balls that cover the skin. In
this setting here however, we can conveniently describe the exterior skin €5 = € 5 72 as a finite union
of balls, as well, by

Eaze =X € ZA\Wa | N(x) N Wx # 0}
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6 PROTEIN-PROTEIN DOCKING

i

(a) Two example molecules A and B. (b) The new formed complex has the smallest possible
border avoiding overlap of the two molecules.

Figure 6.2: Simplified Docking Example.

(a) The symmetric approach: A favourable arrangement (b) The asymmetric approach: A favourable arrange-
of the molecules has overlaps between atoms of the ment has many overlaps between white coloured
exterior skin (white) and atoms of the skin (grey). atoms, i.e, atoms with Y (xx) = 1 and little or no

overlaps of grey coloured atoms with y (xy) = pi.

Figure 6.3: Region classification of the molecules.

We can assign the molecule regions of B analogously.

The objective functions C((R,t)), we defined in (6.6) and (6.8) to solve the docking problem (6.7)
will also be slightly modified to exploit the chosen simplifications. On one hand the integrals are
exchanged for sums over Z? and on the other hand we shall omit rotations. This yields

Cl) = ) QGa(x)Q¥e(x—t)+ Y QXa(x)QX%(x—t)

xeZ? x€Z?

— p ) Q¥Ax)Q¥u(x—t), fort € 7? (6.9)
x€Z?

for the symmetric approach, and

Clt)=Re | > QxQ™(x—1t)], fort € Z* (6.10)
x€Z2

for the asymmetric approach. Note that the choice of function k describing the atomic area of influ-
ence, has no influence on the solution of the docking problem, in this particular setting. In Figure
6.3 we show the classification of the molecule regions, for both the symmetric and the asymmetric
approach.
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-0

(a) The objective function in the symmetric approach. (b) The objective function in the asymmetric approach.

(c) The resultant complex with symmetric region clas-  (d) The resultant asymmetric region classification.
sification.

C(t)

C (tm ax )
molecules from Figure 6.2 and the resultant protein complex after applying the translation

tax Which is the solution of the docking problem. In (a) and (b), we computed 441 trans-
lations t € Z? and interpolated the remaining data. Both region classification approaches
find the same translation to produce the best arrangement, shown in (c) and (d). The red
coloured grid cells are contributing positively to the function C(t). In this example, there
are no undesired overlaps.

Figure 6.4: The plots show the values of the normalised correlation function for the two

The objective functions C(t) from (6.10) and (6.9) have been computed for t € Z? with t € [—10, 10]?
and are displayed in Figure 6.4 (a), (b). These plots demonstrate the highly non-convex behaviour of
the objective functions. The function values have been plotted for C(t) > 0 only, which leads to the
crater in the middle of the plot that occurs when the two proteins have large overlaps. All minima
of the objective function are contained in this area. This negative crater containing highly indesired
translations is directly bounded by a ring-like structure on which numerous local maxima of the ob-
jective function are located. These are translations leading to favourable arrangements. Among the
translations positioned on the ring, lies the one we are eventually interested in. Moving away from the
ring the objective function becomes zero. At these positions the molecules will not overlap at all.
These plots illustrate why it is sensible to perform a global search for the maxima of the objective
function, even in this very simple example. If we employed a directed search instead, we would
hardly find the correct value among the tremendous amount of local maxima encountered.
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6 PROTEIN-PROTEIN DOCKING

One might interject that, we could use search at least the ring only to find the maxima. But recall, that
we are in a simplified setting here. In the realistic protein-protein docking, when four more degrees of
freedom are introduced, the objective function would exhibit even more local maxima rendering the
directed search even more difficult. Cast in this light, it seems sensible to employ a global search over
the whole space of possible molecule motions.

The translation t that maximises the function C(t) leading to the arrangement of molecules depicted
in Figure 6.4 (c),(d). This figure also illustrates the different overlaps.

This very simple example also gives us an understanding of some more of the problems, we will
encounter during the docking procedure other then the non-convex objective function. Among these
problems are occurring errors and unfavourable complexity, the latter surely a consequence of the
global search. Errors or inaccuracies arise in different situation here, for example from considering the
atoms only positions x; € Z2. In realistic molecules however, atoms are not positioned equispaced.
We will consider this in the next section. Note that already the input data from the Protein Data Base
may be defective due to errors of measurement but we will neglect this type of error here.

Although, so far we have not exploited the convolution-like nature of the objective function. The
direct approach used in this example is computationally expensive despite the simplifications made.
For the molecule’s motion we analysed two degrees of freedom, that leads to evaluating M? times
the objective function C(t) and therefore to a total complexity of O(|A||B|M?) flops. Already for
the small example in Figure 6.2 computing the correlations in Figure 6.4 is expensive. For the actual
docking problem we have to add one more dimension to the proteins and include one more direction
of translation, as well as three-dimensional rotations. Computing this with the direct evaluation of the
objective function is far from feasible.

