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INTRODUCTION

THis THESIS explores the interplay between Euclidean equivariant
processing, position-orientation space, and machine learning. The
research is primarily theoretical, with concrete applications across
various domains. However, the main practical focus and experimental
efforts of this work lie in the domain of machine learning.

The following introduces and motivates the concepts of Euclidean
equivariant processing, position-orientation space, and machine
learning.

EucLIDEAN EQUIVARIANT PROCESSING. Take any object in your hand -
say, this thesis — and move and rotate it around. While doing this, the
object remains the same. When humans recognize or classify objects,
we are not thrown off by where they are or how they are rotated. Our
recognition automatically accounts for such changes.

The laws of physics also respect translational and rotational
transformations. For example, it doesn’t matter how a billiard table
is positioned or oriented in a room: as long as the table is level, the
billiard balls behave in the same predictable way.

! Sy

Figure 1: Regardless of the position and orientation of the billiard
table, the balls move as expected and the game proceeds as normal.

These observations might seem trivial or superficial, but consider the
following. Suppose we are tasked with creating a computer program
capable of detecting cancerous cells in a medical image, such as an
X-ray of lungs. If a slight shift or rotation of the image caused the
program to produce an entirely different diagnosis, the consequences
could be disastrous. It is therefore important that the program behaves
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as expected under translational and rotational transformations, just
like how we recognize objects.

;2 i} — Healthy p i—‘ 2. Healthy

Translate Translate
Rotate Rotate
| 8 |
%‘\! — Sick %‘.! —— Healthy
(N (N
A model whose output An equivariant model £
varies under transformations gives the same output, no
of the input can be matter how the input is
undesirable. transformed.

Figure 2: In some tasks it is important that a model respects
translational and rotational transformations.

Generally, we say a model or process is equivariant if it respects
a desired set of transformations. The transformations that are
considered in this thesis are rotations, translations, and, occasionally,
reflections. These transformation are called Euclidean transformations,
which all together form the Euclidean group. In short, we consider
Euclidean (group) equivariant processing.

Pos1TION-ORIENTATION SPACE. A lot of things in the world can be
satisfactorily described in terms of a position. For example, the location
of your home. However, sometimes more information is needed. For
instance, when navigating your position is not enough to satisfactorily
describe your situation: you also want to know which way you are
oriented. The collection of all possible position-orientations is called
position-orientation space.
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The location of your home is Where you are during

satisfactorily described with a navigation is better described

position, as indicated by the as a position-orientation, as
pin. indicated by the arrow.

Figure 3: Some things are described using only a position, other
things are better described as a position-orientation.

When tackling problems in which directional information is
important, it makes sense to work with a space which can represent
this information. However, even in problems in which directional
information is not of immediate importance, using position-
orientation space can still be beneficial.

MACHINE LEARNING. As of the writing of this thesis, more and more
problems are being tackled on computers using machine learning (ML),
a field concerned with the development and study of models that can
“learn” from data and generalize to unseen data.

Machine learning has led to major breakthroughs in tasks previously
considered intractable by classical methods. For example, image
classification (Kr1ZHEVSKY, SUTSKEVER AND HINTON (2012)), language
understanding (VASWANI, SHAZEER, PARMAR, USZKOREIT, JONES,
GomEz, KAISER AND PorosukHIN (2017)), and protein-structure
prediction (TUNYASUVUNAKOOL ET AL. (2021)).

At a high level, supervised machine learning can be described as
follows. We start with a black-box model with a large number -
say, hundreds of thousands - of parameters, which are randomly
initialized. At initialization, the model outputs random, and most likely
wrong, responses to inputs. We give the model a large collection of
example input-output pairs, that being the training data, and keep on
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tweaking the parameters such that the model performs better on this
data. This process is the “learning” of machine learning. By reasons
not yet fully understood, the models we make and train this way also
give the correct answers on inputs that are not in the training data,
that is, they have successfully generalized.

Pharlt
Nakepr

Ldbauejd

An untrained model produces outputs
that are essentially random.

A properly trained model produces
correct outputs for given inputs.
Figure 4: A cartoon illustration of a black-box model. The tunable
knobs illustrate the values of the parameters of the model. The
training data here consists of images of animals together with a label
telling us what is in the image. The parameters of the trained model
have been finely tuned, as indicated by the rotated knobs.

Machine learning models that are designed to respect Euclidean
transformations generally need less training data and fewer
parameters to reach a desired accuracy, in comparison to models
that do not (Conen, WEILER, KicANAOGLU AND WELLING (2019),
MouAMED, Cesa, COHEN AND WELLING (2020)). For this reason
Euclidean equivariant processing is of interest within the context of
machine learning.

Generally, the subject of making machine learning models respect a
set of transformations is called (group) equivariant machine learning
(CorEN AND WELLING (2016), CoHEN (2021)) or geometric (deep)
learning (BRONSTEIN, BRUNA, LECUN, SZLAM AND VANDERGHEYNST

10
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(2017), BRONSTEIN, BrUNA, COHEN AND VELICKOVIC (2021)).
Equivariant machine learning methods can be linked to more classical
image processing approaches, such as scale-space representations
(WiTkIN (1983), KOENDERINK (1984), JACOBSEN, VAN GEMERT, Lou
AND SMEULDERS (2016), WORRALL AND WELLING (2019)), steerable
filters (FREEMAN AND ADELSON (1991), COHEN AND WELLING (2017)),
and scattering transforms (MALLAT (2012), SIFRE AND MALLAT
(2013), BRuNA AND MarLAT (2013)). This connection is natural, as
these classical methods were also designed to respect the inherent
symmetries of images, such as translations, rotations, and scalings.

CONCRETE APPLICATIONS

Euclidean equivariant processing, position-orientation space, and
machine learning have been explained and motivated at a high level.
What follows are concrete examples of works that use, either all or
some of, these concepts to their benefit.

In Duits, SMETS, BEKKERS AND PORTEGIES (2021), SMETS, PORTEGIES,
BEKKERS AND DurTs (2023), BELLAARD, BoN, Pa1, SMETS AND DurTs
(2023), BELLAARD, Pa1, OLivAN BEscos anD Durts (2023), and Par,
BELLAARD, SMETS AND DulTs (2023), a machine learning framework
called PDE-based neural networks is proposed and explored. This
framework is Euclidean equivariant and uses scalar fields on position-
orientation space as its feature maps. It has been used to segment
vessels in retinal images and coronary arteries in X-ray angiograms.

In BELLAARD, SAKATA, SMETS AND DUITs (2025) a specific kind of PDE-
based neural network, called a PDE-CNN, is explored. The network is
Euclidean equivariant and uses semifield valued signals on Euclidean
space as its feature maps. It has been used to segment vessels in retinal
images.

11
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Coronary artery
segmentation

—

—

Retinal vessels

segmentation

Figure 5: An example of coronary artery and retinal vessel
segmentation. Images taken from the DCA1 (Subsection 2.8.2) and
DRIVE (Subsection 2.8.1) dataset.

In BEKKERS, VADGAMA, HESSELINK, VAN DER LINDEN AND ROMERO
(2024), BELLAARD, SMETS AND DUITS (2025), and BELLAARD AND SMETS
(2025), a machine learning model called PONITA is introduced and
explored. This model is Euclidean equivariant and uses scalar fields
on position-orientation space as its feature maps. It has been used
to predict the dynamics and chemical properties of molecules and
generate new molecules with high atomic and molecular stability.

2 Dipole moment: 0.05 D
C{\eﬁ\‘c 5 Isotropic polarizability:  9.13 a}

38 .
% Q‘y Internal enefgy at 0K: -2.18 MeV
D
% #

Figure 6: An example of an ethane molecule and its chemical
properties and dynamics. The black arrows indicate the forces on
each atom resulting from the molecule’s deviation from equilibrium.

In BEKKERS, DUITS, MASHTAKOV AND SANGUINETTI (2015), DuITs,
MEESTERS, MIREBEAU AND PORTEGIES (2018), and VAN DEN BERG,
SMETS, PA1, MIREBEAU AND Durtrs (2024), data-driven Euclidean
equivariant metrics and connections on position-orientation space are
used to track vessels in retinal images.

12
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Retinal vessel
tracking

—

Figure 7: An example of retinal vessel tracking. Starting from the
white dot, the goal is to follow the vessel towards to optic disc (top
right). Image taken from the DRIVE (Subsection 2.8.1) dataset.

In Bon, Pa1, BELLAARD, MuLA AND Durts (2025) and PA1, BELLAARD,
SENGERS, FLORACK AND Durrs (2025), optimal transport (PEYRE
AND CUTURI (2020), SANTAMBROGIO (2015)) is extended to position-
orientation space in a Euclidean equivariant manner. With this
extension they are able to perform more meaningful interpolation of
images that contain well-defined contours.

In Durts AND FRANKEN (2010), DurTs AND FRANKEN (2011), PORTEGIES,
FicK, SANGUINETTI, MEESTERS, GIRARD AND DuITs (2015), PORTEGIES,
SANGUINETTI, MEESTERS AND DurTs (2015), PORTEGIES (2018), DUITS,
ST-ONGE, PORTEGIES AND SMETS (2019), CHAMBOLLE AND Pock
(2019), and SMETS, PORTEGIES, ST-ONGE AND Durts (2021) PDEs on
position-orientation space are used for crossing-aware denoising and
enhancement of data, all in a Euclidean equivariant manner.

Denoising
MRI data

Denoising

2D images

Figure 8: Two examples of denoising/enhancing data. The MRI data

(more accurately, the fiber orientation density) is visualized as a glyph

field where each glyph is a spherical polar plot (TucH ET AL. (2002),
Eq.4, MARGULIES ET AL. (2013), Fig.2f).

13



Introduction

OUTLINE
The thesis is structured as follows. Chapters 1 and 2 are prerequisite

to all other chapters. Chapters 3 to 7 are independent and can be read

in any order.

In Chapter 1 we present the necessary mathematical preliminaries.
The main purpose of this chapter is to establish notation and
conventions.

In Chapter 2 we review the relevant background, that
being Euclidean groups, position-orientation space, scale-space
representations, and machine learning. We also provide a more
detailed discussion of two specific machine learning architectures
— PDE-based neural networks and PONITA - as these serve as the
primary “experimental subjects” of this thesis.

In Chapter 3 we cover BELLAARD, Bon, Pa1, SMETS AND DurTts
(2023) and examine approximations of the Riemannian distance
of a Euclidean equivariant metric on two-dimensional position-
orientation. We analyze if these approximations can improve the
accuracy of PDE-G-CNNs when segmenting coronary arteries and
performing contour completion.

In Chapter 4 we cover BELLAARD AND SMETs (2025) and classify
and parametrize all Euclidean invariant Riemannian metrics on
three-dimensional position-orientation space. We describe the mav
distance as a computationally efficient alternative to the Riemannian
distance. We analyze if the mav distance can improve the accuracy
of PONITA when predicting molecular properties.

In Chapter 5 we cover BELLAARD, SMETS AND Durts (2025) and
rigorously describe an independent and universal collection of
Euclidean invariants between pairs of three-dimensional position-
orientations. We analyze if this collection of invariants can improve
the accuracy of PONITA when predicting molecular properties.

In Chapter 6 we cover BELLAARD, PA1, OLIVAN BEscos AND DuiTs
(2023) and experimentally investigate two geometric adaptations of
PDE-G-CNNs on two-dimensional position-orientation space. First,

14
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we analyze if a fixed lifting layer using cake wavelets can perform
just as well as a trained lifting layer. Second, we implement a more
general class of Riemannian metrics within the framework.

In Chapter 7 we cover BELLAARD, SAKATA, SMETS AND DuUTITS (2025)
and generalize scale-space theory on two-dimensional Euclidean
space to semifields. Our theory reveals new scale-spaces to use
within PDE-based neural networks and we experimentally examine
what impact these have on its accuracy when segmenting vessels in
retinal images.

OUTTAKES
The following works are not the focus of this thesis, as I was not the

primary author.

Pa1, BELLAARD, SMETS AND DuiTs (2023) examine PDE-G-CNNs by
theoretically describing their geometric and algebraic symmetries,
experimentally confirming their data efficiency, and showing that
one can create an equivariant U-Net (RONNEBERGER, FISCHER AND
Brox (2015)) variant of it.

Bon, Pa1, BErLaarDp, Mura anp Duits (2025) extend optimal
transport to position-orientation space.

Pa1, BELLAARD, SENGERS, FLORACK AND Durrs (2025) propose
using data-driven metrics on position-orientation space to perform
optimal transport.

Durts, BELLAARD AND TuMPACH (2025) analyze different sections of
the special Euclidean group SE(3) when viewed as a circle bundle
over position-orientation space M.

15
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PRELIMINARIES

In this chapter, we recapitulate some common terminology, notation
and definitions used throughout the thesis. Outside of these
preliminaries, we assume the reader is familiar with basic (multi)linear
algebra, calculus, topology, measure theory, and group theory.

In this thesis, whenever the regularity of a mathematical object
(function, manifold, section, etc.) is relevant, we assume it to be
smooth, i.e. infinitely differentiable. Consequently, we will usually
omit the adjective “smooth”. Similarly, whenever a group acts on
another mathematical object unrelated to the group, the action is taken
to be on the left. Hence, we will generally omit the adjective “left” when
discussing group actions and related notions (invariance, equvariance,
etc.). On groups themselves, however, we will distinguish between left
and right actions.

1.1 GRouUP ACTIONS, INVARIANCE & EQUIVARIANCE
A central topic of this thesis is invariance and equivariance. In this
section we recall what this means in the context of group theory.

Consider a (left) group action >: G x X — X of a group G on a set
X. The orbit Gz of an element x € X is defined as the set Gz := {g >
z | g € G}. The stabilizer stab(x) of an element x € X is defined as
the set stab(x) := {g € G | g > & = x}. Define ~ as the equivalence
relation on X indicating if two elements are in the same orbit, that is
Ty~ Ty dgig> xy =T

A group action is transitive if for every two elements =, x, € X there
existsa g € G suchthat g > z; = x,. Anaction is faithful ifforall g €
G\ {e} there exists a x € X with g > z # z. An action is free if for
allg € G\ {e} and z € X we have g > z # .

17



1 Preliminaries

Every group action G on a set X induces a natural action on functions
f on X. Namely, we define (g > f)(z):= f(g ' > z), also called
translation of functions.

An invariant element x € X is an element for which g > x = « for
all g € G. An invariant function f on X is a function that satisfies
flg>z) = f(z)forallg € G and x € X. Using the orbit equivalence
relation ~ one can equivalently write z; ~ z, = f(z;) = f(z,) for
all z;, x4, € X. Using the action on functions one can also write f =
g > f for all g € G. In that sense, an invariant function can also be
understood as an invariant element of a function space.

Consider a group G acting > on two sets X and Y (we use the same
symbol > for both the action on X and Y). An equivariant function
f: X — Yisafunction for which f(g > x) =g > f(z)forallg € G
and z € X. The action of G on Y can be the trivial one, that is, g >
y=yforall g € Gand y € Y. In this sense, every invariant function
can also be understood as an equivariant function.

1.2 DIFFERENTIAL GEOMETRY

The Euclidean groups and position-orientation space, objects central
to this thesis, are examples of smooth manifolds. This section reviews
differential geometric concepts necessary for their analysis. See LEE
(2012) for an introduction to differential geometry.

A coordinate chart x : U — (imx C R™) is a homeomorphism from
an open subset U C X of a topological space X to an open subset
imx of R™. Given two charts z, y that overlap, define the transition
mapsz oy ' andy oz~ . An atlas A is a collection of charts on X that
together cover X, such that all transition maps between overlapping
charts are smooth.

A manifold M is a Hausdorff and second countable topological space,
together with an atlas on M.

A diffeomorphism ¢ : M — N 1is a bijective map between two
manifolds M and N such that both ¢ and ¢! are smooth. Two

18



1 Preliminaries

manifolds are called diffeomorphic if there exists a diffeomorphism
between them.

A fiber bundle (E, M, F,) consists of three manifolds: the total
space E, the base space M, and the model fiber F', together with a
surjective smooth map 7 : E — M, called the projection, such that for
all p € M there is a neighborhood p € U C M such that 7=(U) is
diffeomorphic to U x F. The preimage 71 (p) C E is called the fiber
over p, and is diffeomorphic to the model fiber F'. A sectionI' : M —
E of a fiber bundle is a smooth map satisfying 7 o I' = id, that being a
smooth choice of a point in each fiber. The set of all sections is denoted

by I'(E).
A scalar field f : M — R on a manifold M is a smooth map from M
to the scalars R. We call it a field because we want to emphasize that

one should imagine a scalar f(p) attached at every point p € M. The
set of all smooth scalar fields on M is denoted with C'*°(M).

A curve vy : I — M on a manifold M is a (piecewise) continuously
differentiable map from an interval I C R to the manifold M. If I =
[a, b] is a closed interval we call y(a) the start of the curve and ~(b)
the end.

A tangent vector v at a point p € M on manifold M is an equivalence
class of curves v : I — M through «(0) = p, where two curves 7;, v,
are equivalent if (f o~;)" (0) = (f o vy )(0) for all scalar fields f €
C°(M). For any tangent vector v and scalar field f € C*°(M) we
define the natural “application” v(f) := (f o~)’(0) where 7 is any
curve in the equivalence class v. That is, a tangent vector v at p can
be understood as a directional derivative at p. The tangent space T, M
is the vector space of all tangent vectors at p. The tangent bundle T M
is the collection of all of the tangent spaces T, M. The tangent bundle
naturally inherits a smooth structure, making it a manifold. A vector
fleld X € T'(T'M) is a section of the tangent bundle. The application
of tangent vectors to scalar fields f € C°°(M) extends naturally to
vector fields X € I'(T'M) by defining pointwise (X f)(p) == X, f.

19



1 Preliminaries

A cotangent vector v* : T, M — R at a point p € M on a manifold
M is a linear map from the tangent space T, M at p to the real
numbers. The cotangent space T); M is the vector space of all cotangent
vectors at p. The cotangent bundle T*M is the collection of all of
the cotangent spaces Ty M. The cotangent bundle naturally inherits
a smooth structure, making it a manifold in its own right. A covector
field X* € T'(T*M) is a section of the cotangent bundle.

The canonical pairing (-,-) : TyM x T,,M at a point p € M on a
manifold M is defined as (v*,v) := v*(v) where v* is a cotangent
vector and v a tangent vector at p.

A tensor at a point p € M on a manifold M is an arbitrary tensor
product ® of tangent vectors and cotangent vectors at p. The tensor
bundle T™"™M of type (m,n) € Nx N is defined as the tensor
product bundle T™" M := (TM)®™ @ (T*M)*". A tensor field T €
[(T™™M) is a section of a tensor bundle (of any type).

A differential k-formw € T (/\k T*M) on a manifold M is a section of
the k-th exterior power of the cotangent bundle. That is, it assigns to
each point p € M an alternating multilinear map w,, : (TpM )k — R

The differential df : TM — R of a scalar field f € C°°(M) on a
manifold M is defined by df(v) = v(f) for all tangent vectors v €
T M. We can also understand the differential as a covector field df €
T(T* M).

Consider coordinates z : U — R™ on an open subset U of a manifold
M. Define the coordinate tangent vectors (('iri)p € T,U at a point
p € M by (9z"),, := 7(0), where v(t) = =~ (z(p) + te;) is the curve
through (0) = p that moves purely in the x? direction. The vector
fields 0z' € T(TU) are the coordinate vector fields. Define the
coordinate covector fields dz* € T'(T*U) as the differential of the
coordinate fields z° : U — R, and coordinate cotangent vectors as dx;.

The pushforward of vectors ¢, : TM — TN of a smooth map ¢ :
M — N between two manifolds M and N is the linear map defined
by ¢, (7(0)) := (¢ )’ (0) for all curves v : I — M. The pullback of

20



1 Preliminaries

covectors ¢* : T*N — T*M is the linear map defined by (p*v*, u) =
(v*, p,u) where u € T,M and v* € T, N. If the map ¢ : M —
N is a diffeomorphism, we also define the pullback of vectors ©* :
TN — TM and the pushforward of covectors p, : T*N — T*M by
considering the inverse map ¢~ !. Through this we can define the
pushforward ¢, : T™"M — T™"™N and pullback ¢*:T™"N —
T™™M of arbitrary tensors, as long as ¢ is a diffeomorphism.

An immersion ¢ : M — N is a smooth map between manifolds of
which the pushforward ¢, : TM — T'N is injective at all p € M. An
immersed submanifold is the image of an immersion. A submersion
is a smooth map between manifolds of which the pushforward is
surjective everywhere. An embedding is an immersion that is also
a homeomorphism onto its image. An embedded submanifold is the
image of an embedding.

The flow ®¢ : M — M of a vector field X € I'(TM) on a manifold
M is the unique smooth family of diffeomorphisms that satisfy
4t (p) = Xpt(p) and ®° = id. The flow map satisfies ®’ o &° =
o'+, Differentiating both sides of this equation with %|s=0 yields
@:Xp = X@t(p).