6.4 Fast Translational Matching

In this section, we introduce an algorithm to efficiently solve the protein-protein docking problem
from (6.7) by means of fast Fourier transforms. The presented algorithm, called fast translational
matching has been introduced by [15], and newly extended in [7]. There the asymmetric affinity
functions (6.5) were used to describe the molecule regions. The resulting objective function

C((R,t)) =Re (J QA (x)Q " (R'x —t) dx) (6.11)

is computed for a set of translations t € R? and a set of rotations R € SO(3) by using the NFFT
algorithm and its adjoint [71]. We shall briefly summarise this method and apply it to our own protein
descriptions. Moreover, we will adapt the algorithm to the symmetric region classification for the first
time and propose improvements of the algorithm from [15].

The key idea, we are using to efficiently compute the integral (6.11), is the following elementary
property of a correlation.

Lemma 6.4.1. Let . .
f(X) _ Z f;‘kBZmX k’ g(X) _ Z ngZTHX k

keZ3 keZ3

be given. Then their correlation C(t) = J f(x)g(t + x) dx for t € R? has the Fourier expansion
R3

C(t) = Z 'FkgkCZT[itTk.
keZz?
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Recall that a motion (R,t) € SE(3) can be separated into a rotation followed by a translation,
i.e., we have (R,t) = (I,t) o (R,0), cf. Definition 5.2.1. That, on the other hand, means that
for fixed R € SO(3) the function C((R,t)) in (6.11) is a correlation of the two affinity functions
QYA,QY8 : R* — C and we can compute it by means of fast Fourier transforms applying Lemma
6.4.1.

Unfortunately, we need to recalculate the correlation for all desired choices of rotations R € SO(3).
As only the different translations will be computed by fast algorithms, this docking procedure is called
fast translational matching.

To describe a motion, we are using the Euler angles for the rotation R € SO(3) and Cartesian co-
ordinates for the translation t € R3. For each of the six parameters we choose M different values.
The motions that result from all possible combinations of these choices make up the set M. More
specifically

M = {(R(ei,, Biy» Viy)s (Xip Yis 2ig) ') € SE(3) [i1,...0d6 = 1,..., M}, (6.12)

Hence, M contains M® motions for which we compute the correlation C((R,t)). These motions are
put together from M3 rotations and M? translations.

Consider two molecules A and B. In contrast to the example in Section 6.3, their atom centres are not
positioned on an equispaced grid. Furthermore, by choosing the functions kg from (6.2) to describe
the atomic area of influence, the affinity functions of the molecules will be of unbounded support.
This needs to be considered for the expansion into a Fourier sum that is needed to employ Lemma
6.4.1. In the following, we shall describe the necessary modifications of the affinity functions in the
fast translational matching approach. Exemplarily, we are using the Gaussian-like kernel function
(6.2) to describe the atomic area of influence.

First, we relocate and scale the molecules such that their domains W and W3 fit into the unit cube

11

3 . .
[—f, Q] . To do this, we compute the diameters

= max ||x; —Xx and = max ||y; —
PA LkeAH 5 — Xyl PB j,keBHy) yill

of the molecules and the molecule centres
1 1
cA:mZxk and cB:@Zyk.
keA keB

We also need to consider a certain margin w that depends on parameters chosen in the function kg.
By adding w to the molecules’ diameter, we will ensure that the areas of influence of the outermost
atoms are still included in the unit cube. Consequently, we calculate the modified atomic centres by

=X "CA gy a4 and 7 =" 3

2p 2p

with p = max{pa,pp}+ w. A suggestion to compute the margin w is given by

w = \/r2 (1 _ Inl07® lg_l6>

where 1 is the van der Waals radius of the atom and the parameter {3 controls the sharpness of the peak
of k. Using the above formula, we cut off the area of influence of the outermost atom for at most
kg < 10716,
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Having relocated the modified atomic centres, we need to adjust the area of influence of the atoms
as well, namely by scaling the van der Waals radii by the factor % Now, we can approximate the
influence function of an atom by the Fourier sum
Ka(x) M Rg(x) = Y hpe?™x't (6.13)
YA

for a set of indices I, ={£ € Z3 | L € [—%, %)3 for n € N} and with Fourier coefficients

he = J KG (X)e—zmxTde (6.14)
47

A symmetry property we will be using later on is given by hy = h_,. This follows easily from
kg (x) = kg (—x) as we have

he = J KG (x)e_zmxwdx = J KG (—x)e_zmxudx =h_,. (6.15)
(140 (1.4
Inserting (6.13) into the affinity function QY~, we get

QA (x) ~ Q" (x) = ) valmRa(x—z)

keA

= Z YA (zk) Z hpe?iixm e

keA £eTn

— Z heeZTIiXTZ Z ,YA (zk) e*lﬂizlf. (6 16)
YA keA

B —
B —

Note that in this approximated affinity function we separated the function into a molecule dependent
sum and a molecule independent one. We shall denote the molecule dependent terms by

xg =) yalz)e L (6.17)

keA
The sums o, are in fact three-dimensional standard Fourier sums and as the atomic centres are not
necessarily equispaced, we will employ the NFFT algorithm [71] for its computation, or to be more
precise its adjoint. The computation will take O(|A| + n3logn) flops. Next, we consider the effect
of a motion (R, t) € SE(3) on the affinity function, i.e., we examine QY8 ((R,t) o x) and its Fourier
approximation. Recall from Lemma 2.1.5 that a rotation R € SO(3) preserves lengths of vectors,

hence
IRRTx—z )12

IRTx—2 |12
kg (RTx — zy) —PU—T ) Bl 12 ) = Kg(x —Rzy)
is satisfied. This can be used to rewrite
Kg((R,t)ox) = Izg(RTX—t—Zk) =Rg(x—t—Rzy)
_ Z hzeZﬂi(x—t—Rzk)TE _ Z h£627ti(x—t)T56727riRzE£‘
LTy €T,

Inserting this into the affinity function yields

Q" ((R.t)ox) = Y vye(m)ka((R,t)ox)

kEB
_ Z hzezm(xft)Te Z YB(Zk)efszz[z‘ (6.18)
£€Tn keB
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Again, we separated the affinity function into a molecule dependent sum and a molecule independent
one. Corresponding to (6.17), we denote the molecule dependent sum

BE = ) vB(xic)e TRAL, (6.19)
keB

Note, that the sums B}f depend on the rotation R € SO(3). Again, we can use the adjoint NFFT
algorithm to compute the coefficients. Due to the dependency on the rotation R, we might need to
evaluate [5? for all M®>-many rotations and the computational cost is raised to O((|B|+n?logn)-M?)
flops.

Finally, the approximated affinity functions (6.16) and (6.18) are put in the objective function (6.11)
which yields

C((R,t)) = Re (J[_

QA (x)QYE(RTx —t) dx)
]3

11
22

— Re J Z heezmxww Z he,e””"*‘””[sg dx
11
(=2:2F ge7, el
- : Tp/
—Re(Y Y hehefoceB?/J Q2ixT L 2mi(x )T g
11
eI, LET, [=2.2F
_itlp! i T i T p!

— Re Z Z heher ot B?’e 2mit' £ J e27t1x 5627t1x £ dx

LT, £'ED, (=3P

. . ixT ixTe! o
As the integral satisfies J eI LI gy — d¢.—¢’ and by exploiting the symmetry from
(—4.40°

1
(6.15), we simplify the term 2to

C((R.t) =Re [ > hiaypR, et
el

For given, or rather precomputed, coefficients hy, ¢ and BE this sum represents a three-dimensional
Fourier sum that can be evaluated by either the FFT from [32] or the NFFT from [49]. We consider
M3-many translations here, and therefore the total cost of this step is O((M3 +n3logn) - M?3) flops.

Recall, that finding (Rpax, tmax) € SE(3) with
C((RmaXa tmax)) 2 C((R’ t))

for all (R,t) € SE(3) would solve the docking problem. However, we compute the correlation only
for a set of motions M C SE(3). By choosing sufficiently many different motions, we still might
encounter the solution or at least a motion that almost leads to the solution. In the numerical tests
from Section 6.6 we will comment on this aspect. But, to conclude this section, we summarise the
algorithm for the docking procedure using fast translational matching from Algorithm 1.
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The advantages of the fast translational matching in comparison to the straightforward approach men-
tioned in the previous section is the separation of molecule dependent parts and molecule indepen-
dent part of the function and the computation of the correlation integral with respect to the transla-
tions by means of fast Fourier transforms. The computational complexity is improved from previous
O(JA| - |B| - M®) necessary steps to O((|A| + |B| + M?3) - M?3).

6.5 Fast Rotational Matching

In the fast translational matching algorithm from the previous section we were able to improve the
computational complexity of the docking procedure by accelerating the computation of the objective
function (6.11) for the three translational degrees of freedom encountered in a motion. Key to the fast
translational matching was the realisation that for fixed rotations R the objective function is a corre-
lation integral and can be computed by fast Fourier transforms. Thus we obtained a fast algorithm to
search for the maximum of the objective function with respect to the different translations. On the
other hand, we still have to repeat the computation of the correlation for the different rotations.

The idea of the new algorithm, we are presenting here is to use correlation again, but instead of cor-
relating functions defined on the unit cube as previously, we will use functions defined on R> but

Algorithm 1: Fast Translational Matching

Input:

I : aset of n? indices ;

A, B : two index sets of atomic coordinates;
M C SE(3) : a set of motions as in (6.12);

foreach x, withk € AU B do
| Calculate the coordinates zy of the relocated atoms

end

foreach { € J,, do
Calculate the coefficients hy from (6.14);

Calculate the coefficients oy from (6.17) by means of an adjoint NFFT;
foreach R with (R,t) € M do
‘ Calculate [3? from (6.19) by means of an adjoint NFFT;
end
end
foreach (R,t) € M do
‘ Calculate C((R,t)) = 3y, h% oepR eezmth by means of an NFFT or FFT;
end
foreach (R,t) € M do
| Find the maximum value of C((R,t)) ;
end