The Lie derivative LT of a tensor field T € I'(T" ™M) with
respect to a vector field X € I'(T'M) on a manifold M is defined
pointwise as £xT = |,_o (®")"T where ®* is any smooth family of

diffeomorphism with &|,_o ®'(p) = X,.

The Lie bracket of vector fields [-,-] : T'(TM) x T(TM) — I'(TM)
on a manifold M is defined as [X,Y] := £yY. Equivalently, the Lie
bracket can also be defined as the unique vector field [X, Y] such that
[X,Y]f = X(Yf)—Y(Xf) for all scalar fields f € C>°(M).

1.3 RIEMANNIAN GEOMETRY

Building upon differential geometry, Riemannian geometry introduces
the concept of a Riemannian metric, allowing for the measurement
of distances, angles, and volumes on manifolds. See Ltk (2019) for an
introduction to Riemannian geometry.

21



1 Preliminaries

A Riemannian metric G on a manifold M is a choice of an inner product
G, T,M x T,M — R (a symmetric, positive-definite bilinear map)
on the tangent space T, M at every point p € M. More formally, the
metric is understood as a section G € F(TO’QM).

A Riemannian manifold (M, G) is a manifold M with a Riemannian
metric G.

The Riemannian metric G on a Riemannian manifold M induces a
Riemannian norm |-| : TM — R defined by |v|? := G(v,v). The
Riemannian length L(~y) of a curve v : [a,b] — M is defined as L(~y) =
fj"'y(t)” dt. The Riemannian distance d(p,q) between two points
p,q € M is defined as d(p, q) = inf, . L(7y) where I is the set of
curves starting at p and ending at q.

The gradient vector field V f € I'(T'M) of a scalar field f € C°°(M)
on a Riemannian manifold (M, G) is defined as the unique field such
that §(Vf,Y) = Y f for any vector field Y € I'(T'M).

The Riemannian volume form w on a (orientable) n-dimensional
Riemannian manifold M is the (up to sign) unique n-form such that
w(ey, ..., e,)| = 1 for any orthonormal frame e; € T, M at any point
p € M. The Riemannian measure [ is the unique measure on M
defined by u(A) = UA w‘ for any measurable set A C M.

The divergence V - X € C*°(M) of a vector field X € I'(T'M) on a
Riemannian manifold M is defined as the scalar field such that (V -
X)w = Lyw where £ is the Lie derivative and w the Riemannian
volume form.

The Laplacian or Laplace—Beltrami A f € C°° (M) of a scalar field f €
C°° (M) on a Riemannian manifold M is defined as the divergence of
the gradient Af =V - Vf.

The concepts above, that being the Riemannian norm, length, distance,
gradient, and so on, all depend on the Riemannian metric G under
consideration. Whenever multiple metrics are involved, we explicitly
indicate this dependence by including the metric in the subscript. That

is, we might write |-| 4, Lg, dg, and so on.
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1.4 SUB-RIEMANNIAN GEOMETRY

Sub-Riemannian geometry explores a specialized type of Riemannian
manifold where movement is restricted to a subbundle of the tangent
space. As we will see later in Section 2.2, position-orientation space
can be endowed with a natural subbundle. See AGRACHEV, BARILARI
AND Boscain (2019) for an introduction to sub-Riemannian geometry:.

A vector subbundle H C T'M on a manifold M is bracket-generating
(or completely nonintegrable, nonholonomic, or satisfies the Hérmander
condition) if for all points p € M, the evaluations at p of all iterated Lie
brackets of vector fields in I'(H ) span the whole tangent space T, M.

A sub-Riemannian manifold (M, G, H) is a Riemannian manifold
(M, G) with a bracket-generating subbundle H C T'M also called the

horizontal subspace.

A curve v:I — M in a sub-Riemannian manifold M is called
horizontal if v(t) € H. Because H is bracket-generating, every two
points on the manifold can be connected by a horizontal curve, this is
known as the Chow—Rashevskii theorem.

The sub-Riemannian distance or Carnot—Carathéodory metric d(p, q)
between two points p,q € M on a sub-Riemannian manifold M is
defined in the same way as on a Riemannian manifold, however here
only horizontal curves are considered.

1.5 Lie THEORY

The Euclidean groups are examples of Lie groups, those being,
intuitively, “continuous” collections of transformations. In this section
we recollect standard Lie theoretic concepts. See LEE (2012), Chpt.7
and Harr (2015) for an introduction to Lie theory.

A Lie group G is a group and a manifold, with both the group product
-+ G x G — G and group inverse -~! : G — G being smooth maps.

The Lie group product - : G x G — G induces two actions on tangent
vectors. Namely, the left pushforward - : G x TG — TG defined
by g-7(0) :=(g-~)'(0), and the right pushforward - : TG x G —
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TG defined by v(0) - g := (- g)’(0), for all curves v:I — G. We
sometimes drop the - for conciseness.

A Lie group homomorphism ¢ : G — H between two Lie groups G
and H is a smooth map that is also a group homomorphism. If ¢ is in
addition a diffeomorphism then it is a Lie group isomorphism.

An exponential curve n : R — G in a Lie group G is a one-parameter
subgroup, that being a curve satisfying 7(s)n(t) = n(s+t) for all
s,t € R. Taking the derivatives - |,_; and & |,_, on both sides of this
equation yields Xn(t) = n(t) and n(s)X = n(s), where X = 7(0).
That is, n follows both the left-invariant vector field g — gX and the
right-invariant vector field g — Xg.

The tangent space g := T, G at the identity element e of a Lie group
G is usually denoted in fraktur font. Elements X € g are also called
generators. Every generator X € g corresponds one-to-one to an
exponential curve 7, and vice versa, through 7(0) = X. Generators
are called such because they generate one-parameter subgroups, that
being the corresponding exponential curve.

The exponential mapexp : g — (imexp C G) is defined by exp(X) :=
Nx (1) where ny is the unique corresponding exponential curve with
Nx(0) = X. One can verify that exp(tX) = nx(t) for all t € R. A
logarithmic map log : im exp — g is a right inverse of the exponential
on im exp, that is exp o log = id.

A Lie group representation R:G — GL(V) is a Lie group
homomorphism from a Lie group G to the general linear group of
a vector space V. This induces a Lie algebra representation r : g —
End(V) by defining 7 := (R,),, that being the pushforward of R
around the identity e.

The adjoint representation Ad : G — GL(g) of the Lie group G is
defined as Ad (X) := gX g~ . The adjoint representation ad : g —
End(g) of the generators g is ad := (Ad,).. We define the Lie bracket
of generators|[-,-] : g X g — gthrough [X,Y] := ad yY, turning g into
a Lie algebra.
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Consider a Lie group G. The linear group convolution f; * f,
of two integrable functions f;,f, on G is defined as (f; *
£2)(9) = [ f1(h™1g) fo(h) p(dh), where  is a left-invariant measure
on G. The infimal group convolution f, H f; of two bounded-
from-below functions f;, fy : G — R is defined as (f; B f5)(g) :=
inf,c{fi(h"tg) + fo(h)}. The supremal group convolution f, H
fo of two bounded-from-above functions f;, fy : G — R is defined
as (fi B f5)(g) :==suppea{fi(h~tg) + fo(h)}. The infimal and
supremal convolution are also known as morphological group
convolutions. We refer to the linear, infimal, and supremal
group convolutions collectively as group convolutions. The group
convolutions * € {*,8H, M} are left-equivariant, that is f; x (g >
fs) =g > (fy x fy) forall g € G. Here the group acts on functions f :
G — R via left-translation, that is (g > f)(h) = f(g~*h).

A (left) Lie group action >: G x M — M of a Lie group G on a
manifold M is a smooth group action. The Lie group action induces
an action on tangent vectors >: G x T'M — T'M by defining g >
~(0) := (g > ~)’(0) for all curves v : I — M. The Lie group action
also induces a Lie algebra action >: g x M — T'M by defining X >
p = (y> p)'(0), where v : I — G is any curve with 7(0) = X. The
fundamental vector field X* € T'(TM) of a generator X is X;f =
X > p. The > symbol is usually dropped for conciseness. The group
multiplication of a Lie group can be understood as a (either left or right)
Lie group action on itself.

Consider a Lie group action>: G x M — M. An invariant vector field
X € I'(TM) is a vector field that satisfies X ., = g> X, forallg €
G and p € M. An invariant Riemannian metric § is a Riemannian
metric that satisfies G, (u,v) = G, ,(9 > u, g > v) forallu, v € T, M,
g € G, and p € M. This induces an invariant Riemannian distance d,

thatis d(p,q) = d(g > p,g> q) forallg € G and p,q € M.

A homogeneous space M is a manifold on which a Lie group G acts
transitively. A homogeneous space is called principal if the Lie group
acts freely. In particular, every Lie group can be understood as an
principal homogeneous space by letting the group act on itself.
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Fix some reference point p, € M in a homogeneous space M with
Lie group G. Every other point p € M can now be associated one-to-
one with the set of elements G, _,, = {g € G | gpy = p} C G that
map p, to p. One can verify that these sets partition the group G and
can equivalently be described as left cosets of H = stab p,. In other
words, the homogeneous space M can also be understood as the left
coset space or quotient space G/ H. This perspective will not be used in
this thesis, but we include it for the sake of completeness.

Consider a homogeneous space M with Lie group G. Let k : M X
M — R be an invariant kernel, that is k(g > p, g > q) = k(p, q) for
all p,g € M and g € G. A linear homogeneous convolution ® on M
is an operator of the form (@ f)(p) = [ k(p, q) f(q) p(dg), where p is
an invariant measure on M. An infimal homogeneous convolution is
(@f)(p) = inf, k(p, q) + f(q). An supremal homogeneous convolution
is (®f)(p) = sup, k(p,q) + f(q). We refer to the linear, infimal,
and supremal homogeneous convolutions collectively as homogeneous
convolutions. The convolutions ® are equivariant, that is ®(g > f) =
g > (®f) forall g € G. Here the group acts naturally on functions f :
M — R via translation, that is (g > f)(p) = f(g~' > p).
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BACKGROUND

In this chapter we cover the relevant background, that being Euclidean
groups, position-orientation space, lifting, scale-space representations,
and machine learning. We also provide a more detailed discussion
of two specific machine learning architectures — PDE-G-CNNs and
PONITA - as these serve as the primary “experimental subjects” of
this thesis. Finally, this chapter ends with an overview of the datasets
that were used in the experimental sections throughout the various
chapters.

2.1 THE (SpeciaL) EucLIDEAN GROUP

Consider a translation vector ¢ € R¢ and an orthonormal matrix Q) €
R4, that being a matrix with QT Q = I. We let a rigid transformation
(t, Q) act >> (faithfully) on R? via

(t,Q) > o = t+Qa, (2.1)

that is, we first transform with () around the origin, and then translate
with ¢.

Rigid transformations are the distance-preserving transformations, also
known as isometries of Euclidean space R?. This means that for all
transformations g = (¢,Q) we have that d(z,,z,) =d(g > 21,9 >
x,) for all z;,z, € RY, where d: R x R — R, is the standard
Euclidean distance d(z,, z5) := |21 — 25|

Rigid transformations can be subdivided into two classes. Namely,
consider the map sign(¢,Q) = det Q. If sign(t, Q) = +1, the rigid
transformation (¢, Q) is called orientation-preserving, if sign(¢, Q) =
—1, it is called orientation-reversing.

Inspecting the action (2.1) we find that:
« (0,I)>z=ux,
* (tg,Q2) > (11, Q1) > @ = (Ig + Qaty, Q@) > =,
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s (7', QH> Q) >T=1

The set of all rigid transformations forms the Lie group E(d), known
as the Euclidean group:

E(d) = {(t,Q) e R* x R™¢ | QTQ =TI}, (2.2)

with the identity element, group product, and inverse as listed
above. The dimension is dimE(d) =d + d(d — 1) /2, that being d
dimensions for the translations, and d(d — 1)/2 dimensions for the
orthonormal matrices.

By restricting the orthonormal matrices () to be rotation matrices,
which we generally denote by R, we get roto-translations (t, R), which
together form the Special Euclidean group or roto-translation group:

SE(d) == {(t,R) e R¢ x R4 | RTR =TI ,det R = 1}. (2.3)

with the action, identity element, group product, and inverse
kept the same as in the Euclidean group. Equivalently, one can
succinctly define SE(d) as the subgroup of orientation-preserving
rigid transformations.

The Lie algebra of both E(d) and SE(d) is
e(d) =se(d) = {(v,w) eR* x R4 | wT +w=0}. (24)

We call v the translation velocity vector and w the angular velocity
tensor. The total angular velocity ||w| of an angular velocity tensor w is
defined as

1
el == EHWHF (2.5)

where ||| is the Frobenius norm |A|% := tr AT A.

Remark 2.1: It may seem surprising that two distinct Lie groups
can share the same Lie algebra. However, remember that the Lie
algebra is fundamentally a local object: it is defined as the tangent
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space at the identity. It is possible for two globally different
objects to look the same locally. As such, the Lie algebras of two
globally distinct Lie groups can be identical. In our case, there are
no “infinitesimal” rigid transformations that generate reflections,

making the Lie algebras of E(d) and SE(d) equal.

In three dimensions, the angular velocity tensor w can be associated
with a pseudovector & called the angular velocity vector

0 —w3 w,y wy
R¥3sw=| w3 0 —w |+<d=|w|eR3 (26)
—wy, wy; 0 w3

with the property that wx = & x z for allz € R3, where on the left we
have matrix-vector multiplication, and on the right the cross product
x on R3. In this case, the angular velocity (2.5) is

Jwl? = &) = wf + wj + wj. (2.7)

An extremely useful representation of E(d) is

E(d) 5 (£,Q) © (%? i) € REFDX(d+), (2.8)

which induces the Lie algebra representation:

e(d) 3 (v,w) & (‘(‘)’ 8) € R(A+1)x(d+1), (2.9)
With these representations, the Lie group exponential, logarithm,
and Lie algebra bracket correspond respectively to the matrix
exponential, matrix logarithm, and matrix commutator, respectively.
These operations are available in essentially all computer algebra
systems (#Mathematica, $SciPy, ®SageMath, %Maple, etc...), which
make it possible to work with E(d) in a numerical and practical
manner.
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2.1.1 TwWo-DIMENSIONAL SPECIAL EUCLIDEAN GROUP
For the Lie algebra se(2) of the two-dimensional special Euclidean
group SE(2) we choose the following basis of generators:

o= (()69)
(G ) E—
- ()63)

In Figure 2.1 one can see a visualization of these generators. We see
that A, generates translations to the right, A, translations upwards,
and A5 counterclockwise rotations.

at at a1

- s e -

- s e -

- s e -

- - > > > > -

- - > > > > -

- - - - -

- - . -
- - . -
- - . -
- - - -
- - - -
P
P

- - - - -

Figure 2.1: Visualization of the generators A; by plotting their
fundamental vector fields AZ% on R2.

In two dimensions, we can parametrize all rotation matrices R by a

rotation angle § € R/(27Z):
= (cos@ —sin@)‘ (2.11)

sin@ cos6

This allows us to efficiently parametrize SE(2) using three numbers:

R2 x [0,27) 3 (z,y,6) + ((x> (COS@ _Sin9)> € SE(2).(2.12)

Y sinf cosf

So, we have that x and y represent the translation and 6 the rotation.
In these coordinates the group multiplication is
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(x27y2592) : (xl’ylael) = <$2 +$1 COSG2 — U Sin927
Yo + 1 8in 6, + y; cos by, (2.13)
05 + 0, mod 27).

—

Remark 2.2: The universal cover Lie group G = SE(2)=
{(z,y,0) € R3} of the Lie group SE(2) is a nice example of a Lie
group that is diffeomorphic to three-dimensional Euclidean space
that does not have a surjective exponential exp : g — G. Its group
product is identical to (2.13) but without the modulo operation in
the angular part. An element is not reachable by an exponential
curve if and only if it is of the form (z,y, 2wk) with 0 £ k € Z

and (z,y) # 0.

By considering derivatives of (2.12), we see that we can reexpress the
basis of generators A; € se(2) in terms of the (z,y,#) coordinates,
namely:

Al :ax|e, A2 :ay|e, A3 =89|6' (2.14)

The Lie group exponential exp : se(2) — SE(2) in terms of the A,
basis and (z, y, ) coordinates is

exp(cl Ay + 2 A, + B A3) = (2,9, 0) (2.15)
where
T = (cl cos é — ¢2sin f) Sincé,
2 2 9
y= (cl sin§ + 2 cos §> sine § (2.16)

6 = ¢ mod 2,

and sinc(p) = sin(p) /¢ (with sinc(0) = 1) is the unnormalized sinc
function.

The Lie group logarithm log : SE(2) — se¢(2) in this basis is
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log(z,y,0) = ctA; + c2Ay + 3 A, (2.17)
where

cl = ( :Ucosg +ysing>/sincg,

c? = (—m sing + y cos g)/sinc g, (2.18)

c3=40.

In this calculation it is important to use the small-angle identification

R/(27Z) = [—7, ) for 6.

2.2 PosiTION-ORIENTATION SPACE

The space of positions and orientations M, is defined as the manifold
My ={p = (z,n) ER* xR | |n] =1}, (2.19)

where x refers to the position and n to the orientation. The dimension
is dimM,; = d + (d — 1), that being d dimensions for the positions,
and d — 1 dimensions for the orientations.

Remark 2.3: Position-orientation space M; can also be defined as
the unit tangent bundle or unit sphere bundle UTR? of R%:

M, = UTR? := {v € TR? | |v| = 1} (2.20)
where we have equipped R? with its natural Euclidean metric.
The tangent space T{,, )M at a position-orientation (x,n) € My is
TomMy={p=(&,n) eR* xR | n-n =0}, (2.21)
and the complete tangent bundle TM,; is
™, = {(p,p) | p € My,p € T,M,}. (2.22)

The Euclidean group acts I>: E(d) x M; — M, naturally on position-
orientation space:
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(t,Q) > (z,n) = (t + Qz, Qn). (2.23)

This action is transitive, thus turning position-orientation space into a
homogeneous space. In fact, the special Euclidean group SE(d) already
acts transitively as well.

By considering push-forwards of the action we get the following
derived action >: E(d) x TM; — TM:

(t, Q) > ((z,n), (#,n)) = ((t + Qz,Qn), (Qz,Qn)). (2.24)

The Lie group action also induces a Lie algebra action >: ¢(d) x M; —
TM, given by

(v,w) > (z,n) = ((z,n), (v+ wz,wn)). (2.25)

There is a natural E(d) invariant subbundle H C TM,; of the tangent
bundle on position-orientation space. Namely, we define:

H:={((z,n),(¢,n)) € TM, | £ x n}. (2.26)

That is, the subbundle H restricts spatial movement & to forward
and backward with respect to the orientation n. This subbundle is
bracket-generating and can be used to turn M; into a sub-Riemannian
manifold.

A commonly used and natural E(d) invariant Riemannian metric G on
M, has a corresponding norm |- : TMy — R of the form

[0, p)I% = (wi & - n))* + (walld A nl)® + (wsli])®,  (2:27)

where p = (z,n) € My, p = (2,n) € T,M,, and wy, w,, ws > 0 are
three positive numbers, called the metric parameters. Intuitively, the
metric parameters w; , wy, and w4 correspond to the cost of forwards/
backwards spatial motion, sideways spatial movement, and changing
the orientation, respectively.

The norm |-|; at every point can be verified to satisfy the
parallelogram law:

lo+wlg + v —wlg = 2[vl§ + 2]w]?. (2.28)
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This implies, as it should, that it is induced by an inner product. The
corresponding Riemannian metric G can then be recovered using the
polarization identity:

1
§(0,w) = 7(lv+wlf — o — wl3). (2:29)

The metric (2.27) is called spatially isotropic if w; = wy = w, and
spatially anisotropic otherwise. If it is spatially isotropic the norm can
be equivalently written as

[0, D)5 = (wll)? + (wsllil)*. (2.30)

In the spatially isotropic case, the Riemannian distance can be
expressed in closed form:

2 2 2
d((z1,m1), (T3, n9))" = (w|zy — 241])” + (w3 acos ny - ny)”. (2.31)

2.2.1 Two-DIMENSIONAL POSITION-ORIENTATION SPACE

There is a natural SE(2) invariant frame A; € I'(T'M,) of vector fields
on M,. Namely, we define

("41)(
(Aa) () = (n5,0), (2.32)

("43)(%”) = (07 nJ_)7

(n,0),

xz,n)

where n't = (—:2) is the ninety-degree counterclockwise rotation of
1
the orientation n = <n1> Intuitively, A; corresponds to moving x
P

forwards along n, A, to moving sideways to the left, and A5 to rotating
n counterclockwise around z. In Figure 2.2 this frame is visualized.
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A n
2 fll

x

Figure 2.2: Visualization of the natural

SE(2) invariant frame A; at a position-
orientation (z,n) € M,.

The previously mentioned natural subbundle H (2.26) can be written
in this frame as

H = span{ A, A3} (2.33)

This should make sense: the subbundle H restricts spatial movement
to forwards and backwards, that being the span of 4, and leaves
orientation motion untouched, that being the span of As.