Output: the solution of the docking problem (6.7)
Complexity: O((|A| + |B| + M3)M?) flops
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split into R* x S2. In Section 3.4 we already discussed how to compute correlations of functions in
L2(S?) (see (3.31)) by means of Fourier transforms on the rotation group. This way, we will be able
to accelerate the computation of the objective function for the rotational degrees of freedom instead
of the translational degrees of freedom. Although not immediately appearent, the idea of exploiting
the rotational invariance (3.29) of the spherical harmonics that serve as basis functions in the Fourier
expansion of a functions in L?(S?) instead of the translation-invariant Fourier expansion from Section
6.4 has some advantages. By means of Lemma 5.2.6 a translation t € R? can be uniquely expressed as
t=1R.(@)Ry(0)e; for ¢ € [0,27),6 € [0,7] and r € R*. Phrased differently a three-dimensional
translation can be expressed as a translation along the z-axis followed by two rotations, one about the
y-axis and one about the z-axis. Hence, it has two rotational degrees of freedom and one translational.
Combining, this in a motion (R,t) € SE(3), we have five rotation angles that describe a motion and
one absolute value of a translation along one axis. If we are able to speed up the computation for the
rotations by correlating functions on the sphere, we get an improved complexity for five of the six
degrees of freedom instead of the previous three.

This approach has been suggested in [54] in a context similar to the protein-protein docking, called
proteinmatching. The term matching refers to evaluating the similarity of two molecules, rather than
their complementary in which we are interested in. Although the tasks seem similar, protein matching
only looks for maximal overlaps and does not include an additional constraint as the protein docking
which seeks minimal overlaps while also minimising the resulting boundary of the molecule complex’
domain. In the following, we will see that this approach for matching can be used for protein docking
as well, after adapting it to our protein descriptions. The algorithm, we are about to present, combines
for the first time the molecule descriptions in terms of the affinity function (6.5) using non-equispaced
atom centres and the accelerated computation of the rotations.

The starting point of this approach is a coordinate transform of vectors x € R from Cartesian to
spherical coordinates, i.e., we rewrite any x € R as x = ru with r = [x| and u € S?. The inner
product of two square-integrable functions f, g : R® — C parameterised in spherical coordinates is
given by

(f.9) 2 e2r) = J J f(ru)g(ru)r’dudr. (6.20)
SZ

R+
While we already introduced an orthogonal basis of the L?(S?), namely the spherical harmonics Yo,
cf. (3.11) and (3.12), we need to consider a set of basis functions for the positive real axis R*. For
k € N and « € R the Laguerre polynomials, are given as

exx x dx

L) = g ()

cf. [81]. The Laguerre polynomials LY¥(x) constitute an orthogonal basis of L?([0, co)) with respect
to the weighting function e *x*. We have

J 0 _ Mk+a+1)

Ly(x)Lf(x)e *x* dx =
o K!

’

Sie.e. (6.21)

For an orthogonal basis suitable to our protein docking procedure, we introduce a weighted version
of the Laguerre polynomials, denoted by Rﬁ(r). These functions are used to describe the radial part
of the orbitals of hydrogenic atoms and are also known as radial wavefunctions, see [6, pp. 368ff]
for general informations. In [74] these functions have been employed in the protein-protein docking
procedure.
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Definition 6.5.1. Forr € R(}L, €,k € Ny, k > £, we define the functions Rf; :RT - Rby
_r2 o gL
Ri(r) = Bree” 7L 3, (1)
with

2(k—0—1)!

Lemma 6.5.2. Forr € R(}L, {,k € Ny, k > &, the functions Rf;(r) satisfy

o
J Rﬁ(r)Rh(r)rzdr = dx.n.
0

Proof. We have

00 o 2 041 e+ 1
Jo RE(MRE(M)T2dr = BreBne L © TTZZthzefl () Lntzeq (r?) *dr.

By substituting first 12 = x, and then o« = { + %,k/ =k—{0—1landn/=n—{0—1, we get

X ol ol (1.2 © e+ 041 X
Jo R (MRp(r)ridr = BreBne L e x Lk—%—l(X)Lnfefl(X)ﬁdX
1 o
= Eﬁk(’,ﬁnﬂ L e X L (x)LY, (x)dx.

By the orthogonality relation (6.21) and back substitution of k’ and n’ this simplifies to

00 1 F(k/ + o+ 1) 1 Mk +5)
[4 [4 2 _ _ 2
JO Rk(T)Rn(T)T dr = EBkEBnZ K/ 6k’n’ — EBkBBnE (k— [ — 1)!5kn
rk+1)
2 2
— S KA S
Bkez(k_e_l)' kn kn
after inserting 3¢ from Definition 6.5.1. |

Based on the previous lemma and the orthogonality relation from (3.11), we see that the functions
R,‘;(T)Yl}“(u) fork,{ € N, k > 1 > |m| are orthonormal with respect to the inner product from (6.20).
This follows immediately by

(RE(M)Y™ (), RE (1)YIY () = LooR,‘;(r)R“’,(r)r2erSZYg“(u)vp}’(u)du

— 6k,k’6€,€’6m,111’-

Moreover, these products of functions constitute an orthogonal basis of the space of square-integrable
functions on R3. Therefore, we find a unique series expansion of functions f : R3 — R as in the
following definition.
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Definition 6.5.3. Any square-integrable function f : R — R can be expanded into
oo k—1

f(x) = = > > Z fremRE(T)YE (W)

k=1 =0 m=—¢
with coefficients

from = J J f(Tu)mrzdudr.
0 Js

Now, we will apply Definition 6.5.3 to approximate the affinity functions Q¥4 and QY® by the finite

sum
k—1

X

4
Z Ao RE(T)YE () (6.22)

N
QYA (ru) ~ QY (tu) = Z
for N € N and coefficients

hoem = J J QY (r, w)RE (1) Y{™ () r*dudr-.
S2

0
- J J 2 Yalrju)k(ru — vjuy)Ry (1) Y (u)r*dudr (6.23)
jeA
where X; = Tju5 denote the centres of the molecule’s atoms. The coefficients hygy consist of

molecule dependent and molecule independent terms. As in the fast translational matching, we seek
to separate them. But due to the coordinate transform to spherical coordinates, this is not conveniently
done. Expressing k(ru — 1ju5) = kg (Tu — 151;) in spherical coordinates with u = (¢, 0) leads to

KG(TU—T)'U)') _ evﬁ (v2—1241? —ZTTj (cos((p—(pj)sinesinej—o—cosﬁcosﬁj),

where v denotes the van der Waals radius of the atom. Owing to the term
K = —2r7; (cos((p — @) sin 0'sin 0 + cos O cos Gj)

which is a product of molecule dependent and independent parts the function kg cannot be separated
in the same manner as in the fast translational matching. Still, it is possible to find a way how this can
be done. We find a detailed derivation of the separation along with the description of a method how to
compute the coefficients (6.23) in [9, pp. 45-52]. The approach presented there is based on a power
series expansion of the critical term eX as

K _ P—q +q— (ZT)p
coy oy sy ()OO v 62
p=0 p=0g=0s=0u=0 v=0
. . i q .
X 6:‘6(19*2(‘““’))e“p(q*zs)r}D (; sin9j> (cos Gj)pfqe*“pi(qus).

The seperation of molecule dependent and independent parts of the coefficients hkem follows by
inserting (6.24) into (6.23). We get

o - EEEEE Q0o B

p=0g=0s=0t=0 v=0

27
y J J J P 1= 5 GO (P—2(4)) i (a-25) RE (1)YT ([, 8)]r2*P sin 0 dOdpdr
0 JO 0
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6 PROTEIN-PROTEIN DOCKING

with

. q |
ZYA Tj(@;.0 )evz _(;sinej> (COSej)P*qefl(Pi(quS)
jeA

denoting the molecule dependent terms.

The approach from [9] continues by cutting the series expansion at a certain degree and computing
only terms for p < P, expanding the whole integral into a power series and then integrating every
term separately. The work also discusses complexity and accuracy of these computations depending
on the cut-off P.

Having considered a possible method to compute the coefficients hy ¢, of the expansion (6.22), we
return to the bigger scope of the fast rotational matching.

As in the previous section, we seek to evaluate the objective function (6.11) to find the best arrange-
ment of two molecules. This time however, we will not keep molecule A fixed while only moving
molecule B.

Lemma 6.5.4. The motion (R, tmax) € SE(3) in

(Rinaes tmax) = (Runars ZmaxUmax€z) = max Re (J QvA (UTX —ze,)QY® (RTx) dx)
(R,zUe, )ESE(3)

for R € SO(3), U € SO(3)\Z and z € R is a solution of the docking problem (6.7) when using the
asymmetric approach, i.e, the objective function (6.8).

Proof. Suppose (S, t) to be the solution of the docking problem (6.7) the resulting molecule complex
is described by the product of affinity functions

QYA (x) = QYA (x)QV*(STx + ).
By means of Lemma 5.2.6, we can replace t = zUe, to get
QY B (x) = QYA (x)QY(S"x + zUe:)
Applying the rotation U to the whole complex yields
QYAus (U'x) = QYA (UTX)QYB (UTSTx + ze,).
We continue by applying the translation —ze, to the whole complex. This yields
QY AvB(UTx —ze.) = QU (UTx —ze.)Q"* (R'x)

where we set R = SU. As we maintained the position of the molecules with respect to one another,
this proves the lemma. |

Note that the objective function (6.8) can easily be replaced with the objetive function (6.6) of the
symmetric approach.

We shall now examine how an affinity function expanded as in Definition 6.5.3 behaves under the
application of a rotation. Recall the representation property (3.29) of spherical harmonics

V¢ (Ru) Z Y (w)DPM(R),  for Im| < Gu € %, R € SO(3).

m=—{
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6.5 FAST ROTATIONAL MATCHING

showing their rotational invariance. Due to this, we have
N k—1
QR™x)=Q"*(rR™w) = ) > Z Nicen DM (R)RE (1) Y™ (u).
k=1{=0 mn=—¢
Note that the rotation does not affect the radial parts of the function as a rotation preserves distance,
see Lemma 2.1.5.
Next, we need to consider the translation along the z-axis. In spherical coordinates a translation of the
vector x about ze, is given by
X —ze, =T,U,

T

with 1, = V12 4+ 2rzcos @ + z2 and u, = (arccos ( - sin 9) ,@). We point out that the longitude
z

@ does not change during a translation along the z-axis. Now we have all ingredients to compute the

modified objective function from Lemma 6.5.4. We get

C((R,Uze,)) = J QYA (U'x —ze,)QY®(RTx) dx

- bz

k=14¢=0m,
N k/—1

> ) Z R/ DE ™ (R)RE (1) Y ()7 dudr.

k/'=14€0'=0 m'/m/'=—4L'

k—1 ¢
Z hk(ZnDe U)R]i(rz)YFl(uz)
n=

X

By extracting the rotation dependent terms from the integral, this can be rearranged to

C((R,Uze,)) Z Z Z jmmn () DY U)DEF ™ (R)

L' =0mn=—~€m/n’'=—¢'

with

mmnn () = j J L T Y e RLIRL)

k=0+1k/=0/+1
X Y ((9,02))Yeh (((p,e))r sin0do de dr.