One can restate the E(2) invariant Riemannian metric G we saw earlier
(2.27) in terms of the frame .4;. Namely, we have:

w2 0 0
G(A A)=10 w3 0| . (2.34)
0 0 w?

j
In two dimensions, we can parametrize all orientations n € S! using
an angle 0 € R/(27Z):
cos 6
n= (sin&)' (2.35)

This allows us to efficiently parametrize M, using three coordinates:

R2 x [0,27) 3 (z,y,6) + ((‘”) (COSG)) €M,. (2.36)

Y sin 0

So, we have that x and y represent the position and 6 the orientation.

By considering derivatives of (2.36), we see that the coordinate vector

fields Oz, Oy and 00 are
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1
orenn = ((0)-0)
0
ay(x’y’e) = ( (1) 5 O) 5 (237)
—sin6
9a,y,0) = (0’ (—I— cos 0))

With this, we can equivalently write the natural frame .4; as:
Ay = +cos(6)0z + sin(0)dy,
Ay = —sin(0)0z + cos(0)0dy, (2.38)
Ay = 00,

which is a more common way to introduce this frame on M,,.

The Riemannian distance of the spatially isotropic metric (2.31) on M,
can also be reexpressed using (z, y, #) coordinates, namely:

d((zy,y1,0,), (xQ,y2,92))2 =

(2.39)
(w]xy — 5’31|)2 + (wlyy — y1|)2 + (w3]0y — 61 mod 27T|)2a

where one has to make sure to use the small-angle identification
R/(27Z) = [—n, 7) before calculating the absolute value of the angle
difference.

Using (z,y,0) coordinates we can visualize M, in a new way. We
imagine R? x [0, 27) as a three-dimensional volume, with the vertical
axis being the 0 coordinate. This is visualized in Figure 2.3. Although
0 is plotted “linearly”, it is inherently periodic, so the top and bottom
of the volume should be identified with each other. This visualization
of M, will be used extensively in Chapter 3.
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A L R
A e
Kl o=t gt

K| 1 et ==t==ta—=

Y
x x
Figure 2.3: We can visualize position-orientations in two ways: 1)
as arrows in the two-dimensional plane, 2) as points in a three-
dimensional volume that is periodic vertically.

2.3 LIFTING AND PROJECTING

Data is usually defined on a low-dimensional space M, typically
Euclidean space RY. However, geometric processing methods shine
when the data is defined on high-dimensional spaces with which
we can encode directional information, for example M ;. The process
of transferring data from a low-dimensional space to a higher
dimensional one in an equivariant manner is called lifting, and the
reverse process is called projecting.

In the specific case of lifting a scalar field on R? to one on M,
the lifting can be done through what is called the orientation score
transform. We imagine designing a filter or kernel 1) : R? — R that
can “pick up” an arbitrary local orientation n, € S9! at an arbitrary
position z, € R? within a signal f : R? — R. We collect the position
x, and orientation n, into a combined position-orientation p, =
(zg,ng) € M. By “picking up” we mean that, if we calculate

W, f) o= / b(z) - f(z) da, (2.40)
Rd

we obtain (in absolute value) a large response if f indeed contains a
local orientation in the direction of n at z,.

We then extend this to the whole of M in the following way:

(W f)(g > po) := (g > ¢, f) for all g € SE(d).  (2.41)
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This operator W, is the orientation score transform, and W, f : M; —
R is called the orientation score of f. Intuitively, W, takes the filter
1, roto-translates it across the input f, and “saves” the response as a
function on M. in Figure 2.4 an image together with its orientation
score is visualized.

<X
XX

An example input image f : Its orientation score f:
R? — R with clearly defined =~ M, — R. Notice how the
local orientations. crossings are disentangled.

Figure 2.4: An example of a two-dimensional image together

with its orientation score. We visualize M, as a three-dimensional

volume, as explained in Figure 2.3. The orientation scores of higher-
dimensional images are harder to visualize.

One can imagine wanting the orientation score transform W, to
be (easily) invertible and stable (in the sense that the condition
number of the operator is close to 1). Here, the trick is choosing
the right function spaces and filters v, of which the design and
analysis can get quite involved (Durts (2005), DurTs, DUITS, ALMSICK
AND TER HaAR RoMENY (2007), DurTs, FELSBERG, GRANLUND AND
TER HAAR ROMENY (2007)).

Historically, an early invertible orientation score transform (under the
name invertible orientation bundles) using the so-called Kalitzin kernel,
appears in KALITZIN, TER HAAR ROMENY AND VIERGEVER (1997) and
KaLriTZIN, TER HAAR ROMENY AND VIERGEVER (1999).

Instead of considering all orientations on the (hyper)sphere S%~1, one
may restrict to a discrete set of orientations. In that case, a natural class
of filters to use are the cake wavelets, originally proposed for d = 2 in
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Durrs (2005) and extended to d = 3 in JANSSEN, DUITS AND BREEUWER
(2015) and JANSSEN, JANSSEN, BEKKERS, BEscds AND Duits (2018). In
Figure 2.5 one such cake wavelet is visualized. More recently, SHERRY,
VAN DE GEIJN, BEKKERS AND DUITS (2025) showed that cake wavelets
provide a good approximation to the “optimal” wavelet, that being the
one that minimizes uncertainty in both position and orientation.

Cake wavelet in Cake wavelet in

the frequency domain.  the spatial domain.

Figure 2.5: Visualization of a cake wavelet that filters for vertical
edges. In the frequency domain it becomes clear why cake wavelets
are called such: they look like pieces of a round cake.

Projecting a scalar signal f : M; — R on position-orientation space
back to Euclidean space Pf:R% — R can be done in multiple
straightforward ways, generally based on pooling orientational
information at every position. For example, one approach is sum-
pooling, defined as

(1)) = / £, m) p(dn), (2.42)
S

d—-1

where 1 is the standard measure on the (hyper)sphere S%1.
Alternatively, there is max-pooling

(Pf)(z) := max f(z,n), (2.43)

neSd-1
and, analogously, min-pooling

(Pf)(z) = min f(z,n). (2.44)

neSd-1

In Figure 2.6 these pooling operations are visualized on M,,.
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Sum-pooling Max-pooling Min-pooling

Figure 2.6: Example of sum-, max-, and min-pooling over

orientations for a synthetic scalar signal on M,. We visualize M, as

a three-dimensional volume, as explained in Figure 2.3. The result of
the projection is visualized below the volume.

Remark 2.4: If a sum-pooling projection (2.42) after an orientation
score transform lift is approximately (a scalar multiple of) the
identity, that is

flz) ~ / (Wwf) (z,n)p(dn), (2.45)
Sd—l

one speaks of an orientation score transform with the fast
reconstruction property (DuITs (2005)).

We have discussed how to lift and project scalar signals from and to R¢
and M;. However, sometimes data is vector-valued. In such cases, we
can also naturally lift and project such data to and from scalar fields

on M.

For example, we can lift a vector field f : R? — R? to a scalar field

('Cf)(xv n) = f(w) ", (2'46)

and project a scalar signal f: M; — R back to a vector field Pf :
R% — R? via

@@ = [ famnun), (2.47)

Sdfl

40



2 Background

where p is the standard measure on the (hyper)sphere S%1.
Furthermore, the operators £ and P are each other’s adjoint (after
equipping the spaces of square-integrable scalar- and vector-valued
functions on R? with their standard inner products), and we have 2 o

£ = p(891)/d.

So, we can lift and project both scalar and vector-valued signals on R¢
to and from scalar fields on M;. More generally, this idea extends to
arbitrary fields f : R¢ — V, where V is any finite-dimensional vector
space transforming under a representation p : O(d) — GL(V), as also
realized by GASTEIGER, BECKER AND GUNNEMANN (2021).

Namely, representation theory of O(d) implies that any such vector
space V' can be associated with finite-dimensional space of functions
H C C(S™1,R™) on the (hyper)sphere 5%, for some m € N.
Here O(d) acts naturally on J{ through translation of functions. This
means that there exists an invertible equivariant linear map ® : V —
J with which we can lift a field f : R¢ — V to the scalar field(s) £ f :
M, — R™:

(Lf)(x,n) = (2f(x))(n), (2.48)

and, conversely, project scalar fields f : M; — R™ backto Pf : R? —
V via

(Pf)(z) = 27 (f(z,")). (2.49)

2.4 SCALE-SPACE REPRESENTATION

Real world scenes contain many different objects at different scales.
When a computer is tasked with analyzing an image of a scene there
is no way for it to know beforehand at which scale(s) the interesting
structures live. One way to tackle this problem is to analyze the image
of interest at all scales.

In broad terms, a scale-space representation, or simply scale-space, of
a 2D grayscale image f, : R?2 — R is an ordered collection of images
f: where each successive image contains less and less detail; that
is the smaller scales have been processed away. The collection of
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images is usually indexed by the scale-parameter t > 0 with t =0
being the original image. In the abstract ideal the scale parameter ¢ is
continuous and the scale-space ranges all the way from scale ¢t = 0 to
scales that are arbitrarily large. In practice a discrete set of scales ¢ is
chosen, usually in an exponential manner such ast = 1,4, 16, 64, 256
(TER HAAR ROMENY (2003)).

Scale-space representations are natural objects in computer vision
solutions (either neural networks or classical methods) as they respect
the inherent symmetries of images, that being translations, rotational,
and scaling symmetries. What we mean by this mathematically is that,
for example, the scale-space g, of a translated image g, = T, f,, is
equal to the translated scale-space of the original image: g, = T, f,.
Here T, is the translation operator defined by (7, f)(z) = f(x —v).
Analogous statements hold for the rotation, reflection, and scaling
symmetries. We say that creating the scale-space representation of
an image is equivariant with respect to translations, rotations and
scalings.

The prototypical, and most likely first (WEICKERT, ISHIKAWA AND
Imiva (1999)), example of a scale-space is the Gaussian scale-space
(Iytma (1959), WITKIN (1983), KOENDERINK (1984)) made by successive
diffusing (that is blurring or smoothing) of the original image. The
Gaussian scale-space f, of a two-dimensional image f, : R? — R can
be written as a linear convolution with a Gaussian kernel:

fi) = / L exp (—M) fow)dy  (2.50)
R

, 2t 2t

The Gaussian scale-space corresponds to the diffusion or heat PDE

of 1
— =-A 2.51
5r — 3 (2.51)
Two other examples are the morphological scale-space representations
(BROCKETT AND MARAGOS (1992)) made by successively dilating or
eroding the original image. The a-dilation scale-space can be written

as a supremal convolution:
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—aun Ll ul’
pe = () whw e

where 8 is such that 1/a+1/8 = 1. It corresponds to viscosity
solutions (Evans (2010), Chpt.10) of the a-dilation PDE:

of 1 o
Ve, (2:53)

The a-erosion scale-space is created using an infimal convolution:

g Ll =’
o = int, 5 (B2 (2:54)
It corresponds to viscosity solutions of a-erosion PDE:
of 1
=z __Z o 2.55
= 2|V (2.55)

In Figure 2.7 the Gaussian, quadratic (o = 2) dilation, and quadratic
erosion scale-spaces representations are visualized of an image of the
DRIVE dataset (Subsection 2.8.1). In Figure 2.8 the a-erosion scale-
space representation with o = % is shown. In the Gaussian scale-space
both white and black features fade away towards a uniform image.
In the dilation scale-space the black details (low values), such as the
vessels, vanish at bigger scales. In the erosion scale-space the white
details (high values), such as the space between vessels, are removed
at higher scales
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Diffusion

Dilation

Erosion

Scale-parameter
Figure 2.7: The Gaussian (2.50), quadratic (o = 2) dilation (2.52), and
quadratic erosion (2.54) scale-space representations of a grayscale
image of the interior surface of the eye at various scale-parameters.

'

Figure 2.8: The a-erosion scale-space representation (2.54) with o =

,

Erosion [

Scale-parameter

%. This can be compared with the quadratic (o« = 2) erosion scale-
space seen in Figure 2.7.

2.5 MACHINE LEARNING

SUPERVISED LEARNING aims to find a function m : X — Y, also called
a model, that maps inputs to outputs in accordance with a finite set
of example input-output pairs 7 C X x Y, known as the training
dataset. Here, X is called the input space and Y the output space. For
instance, x could be an image and y a label describing its content, so
that X is the set of all images and Y the set of possible labels.

To measure the quality of a model m, we introduce a loss function ¢ :
Y XY — Ry, quantifying the discrepancy between predicted and
true outputs. The loss of a model m on a dataset D C X x Y is defined
as:
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Lim, D)= — 3 tm(x),y). (2.56)

D] (z,y)eD

The loss on the training dataset L(m, J), called the train loss, is what
we aim to minimize.

Remark 2.5: To keep the exposition simple, we deliberately avoid
the probabilistic/statistical formulation of supervised learning
here.

We restrict our search to a predesigned set of functions M, called the
hypothesis space. The “best” model m* € M is the one that has the
lowest train loss:

m* = arg min L(m,T). (2.57)

meM

Mind however, that the goal is not merely to fit the training dataset 7,
but to find a model m that generalizes to inputs not in the training data.
To check if a model has successfully generalized, its loss is checked on
a separate dataset, the test dataset, which is held out entirely during
training.

Typically, the hypothesis space is parametrized through a finite set of
parameters § € © restricted to some subset © C RP? called parameter
space. We denote the function corresponding to the parameters 6
by my. With this notation the train loss becomes a function of the
parameters and we can rewrite the above optimization as:

0* = arg min L(my, T), (2.58)

0c®

and the best model m* is equal to my.. Thus, instead of considering an
optimization over hypothesis space M, we consider an optimization
over parameter space O.

How exactly the train loss is minimized over the parameter space, also
referred to as training, falls outside the scope of this thesis. As of the
time of writing, stochastic gradient descent (SGD) is the most popular
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way of training models. Moreover, not all parameters can be optimized
via SGD, most notably when they are non-differentiable. Typically, any
parameter left untouched by SGD are referred to as hyperparameters
and need to be tuned “by hand”.

Loss FuNncTIONS. In the case of the output space being ¥ = R",

one popular and simple loss function is the mean squared error

(MSE) £(9,y) = %"@ — y|?. Its derivative with respect to ¢, which is
2

necessary to perform SGD, is particularly simple: g—g ==(7—y).

Another loss function we will see in Chapter 3 and Chapter 7 is the
Dice loss

€(9,y) = 1 —dice(g, y), (2.59)

that being one minus the Dice-Sorensen coefficient, or just Dice
coefficient, defined as:

dice(g,y) = —20 ¥ (2.60)

y-yt+ty-y

In this case the output space is discrete binary vectors Y = {0, 1}™,
and the Dice coefficient measures how similar two binary vectors (g
and y) are by comparing the size of their overlap (§ - y) to the total
number of elements in both vectors (§ - § + y - y).

Equation (2.60), and therefore in turn (2.59), generalizes directly to
vectors attaining values in the continuous interval [0, 1], that is Y =
[0, 1]™. This turns the Dice loss into a differentiable function, which is
necessary to perform SGD.

The Dice loss is a common loss function for image segmentation
tasks (like in DRIVE, DCA1, and Lines datasets Section 2.8) because
it is more effective than alternatives like MSE loss when the target
segmentation is a small fraction of the total image.

ARCHITECTURES in machine learning refer to the design of the
hypothesis space M of models. Typical architectures are made through
the composition of multiple layers [*, each with their own parameters.
This means that models m € M take the form:
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m=1LolF o0l (2.61)

The idea is that every layer transforms its input into an output that
represents progressively more abstract information.

For instance, when the input space X consists of images, the first
layer I might extract low-level features such as edges, corners, or
line segments. The second layer [? can then use these to detect more
complex patterns, such as textures or object parts, and this process
continues through the subsequent layers.

The intermediate representations passed between layers are called
features or feature maps. Typically, there are many feature maps passed
between layers, called channels, where each channel encodes a distinct
learned feature.

ConvoLUTIONAL NEURAL NETWORKS (CNNs) are equivariant
architectures primarily built upon convolutions on a homogeneous
space M on which a Lie group G acts. We adopt a broader perspective
than is typical in the literature, where CNNs usually refer to the special
case of linear convolutions on M = G = R?. Here, we generalize to
arbitrary homogeneous spaces and Lie groups, and include not only
linear but also morphological convolutions.

This architecture is also called a homogeneous G-CNN in COHEN
(2021), Chpt.9, as it is a direct generalization of the group equivariant
CNN (G-CNN) architecture introduced in COHEN AND WELLING (2016).
Furthermore, we restrict our setting to scalar fields on homogeneous
spaces and do not consider more general vector- or tensor-valued
fields, as in, for example, CoHEN, GEIGER AND WEILER (2019).

A layer in a convolutional network takes in C, feature maps
fi :M — R on M, and outputs C,

out

feature maps g; : M — R in
an equivariant manner. The layer can involve linear, supremal, or
infimal homogeneous convolutions, pointwise function application,
and channel mixing. An example layer is
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G

in

9;(p) =b;+> Ao (/ ki(p, ) fi(q) u(dq)) , (2.62)

i=1

where k;,: M x M — R are invariant kernels, o a nonlinear
activation function, A € R%>*Cou a weight matrix, and b € RO a
bias vector. Typically, the weight matrix A, the bias vector b, and the
(parametrized) kernels k; are all learnable.

We can divide this layer into three distinct operations: 1) we perform

C,, homogeneous convolutions with kernels k;, 2) we apply a
pointwise nonlinearity with the activation function o, 3) we combine
the channels pointwise in an affine manner with the matrix A and

vector b. Figure 2.9 illustrates this layer.

—'l Convolution H Activation |—° —

—'l Convolution H Activation |—° Affine |—

—’I Convolution H Activation I—* —

Figure 2.9: Diagram of a depthwise separable convolutional layer

(2.62). The vertical direction represents the channels. The arrows
represent the “flow” of the feature maps.

Because we convolve each input channel with a distinct kernel k;, the
convolutional part is known as a depthwise convolution in the machine
learning literature. The affine operation is also called pointwise
convolution or channel mixing. The full layer is referred to as depthwise
separable (CHOLLET (2017)) as it performs a depthwise convolution
followed by the affine mixing of channels (here, however, “interrupted”
by an activation in between).

Depthwise separable should not be confused with spatially separable,
which refers to a kernel &k : (M; x M,) x (M; x M,) — R, where
M, and M, are two homogeneous spaces, which can be decomposed
as

k(pl,P27Q17Q2> = kl(p17Q1>k2<p2,QZ)7 (263)
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with ky : My x M, — Rand ky : M, x M, — R.

2.6 PDE-BASED NEURAL NETWORKS

In SMETS, PORTEGIES, BEKKERS AND Durlts (2023) PDE-based
group equivariant convolution neural networks (PDE-G-CNNs) were
introduced. It is shown in PA1, BELLAARD, SMETS AND DuITs (2023),
BELLAARD, BoN, Pa1r, SMETS AND Durrs (2023), BELLAARD, PAI1,
OLIvAN BEescos AND Duits (2023), and BELLAARD, SAKATA, SMETS
AND Duits (2025) that, for medical image analysis problems, PDE-G-
CNNs — in addition to being inherently equivariant — require fewer
parameters, achieve higher accuracy, and are more data-efficient, in
comparison to classical CNNs. From this perspective, PDE-G-CNNs
can be preferable over other architectures in the aforementioned image
processing tasks.

PDE-based networks build upon solvers of evolution PDEs defined on
a homogeneous space M on which a Lie group G acts. The behavior of
the PDEs depends on the Riemannian metric tensor field G defined on
the space M. The Riemannian metrics G are designed to be invariant
to the Lie group G, resulting in equivariant evolution. The parameters
that determine the invariant metrics G are learned during training.

The evolution PDEs used are

Convection g—{ =—c-Vf (2.64)
o of 1, ..
a-Diffusion i —a(—Af) (2.65)
. of _ 1 o
a-Dilation Frie a||Vf|| (2.66)
, of 1 N
a-Erosion i —a"Vf" (2.67)

Here f: M xR,y — R is some scalar field on M evolving over
time ¢ >0, with f(-,0) = f, set to an initial condition. In the
convection ¢ € I'(T'M) denotes an invariant vector field, and in the
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diffusion —(—A)% denotes a (fractional) power of the Laplacian.
Importantly, when using different Riemannian metrics §, concepts
such as Laplacian A, gradient V, and norm ||| change accordingly.
Consequently, this alters the effect of the PDEs. The PDEs are
illustrated in Figure 2.10.

9w

Initial condition Diffused

v @

Dilated Eroded

Figure 2.10: Illustration of diffusion (2.65), dilation (2.66), and

erosion (2.67) applied to a synthetic signal on M, for a spatially

isotropic metric G (2.30). We visualize M, as a three-dimensional

volume, as explained in Figure 2.3. The sum-pooling projection (2.42)
is visualized below the volume.

Remark 2.6: The convection PDE (2.64) is also called advection.
However, we follow the terminology used in the PDE-based
neural networks literature.

The PDE-G-CNN architecture is general in the sense that any Lie
group G and homogeneous space M can be chosen. However, the
existing literature mainly concerns itself with position-orientation
space M = M, together with the roto-translation group G = SE(d).
Typically, input and output data are defined on a low-dimensional
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space while the PDE layers operate on a high-dimensional one. For this
reason, PDE-based neural networks usually begin with a lifting layer
and end with a projection layer (Section 2.3).