Consider the following equation

27T 7T
J J P}“/ (cos 0)P;™(cos 0,)e™Pel™ ® gin @ do do = J P (cos 0)Py*(cos 0,) sin 6 dO.

o Jo 0
Inserting the above equation into ]B})“/““/ (z) for the spherical harmonics Y™, we conclude that the
integral ]Eﬁ“'”“/ (z) evaluates to zero for all m’ = —m. Note that this property originates from the
orthogonality relation (3.11).
The correlation C((R, Uze,)) can hence be computed by

C((R, Uze,)) Z Z Z Jo ™M () D™ (U)DIF ™Y (R). (6.25)

L'=0n=—fm/n'=—¢'

To compute the integrals ], em mmn’ (1) we refer to two different approaches, in [9] an approach

is presented which expands them into a power series, followed by component-wise integration. The
other approach, found in [74] computes the integral by means of a spherical Bessel transform.
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6 PROTEIN-PROTEIN DOCKING

Computing all necessary J,, em mnn’ ) takes O((JA| + |B))M) operations where M refers to the
number of one-dimensional translation that we perform, and |A|, |B| are the number of atoms in the
two molecules A and B.

We shall now simply assume that we are given the precomputed values of |/
interested in the application of the SO(3) Fourier transform here.

Writing the Wigner-D functions in terms of their Euler angles by (3.23), we get

m'mmn’ ¢ we are more

C((R Ulez)) =

Z Z Z Ium m’'nn (Z)efin(pefim/ocefin/yd?}/n (cos B) -m n(COS 0)

/' =0n=—¢m'm'=—¢'

for R =R(«, ,v) € SO(3) and U = U(0, 0, ¢) € SO(3)\Z. By rearranging the sums in (6.25), we
see that we can employ two consecutive SO(3) Fourier transforms here. First we compute

N {
Jo™ =3 3 T e e d ™™ cos 0).

This is actually not a complete SO(3) Fourier transform as we are missing one Euler angle. Hence
this sum can be computed by a Wigner-d transform followed by a two-dimensional standard Fourier
transform, in contrast to the three-dimensional one in the NFSOFT algorithm. Another nice feature
of this sum is, that it resembles a sum over the modified spherical harmonics h;*™(u) introduced in
Definition 5.2.9.

The next step is to compute the sum

C((R,Uze,)) = Z Z Z T}?/n/e*im,“e*inlydplnl(cos B)

which can be conveniently computed by the NFSOFT algorithm. As we need to compute the objective
function C((R, Uze,)) for five rotational degrees of freedom, i.e., O(M?) different Euler angles, the
computational complexity yields O((|A| + |B| + M3)M). We summarise the whole procedure in
Algorithm 2.

A docking example To conclude the section, we present an example result of the docking proce-
dure. We used the so-called cAMP-dependent protein kinase (2CPK) and its catalytic subunit to test
the docking procedures. We performed a bound docking procedure. That is, we extracted the sub-
unit from the experimentally determined protein complex and computed the overlaps to reproduce the
molecular arrangement.

The 2CPK molecule we used consists of 2666 atoms while the sub-unit is made up by 158 atoms. By
adding an artificial exterior skin to the sub-unit its size grew to 1818 atoms.

For each degree of freedom we computed 24 different values, leading to 24° different analysed mo-
tions. Both, the fast translational matching and fast rotational matching list the experimentally de-
termined arrangement of the complex among the twenty highest values of the objective function
C((R,t)).
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6.5 FAST ROTATIONAL MATCHING

Algorithm 2: Fast Rotational Matching

Input:

P, N : the cut-offs;

A, B : two index sets of atomic coordinates;
M C SE(3) : aset of motions as in (6.12);

foreach x, withk € AU B do
Calculate the centres c o and cg of the molecules and compute the relocated atoms
Zx =Xk —CA/B
end
foreach (p,q,s) withs < g <p < Pdo
\ Calculate the coefficients ocgs and Bgs;
end
foreach (k, £, m) with /m| < { <k < Ndo
‘ Calculate the coefficients h{}gm and hEEm ;
end
foreach z € R" in (R,zUe,) € M, (£,¢',m/,n,n’) with |m’|,[n’| < ¢’ < N and
In| << Ndo
‘ Calculate the integrals ]&’,“lm/““/(z) ;
end
foreach U in (R, zUe,) € M do
‘ Calculate T?}/“/ by means of an reduced NFSOFT;
end
foreach R in (R, zUe,) € M do
| Calculate C((R, zUe,)) by means of an NFSOFT;
end
foreach (R,t) € M do
| Find the maximum value of C((R, zUe;));
end

QOutput: the solution of the docking problem
Complexity: O((|A| + |B| + M>)M) flops

Figure 6.5 shows the two proteins and the docked complex. The cross-section of the molecule in Fig-
ure 6.5(c) demonstrates nicely how the catalytic sub-unit is positioned in an open pocket of the 2CPK
protein.