Figure 2.11 shows a diagram of a PDE layer, the fundamental building
block of a PDE-G-CNN. Figure 2.12 shows a diagram of a PDE-based
neural network architecture. Figure 2.13 shows an example of how
a PDE-based neural network on M, performs contour completion
(Subsection 2.8.3).

—~| Convection |—-| Diffusion I—-l Dilation I—-l Erosion |—‘ —
—~| Convection |—-| Diffusion I—-l Dilation I—-l Erosion |—‘ Affine |—
—’l Convection H Diffusion H Dilation H Erosion I—‘ —

Figure 2.11: Diagram of a PDE layer.

Lifting | | PDE | _,| PDE | | Projection |
Layer Layer - Layer Layer

Project

—

Lift Processing

» > . »

Figure 2.13: Example of how a PDE-based neural network on

M, when trained on the Lines dataset (Subsection 2.8.3), performs

contour completion. We visualize M, as a three-dimensional

volume, as explained in Figure 2.3. The feature maps of a single
channel are visualized.

The diffusion, dilation, and erosion PDEs were not chosen arbitrarily;
they satisfy properties considered desirable from a machine learning
perspective. For example, the PDEs are quasilinear and equivariant

51



2 Background

meaning that they 1) can be solved using convolutions allowing for
fast parallel computation, and 2) allow for the design of inherently
equivariant networks, resulting in an architecture that is robust and
data-efficient (MoHAMED, CESA, COHEN AND WELLING (2020), COHEN,
WEILER, KICANAOGLU AND WELLING (2019)). In fact, the desirable
properties that we want the PDEs in PDE-based neural networks
to have are essentially the same as those that generate scale-space
representations (Section 2.4).

The diffusion, dilation, and erosion PDEs on M are (approximately)
solved by performing a homogeneous convolution on the initial
condition f; with a kernel k¥ : M x M — R that is only a function of
the Riemannian distance d. Namely, we have that the 2-diffusion PDE
(2.65) is approximately solved by the linear convolution

fi(p) ~ /exp (—%M> - fo(q) n(dg), (2.68)

t

where we have used the notation f, = f(-,¢), and p is the unique
Riemannian measure corresponding to the Riemannian metric .
The «-dilation PDE (2.66) is exactly solved through the supremal
convolution

t (dp,q)\’
fi(p) = sup —— (u) + fola), (2.69)
qgeM ﬁ t
where £ is such that 1/a+ 1/8 = 1, and the a-erosion PDE (2.67) is
solved using the infimal convolution

t(dp.0))"
= inf — | —— . 2.70
7o) = int o (P22 4 fy(a) .10
It is through these convolutions on the homogeneous space M that
PDE-based neural networks are implemented in practice. Furthermore,
one can compare these formulas directly with the scale-space
representations on R? as given in (2.50), (2.52) and (2.54).
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An implementation of the PDE-G-CNN architecture, LieTorch, is
available at the GitLab repository LieTorcH. It provides both CPU and
GPU solvers for the convection, 2-diffusion, a-dilation, and a--erosion
PDEs on R? and M, and is designed as an extension to the popular
machine learning library OPyTorch.

2.7 PONITA

In BEKKERS, VADGAMA, HESSELINK, VAN DER LINDEN AND ROMERO
(2024) PONITA is presented, an E(3) equivariant machine learning
architecture. It achieves state-of-the-art results when predicting
molecular dynamics and properties, and in generating novel molecules
with high atomic and molecular stability. PONITA is available at the
GitHub repository PONITA.

The feature maps in PONITA are scalar fields f : Ml; — R on position-
orientation space M. This design decision is well supported as it
can be shown (Section 2.3) that scalar fields on M provide the
same expressivity as more mathematically involved networks that
use p : O(3) — GL(V) representation fields f : R® — V as done in,
for example, THOMAS, SMIDT, KEARNES, YANG, L1, KOHLHOFF AND
RILEY (2018), WEILER, GEIGER, WELLING, BoomMsmA AND COHEN (2018),
ANDERSON, Hy aAND KonDoR (2019), and FucHs, WORRALL, FISCHER
AND WELLING (2020).

The main operations in PONITA are E(3) equivariant convolution
operators ® on M of the form

(@f)(p1) = / k(p1,92) f(0s) 1(clp), (2.71)

M

that process scalar fields f : M3 — R. Here k : M3 x M3 — R is an
E(3) invariant kernel, and p is an invariant measure on position-
orientation space M.

In PONITA the kernels k are engineered to be of the form

k(p1,p2) = Np(t1(P1,P2)s t2(P1,P2), t3(P1,02))  (2.72)

where ¢ : M5 x M3 — R are three E(3)-invariants defined by:
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t1(p1,p2) = (T3 — 1) " g,
Lo(P1,P2) = ”( - 371) =y, (2.73)
t3(p1,pa) =

wherep; = (z1,71), Py = (T9,n5) € Mj,and Ny : R® — Risasmall
network with learnable parameters 6.

Figure 2.14 shows a diagram of a PONITA layer the fundamental
building block of PONITA. Figure 2.15 shows a diagram of the PONITA
architecture. In the PONITA architecture the lifting layer is also called
the embedding layer, and the projection layer the readout layer.

—’| Convolution |—' —’| Activation |—~ —
Affine Affine [~
—’| Convolution I—' —’| Activation |—~ —

Figure 2.14: Diagram of a PONITA layer.

Lifting | | PONITA| _ __|poNITA| | Projection | _
Layer Layer o Layer Layer

Figure 2.15: Diagram of the PONITA architecture.

2.8 DATASETS

2.8.1 DRIVE

The DRIVE dataset consists of images of the interior surface of the eye
along with corresponding retinal vessel segmentations, as introduced
in STAAL, ABRAMOFF, NIEMEIJER, VIERGEVER AND VAN GINNEKEN
(2004). In Figure 2.16 one can see an example of such an image and
its segmentation.

The dataset consists of 40 images, which we split in a training set of
20 images and a test set of 20 images. The images are 584 x 565 pixels
in 8-bit RGB color, which we rescale to 32-bit floats in the [0, 1] range.
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We divide the training set into overlapping patches of 64 x 64. Patches
that contain no annotation are removed.

Input image of the Target retinal
interior surface of the eye. vessel segmentation.

Figure 2.16: A sample from the DRIVE dataset.

2.8.2 DCA1

The DCA1 dataset, introduced in CERVANTES-SANCHEZ, CRUZ-ACEVES,
HERNANDEZ-AGUIRRE, HERNANDEZ-GONZALEZ AND SOLORIO-MEZA
(2019), is a publicly available database consisting of 130 X-ray coronary
angiograms, and their corresponding ground-truth segmentations by
an expert cardiologist. One such angiogram and ground-truth can be

seen in Figure 2.17.

The images are 300 x 300 pixels in 8-bit grayscale, which we rescale
to 32-bit floats in the [0, 1] range. We split the DCA1 dataset into a
training and test set consisting of 125 and 10 images, respectively. We
divide the training set into overlapping patches of 64 x 64. Patches
that contain no annotation are removed.
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Input X-ray Target coronary

coronary angiogram  artery segmentation

Figure 2.17: A sample from the DCA1 dataset.

2.8.3 LINEs

The Lines dataset is a “toy” collection of synthetic images made to
check if a machine learning model can learn to perform contour
completion (FIELD, HAYES AND HEss (1993)). In the contour completion
problem, the input is an image containing multiple randomly oriented
line segments, and the desired output is an image of the contour that
is “hidden” in the input image. Figure 2.18 shows an example of such
an input and desired output.

The images are 64 x 64 pixels in 8-bit grayscale, which we rescale
to 32-bit floats in the [0, 1] range. The dataset contains 512 training
images and 128 test images.

Input image Target contour
completion

Figure 2.18: A sample of the Lines dataset.
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2.8.4 QM9

The QM9 dataset consists of roughly 134,000 stable small organic
molecules composed of carbon, hydrogen, oxygen, nitrogen, and
fluorine, along with their various chemical properties, as detailed in
RAMAKRISHNAN, DRAL, RUPP AND LILIENFELD (2014). In Table 2.1 a list
of the chemical properties together with their description is given. The
molecules contained in QM9 form a subset of the GDB-17 chemical
universe of 166 billion organic molecules, as described in RUDDIGKEIT,
DEURSEN, BLum AND REYMOND (2012).

Target Unit Description

1 D Dipole moment

e al Isotropic polarizability

€homo €V Highest occupied molecular orbital energy
€umo €V Lowest unoccupied molecular orbital energy

Ae eV Gap between &y, and €y,
(R*) eV Electronic spatial extent
ZPVE eV Zero point vibrational energy

U, eV Internal energy at 0 Kelvin

U eV Internal energy at 25 °Celsius
H eV Enthalpy at 25 °Celsius

G eV Free energy at 25 °Celsius

Cy m‘éTlK Heat capacity at 25 °Celsius

Table 2.1: Overview of the chemical properties in the QM9 dataset.
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DISTANCE APPROXIMATIONS ON
PosiTION-ORIENTATION SPACE

3.1 INTRODUCTION

The Riemannian distance d on two-dimensional position-orientation
space M, appears naturally in works that perform geometrically
meaningful processing of signals living on M. For example, in PDE-
based neural networks on M, the Riemannian distance d is used to
effectively solve the diffusion, dilation and erosion PDEs (Section 2.6).

However, calculating the distance d on M, is, in general,
computationally expensive (BEkkERs, DurTs, MASHTAKOV AND
SANGUINETTI (2015), DuiTs, MEESTERS, MIREBEAU AND PORTEGIES
(2018)). To alleviate this issue, we resort to estimating and substituting
the exact distance d with computationally efficient approximative
distances, denoted throughout by p. In this chapter we introduce and
analyze various distance approximations on M, both theoretically
and experimentally.

We will focus on the following E(2) invariant metric G on M,, as this
is the one that is most commonly used in the related literature:

[P, 8)I5 = (wi]& - n)* + (wall& Anl)® + (wslal)®,  (3.1)

where p = (z,n) € M, and p = (&,n) € T,M,. An important
quantity in the analysis is the spatial anisotropy ¢ = w,/w;, as will
become clear later. Furthermore, we will assume, without loss of
generality, that w, > w;, which we can understand as stating that
sideways motion is at least as expensive as forward motion.

Because we are considering E(2) invariant metrics, and E(2) is a group
that acts transitively on M, we can, without loss of generality, restrict
ourselves to analyzing and approximating d(p,, -), instead of the full
two-slot function d(-,-), where p, € M, is any reference position-
orientation. We will choose p, = (0,0, 0) as our reference, where we
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have used (z, y, §) coordinates for Ml,, as defined in (2.36). Henceforth,
d(p) will be shorthand for d(p,, p), likewise for the approximations p.

In SMETS, PORTEGIES, BEKKERS AND Duits (2023) the logarithmic
distance approximation p, is suggested as a computationally efficient
alternative to the Riemannian distance d. In short, p,(p) is equal to
the Riemannian length of the unique projected exponential curve that
connects p; to p. The exact definition will follow later in (3.8).

Despite showing in SMETS, PORTEGIES, BEKKERS AND DUITs (2023) that
d < p, no concrete bounds are given, apart from the asymptotic p? <
d? + 0(d*). This motivates us to do a more in-depth analysis on the
quality of the distance approximations.

We introduce a variation on the logarithmic approximation p, called
the half-angle distance approximation p,, and analyze it. The half-angle
approximation uses not the logarithmic coordinates c¢, but the half-
angle coordinates b’. The definition of these is also given later (3.19). In
practice p, and p, do not differ much, but analyzing p, is much easier.

Both the logarithmic approximation p, and half-angle approximation
p; estimate the true Riemannian distance d quite well in certain cases.
One of these cases is when the Riemannian metric has a low spatial
anisotropy ¢. We can show this visually by comparing the isocontours
of the exact and approximative distances. However, interpreting and
comparing these surfaces can be difficult. This is why we additionally
plot multiple #-isocontours of these surfaces. In Figure 3.1 one such
plot can be seen, and illustrates how it must be interpreted.
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Figure 3.1: In gray the isocontour d = 2.5 is plotted. The metric

parameters are (wp,wy,ws) = (1,8,1). We visualize M, as a

three-dimensional volume, as explained in Figure 2.3. The domain

of the plot is [—3,3]? x [—m,7) C M,. For 6 = kn/10 with k =

—10, ..., 10 isocontours are drawn and projected onto the bottom of
the figure.

In Figure 3.2 a spatially isotropic { = 1 and low-anisotropic case { =
2 is visualized. We see that p, approximates d well in these cases. In
fact, p, is exactly equal to the true distance d in the spatially isotropic
case, which is not true for p,.

Both the logarithm and half-angle approximation fail specifically in
the high spatial anisotropy regime. For example when ¢ = 8. The first
two columns of Figure 3.3 show that, indeed, p; is no longer a good
approximation of the exact distance d. For this reason we introduce
a novel sub-Riemannian distance approximations p,, which is
visualized in the third column of Figure 3.3.

61



3 Distance Approximations on Position-Orientation Space

Figure 3.2: Visualization of the exact distance d and approximative
distance p,. The metric parameters are on the left (w;,w,, ws) =
(1,1,1) and on the right (wy, wy, w3) = (1,2,1).

(=8

Figure 3.3: Visualization of the exact distance d, the approximative

distance p;,, and the sub-Riemannian distance approximation py, .

The metric parameters are (wq, Wy, w3) = (1,8, 1). We see that the

isocontours of p, are too “thin” compared to the isocontours of d.
The isocontours of p,, .. are better in this respect.
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Furthermore, we propose an approximative distance py, o
that carefully combines the Riemannian and sub-Riemannian
approximations into one. This combined approximation automatically
switches to the estimate that is more appropriate depending on the
spatial anisotropy, and hence covers both the low and high anisotropy
regimes.

For every distance approximation (listed in Section 3.2) we perform an
empirical analysis in Section 3.4 by seeing how the estimate changes
the accuracy of the PDE-G-CNNs (Section 2.6) when applied to two
datasets: Lines (Subsection 2.8.3) and DCA1 (Subsection 2.8.2).

3.1.1 CONTRIBUTIONS

Theorem 3.1 summarizes our mathematical analysis of the quality of
the half-angle distance approximation p,. Globally, one can show that
it carries the same symmetries as the exact distance d, and that for low
spatial anisotropies ¢ they are almost indistinguishable. Furthermore,
we show that locally the half-angle distance approximation p, and the
exact distance d are similar through an upper bound on the relative
error. This improves upon results in SMETS, PORTEGIES, BEKKERS AND
Duits (2023), Lem.20.

Figure 3.3 demonstrates qualitatively that p, becomes a poor
approximation when the spatial anisotropy is high ¢ > 1. In
Corollary 3.2 we underpin this theoretically and in Subsection 3.4.1 we
validate this observation numerically. This motivates the use of a sub-
Riemannian approximation when ( is large.

In Section 3.2 we introduce and derive a novel sub-Riemannian
distance approximation p,, that overcomes difficulties in the
high spatial anisotropy cases. Subsequently, we propose our
approximation py .., that combines the Riemannian and sub-
Riemannian approximations into one that automatically switches to
the approximation that is more appropriate depending on the metric
parameters.

Figure 3.11 and Figure 3.14 show that PDE-G-CNNs perform just as
well as, and sometimes better than, G-CNNs and CNNs on the DCA1
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and Lines dataset, while having the least amount of parameters.
Figure 3.12 and Figure 3.15 depict an evaluation of the accuracy of
PDE-G-CNNs when using the different distance approximations, again
on the DCA1 and Lines dataset. We observe that our approximation
Pb.com Provides best results.

3.1.2 OUTLINE

« In Section 3.2 all approximative distances are introduced and
motivated.

« In Section 3.3 the main theorem can be found, which quantifies the
quality of the approximative distances.

« In Section 3.4 we experiment with the various approximative
distances within the PDE-G-CNN architecture.

« In Section 3.5 we conclude this chapter.

3.2 DISTANCE APPROXIMATIONS

Calculating the exact Riemannian distance d(p,, p), from the reference
position-orientation p, = (0,0,0) to some other point p = (z,y, ),
is generally computationally demanding for arbitrary Riemannian
metrics §. To alleviate this problem we approximate the exact
distance d with approximative distances, denoted with p, which are
computationally cheap.

To this end, we define the logarithmic distance approximation p,, as
explained in SMETS, PORTEGIES, BEKKERS AND DutTs (2023), Def.19, as
the length L of a specific curve i : [0, 1] — M,:

p.(p) = L(n), (3.2)

where 7 is the unique projected exponential curve 7(t) = exp(tX)p,
that connects p, = 7(0) to p = exp(X)p, = n(1), with X € se(2).

By the invariance of the metric G and properties of the curve n we can
simplify the length considerably:
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1 1
/wnna—/kmwwmﬂw
0 0

1
| Xpolldt = | Xpo]-

(3.3)

With knowledge of the SE(2) Lie group logarithm (2.17), the formula
exp(X)p, = p can be solved for the generator X. Namely, one finds
that

X =clA; +c?Ay + 3 A, (3.4)

where A, is the basis of generators of se¢(2) as defined in (2.10), and
¢t = c'(p) given by

0 0
=( zcos 5 +ysin g >/s1nc7,
= ( s1nz +ycos )/smc Z, (3.5)
=0,

called the logarithmic coordinates on M,. In the calculation of
the logarithmic coordinates it is important to use the small-angle
identification R/(27Z) = [—m, 7) for 6.

Furthermore, the basis of generators A, applied to p, gives

Xpy = (ctA; + 2 Ay + B3 A3)p,

()

which, when plugged into the metric (3.1), gives:

| Xpol = \/(wlcl)2 + (wye?)” + (wye?)”. (3.7)

Combining these results allows us to simplify the logarithmic distance
approximation p, down to

pe =\ (w,e1)? + (w5e2)? + (wyc?)?, (3.8)
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As already stated in the introduction, distance approximations such
as p, begin to fail in the high spatial anisotropy cases ¢ > 1. For
these situations we need sub-Riemannian distance approximations.
In previous literature two such sub-Riemannian approximations have
been suggested. The first one is standard (TER ELST AND RoBINSON
(1998), Sec.6), and the second one is a modified smooth version,
as described in Duirs AnD FRANKEN (2010), p.284. The second
approximation also appears in BEKKERS, CHEN AND PORTEGIES (2018),
eq.14, where v & 44 is empirically suggested:

VRl + (w;c1)? + (wye?)?, (3.9)

C/uw%w%\@ﬁ + ((wlcl)2 + (w3c3)2)2. (3.10)

Note that the sub-Riemannian approximations rely on the assumption
that wy > w;.

However, they both suffer from a major shortcoming in the interaction
between w; and c¢?. When we let w; — 0, both approximations
suggest that it becomes arbitrarily cheap to move in the ¢? direction.
This is undesirable as this deviates from the exact distance d: moving
spatially will always have a cost associated with it determined by at
least wy.

To make a proper sub-Riemannian distance estimate we will use a
formula derived from the Baker-Campbell-Hausdorff formula, namely
the Zassenhaus formula:

GHXHY) ot X oY —T(X,Y] LO(t%) (3.11)

Filling in X = A; and Y = A5 (2.32) and neglecting the higher order

terms gives:
et A1+ A3) oy ptAr A3 egﬂz’ (3.12)
or equivalently:

2
eTh v etz gt t(AitAs) (3.13)
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Here we interpret the exponential eX of a vector field X € I'(T M)
as being the associated flow map.

This formula says that one can successively follow the “legal”
directions A; and A to effectively move in the “illegal” direction of
Ay. Taking the lengths of these curves and adding them up gives an
approximative upper bound on the sub-Riemannian distance:

2
dg (pOa e%AQP()) = (w1 + w3 + 4/ w% + w%) |t]

(3.14)
< 2(wy + ws)|t].
Substituting ¢ > /2|t gives:
dy (po» €"*2po) B 2v/2(w; +w;) /[t (3.15)

This inequality, together with the smoothing trick to go from
(3.9) to (3.10), inspires then the following sub-Riemannian distance
approximation:

Pesr i= </(V<w1 +ws)) 2| + ((wyel)” + (w303)2)2 (3.16)

for some 0 < v < 2v/2 such that the approximation is tight. We
empirically suggest v ~ 1.6, based on a numerical analysis that is
tangential to the one performed in BExkERs, CHEN AND PORTEGIES
(2018), Fig.3. Notice that this approximation does not break down
when we let w; — 0.

Figure 3.4 shows that both the old sub-Riemannian approximation
(3.10) and new approximation (3.16) are appropriate in cases such as
wg = 1. Figure 3.5 shows that the old approximation breaks down
when we take ws = 0.5, and that the new approximation behaves
more appropriate.
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68

Figure 3.4: Visualization of the exact distance d, the

old sub-Riemannian approximation py g 4 (3.10), and the

new approximation py o (3.16). The metric parameters are

(wq,wy, ws) = (1,8,1). For the old approximation we chose v =

44, and for the new one v = 1.6. We see that in this case both
approximations are appropriate.

d pb,sr,old pb,sr

Figure 3.5: Same as Figure 3.4 but then with (w;,w,, w3) =

(1,8,0.5). In this case the old sub-Riemannian approximation

Ppsrold (3.10) underestimates the true distance and becomes less

appropriate. The new approximation py, ;. (3.16) is also not perfect

but qualitatively better. Decreasing w; would exaggerate this effect
even further.
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The Riemannian and sub-Riemannian approximations can be
combined into the following newly proposed practical approximation:

Pecom = max(l,min(pqsr,pc)), (3.17)

where [ : M, — R is given by:

L=y (w,2)? + (wy9)? + (w36)?, (3.18)

for which we will show that it is a lower bound of the exact distance
d in Lemma 3.4.

The most important property of the combined approximation is that it
automatically switches between the Riemannian and sub-Riemannian
approximations depending on the metric parameters. Namely, the
Riemannian approximation is appropriate very close to the reference
point p,, but tends to overestimate the true distance at a moderate
distance from it. The sub-Riemannian approximation is appropriate at
moderate distances from p,, but tends to overestimate very close to
it, and underestimate far away. The combined approximation is such
that we get rid of the weaknesses that the approximations have on
their own.

On top of these approximative distances, we also define p,, py g
and pj .o, by replacing the logarithmic coordinates ¢* with their
corresponding half-angle coordinates b* defined by:
1 0 .0
b =z cos; +ysing,

52 (3.19)

. 0 0
—msm5 +ycos§,
b3 =4.

So, for example, we define the half-angle distance approximation p, as:

oy =\ (w1)® + (wyh2)? + (w3b9)°. (3.20)

Why we use the half-angle coordinates will be explained in
Subsection 3.3.1.
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3.3 MAIN THEOREM AND ANALYSIS

When an approximate distance, such as the half-angle approximation
Py, is used in place of the true Riemannian distance d, an error is
introduced. The following theorem summarizes our analysis of the
quality of the approximative distances.

Theorem 3.1 (Quality of approximative distance): Let ¢ := w,/w;

denote the spatial anisotropy. We assess the quality of our

approximative distances in three ways:

+ The exact and all approximative distances have the same
symmetries, see Table 3.1.

« Globally it holds that:
1
< p <, (3.21)

from which it directly follows that when ( = 1 we have p, = d.
+ Locally around p, we have:

pp < (14¢€)d?, (3.22)
where
<2 —1 4 2
= C|6)3. 3.23
3 2’(0% pb + | | ( )

Proof: The proof of the parts of the theorem will be discussed
throughout the upcoming subsections.

» The symmetries are shown in Lemma 3.3.

+ The global bound is shown in Corollary 3.1.

+ The local bound is shown in Lemma 3.7.

O

In SMETS, PORTEGIES, BEKKERS AND DuITs (2023), Lem.20 the bound
d = d(py,-) < p,. is proven. Furthermore, it is shown that around p,
one has:

70



3 Distance Approximations on Position-Orientation Space

p2 < d? +0O(d*), (3.24)
which has the corollary that there exists a constant C' > 1 such that
p. < Cd (3.25)

for any compact neighborhood around p,. We improve on these results

by;

« Showing that the approximative distances have the same
symmetries as the exact Riemannian distance; Lemma 3.3.

« Finding simple global bounds on the exact distance d which can then
be used to find global estimates of p; in terms of d; Lemma 3.4. This
improves upon (3.25) by finding an expression for the constant C'.

 Estimating the leading term of the asymptotic expansion, and
observing that our upper bound of the relative error between p,
and d explodes in the cases ( — co and ws — 0; Lemma 3.7. This
improves upon (3.24).

Note, however, that we are not analyzing p, (3.8): we will be analyzing
pp (3.20). This is mainly because the half-angle coordinates are easier
to work with: they do not have the sincg factor that he logarithmic
coordinates have.

Using
1. b
b =c sinc 3,
b? = ¢? sinc g, (3.26)
b3 = c3,
recall (3.19) and (3.5), we see that
sinc § Pe < Py < Pe (3.27)

and thus locally p, and p, do not differ much. This means that bounds
on p, can be easily transferred to (slightly weaker) bounds on p,.
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3.3.1 SYMMETRY PRESERVATION

Symmetries play a major role in the analysis of (sub-)Riemannian
geodesics/distance in M. They help to analyze symmetries in
Hamiltonian flows (Mo1sEev AND SacHkoV (2010)) and corresponding
symmetries in association field models (Durts, Boscain, Rosst AND
SacHKOV (2014), Fig.11). There are together eight of them and their
relation with logarithmic coordinates ¢! (Lemma 3.1) shows they
correspond to inversion of the Lie algebra basis A; = —A, (2.10). They

are
e(z,y,0) = (z,9,9),
el(z,y,0) = (xcosf + ysinf, zsinf — ycosb, ),
e2(z,y,0) = (—xcosf — ysinh, —xsinf + ycos b, ),
e(z,y,0) = (—z,~y,90),
\ (3.28)
e'(z,y,0) = (—2,y,—9),
e5(z,y,0) = (—xcosf — ysinfh, xsin @ — ycos h, —0),
e%(z,y,0) = (xcos® + ysinf, —xsinf + ycos 0, —0),
e'(z,y,0) = (z,~y,—0).

All symmetries are involutions: ¢t o e’ = id. Henceforth, the eight
symmetries will be called the “fundamental symmetries”. In Figure 3.6
we have visualized the effect of the fundamental symmetries on a
single p € M.
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e(p)
e2(p) -
e*(p)
NS (p)

Po

e'(p)
D= () -
ep)

"(p)

Figure 3.6: Visualization of the positions-orientations &*(p) for a
specific p € M, where & are the fundamental symmetries (3.28).
The reference position-orientation p, = (0,0, 0) is also plotted.

How all fundamental symmetries relate to each other becomes clearer
if we write them down in either logarithmic or half-angle coordinates.

Lemma 3.1 (8 fundamental symmetries): The 8 fundamental
symmetries €%, in either half-angle coordinates b’ or logarithmic
coordinates c!, correspond to sign flips as laid out in Table 3.1.

Proof: We will only show that &2 flips b'. All other calculations are
done analogously. Pick a point p = (z, y, ) and let ¢ = £2(p). We now
calculate b!(q):
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b*(q) = z(g) cos @ +y(g) sin

6(q)

2
= —(xcosf + ysinbh) cosg

+(—xsinf + y cos 6) sing
=—x (cos 0 cosg + sin fsin g) (3.29)

. 0 .0

—y (sm 0 cos 5 — o8 0 sin 5)
= —wcose — sine
- PR
=—b! (p)7

where we have used the trigonometric difference identities of
cosine and sine in the second-to-last equality. From the relation
between logarithmic and half-angle coordinates (3.26) we have that
the logarithmic coordinates ¢ flip in the same manner under the

symmetries. O
g0 el &2 3 et &S S5 LT
et |+ + - - - — + +
v, e’[+ - + - + — + -

Bl + + + + - - = =

Table 3.1: The 8 fundamental symmetries €', in either half-angle
coordinates b or logarithmic coordinates ¢, correspond to sign flips.

The fixed points of the symmetries £2

, !, and €% have a geometric
interpretation. The logarithmic and half-angle coordinates, being so
closely related to the fundamental symmetries, also carry the same
interpretation. Definition 3.1 introduces this geometric idea and
Lemma 3.2 makes its relation to the fixed points of the symmetries
precise. In Figure 3.8 the fixed points are visualized, and in Figure 3.7

a visualization of these geometric ideas can be seen.

74



3 Distance Approximations on Position-Orientation Space

Definition 3.1 (Coradial, cocircular, and parallel): Two position-
orientations p;, p, € M, are called

« coradial if there exists a circle, of possibly infinite radius, such
that p; and p, are both inward or outward normals to the circle.

« cocircularif there exists a circle, of possibly infinite radius, such
that p; and p, are both clockwise or counterclockwise tangents

to the circle.

« parallel if their orientations coincide.

w -/

Coradial Cocircular Parallel
Figure 3.7: Examples of pairs of position-orientations in M, that are

coradial, cocircular, and parallel.

Co-circularity has a well-known characterization that is often used
for line enhancement in image processing, such as tensor voting
(MORDOHAI AND MEDIONT (2006)).

Remark 3.1: Point p = (7 cos ¢, rsin ¢, 0) € M, is cocircular to
the reference point p, = (0,0, 0) if and only if the double angle
equality § = 2¢ mod 27 holds.

In fact all fixed points of the fundamental symmetries can be intuitively
characterized:
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Lemma 3.2 (Fixed Points of Symmetries): Fix the reference point
po = (0,0,0) € M. The point p = gp, € M, with g € SE(2) is,
respectively,

+ coradial to p, when

cl(p) =0 &*(p) =p < g € exp((4y, 45)), (3.30)
« cocircular to p; when

?(p) =0 c'(p) =p e g € exp((4;, 45)), (3.31)
« parallel to p, when

(p) =0 e%(p) =p s geexp((4;,4y). (3.32)

Proof: We will only show (3.31), the other formulas are done
analogously. We start by writing g = (rcosy,rsing,6) and
calculating that p = gp, = (r cos @, rsin ¢, (cos§,sin#)). Then by
Remark 3.1 we know that p is cocircular to p, if and only if 2¢p =
6 mod 2. We can show this is equivalent to ¢?(p) = 0:

A(p) =0« b*(p) =0

<i>—a:sing—i—ycosg =0

2
3.33
@—cosgasing—i-simpcosgzo ( )
& sin(cp — g) =04 2¢ = 6mod 27.
In logarithmic coordinates €' is equivalent to:
el e, c%) = (¢}, —e?, ), (3:34)

from which we may deduce that ¢! (p) = p is equivalent to c2(p) =
0. Finally, the equivalence c?(p) = 0 < g € exp((4;, 4;)) follows
immediately from the definition of the logarithmic coordinates (3.5).0]

In MoOISEEV AND SacHkov (2010) it is shown that the exact
sub-Riemannian distance d , is invariant under the fundamental
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symmetries €. However, these same symmetries hold true for
the Riemannian distance d. Moreover, because the approximative
distances use the logarithmic coordinates ¢! and half-angle

coordinates b’ they also carry the same symmetries. The following
lemma makes this precise.

Lemma 3.3 (Symmetries of the exact distance and all proposed
approximations): All exact and approximative (sub)-Riemannian
distances (with respect to the reference point p,) (3.8), (3.9),
(3.10), (3.16), and (3.17), are invariant under all the fundamental
symmetries g°.

Proof: By Table 3.1 one sees that €3, e, and €5 generate all symmetries.
Therefore if we just show that all distances are invariant under these
select three symmetries we also have shown that they are invariant
under all symmetries. We will first show the exact distance, in either
the Riemannian or sub-Riemannian case, is invariant with respect to
these three symmetries, that is d(p) = d(£*(p)) for i € {3,4, 5}.

Consider the push forward e2. By direct computation (in (z,y, 0)
coordinates) we have si’./li]p = +A;|.s(,). Because the metric tensor
field G (3.1) is diagonal with respect to the A, basis (2.34) this means
that €2 is an isometry. Similarly, £* is an isometry. Being an isometry of
the metric G we may directly deduce that €2 and e* preserve distance.
The €5 symmetry flips all the signs of the logarithmic coordinates
¢', which amounts to Lie algebra inversion: —logg = log(e®(g)).
Taking the exponential on both sides shows that g=* = £5(g). By left-
invariance of the metric we have d(gp,,py) = d(py, g 'py), which
holds in both the Riemannian and sub-Riemannian case, and thus

d(gpo) = d(e°(gpy))-

That all approximative distances (both in the Riemannian and sub-
Riemannian case) are also invariant under all the symmetries is not
hard to see: every b’ and ¢’ term is either squared or the absolute value
is taken. Flipping signs of these coordinates, recall Lemma 3.1, has no
effect on the approximative distance. O
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In Figure 3.1 the previous lemma can be seen. The two fundamental
symmetries €2 and e! correspond, respectively, to reflecting the
isocontours (depicted in colors) along their short edge and long axis.
The £® symmetry corresponds to mapping the positive f isocontours to
their negative 6 counterparts. In Figure 3.8 one can see an isocontour
of p, together with the symmetry “planes” of €2, ¢! and &°.

Figure 3.8: In gray the isocontour p, = 2.5 together with the fixed

points of €2 (red), e! (green), and €° (blue). For €2 and ¢! only the

points within the region x? + y? < 22 are plotted. The fixed points

of €2, ¢!, and €% correspond respectively to the points in M, that

are coradial, cocircular, and parallel to the reference point p,. The
metric parameters are (w, w,, ws) = (1,2, 1).

3.3.2 SiMPLE GLOBAL BOUNDS

Next, we provide some basic global lower and upper bounds for the
exact Riemannian distance d. Recall that the lower bound [ plays an
important role in the combined approximation p,. .., (3.17) when far
from the reference point p.

Lemma 3.4 (Global bounds on distance): The exact Riemannian
distance d = d(p,,-) is greater than or equal to the following
lower bound [ : M, — R:
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L\ (0,2) + (0,)” + (wy6)’ <d,  (3.35)

and less than or equal to the following upper bounds u;, u, :
M, —- R:

d <y =\ (W) + (wyy)® + (wy6)?,

(3.36)
d < uy =\ (w,3)? + (wyy)? + wyr.

Proof: We will first show [ < d. Consider the following spatially
isotropic metric G with corresponding norm:

I(p, )G = (wil2])* + (wslal)?, (3.37)

wherep = (z,n) € Myandp = (z,7n) € T,M,. We assumed, without
loss of generality, that w; < ws, so for any vector v € TM,, it holds
that |v|g < |v]g. From this we can directly deduce that for any
curve y on M, we have that Ls(7) < Lg(7). Now consider a length-
minimizing curve v with respect to G between the reference point p,,
and some end point p. We then have the chain of (in)equalities:

dg(p) < Lg(y) < Lg(v) = dg(p). (3.38)

Furthermore, because the metric § is spatially isotropic (2.39) we have

do(p) = \ (o) + (wy)? + (w,0)’ =1 (3.39)

Putting everything together gives the desired result of [ < d. To show
that d < u; can be done analogously.

As for showing d < u, we will construct a curve v of which the length
L(~y) with respect to G can be bounded from above with u,. This in
turn shows that d < u, by definition of the distance. Pick a destination
position and orientation p = (x,n). The constructed curve -y will be
as follows. We start by aligning our starting orientation ny, = (1,0) €
S1 to the destination position z. This desired orientation towards x is
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& := T wherer = |z| = /22 + y2. This action will cost wa for some
a > 0. Once we are aligned with £ we move towards x. Because we
are aligned, this action will cost w;r. Now that we are at  we align
our orientation with the destination orientation n, which will cost w4b
for some b > 0. Altogether we have L(vy) = wyr + wg(a + b). In its
current form the constructed curve actually does not have a + b < 7
as desired. To fix this we realize that we do not necessarily have to
align with 2. We could have aligned with —% and move backwards
towards z, which will also cost w;r. One can show that one of the
two methods (either moving forwards or backwards towards x) indeed
ensures that a + b < 7, and thus d < u,. O

These bounds are simple but effective: they help us prove a multitude
of insightful corollaries.

Corollary 3.1 (Global error distance): Simple manipulations,
together with the fact that z? +y* = (b')?+(b?)?, give the
following inequalities between [, u; and p,:

1
1< pp <y, EU1 <pp <l (3.40)

The second equation can be extended to inequalities between p,
and d:

%d < py < Cd. (3.41)

Remark 3.2: In the spatially isotropic case w; = wy & ¢ =1,
then the lower and upper bound coincide, thus becoming exact.
Because p, is within the lower and upper bound it also becomes
exact.

The previous result indicates that problems can arise if { — oo, which
indeed turns out to be the case:
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Corollary 3.2 (Observing the problem): If we restrict ourselves
to z = 6 = 0 we have that u; = p, = p, = w,|y|. From this we
can deduce that one can be certain that both p, and p,. become
bad approximations away from p,. Namely, when ¢ > 1 < wy >
w; both approximations go above u, if one looks far enough
away from p,. How “fast” it goes bad is determined by all metric
parameters. Namely, the intersection of the approximations p,
and p,, and u, is at |y| = (wsm)/(wy — wy ), or equivalently at
p = (wsm)/(1 —¢1). This intersection is visible in Figure 3.9
in the higher anisotropy cases. From this expression of the
intersection we see that in the cases w3 — 0 and ¢ — oo the
Riemannian distance approximations p, and p, quickly go bad.
We will see exactly the same behavior in Lemma 3.7

Lemma 3.4 is visualized in Figure 3.9 and Figure 3.10. In Figure 3.9 we
consider the behavior of the exact distance and bounds along the y-
axis, thatis at z = 8 = 0. We have chosen to inspect the y-axis because
it consist of points that are hard to reach from the reference point p,
when the spatial anisotropy is large, which makes it interesting. In
contrast, along the z-axis [, d, py, p.., u; and w, |z| all coincide, and is
therefore uninteresting. To provide more insight we also depict the
bounds along the y = x axis, see Figure 3.10. Observe that in both
figures, the exact distance d is indeed always above the lower bound [
and below the upper bounds u; and u,.
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—2 0 2 —2 0 2 —2 0 2 —2 O

MMM

Figure 3.9: Exact distance d (red), lower bound ! (blue), and upper
bounds u; (green), u, (purple) along the y-axis, i.e atz = 6 = 0, for
increasing spatial anisotropy. We keep w; = ws = 1 and vary w,.
The horizontal axis is y and the vertical axis the value of the distance/

N~ O

bound. Note how the exact distance d starts of linearly with a slope
of w,, and ends linearly with a slope of w;.

wy =1 Wy = 2 wy =3 wy =4
-2 0 2 =2 0 2 —2 0 2 —2 0 2

\V/

Figure 3.10: Same setting as Figure 3.9 but at z = y, 6 = 0. The

S N e O

horizontal axis moves along the line z = y.

3.3.3 AsyMPTOTIC ERROR EXPANSION

In this subsection we provide an asymptotic expansion of the
error between the exact distance d and the half-angle distance
approximation p, (Lemma 3.7).

Lemma 3.5: Let 7 : [0, 1] — M, be a minimizing geodesic from p,,
to p. We have that:

py(p) < d(p) max Hdpb|~, t)” (3.42)

t€l0,1]

Proof: The fundamental theorem of calculus tells us that:

/ (py 2 7) (8) dt = py((1)) — py(7(0)) = py(p),  (3.43)
0
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but one can also bound this expression as follows:

1 1
/ (py o) (£) dt = / (dpal, 3(0))
0 0

1
< / sl |70 dt
0

(3.44)
1
< d y(t)| dt
< (bl ) [ i
=d d
(p) p) max (e
Putting the two together gives the desired result. O
Lemma 3.6: One can bound |dp, | around p, by:
¢ -1 3
lipol? < 1+ g2+ 0(0%). (3.45)

3

Proof: We start by writing out the explicit form of |dp,|® in the left-
invariant frame:

||dpb"2 = wfz(AMb)z + w52(/lzpb)2 + ng("q3pb)2‘ (3.46)

By replacing the left-invariant derivatives with half-angle coordinates
derivatives we can equivalently write this as:

L (10p 2 2
Y2 1t

2
. b2\ ap b\ ap
+(w12 _ w22) CcOoS (—) b1 +s (5) W
2

%

* a2

(3.47)
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where 1) = arctan(b®,b'), 8, = b*9y1 — b'9y2, and we omitted the
subscript b from p for conciseness. We are going to Taylor expand the
sin and cosine in the second term up to the second order term. This

becomes
2
B\op . (b Op op |?
COS(E)W“”‘(? 2|~ |ant
(3.48)
Op Op op Bp
0 63
+ (ab16b2) 7 (ab2 1| | TOO):
This allows us to write ||dp,|” as
Lot Lot Lleef
UJ12 W +’LU22 ﬁ +’U)32 % + €. (349)

Making use of the fact that the first part in this expression equals 1,
we can thus write |dp,|* = 1 + ¢. The exact form of ¢ is as follows

wi — wh ( 4 2(b1b3) (b2b3)
———= _(wiw — wiw
T A :

+uwdud(w? —w) (410%)" ) + O(6%).

£ =
(3.50)

Using that w;| b*| < p, we can bound the expression from above by

|w1 %|

€< pbﬁ( w? +wd + |w? —w3|) +0(6%). (3.51)

Finally the lemma follows by algebraic manipulations and the fact that
wy < wy.

O

By combining Lemma 3.5 and Lemma 3.6 one can find an expression
for the asymptotic error between the exact distance d and the half-
angle approximation p,,.
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Lemma 3.7: Around any compact neighborhood of p, we have
that

2

1
pi < (1+¢)d?, where ¢:= ¢ Ctpi + Cl0)3. (3.52)

2w§
for some C > 0.