A problem encountered upon producing the list of putative arrangements is that for a finer grid of
motions. the list exhibits certain clusters of high ranked motions which lead to almost identical ar-
rangements. For a ranking or re-ranking it might be helpful to identify these as belonging to the same
molecular arrangement. As we mentioned in Section 6.1, to distinguish the right complex from the
false positives is a widely discussed issue in protein-protein docking and beyond the scope of this
work. However it would be interesting to re-score the results from the fast rotational and translational
matching using other functions to construct the objective function than the area of influence of the
proteins presented here.
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6 PROTEIN-PROTEIN DOCKING

(a) The cAMP-dependent protein kinase (2CPK) with- (b) The catalytic subunit has been previously extracted
out the catalytic subunit. from the protein.

(c) A cross-section of the resultant protein complex. (d) The resultant complex. We also marked a plane at
which we sliced the protein in (c).

Figure 6.5: An example for a docking procedure.

6.6 Refinement

For the docking procedures we defined a finite set of rigid-body motion for which we calculated
the objective function of the docking problem. Given the fact that we are actually looking for the
maximum of this function, we might not have completed the task after performing the fast matching
procedures as the maximising motion might not be in the given sampling set. But surely one can think
of different strategies to overcome this flaw. Having found a motion (R,t) € SE(3) which yields a
high value of the objective function, we could examine more motions (S, u) such that ||t — u|, and
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6.6 REFINEMENT

IRST| (cf. Definition 2.1.7) are sufficiently small. One idea would be to simply compute the objective
function for these additional motions by one of the fast matching procedures from Sections 6.4 and
6.5. Another idea is a refinement step based on Taylor expansions which will provide convenient
results providing sufficiently small motions.

Given a function Q : R? — C as in (6.4) or (6.5), we can approximate Q((R,t) o x), (R,t) € SE(3)
for small R € SO(3) and small t € R3 by

QR'™x—t) =Q(x+ (RT —Dx—1t)
1

~ Q%)+ VQ(x) (R" —Dx—t) + 5 ((RT —x - t) VVQx) (RT—Dx—t).

Consequently, the objective function for two molecules A and B becomes
C((t.R)) = | Q*(x)Q® (LR o x) x

~ J Q1 (x)Q% (%) + QA x)VQ® (x) ((RT — Dx — 1)

Q% (x)

- ((RT—Dx— t)' VVQ2(x) (R —Dx —t) dx.

_l’_

Setting V¢C = 0, we have
0= VC~ —JQA XVQ®(x) + Q*(x)VVQ® (%) (RT —Dx — ) dx,

and obtain by

JQA (x)VQ®(x) + Q*(x)VVQ®(x) (R —I)x) dx = (J Q' (x)VVQ* (x) dx) t

a linear system of equations for t depending on R. For C((R,t)) = C((R,t(R))) the maximum of the

6l
objective function can be found by solving the 3 x 3 system of equations a—RC ((R,t(R))) = 0 for

small Euler angles.

Either way, we are now left with a list of putative protein-protein complexes, ranked according to their
values of the objective function. As mentioned in Section 6.1 also the correct complex might be in the
list, it may well not be the one with the highest score. To refine the ranking in this sense, we would
need to incorporate more biological information. Although, geometric surface complementary is the
dominant descriptor in docking processes and hence a good choice for the scoring function it is not
the only one. Other criteria can be used to design affinity functions like models of desolvation, hy-
drophobicity, hydrogen bonds or electrostatics. Our fast matching procedures will conveniently work
on any of them. Using such a new affinity function one could hence simply reuse the fast matching
procedures and re-rank the current list of complexes accordingly.

Note, that truly identifying the near native complex in the ranked list is beyond the scope of the Fourier
based matching procedures. One main fact being that they consider molecules to be rigid-bodies. In-
corporation of additional information from previously known protein interfaces, biochemical experi-
ments or even visual inspection will be helpful for this, as well. This is the so-called data-based and
data-driven docking, see e.g. [47] for more information on this stage of docking. Characteristically
for this stage are time-consuming heavy-weight calculations.