Proof:Let p € U be given, and let vy : [0, 1] — M), be the geodesic from
Do to p. For the distance we know that

d(v(s)) < d(y(t)), for s <t. (3.53)

Making use of (3.41) we know that %pb < d < {p, so we can combine
this with the previous equation to find:

py(1(3)) < Cpy(7(t)), for s <t (3.54)
from which we get that
max p,(7(t)) < 2py(p)- (3.55)
t€[0,1]

Combining this fact with the above two lemmas allows us to conclude
(3.52). O

3.4 EXPERIMENTS

In this section we perform three experiments. First, we quantify the
error of the half-angle approximation p, by numerically computing
the exact Riemannian distance d and comparing it with p,. Second,
we assess the performance of PDE-G-CNN5s versus CNNs and G-CNNs
on the DCA1 dataset (Subsection 2.8.2), and examine how different
distance approximations influence the accuracy of the PDE-G-CNN
architecture. Third, we repeat the DCA1 experiments on the Lines
dataset (Subsection 2.8.3). The code for these experiments is available
in the GitLab repository LiIETORCH.
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3.4.1 ERROR OF HALF-ANGLE APPROXIMATION

We can quantitatively analyze the error between any distance
approximation p and the exact Riemannian distance d as follows. We
do this by first choosing a region {} C M, in which we will analyze
the approximation. Just as in Figure 3.2 and Figure 3.3 we decided
to inspect Q :=[—3,3] x [-3,3] X [—7,m) C M,. As for our exact
measure of error € we have decided on the mean relative error defined
as:

= p(dp) (3.56)

1 /Ipb(p)—d(p)!
() Jg d(p)

where g is the induced Riemannian measure determined by the
Riemannian metric G. We then discretized our domain 2 into a grid
of 101 x 101 x 101 uniformly spaced points p, € €2, indexed by some
index set ¢ € I, and numerically solved for the exact distance d on
this grid. This numerical scheme is of course not exact and we will
refer to these values as d; ~ d(p;). We also calculate the value of the
distance approximation p on the grid points p, := p(p;). Once we have
these values we can approximate the true mean relative error € by
calculating the numerical error € defined by:

=& Lyl |p’ — 4 (3.57)

el

22
0)1

In Table 3.2 the numerical mean relative error € between the half-
angle approximation p, and the numerical Riemannian distance d can
be seen for different spatial anisotropies (. We keep w; = w3 =1
constant and vary w,. We see that, as shown visually in Figure 3.2 and
Figure 3.3, that p, gets worse and worse when we increase the spatial
anisotropy (.

There is a discrepancy in the table worth mentioning. We know
from Remark 3.2 that when ( =1 then p, = d and thus € = 0. But
surprisingly we do not have € = 0 in the ( = 1 case in Table 3.2. This
can be simply explained by the fact that the numerical solution d is
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not exactly equal to the true distance d. We expect that € will go to 0
in the ¢ = 1 case if we discretize our region {2 more and more finely.

We can compare these numerical results to our theoretical results.
Namely, we can deduce from (3.41) that: @ < ¢ — 1, which means

e<(—1. (3.58)

And so we expect this to also approximately hold for the numerical
mean relative error €. Indeed, in Table 3.2 we can see that &€ 5 ( — 1.

Interestingly, we see that € is relatively small compared to our
theoretical bound (3.58) even in the high anisotropy cases. However,
this is only a consequence of the relative smallness of ). If we make
Q) bigger and bigger we can be certain that € converges to ¢ — 1. This
follows from an argument similar to the reasoning in Corollary 3.2.

¢ 1 15 2 3 4 6 8
& 0.027 0051 0.14 041 071 14 2.1

Table 3.2: Numerical mean relative error &€ between p, and d for
multiple spatial anisotropies (.

3.4.2 DCA1
To establish a baseline we train a 3, 6, and 12 layer CNN, G-CNN and
PDE-G-CNN on the DCA1 dataset (Subsection 2.8.2).

Since the goal is coronary artery segmentation, we will be training
using the Dice loss (2.59). The exact architectures are identical/
analogous to the ones used in SMETs, PORTEGIES, BEKKERS AND DUITS
(2023), Fig.15. For the baseline the logarithmic distance approximation
p. was used within the PDE-G-CNNS, as this approximation was the
first to be proposed and used. Every network was trained 10 times for
80 epochs. During training, the average Dice coefficient on the test
set is computed after each epoch, and the best value is recorded. The
result is 10 Dice coeflicients for every architecture. The number of
parameters of the networks can be found in Table 3.3. The outcome of
this baseline can be seen in Figure 3.11.

87



3 Distance Approximations on Position-Orientation Space

We see that PDE-G-CNNs consistently perform equally well as, and
sometimes outperform, G-CNNs and CNNgs, all the while having the
fewest parameters of all architectures.

Parameters 3 layers 6 layers 12 layers
CNN 2814 25662 73614
G-CNN 2058 24632 72728
PDE-G-CNN 1264 2560 2698

Table 3.3: The total amount of parameters in the networks that are
used in Figure 3.11.

Architecture
3layers  6layers 12 layers

0.80
.E X X x X
g X x
Q
= X
(%)
o
O
S
A X X

0.60

Figure 3.11: A scatterplot showing how a 3, 6, and 12 layer CNN

(red), G-CNN (blue), and PDE-G-CNN (green) compare on the DCA1

dataset. The crosses indicate the mean. We see the PDE-G-CNNs

provide equal or better results with respectively 2, 10 and 35 times
less parameters, see Table 3.3.

To compare the effect of using different approximative distances we
decided to train the 6 layer PDE-G-CNN (with 2560 parameters) 10
times for 80 epochs using each distance approximation. The results can
be found in Figure 3.12 and Figure 3.13.

We see that on DCA1 all distance approximations have comparable
accuracy. We notice a small drop in effectiveness when using p, ,, and
a small increase when using py, .o,
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Distance Approximation
Pe Pb pb,sr pb,com

0.80

Dice Coefficient
X
X
X

0.75

Figure 3.12: A scatterplot showing how the use of different distance
approximations affect the accuracy of the 6 layer PDE-G-CNN on
the DCA1 dataset. The crosses indicate the mean.

Input

Target Po st Pb,com
Figure 3.13: One sample from DCA1 and the corresponding outputs
of the 6 layer PDE-G-CNN for each distance approximation. The
networks have an accuracy approximately equal to the mean in
Figure 3.12. In agreement with the scatterplot, it is hard to spot a
noticeable difference between distance approximations.
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3.4.3 LINEs

We anticipate that PDE-G-CNNs outperform classical CNNs on the
Lines dataset (Subsection 2.8.3) due to PDE-G-CNNs being able to
dilate and erode. To establish a baseline we train a 6 layer CNN, G-
CNN and PDE-G-CNN.

For this baseline we again used p, within the PDE-G-CNN, but
changed the number of channels to 30, and the kernel sizes to [9, 9, 9],
making the total amount of parameters 6018. By increasing the
kernel size we anticipate that the difference in effectiveness of using
the different distance approximations, if there is any, becomes more
pronounced. Every network was trained 15 times for 60 epochs. The
result of this baseline can be seen in Figure 3.14.

We see that the PDE-G-CNN outperforms the G-CNN, which in turn
outperforms the CNN, while having the fewest parameters.

Architecture
1.00
k5 X
Q
E X
Q
o X
2
0.90

Figure 3.14: A scatterplot showing how a 6 layer CNN (red, 25662

parameters), G-CNN (blue, 24632 parameters), and a PDE-G-CNN

(green, 6018 parameters) compare on the Lines dataset. The crosses
indicate the mean.

We again test the effect of using different approximative distances
by training the 6 layer PDE-G-CNN 15 times for 60 epochs for every
approximation. The results can be found in Figure 3.15.

We see that on the Lines dataset all distance approximations
again have a comparable accuracy. We again notice an increase
in effectiveness when using py .o, just as on the DCA1 dataset.
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Interestingly, using p;, . does not seem to hurt the accuracy on the
Lines dataset, which is in contrast with DCA1. This is in line with
what one would expect in view of the existing sub-Riemannian line-
perception models in neurogeometry.

Distance Approximation
Pe Pp pbA,sr pb,com

1.00

Dice Coefficient
X
X
X

0.95

Figure 3.15: A scatterplot showing how the use of different distance
approximations affect the accuracy of the 6 layer PDE-G-CNN on
the Lines dataset. The crosses indicate the mean.

3.5 CONCLUSION

In Theorem 3.1 we show local and global bounds on the error between
the half-angle distance approximation p, and the exact Riemannian
distance d on M,. Our new estimates for distance on M, have bounds
that explicitly depend on the metric tensor field coefficients. This
allows us to theoretically underpin that if the spatial anisotropy goes
up, the distance approximations become less and less accurate.

Indeed, as we show qualitatively in Figure 3.3 and quantitatively in
Subsection 3.4.1, if the spatial anisotropy ( is high one must resort
to sub-Riemannian approximations. Furthermore, we propose a single
distance approximation py, ., that works both for low and high spatial
anisotropy.

Apart from how well we approximate the true Riemannian distance,
there is the issue of how well each of the distance approximations
perform in applications within the PDE-G-CNNs. In practice, the
approximations py, p., P, com Perform similarly. This is not surprising
as our theoretical result Lemma 3.3 reveals that all distance
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approximations carry the correct eight fundamental symmetries.
Nevertheless, Figure 3.12 and Figure 3.15 do reveal advantages of using
the new distance approximations (in particular p;, ,,) over the old
approximation p,,.

In all cases, the PDE-G-CNNss still outperform G-CNNs and CNNs on
the DCA1 and Lines datasets: they have a higher (or equal) accuracy,
while having a huge reduction in network complexity, even when
using 3 layers. Regardless of the choice of distance approximation
(Pes Pos Pb se> Pb com) the advantage of PDE-G-CNNs over G-CNNs and
CNNs is significant, as can be clearly observed in Figure 3.11 and
Figure 3.14.

Altogether, PDE-G-CNNs have better geometric reduction, accuracy,
and geometric interpretation, than classical CNNs and G-CNNs on
various segmentation problems.
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INVARIANT METRICS ON
PosiTION-ORIENTATION SPACE

4.1 INTRODUCTION

Riemannian metrics § on position-orientation space M that are
invariant under the roto-translation group SE(3) appear in various
works related to medical image analysis, including enhancement,
denoising, and segmentation (DUITs AND FRANKEN (2011), PORTEGIES,
FICK, SANGUINETTI, MEESTERS, GIRARD AND DuITS (2015), PORTEGIES,
SANGUINETTI, MEESTERS AND DUITS (2015), PORTEGIES (2018), DuUITsS,
ST-ONGE, PORTEGIES AND SMETS (2019), SMETS, PORTEGIES, ST-ONGE
AND Durts (2021), SMETS, PORTEGIES, BEKKERS AND DuITS (2023)).
Such invariant metrics G are used to define (nonlinear) PDEs on M
which process the data in a roto-translation equivariant manner.

In practice, we are interested in the induced Riemannian distance dg :
M3 x M3 — R. This is because, if one has access to the Riemannian
distance, it can be used to efficiently solve the PDEs numerically, as for
example seen in Section 2.6.

However, in general, the exact Riemannian distance on Mj is
expensive to determine. In PORTEGIES, SANGUINETTI, MEESTERS AND
Durts (2015) it is therefore suggested to instead use, what we will call,
the mav distance

g(P1,p2) = Lg(n), (4.1)

where 7:[0,1] - M; is the curve 7(t) = exp(M(p;,p2)t) > pq,
and M (p;,p,) € s¢(3) is the unique generator between p; and
exp(M (py,ps)) B> p; = py With minimal angular velocity (mav).

The mav distance is favored over the Riemannian distance as it is more
tractable: the calculation of the length of 7 is straightforward. Indeed,
one can show that
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Lg(n) = |M(py,ps) > pillg- (4.2)

We see an application of the mav distance ¢ in equivariant machine
learning, specifically to be used as an invariant in the PONITA
architecture (Section 2.7). Namely, all invariant metrics G on a
homogeneous space can be parametrized by a small set of real numbers
- the metric parameters w,; — and M is no different. This means that
the mav distance fg is in fact a trainable invariant with the metric
parameters w, acting as learnable weights.

In this chapter, we investigate if the mav distance pg(p;,p,) can
positively impact the accuracy of the PONITA architecture. However,
before we can do this we need to: 1) classify and parametrize all
SE(3) invariant metrics G on M3, and 2) explicitly construct the mav
generator M (py, py).

4.1.1 CONTRIBUTIONS

We classify and parametrize all SE(3) invariant metrics G on M. Our
rigorous approach reveals a broader family of metrics than the related
literature currently suggests.

We explicitly construct the mav generator M (p;, p,) € se¢(3) between
two position-orientations p;,p, € M3. Our approach is more
geometric than algebraic, building upon the fact that any roto-
translation can be realized as a screw displacement.

We incorporate the mav distance pg(p;,p,) as a trainable invariant
into the PONITA architecture and examine its impacts on accuracy.

4.1.2 OUTLINE

+ InSection 4.2 we classify and parametrize all SE(3) invariant metrics
G on M.

+ In Section 4.3 we explicitly construct the mav generator M (p;, p,).

+ InSection 4.4 we experimentally evaluate the mav distance 1 using
the PONITA architecture.

« In Section 4.5 we conclude this chapter.
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4.2 INVARIANT METRICS

In this section we classify all SE(3) invariant metrics § on M;. We
will only state the parallelogram law abiding norm |-|g. One can
reconstruct the corresponding inner product using the polarization
identity.

Theorem 4.1 (SE(3) Invariant Metrics on Mj): Let p = (z,n) €
Mj and p = (2,7) € T,Mj;. Every SE(3) invariant Riemannian
metric tensor field G on M yields a norm of the form
L\ (12 . 2 . 2 L\ 2
|, )5 = (wi|2 - n))” + (wall@ x nf)” + (ws]n])

(4.3)
+2w,k - N+ 2wy - (N X n),

with constants w, € R that satisfy the positivity constraint

wiw3 > wi + w?.

Proof:

Invariance. To prove that the stated metric is indeed SE(3) invariant
we must show that ||g > (p,p)|s = [[(p,P)|g for all g € SE(3) and
(p,p) € TM. This is quickly verified using (2.23) and (2.24) and basic
properties of the inner and cross product.

Classification. Consider an arbitrary SE(3) invariant metric . To
prove that 7 is of the form (4.3) it suffices to show that 7, coincides
with (4.3) at any position-orientation p = (z, n). That the w; have to
be constants then follows from the invariance together with the fact
that SE(3) acts transitively on M.

Let e, e5, and e be any orthonormal basis of R? with e; = n. Define
the baSiS f]. == (61,0), f2 = (62,0), f3 = (63,()), f4 = (O, 62), f5 =
(0, e5) for T,Mj3. One can check that this is indeed a basis of 7, M
(2.21). Define the components h,; = .’}[p(fi, fj).

The metric 7, should be invariant under stab p C SE(3) which
are rotations in the plane spanned by e, and e; (positioned at x).
Specifically, consider the g € stab p that rotates e, = e; and e; -
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—e,. Enforcing invariance under this specific rotation in the f basis
we find the equations .7{p(fi, fj) = }[p(gfi, gfj) foralli,j=1,...,5.
Two examples are

h23 = ﬂp(fQ?f?)) = %p(gf27gf3) = %p(f377f2) = 7h327(4 4)
h34 = %p(f3’f4) = %p(gf37gf4) = ﬂp(_f27f5) = _h25' ‘

These equations, together with the symmetry constraints h;; = h;;,

leaves us with the following component matrix

h, 0 0 0 0
0 hy 0 hy hy
hij = 0 0 hgy —hy hy
0 hyy —hys hy O
0 hgs hyy 0 hy i
(4.5)
wi 0 0 0 O
0 wi 0 wy wy
=10 0 wi —w; w| ,
0 wy —wy; w2 0
0 wy wy, 0 w3

(]

2 02 2
where we relabel by, hoy, hyy, Roy, hos = Wi, w5, w3, wy, ws.

that is © = cle; +
c?eqy + c3e; and 1 = ctey + cSey. Recall that n = e;. Finally, we can
check that ||(p, p)|% is indeed of the form (4.3):

Consider a tangent vector p = (&,n) = c'f;,
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|(p, D)5 = hyjc'c?
= wicte! + wi(c?e? + 3e3) + wi(ctet + 5cP)
+2w, (c2c* + c3¢5) + 2wy (c*c® — Bc?)
= wl((cle; + ey + ceg) - ey)”
+w3||(ctey + c?ey + cPeg) ¥ el||2 (4.6)
+w§||c462 + 0563”2
+2wy(cte; + c?ey + c3ey) - (ctey + cPey)
+2w;y(cle; + c?ey + cBey) - ((ctey + cPeg) X eq)
= [(p,9)I3-

Positivity. To prove the positivity constraints we will apply
Sylvester’s criterion to the matrix (4.5) that encodes the metric.
The determinants of the upper-left minors are, respectively, w?,
whh, whd, wiud(wiul — v} —ud), and v (whud — wl — w)’.
Requiring all of these determinants to be positive and simplifying the
resulting system of inequalities yields the single inequality w3w3 >
w2 + wi. O

Remark 4.1: This result is in contradiction with SMETS, PORTEGIES,
BEKKERS AND Dutts (2023), Prop.14 where it is claimed that every
invariant metric G yields a norm of the form

I(p, )5 = (w3 n])* + (wall& x n])* + (wsil)”. (4.7)

Remark 4.2: The positivity constraint wiw3 > w? + w? seems to
be related to

|& < n?[A]* = (& - 7)? + (& - (7 x n))? (4.8)

but the exact relation is unclear to the authors.
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Remark 4.3: In a similar fashion one can show that every metric §
that is invariant under the rigid transformation group E(3) yields
a norm of the form

[P, 5)I5 = (w1]& - n)* + (wall& x nl)* + (wsi])?

4.9

which can be obtained from (4.3) by setting wy; = 0. In fact, this
result generalizes to E(d) invariant metrics on M for all d > 2
by replacing |£ x n| with ||Z A n.

4.3 MAv GENERATOR

In this section, we describe how one can obtain the minimal angular
velocity (mav) generator M (p;,p,) € s¢(3) between two position-
orientations p;,p, € Mj. In Figure 4.1 the curve 7(t) := exp(Mt) >
p; of the mav generator M is shown, alongside the curves of two other

generators.
Jw| = 2.36... Jw| = 8.85... Jw| = 9.42...
s /—\\
d }
\ 4
(S ANEEN |
! - 1
= == \
= = SN~

Figure 4.1: Visualization of the curve 7(t):=exp(Xt) > p;

connecting the position-orientations 7(0) = p; and n(1) = p,, for

three different generators X € se(3). The angular velocity |w]|| of

the generator X = (v,w) is indicated above the plots. The leftmost

plot corresponds to the mav generator X = M (p,, p,), which, by
definition, has minimal angular velocity.

We will proceed as follows. First, we start by constructing the planar
roto-translation S = exp(M) € SE(3), that being the exponential of
the mav generator. Second, we rewrite the planar roto-translation S
as a screw displacement. Third, we find a generator of the obtained
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screw displacement, this being the mav generator. We take this
approach because identifying a generator of a screw displacement is
more straightforward.

Although the planar roto-translation was already described in
PORTEGIES, SANGUINETTI, MEESTERS AND DUITS (2015), we provide a
new geometric perspective and construction, combined with a way to
efficiently calculate the corresponding mav generator.

Definition 4.1 (Planar Roto-Translation & Mav Generator): Let
p1 = (21,19), Py = (9, n4) € My be two position-orientations.

The planar roto-translation S(p;,p,) € SE(3) from p; to S >
D, = Po is the unique roto-translation whose rotation is purely in
the plane spanned by the orientations 1, and n,.

The mav generator M (p,,p,) € se(3) is the unique generator of
the planar roto-translation (so exp M = S) with minimal angular
velocity.

Explicitly constructing the planar roto-translation S can be done as
follows. Let N = span {n,, n,} be the rotation plane, § = arccos(n; -
ny) € [0, 7] the rotation angle, L = (nyn{ — n;ng )/ sin(6) the unit
radian rotation generator in N, w = 0L the rotation generator,
and R = expw the corresponding rotation matrix. Using Rodrigues’
rotation formula we can simplify the exponential to R = expw = I +
sin(f)L + (1 — cos(6))L?. The planar roto-translation is then S : z
R(z —xy) + x4

We can now explicitly construct the mav generator M. To find it we
will write the planar roto-translation as a screw displacement.

Definition 4.2 (Screw Displacement): A screw displacement is a
roto-translation in the form of z - ¢ + R(z — ¢) + t with Rt =
t. That is, the translational part ¢ is orthogonal to the plane of
rotation, or, equivalently, the translational part is parallel to the
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4 Invariant Metrics on Position-Orientation Space

axis of rotation. We call ¢ the center of rotation of the screw
displacement.

Every roto-translation can be written as a screw displacement, this
is known as Chasles’ theorem (HEARD (2005)). More specifically, we
can write the planar roto-translation as a screw displacement as
follows. Let & = z, — x; be the vector from z; to z,, z,, = (x; +
Z5)/2 the midpoint, and decompose Z = Z + Z, into a parallel and
perpendicular part with respect to the rotation plane N. Define ¢ =
Z,, + %cot(g)LfH. The planar screw displacement is then x — ¢ +
R(xz — ¢) + &, . The situation is visualized in Figure 4.2, and explains
geometrically how we obtained the formula for the center of rotation
c.

’I’L2 R S R S
)
Ty Ny

Overview. Top view. Front view.

Figure 4.2: Diagram of the center of rotation c of the planar screw

displacement between two position-orientations p; = (z1,n,),

Py = (Z9,Mn4) € Mj. The circles are aligned with the rotation plane

N. For the sake of clarity, only in the top view the labels have been
placed.

Finding a generator for a screw displacement = — ¢ + R(z —c¢) +
is straightforward. Namely, a generator is z = w(z — ¢) + v, where w
is a generator of R in SO(3), and v = t is the generator of ¢ in R3.
Particularly, the mav generator M for the planar screw displacement
Sisxz > w(x—c)+Z,, wherew = 6L.

So, all in all, we have the following explicit form for the mav generator.
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Proposition 4.1 (Explicit Mav Generator): The mav generator
M (p,,py) € s¢(3) between two position-orientations p; =
(z1,m1), Py = (79, ny) € My is

M = (—wec +v,w) (4.10)
wherew =60L,c ==z, + 5 cot( )Li’H, v=2,,0 =arccos(ny -

ny), L = (nyn{ —nqng )/sm( ), T,, = (T + 25)/2, and T =
.’E2 —.’171.

4.4 EXPERIMENTS

The standard PONITA architecture builds upon 3 scalar SE(3)
invariants:

L (P1sPa) = (Ty — 1) -1y
ta(P1,P2) = [(zg — &1) — ¢1(P1, P2)1 | (4.11)

t3(P1,p2) = arccos(n, - ny)

where p; = (z1,ny), py = (z9,ny) € M. We compare this
architecture against one where these 3 invariants are completely
replaced by the mav distance pg:

pg(P1,p2) = |M(p1,p2) > pil g (4.12)

where G is the SE(3) invariant metric on M determined by the
learnable metric parameters wy, ..., wys as described in Theorem 4.1,
and M (p;, p,) the mav generator as described in Proposition 4.1. We
investigate if this replacement has a positive impact on the accuracy
of PONITA.

Through a reparameterization of the metric parameters w, and
wy one can enforce the (semi)positivity constraint w3w3 > w? +
w?. For example, one can define w, = a,0 and wg = a5, where
§ = 2wyws /(14 a3 + a?). However, in practice, enforcing these
constraints yielded no noticeable benefits. We therefore left the metric
parameters unconstrained, allowing the mav “distance” to take on
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negative values. This modification preserves the SE(3) invariance of
the mav distance.

We performed some experiments on the QM9 dataset
(Subsection 2.8.4), where the task is to predict properties of various
molecules. We choose to discretize with 16 orientations, use 6 layers,
128-dimensional features, and train for 800 epochs. All other model
settings and hyperparameters are kept the same as in BEKKERs,
VADGAMA, HESSELINK, VAN DER LINDEN AND ROMERO (2024), App.E.2.
We report the mean absolute error on the test set with the model
that did best on the validation set during training. The code for this
experiment is available in the GitLab repository PONITA INVARIANTS.
The results can be found in Table 5.1.

We see that the use of the mav distance within PONITA has a positive
impact on accuracy on 7 of the 12 targets we experimented on, with
an average improvement of —4.0%.

Target Unit | Bekkers (4.11) Mav (4.12) Diff. %
m D 0.0195 0.0181  -07.2
a al 0.0556 0.0540  -02.9
€homo €V 0.0225 0.0229  +01.8
Elamo €V 0.0205 0.0207  +01.0
Ae eV 0.0414 0.0431  +04.0
(R? a2 0.4160 0.4942  +18.8
ZPVE meV 1.5647 15613 —00.2
Uy eV 0.9920 0.7047 289
U eV 1.3593 1.0947  -19.5
H eV 1.0204 1.0856  +06.4
G eV 1.1856 0.9691 -18.3
Co = 0.0291 0.0283  -02.8

Table 4.1: PONITA trained to predict chemical properties of various
molecules (QM9 dataset). Mean absolute error on the test set is
reported (lower is better).
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4.5 CONCLUSION

In Section 4.2 we classified and parametrized all SE(3) invariant
Riemannian metric tensor fields G on M. In Section 4.3 we
explicitly constructed the mav generator M (p;,p,) € se(3) between
two position-orientations p;,p, € Ms. These two results allowed us
to use the mav distance pg(p;,p,) as a trainable invariant in the
PONITA architecture.

In Section 4.4 we performed an experimental comparison between the
mav distance (4.12) and the invariants proposed in Bekkers et al. (4.11).
We did this by training the PONITA architecture to predict chemical
properties of various molecules (QM9 dataset, Subsection 2.8.4). We
observe marginal improvements in accuracy when using the mav
distance.
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INVARIANTS BETWEEN PAIRS OF
PosiTION-ORIENTATIONS

5.1 INTRODUCTION

To create E(3) equivariant neural networks on M, one is motivated
to create and study scalar E(3) invariant kernels k : M5 x M3 — R,
that being functions with the property that

k(g > py,9 > po) = k(py,p2), (5.1)

for all p;,p, € M3 and g € E(3). Namely, these invariant kernels &
are used to perform equivariant processing of scalar fields f : M3 —
R, a core ingredient in any equivariant architecture, such as PONITA
(Section 2.7).

Consider any collection of scalar invariants ¢y, ..., ¢, : M3 x M3y —
R. We can create a new invariant ¢ easily by considering any
function h : R™ — R and defining ¢" = h(¢q, ..., ¢,,). This observation
has an immediate application in our architectures: we can decide to
parameterize the kernels k by, for example, a multi-layer perceptron
MLP, : R® — R with trainable parameters 6, and inserting a
predesigned collection of n invariants: k = MLP,(¢q,...,¢,,). This
motivates looking into what an “optimal” collection of scalar
invariants would be, so that we can construct networks that are
maximally expressive and efficient.

Suppose we have a collection of invariants where one of them is
a function of the others. If this happens we say the collection of
invariants is dependent (Definition 5.3). A dependent collection is not
“optimal” in the sense that we could remove the dependent invariant
and (theoretically) lose no expressiveness.

On the other hand, suppose we have a collection of invariants for
which we know that any other invariant one can think of is a
function of them. We say such a collection of invariants is universal
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(Definition 5.2). A universal collection of invariants is “optimal” in
the sense that there is no reason to add another invariant because we
(theoretically) gain no expressiveness.

This motivates our search for a collection of scalar invariants that is
both independent and universal, which will serve as a type of basis for
invariant kernels.

The PONITA architecture (Section 2.7) utilizes the following collection
of three E(3) invariants ¢; : M3 x M3 — R:

L1(P1:P2) = (T3 — 1) -y,

La(P1,P2) = [(z3 — 21) — t1(pP1, P2)11 ], (5.2)

t3(py, py) = arccos(ng - ny),

where p; = (z1,n;), Py = (T9,n5) € My = R3 x S2. However, we
noticed that these invariants are not universal, see Remark 5.2,
meaning that not all kernels can be written in terms of this collection
of invariants, which could impact the accuracy of PONITA negatively
in certain applications.

In this chapter, we theoretically investigate in detail what an
independent and universal collection of scalar E(3) invariants on
M; x Mz would be, and whether such a collection can be used to
improve the accuracy of PONITA in practice.

5.1.1 CONTRIBUTIONS

In Section 5.4 we motivate theoretically that one needs four smooth
scalar E(3) invariants on My x M to create an independent and
universal collection.

In Definition 5.5 we give our own collection of four smooth E(3)
invariants ¢; : M3 x M3 — R, of which we show in Theorem 5.1 that
it is both independent and universal.

In Section 5.6 we show that using a universal collection of invariants
has a significant positive impact on the accuracy of PONITA when
predicting molecular properties.
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5.1.2 OUTLINE

o In Section 5.2 we define universality and the existence of a
representer, and show that the latter implies the former.

« In Section 5.3 we define (in)dependence and show that invariants
that form a submersion are independent.

« In Section 5.4 we theoretically analyze the orbits of Ml x M under
the action of E(3), leading us to conclude that four smooth scalar
invariants are necessary to form an independent and universal
collection.

o In Section 5.5 we present a collection of four smooth scalar
invariants, along with proofs of its independence and universality.

« In Section 5.6 we evaluate our universal collection of invariants
using the PONITA architecture.

« In Section 5.7 we conclude this chapter.

5.2 UNIVERSALITY

Here, we define what an invariant in our context, what universality
is, and clarify what it means for an invariant to have a representer.
We will demonstrate in Lemma 5.1 that the existence of a representer
implies universality, a result we will later use to prove that our
collection of invariants (5.9) is universal.

The following definitions are stated for arbitrary sets X and groups
G. Although this level of generality exceeds our needs - since our
focus will be on X = M3 x M3 and G = E(3) - we present the full
definition here for the sake of completeness.

Definition 5.1 (Invariant): Let X be a set and G a group acting on
it. Define ~ as the equivalence relation indicating if two elements
are in the same orbit, thatisz ~ 2’ < dg € G: gr =z’. Let Y
be any set. An invariant . : X — Y is a mapping such that x ~
' = u(z) =u(x’).

Definition 5.2 (Universality and Representer):
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+ An invariant ¢ : X — Y is universal if any other invariant j :
X — Z can be written as a function of it, that is there exists
F:im¢— Z suchthat j = Fo..

A representer o for an invariant ¢ : X — Yisamap ¢ :im¢ —
X such that p(¢(z)) ~ z forall x € X.

In other words, a representer ¢ takes in the value ¢(x) of the invariant
tofan x € X and returns an =’ = (¢(z)) that is in the orbit of .

Lemma 5.1: Let ¢ be an invariant. If ¢ has a representer then ¢
is universal.

Proof: Let ¢ be a representer for ¢ and let j be any other invariant.
Now consider F' = j o ¢. One can check that, indeed, j = F o ¢, thus
showing that ¢ is universal. O

Remark 5.1: Even with a universal collection of invariants,
we cannot perfectly represent arbitrary invariants in practice,
as expressivity is constrained by the chosen architecture. For
instance, if our invariants are continuous and we use multi-layer
perceptrons with continuous activation functions to parametrize
the kernels, we can only represent continuous invariants,
meaning we exclude any with discontinuities.

Remark 5.2: We can show that the invariants (5.2) used in
BEKKERS, VADGAMA, HESSELINK, VAN DER LINDEN AND ROMERO
(2024) are not universal as follows. Let e, e5, €5 be the standard
basis of R3. Consider the following two pairs of position-
orientations:

(P1,p2) = ((0,€5), (€1, €3))

(a1,42) = ((0,3), (eg, €1))- (5.3)
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As per (5.2), we calculate their invariants to be

v1(p1,p2) = t1(q1,42) =0

La(P1,P2) = ta(qy,q2) = 1 (5.4)
T
t3(P1,P2) = t3(q1,q2) = 9

We see that all invariants agree between the two pairs. Consider
the invariant ¢ = (25 — ;) - ny. We calculate that ¢(p;,py) =0
and ¢(q;,95) =1, so ¢ can not be a function of ¢, ¢y, and ¢s.
Thereby, we conclude that (5.2) is not a universal collection of
invariants.

5.3 DEPENDENCE

In this section, we will define what it means for a collection of
invariants to be (in)dependent. We will show in Lemma 5.2 that a
collection of invariants that form a submersion is independent, a result
we will later use to prove that our collection of invariants (5.9) is
independent.

Definition 5.3 (Dependent): A collection of scalar invariants
Liy--y by X = R is dependent over X if one of them can be
written as a function of the others on X, and independent
otherwise.

If a collection of invariants is dependent on a set X then it is also
dependent on any subset X’ C X. Contrapositively, if a collection of
invariants is independent on a set X’ it is also independent on any
superset X D X'.

This observation raises an issue in our definition of independence: it
is easy to create a “large” set on which the invariants are technically
independent; one only needs to include a “small” subset on which
this is the case. To remedy this we introduce the following stronger
definition.
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Definition 5.4 (Somewhere Dependent): Let X be a topological
spaceand ¢ : X — R™ a collection of scalar invariants. We say ¢ is
somewhere dependent if there exists an open subset U C X such
that ¢ is dependent on U, and everywhere independent otherwise.

It might seem hard to prove that a collection of scalar invariants is
everywhere independent. However, if we specialize our setting by
considering spaces that are differentiable manifolds and invariants
that are differentiable maps, we have the following simpler sufficient
condition.

Lemma 5.2: Let M be a differentiable manifold and ¢ : M —
R™ a collection of differentiable scalar invariants that form
a submersion, that is the differential duf,: T,M — R" is a
surjective linear map at every point p € M. Then ¢ is everywhere
independent.

Proof: A submersion is an open map (LEE (2012), Prop.4.28), meaning
that it maps open sets to open sets. So, given any arbitrary open subset
U C M the image +(U) C R"™ is open. There is no functional relation
between all elements of an open subset in R™ (such an open set is
never the graph of a function), thus ¢ is independent on U. As U was
arbitrary, this shows that ¢ is everywhere independent. O

Remark 5.3: In practice, constructing a network using a dependent
collection of invariants poses no issues, as the redundancy does
not hinder training and may even enhance stability. However,
proving the independence of a universal collection remains
valuable, as it implies that removing any invariant renders the
collection non-universal: the invariant that is removed can not be
written as a function of the remaining invariants.
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5.4 How MANY INVARIANTS DO WE NEED?

In this part, we will explore how many smooth scalar E(3) invariants
on M3 x M one needs to form a collection that is both independent
and universal.

We start by investigating the orbit space; the invariants are constant
on the orbits after all. To save on notation, let G = E(3), g = ¢(3), and
M = M3 x M for the moment. Pick any p € M. We are interested in
the nature of the orbit Gp = {gp | g € G} C M.

We can understand the orbit Gp as the image of the map ¢ : G —
M defined by ¢(g) = gp. But more precisely, we can reinterpret ¢ as
¢ : G/H — M, where G/H is the coset space made from the closed
stabilizer Lie subgroup H = stab p C G of p, which can be endowed
with the structure of a manifold (LEE (2012), Thm.21.17). So, even more
precisely, ¢ : G/H — M is an injective immersion. This means that
the orbit Gp is an injectively immersed submanifold and its dimension
is equal to the dimension of G/H. We have that dim G/H = dim G —
dim H, so to find the dimension of G/ H we need to find the dimension
of H. To find the dimension of H we will study its Lie algebra i C g.

The Lie group H of stabilizers consists of all group elements h € G
for which hp = p. It follows that its Lie algebra b consists of all the
generators X € g for which Xp = 0. Let us write X = (v,w) € g,
p = (p1,p3), 1 = (1,n;), and p, = (x4, ny). With this notation we
expand Xp and set it zero

(U7w)((x1’n1)’ <x2’n2))
= ((v+ wzq,wnq), (v + wry, wnsy)) (5.5)
0.

We identify the rotation generator w € R3*3 with its angular velocity
vector @ € R3 and rewrite the above as:

V=—W0X Ty =—WXTy,wxny, =0, and & X ny, =0.(5.6)

The first equation also implies that & x (z, — z;) = 0. We see that if
and only if & is (anti)parallel to n,, ny, and x5 — ,, it is a solution
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to this system of equations (where the zero vector is parallel to
everything). We thus classify two cases for b:

_ Jspan {(=ny x @y, [ O)} i ny [ ng || 2y — 2
h= {{O} otherwlise o B CR))

where [n;], € R3*3 is the unique antisymmetric matrix such that
[n1]y =mny xy for all y € R3, and (v,w) = (—ny X z,[n;]y) €
e(3).
Translating the cases of f) back to the dimension of the orbit we get that
dim Gp = dim G/H
=dim G —dim b

_ 5if ny | ng || 2y — 24
6 otherwise

(5.8)

We collect the above derivations and results in the following
proposition.

Proposition 5.1: The orbits of Mg x M3 under the action
of E(3) are injectively immersed submanifolds. Points
((z1,mq), (x4,n5)) € M3 x My for which ny, n,y, and z, —
are all parallel, form 5-dimensional orbits. All other orbits are 6
-dimensional.

Notice that the set of all points for which n, || ny || £ — x; is closed
in M. Equivalently, the set of all points with a 6-dimensional orbit
is open.

So, (at least) locally in a neighborhood U C M around a point p €
M with dim Gp = 6, we in fact have a 6-dimensional foliation, that
being a disjoint collection of injectively immersed submanifolds of the
same dimension, also called leaves, that partition the 10-dimensional
neighborhood U of M.

Given this foliation, it is known that we can find coordinates =, ..., z'°

on U such that every leaf is described by z” = constant, ..., !0 =
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constant. Notice that these last four coordinates are exactly the
kinds of invariants we are looking for: they are smooth, everywhere
independent, and universal (on U, that is), precisely because they serve
as coordinates.

All this theory tells us something important: we should be looking for
exactly 10 — 6 = 4 smooth, universal & everywhere independent E(3)
invariants on, possibly an open subset of, M5 x Mj. In the case that
the domain of definition is not all of M5 x M, it would be desirable
for it to be dense in the whole space, thus making the collection of
invariants still “generically” applicable.

5.5 OUR INVARIANTS

Definition 5.5 (Our Invariants): Write p; = (z,,n;), py =
(x4,n9) € M. We define the following smooth functions ¢; :
M; x M3 — R:

L1(p1, ) = (29 — 1) - 1y,
Ly(P1, Do) = (T3 — x1) - Ny,
(5.9)
13(p1,P2) = (2o — 1) - (T3 — ),
Ly(P1,P2) = Mg -1y

We will prove that

+ the maps ¢; are invariants,

« they form a universal collection,

« and that they are independent everywhere.

These results are collected in the following theorem.

Theorem 5.1: The functions (5.9) form a universal and everywhere
independent collection of E(3) invariants on Mg x M.

Proof: We will begin by proving that the functions ¢; are invariants,
then demonstrate their universality, and finally show that they are
independent everywhere.
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Invariance: To prove that these are invariants we must show that
each ;(py,py) = t;(gp1, gpy) for all pairs of position-orientations
(p1,ps) € My x M and all rigid transformations g = (¢, Q) € E(3).
This is a straightforward calculation using that Qz - Qy = x - y for all
z,y € R? and orthogonal matrices Q € O(3).

Universality: Let p; = (z1,n1), py = (x4,n5) € M3 be a pair
of position-orientations. From the values of the invariants
t1(D1,02), s La(P1,Py) We will construct another pair of position-
orientations p;,p, such that (py,p,) ~ (p1,ps). The described
construction will act as our representer, thus showing that the
collection of invariants is universal, as per Lemma 5.1.

Consider the vectors v; = n,v, = ny,v3 = 5 — x;. Their Gram
matrix is

1 ¢y 4y
v v =g 1o |, with ¢ = (1, Ps), (5.10)
ty ta2 b3 ) .
ij
meaning that we have access to this Gram matrix purely from
the values of the invariants. Let v, 75,05 be any list of vectors
with the same Gram matrix. Lists of vectors with the same Gram
matrix are related by an orthogonal matrix @, ie. Qv; = v;. Now
pick any position z;, and define n, = v, Ny = Uy, and T, = T +
V5. We check that the rigid transformation g = (—Qz, + z1,Q) €
E(3) maps (py, ;) to (py,py), showing that (py, py) ~ (py,pa)- For
example

g > py = (—Q%; + 71 + Qy, Qny)
= (Q(Zy — 71) + 71,Qny)
= (Qus + 1, Qvy)

5.11
= (v3 + T1,0,) o4

= (T3 — 21 +71,79)

= D2,
and similarly one finds g > p; = p;.
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Independence: To prove that this collection of invariants is
everywhere independent we will show that the differentials du;],
T,(Mj x M) — R are linearly independent on the following dense
and open subset U of M3 x Mj:

U :={(p1,ps) | T — 1,1, n,y form a basis of R3}, (5.12)

where p; = (71,n), py = (T2,n9) € M3. This shows that duf, is
surjective everywhere on U, meaning that ¢ is a submersion from U
to R%, and therefore everywhere independent, as per Lemma 5.2. In
short, it suffices to show that du,|, are independent on U, which we
will do next.

Let p]. = (.Tl,nl) c Tp1M3’ p2 = <$2, n2> € TP2M3. The diﬁerentials
de,|, are

dL1|p
dL2]p

D1,D2 Tp) -y + (29 — 1) - 1q,

p17p2

€2
(Lo —21) - ng + (T3 — 1) - N,
5 (5.13)

(xQ — @) - (T — 2q),

’I’L2+n1 "I’I,2.

dL3]p

dL4|p

p17p2

~ Y~ ~

)=
)
)
P1,Pg) =

Suppose that we could find coefficients ¢’ € R such that
Z?: L ctdu,| p = 0 (that being for all tangents p;, p,). Specifically, take
& =ny =ny =0. We find (c'ng + c?ny + 2¢* (x5 — 1)) - 25 =0
for all &,. This implies that c'n, 4 ¢*n, + 2¢3(z4 — z,) = 0. Because
we have assumed that these three vectors form a basis, we get that cl =
¢ =¢®=0. Now consider &; = &y =115 = 0. We find (c'(z, —
z1) + ¢*ng) -1y = 0 for all ny with 7, - n; = 0. This implies that
cl(zy — ;) + c*ny is in the span of n;. Again, because we have
assumed that these three vectors form a basis, we have to conclude
that ¢! = ¢* = 0. Allin all, we find that Z; c* du;|,, = 0 implies that
all ¢* = 0, thus showing that the differentials are linearly independent.
O
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Remark 5.4: In tasks like drug discovery, it is important to design
a network to be sensitive to chirality, as a molecule and its mirror
image can have entirely different effects. In mathematical terms,
this means the focus is on SE(3) := R3 x SO(3) rather than the
full group E(3). By using an SE(3) invariant that is not invariant
under reflections, such as ¢ = (z5 — ;) - (ny X ny), it becomes
possible to design a network that respects chirality.