115



7 Conclusion

This thesis presented a broad investigation of Fourier transforms on the rotation group. We introduced
the approximation of arbitrary functions f € L2(SO(3)) by finite sums

for Q different arbitrary rotations Rq € SO(3) with g = 1,...,Q as the nonequispaced discrete
SO(3) Fourier transform, NDSOFT. The naive computation of the above sum by the NDSOFT has a
high computational complexity of O(L*Q) operations in contrast to only O(L?+ Q) input values. With
the NFSOFT, we developed strategies for a faster computation of the SO(3) Fourier transform. The
general concept of exploiting the Euler angle representation of elements of SO(3) and the possible
separation of the Wigner-D functions D;*™(R) according to these angles in

L L L
f(R(otq.Bq.vq)) = D e ™ Y e ™a 3 fdPT(cos By).
m=—L n=—L =Ly

Complete Name Complexity Reference

FFT Fast Fourier transform O(LYlogL) [32]

NFFT Nonequispaced fast Fourier O(Q+L%logL) | [49]
transform

SOFT (Equispaced) SO(3) Fourier O(L*), Q =8L3 | [53]
transform

NFSOFT | Nonequispaced fast SO(3) O(Q + L3logL) | Theorem 4.2.2
Fourier transform

NDSOFT | Nonequispaced discrete SO(3) | O(QL?) Definition 3.2.11
Fourier transform

NFSUFT | Nonequispaced fast SU(2) O(Q + L3logL) | Theorem 5.1.9
Fourier transform

NDSUFT | Nonequispaced discrete SU(2) | O(QL?) Definition 5.1.3
Fourier transform

FWT-C Fast Wigner transform based on | O(Llog? L) Section 4.1.1
cascade summation

FWT-S Fast Wigner transform based on | O(LlogL) Section 4.1.2
semiseparable matrices

DWT Discrete Wigner transform O(L?) Definition 4.1.1

Table 7.1: A list of the transforms mentioned in this work with references, implementation and their
asymptotic complexities depending on the bandwidth L and the number of input nodes Q.
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was explained. We suggested how to handle the innermost sum of the term, by proposing two algo-
rithms for transforming the sum over Wigner-d functions into Chebyshev polynomials independent of
the sampled rotations R(aq, B 4.Yq). The first algorithm, newly presented here, the one based on the
cascade summation had the complexity O(Llog? L). The second one introduced in this work, based
on semiseparable matrices has an even more favourable complexity of O(LlogL). And indeed the
numerical results showed that this second algorithm is an improvement over the previously one with
the cascade summation even though both of them outperform the previously existing ones.

Moreover it does not seem reasonable trying to improve the asymptotical complexity of this trans-
form further then the achieved O(LlogL). The remaining step necessary to compute an NFSOFT,
the rotation dependent application of the three-dimensional NFFT has complexity of O(L*log L + Q)
operations. Hence, improving the Wigner-d transform in terms of asymptotical complexity would
not have an effect on the overall complexity of the algorithm. Still it would be interesting to con-
sider further developments of the NFSOFT, like a derivation of an inverse algorithm. Comparing our
NFSOFT to the naive evaluation of a discrete SO(3) Fourier sum, our numerical tests verified the
improved complexity.

The examination of the NFSOFT is the central aspect of this work. To conclude the thesis, we look
back on its title and summarise the contributions made with respect to this topic.

i) The Nonequispaced Fast SO(3) Fourier transform: The main part of this thesis was devoted
to the development of an efficient algorithm to evaluate the above sum. In Theorem 4.2.2
we stated such an algorithm, called the nonequispaced fast SO(3) Fourier transform, in short,
NFSOFT. The NFSOFT is able to compute the above sum with O(L3log L + Q) operations
instead of O(L*>Q) needed in a naive attempt. The implementation of the NFSOFT using the
cascade summation for the transform of Wigner-d functions has been incorporated in the public
available NFFT library [49].

ii) Generalisations: Motivated by the good results of the NFSOFT, it seemed natural to examine

whether the concepts used for SO(3) Fourier transforms are applicable to other, similar groups.
This was done in Chapter 5. There we saw that indeed, an almost immediate generalisation
are the nonequispaced Fourier transforms on the complex rotation group SU(2), NDSUFT. We
provided the theoretical background and a first implementation of the necessary routines in
Mathematica for a fast algorithm, called the NFSUFT and stated it in Theorem 5.1.9. It would
be an interesting future work to use this transform, the NFSUFT, in suitable applications.
Not that immediate, arose the possibility for computing Fourier transforms on the motion group,
which we briefly discussed, pointing out the difficulties in defining Fourier transforms and
especially their inverse. Nevertheless, this is a promising generalisation which would be useful
also for the application, we discussed in Section 6.

iii) Applications: A direct application was presented with the fast summation of radial functions
on SO(3). By splitting sums of rotation dependent functions as in Equation (3.35), we were
able to compute them by means of the NFSOFT and its adjoint. The theoretical error estimates
in Lemma 3.5.3, as well as the numerical tests demonstrated the advantageous runtime while
maintaining good accuracy.

As laid out in Section 6, the protein-protein docking is a much regarded problem from biochem-
istry. Here, we formalised the search process as a first stage of docking focusing on a sound
mathematical description of proteins and the formulation of the underlying non-convex optimi-
sation problem. The objective functions we introduced in (6.6) and (6.8) exhibit various extrema
justifying the application of a global search scheme. The evaluation of the objective functions
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7 CONCLUSION
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at discrete grid points of SE(3) have been carried out by the fast translational matching from
Algorithm 1 and by the new fast rotational matching from Algorithm 2. The application of our
nonequispaced SO(3) Fourier transform was established in Lemma 6.5.4. This way we are now
able to solve the Docking problem in O((JA| + |B| + M>)M) arithmetic operations instead of
O(JAIBIM®).
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