5.6 EXPERIMENTS

By Remark 5.2, the invariants (5.2) used in PONITA are not universal,
which may limit its expressivity and accuracy in specific applications.
In contrast, the invariants we propose (5.9) are universal, suggesting
that, in theory, a performance difference between the two collections
of invariants should be observable.

For this reason we performed some experiments on the QM9
dataset (Subsection 2.8.4) specifically predicting chemical properties of
various molecules. We choose to discretize with 16 orientations, use
6 layers, 128-dimensional features, and train for 800 epochs. All other
model settings and hyperparameters are kept the same as in BEKKERs,
VADGAMA, HESSELINK, VAN DER LINDEN AND ROMERO (2024), App.E.2.
We report the mean absolute error (MAE) on the test set for the model
that did best on the validation set during training. The code for this
experiment is available in the GitLab repository PONITA INVARIANTS.
The results can be found in Table 5.1.

We see that the universal collection of invariants we propose (5.9)
outperforms the non-universal invariants suggested in (5.2) on 10 of
the 12 targets we evaluated, with an average improvement of —14.4%.

On some targets ((R?), ZPVE, and U,) the change in accuracy is less
pronounced, in two cases even deteriorating. One explanation is that
a universal collection may be unnecessary for these targets, meaning
the Bekkers et al. invariants are already sufficiently expressive. The
remaining variability in accuracy can be attributed to initialization
and training.
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On other targets (U, H, and G) the improvement in accuracy is stark.
We can identify this as a direct consequence of using a universal
collection of invariants: these targets cannot be accurately predicted
using the incomplete invariants of Bekkers et al.

Target Unit | Bekkers (5.2) Ours (5.9) Diff. %
m D 0.0195 0.0166  ~15.0
o a3 0.0557 0.0489  -12.1
Chome €V 0.0226 0.0202 -10.4
Clamo €V 0.0206 0.0187 9.0
Ae eV 0.0415 0.0378 -89
(R*) a2 0.4160 0.4251  +2.2
ZPVE meV 1.5647 15241  -2.6
Uy eV 0.9920 1.0285  +3.7
U eV 1.3593 07362 458
H eV 1.0205 0.6934  -32.1
G eV 1.1856 07721  -34.9
Co L 0.0292 0.0270  -74

Table 5.1: PONITA trained to predict chemical properties of various
molecules (QM9 dataset). Mean absolute error on the test set is
reported (lower is better). Our universal invariants perform better.

5.7 CONCLUSION

In Definition 5.5 we introduced a collection of four smooth E(3)
invariants ¢; : M3 x M3 — R. We proved in Theorem 5.1 that this
collection is both independent and universal, meaning that all
invariants are pertinent, and any other invariant is a function of them.

In Section 5.6 we performed an experimental comparison between
our collection of invariants (5.9) and those proposed in Bekkers et al.,
as defined in (5.2). We did this by training the PONITA architecture
to predict chemical properties of various molecules (QM9 dataset,
Subsection 2.8.4). We observe improvements in accuracy as a result of
using a universal set of invariants.
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GEOMETRIC ADAPTATIONS OF
PDE-BASED NEURAL NETWORKS

6.1 INTRODUCTION
In this chapter we consider two geometric adaptations of PDE-
based neural networks (Section 2.6) on the two-dimensional position-
orientation space M.

The first geometric adaptation we consider is the fixing of the lifting
layer. Currently, in LieTorcH the lifting is done using learned kernels.
We motivate theoretically that, within the PDE-G-CNN framework, a
learned lifting layer can be replaced by a fixed lifting layer using cake
wavelets (Section 2.3). We experimentally substantiate this finding by
reporting that the accuracy of PDE-G-CNNs does not decrease when
the lifting layer is fixed. Moreover, using cake wavelets for lifting has
the important benefit of increasing the geometric interpretation of
PDE-G-CNNes.

The second geometric adaptation is the implementation of a more
“free” SE(2) invariant Riemannian metric G on M, than the one that
is used in the PDE-G-CNN literature. In SMETS, PORTEGIES, BEKKERS
AND Durts (2023) only diagonal metrics with respect to the natural
SE(2) invariant frame A, (2.32) are used, that is

wi 0 0
(A, A;) =1 0 w} 0 (6.1)
0 0 w?

Using nondiagonal metrics, that is, metrics of the form

9(*’41'7 Aj) = Gz'j7 (6.2)
for any symmetric positive definite matrix G € R3*3, has been
beneficial in geometric image processing (contour perception AUGUST

AND ZUCKER (2003), denoising SMETS, PORTEGIES, ST-ONGE AND DUITS
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6 Geometric Adaptations of PDE-based Neural Networks

(2021), segmentation ZHANG, DASHTBOZORG, BEKKERS, PLUIM, DUITS
AND TER HAAR ROMENY (2016), and tracking Liu, WANG, ZHOU, SHU,
CoHEN AND CHEN (2023)). We investigate if such a nondiagonal metric
can be beneficial within PDE-G-CNNs. Figure 6.1 shows the difference
between a diagonal and nondiagonal metric by looking at contours
of the Riemannian distance d(p,,-) from the reference position-

1.25 0 0.75
0 16 O
0.75 0 1.25

orientation p, = (0,0, 0).

,<

[=}

o o+
SRS
= o o

)

Figure 6.1: Contours d(p, ) = 0.5, 1.0, 1.5, 2.0, 2.5 for a diagonal

metric (6.1) and nondiagonal metric (6.2). The domain of the plot is

(x,y,0) € [-3,3]? x [, m) C M,, with the vertical axis being 6.

At the bottom, we have identically valued isocontours of the min-
pooling projection over 6.

6.1.1 CONTRIBUTIONS
In Section 6.3 we show theoretically that a fixed lifting layer (6.11) is
as expressive as a trained lifting layer (6.8).

Table 6.1 shows that fixing the lifting layer has no significant impact
on the accuracy of PDE-G-CNNs. However, fixing the lifting layer does
enrich the geometric interpretation of PDE-G-CNNs.

Table 6.2 shows that using nondiagonal metrics has no significant
impact on the accuracy of PDE-G-CNNs. However, we do see an
improvement in training stability by using nondiagonal metrics.
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6 Geometric Adaptations of PDE-based Neural Networks

6.1.2 OUTLINE

In Section 6.2 we cover convection over invariant vector fields on
M,.

In Section 6.3 we investigate if fixing the lifting layer can improve
the accuracy of PDE-G-CNN:Es.

In Section 6.4 we investigate if nondiagonal metrics can improve the
accuracy of PDE-G-CNNGs.

In Section 6.5 we conclude this chapter.

6.2 INVARIANT CONVECTION AND ORIENTATION SCORE

TRANSFORM

The aim is to achieve the first geometric adaptation of PDE-G-CNNs:
fixing the lifting layer. For this objective we need to study the invariant

convection PDE on M, how it is solved, and how it interacts with the

orientation score transform W, (2.41).

Definition 6.1 (Invariant Convection): Let ¢ € I'(TM, ) be a SE(2)
invariant vector field on M,. The invariant convection PDE on
M, is defined as:

of B
a __Cfa f(,O) _an (63)

where f: M, x R — R is a smooth scalar field evolving over
time ¢, and f;, some initial condition.

We can succinctly state the solution of a convection PDE using the

flow ®¢ of the vector field c as the following proposition shows.

Proposition 6.1 (Solution of Convection): Let ®¢ : M, — M, be
the flow of a vector field c. The solution to convection (6.3), in
terms of the initial condition f, is:

f(p,t) = fo(®*(p)) (6.4)
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Proof: We will show that any solution of the convection PDE
satisfies (6.4). Assume there exists some solution f(p,t). Consider the
following:

0 of

S F(@), )] = (e/)(@(p),1) + Zr(0(p)t) = 0, (6:5)

where the first equality is due to the chain rule together with the
fact that $®(p) = Cot(p)» and the last by the assumption that f is
a solution of (6.3). Given that this derivative is 0, we conclude that
f(®(p),t) = f(®°(p),0) = fy(p), which we can rewrite as f(p,t) =
fo(@*(p)). O

The following proposition shows that performing an orientation score
transform with a roto-translated kernel is equivalent to doing a specific
convection after transforming with the original kernel. For ease of
notation, we define C’i as the operator that takes in an initial condition
fo and runs the convection PDE (6.3) for ¢ time; that is, it returns f (-, ¢).

Proposition 6.2: Let h € SE(2) and ¢ € I'(T'M,) be an invariant
vector field such that hp, = ®1(p,), where ®? is the flow of c.
We have:

Co oWy =Wy (6.6)
Proof:
(eclw'zpf) (gpo) = (Wwf) ((I’_l (9P0)) = (W¢f) (gq)_l (Po))
= (Wy.f)(ghpo) = (ght, f) (6.7)

= (g(h), f) = (Wh¢f) (on)

The first equality is due to Proposition 6.1. The second equality follows
from the fact that the flow over an invariant vector field is equivariant,

that is ®!(gp) = g®*(p). O
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6.3 F1IxING THE LIFTING LAYER

A trained lifting layer L, ,; is defined as

train
(Ltrainf),i = Wq[;lfa 7’ = 17 27 seey Ca (68)

where W), are orientation score transforms (Section 2.3), and 9, :
R, — R learned kernels. That is, the trained lifting layer turns an
input image f : R? — R into C orientation scores Wy, f: My = R
Figure 6.2 shows a diagram of this layer.

Figure 6.2: A trained lifting layer Ly,;, (6.8). We perform C lifts W,
with learned kernels ;.

train

In practice, the kernels 1), are implemented as 2D arrays of a certain
size. This means we can create a basis for this finite-dimensional
space of k x k kernels using roto-translated versions of some “mother”
wavelet 1& and write:

k2
Y, = ZAij9j¢, (6.9)
=1
with A € RE**¥* and g; € SE(2).

With this information we can show that the lifts Ww amount to:

Wi, =Wez 4 o Z Wy ZA”C’(}W (6.10)

i

where the vector fields c; are such that g;p, = <I>C_j Y(py). The second
equality is due to linearity of the lift with respect to the wavelet, and
the third due to Proposition 6.2.
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This motivates the creation of a fixed lifting layer:
(Lg. f) ZA” cWyf, i=1,2,..,C, (6.11)

where we perform K convections with learned invariant vector fields
1, -+, Cpc, after a single lift with the mother wavelet 1. The number of
convections K becomes a new network hyperparameter. A diagram of
the fixed lifting layer can be seen in Figure 6.3.

Figure 6.3: A fixed lifting layer Ly, (6.11). We first perform a single
fixed lift Wd; with “mother” wavelet 1/3, then K learned convections
C“’cli, and finally apply a learned linear combination A € RE*K,

We perform the lift Wy in the fixed lifting layer Ly, using cake
wavelets (Section 2.3). This is a well-motivated decision: 1) the
PDE-based neural networks already operate on a discretized set of
orientations, 2) lifting using cake wavelets is (essentially) an invertible
operation, and 3) lifting using cake wavelets has the fast reconstruction
(Remark 2.4) property, meaning that sum-pooling (2.42) over the
orientations (essentially) undoes the lift.

It can also be argued that the fixed lifting layer Ly, is more general
than the trained lifting layer L in the following sense. We can
reinterpret a trained lifting layer as a fixed lifting layer but with the
convections constrained to pixel-step translations. This is in contrast
to the fixed lifting layer in which the convections are allowed to take

arbitrarily large sub-pixel roto-translations.

train

As we have shown above, the fixed and trained lifting layers
are theoretically equivalent. However, in general, functionally
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equivalent architectures do not necessarily yield comparable accuracy
in practice (e.g. in view of sampling constraints). We therefore
experimentally investigate these theoretical claims on the DCA1
dataset (Subsection 2.8.2). The code for this experiment is available in
the GitLab repository LIETORCH.

We consider 4 networks, all with 6 layers: a standard CNN, a G-CNN
with a trained lifting layer, a PDE-G-CNN with a trained lifting layer,
and a PDE-G-CNN with a fixed lifting layer. Every network was trained
10 times for 80 epochs. During training, the average Dice coefficient
on the test set is monitored, and the maximum value is stored. The
result is 10 Dice coefficients for every architecture.

The results can be found in Table 6.1. We see that the PDE-G-CNN with
a fixed lifting layer has identical accuracy to the one with a trained
lifting layer, while having an effectively equal number of parameters.

Dice Coefficient

Type Lifting C Params. Dice Coeff. 0.70 0.80
CNN R - 25662 0.756, 0051 X
G-CNN Trained 8 24632 0.751 .4 0920 X
PDE-G-CNN Trained 16 2560 0.775_ 0042 X
PDE-G-CNN Fixed 16 2536 0.775_ 0052 X

Table 6.1: The architecture of different 6-layer networks, and their
accuracy when trained on the DCA1 dataset. The fixed lifting PDE-
G-CNN was done with K = 40 convections (6.11).

6.4 NONDIAGONAL METRIC

Next we address the second geometric adaptation of PDE-G-CNNs. We
want to investigate whether the generalization to nondiagonal metrics
can change the accuracy of the PDE-G-CNNs. To this end, we perform
some experiments on the Lines dataset (Subsection 2.8.3). The code for
this experiment is available in the GitLab repository LIETORCH.

The nondiagonal metrics are of the form G(A;, A j) = G,;, with G €
R3*3 a symmetric positive definite matrix. To avoid enforcing the SPD
constraint explicitly, we parametrize G as G = H' H with H € R3*3,

which is symmetric positive semi-definite by construction.
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We consider two different 6-layer PDE-G-CNNs: one with diagonal
metrics and one with nondiagonal metrics. We increased the kernel
size to [9, 9, 9]. Every network was trained 15 times for 60 epochs.

The results can be found in Table 6.2. We see that using nondiagonal
metrics does not significantly affect the average accuracy of the PDE-
G-CNNs on the Lines dataset. However, it does lead to a significant
reduction in variance across training runs, indicating improved
training stability.

Dice Coefficient

Metric Params. Dice Coeff. 0.95 1.00
Dlag 6018 0.9758:‘:0'0035 X
Nondiag. 7458 0.9764:‘:00009 X

Table 6.2: The accuracy of two different 6-layer PDE-G-CNNs when
trained on the Lines dataset.

6.5 CONCLUSION

In this chapter, we have investigated two geometric adaptations of
PDE-G-CNNs.

1. We showed both theoretically and in practice (Table 6.1) that one
does not need to lift with learned kernels in PDE-G-CNNs. A fixed
lifting layer using cake wavelets gives identical accuracy on the
DCAL1 dataset, while keeping the network complexity effectively
the same. Our experiments confirm that fixing the lifting layer
preserves the accuracy while considerably increasing the geometric
interpretation of PDE-G-CNNs.

2. In Table 6.2 we showed on the Lines dataset that using a
nondiagonal metric with respect to the SE(2) invariant frame A4,
(6.2) for the erosion and dilation, does not significantly increase the
accuracy on the Lines dataset. However, we do see an improvement
in training stability by using nondiagonal metrics.
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SEMIFIELD SCALE-SPACES IN
PDE-BASED NEURAL NETWORKS

7.1 INTRODUCTION

In this chapter we will be deriving in an axiomatic way which
PDEs should be used in PDE-based neural networks. This framework
includes the PDEs that are currently already used, but also reveals
previously unused PDEs, meaning that the accuracy of PDE-G-
CNNs could possibly be improved by adding them. Our approach is
inspired by the axioms of scale-space theory, which we generalize by
introducing semifield-valued signals, and motivated from a machine
learning perspective.

The architecture of PDE-based neural networks is very general in
the sense that the feature maps f: M — R can be defined on an
arbitrary homogeneous space M on which a Lie group G acts. We will
not consider the general setting in this chapter, and restrict ourselves
to M = R? and G = E(2), i.e. standard two-dimensional Euclidean
space with its symmetries, for simplicity. We call this specific instance
a PDE-CNN.

We experimentally examine what impact the newly found PDEs have
on the accuracy of PDE-CNNs. We also confirm for small networks
that PDE-CNNss offer fewer parameters, increased accuracy, and better
data efficiency when compared to CNNs.

7.1.1 CONTRIBUTIONS

We list six axioms (Definition 7.27) that a PDE used in a PDE-based
neural network should satisfy. The axioms are closely related to
classical scale-space theory, but are more general in the sense that we
permit semifield-valued signals. The goal of this generalization is to
allow for the discovery (or invention) of new PDEs that can be used in
the design of PDE-based neural networks.
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7 Semifield Scale-Spaces in PDE-based Neural Networks

We will only consider semifields that are commutative and one-
dimensional, and the domain of the PDEs will be the two-dimensional
Euclidean space R?. To maintain a practical perspective, we will
consistently connect the overarching theory using five example
semifields: the linear, root, logarithmic, tropical min, and tropical max
semifields.

From the axioms, we demonstrate in Theorem 7.1 that every semifield
corresponds to a unique family of scale-spaces, this being the main
theoretical contribution. This shows that PDE-based neural networks,
in their current form, can be extended greatly by adding new PDEs
that generate currently unused scale-spaces.

We experimentally assess how effective the incorporation of new
semifields and their corresponding PDE:s is in Subsection 7.7.1.

In Subsection 7.7.2 we verify that PDE-CNNs exhibit superior
data efficiency, reduced parameter count, and competitive accuracy
compared to traditional CNNs.

7.1.2 OUTLINE

« In Section 7.2 we provide background on scale-spaces, semifields,
and a non-exhaustive list of related literature.

+ In Section 7.3 we define semifields and all related structures and
operations.

+ In Section 7.4 we state the semifield scale-space axioms.

+ In Section 7.5 we show that once a semifield is chosen a unique (one-
parameter) family of scale-spaces arise (Theorem 7.1).

« In Section 7.6 we briefly note on the architectural design of PDE-
CNNE.

« In Section 7.7 we lay out two experiments and discuss their results.

« In Section 7.8 we conclude this chapter.
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7 Semifield Scale-Spaces in PDE-based Neural Networks

7.2 BACKGROUND

7.2.1 SEMIFIELDS & QUASILINEARITY

Every scale-space representation has a natural corresponding algebra
called a semifield. In this section we will discuss which semifields
correspond to the diffusion, dilation, and erosion scale-spaces, as
described in Section 2.4.

Consider the Gaussian scale-space representation f, (2.50) of an image
fO . R2 — R:

fi(z) = /RZ ﬁ exp <—@> fo(y) dy. (7.1)

This scale-space representation is linear in the sense that if one takes
two images fy, go : R? — R and two scalars a,b € R, then the scale-
space h, of the image hy = af, + bg, is equal to h, = af, + bg,. But,
in an analogous manner, the dilation scale-space (2.52) is quasilinear
in the sense that the scale-space of the image hy = max{a + f,,b +
Jo}, where we interpret the maximum pointwise, is equal to h, =
max{a + f;, b+ g, }. In the same way, the erosion scale-space (2.54) is
quasilinear in the min sense. To define what we mean with quasilinear
more precisely we need to introduce semifields.

A semifield (R,0,1,®,®) is an algebraic structure like a field but
where we relax the requirement that the addition @ has inverses. The
prototypical example of a semifield are the nonnegative real numbers
L.y = (Rs,0,1,4, x) with standard addition and multiplication.
We have already seen two other examples of semifields in the dilation
and erosion scale-spaces. Namely, the so-called tropical max semifield
defined as T, = (RU {—o0}, —00,0, max, +) and the tropical min
semifield T_ = (R U {o0}, 00,0, min, +). In the tropical semifields
the minimum (or maximum) of two numbers becomes semifield
addition, and normal addition becomes semifield multiplication.

With the definition of a semifield we can state the quasilinearity of a
scale-space formally as semifield R-linearity. So, like before, consider
a semifield R and two semifield-valued images f,, g, : R? — R and
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two elements a, b € R. Then by a scale-space being R-linear we mean
that the scale-space of the R-linear combination of images hy = (a ®
fo) ® (b® gy) is equal to the R-linear combination of scale-spaces
h, =(a® f,) ® (b® g,). In other words, the operation that takes an
image and returns its scale-space representation is a semifield linear
operator. For example, the Gaussian scale-space is L q-linear, the
quadratic dilation scale-space is T’ -linear, and the quadratic erosion
scale-space is T'_-linear.

In PAUWELS, VAN GooL, FIDDELAERS AND MooNs (1995) and DuiTs,
FLORACK, DE GRAAF AND TER HAAR ROMENTIJ (2004) it is argued in
an axiomatic way that the only linear scale-space representations
correspond to solutions of the a-diffusion (pseudo-)PDE % =
—(—A)*/2 f. In a completely analogous manner, one can show (WELK
(2003), ScHMIDT AND WEICKERT (2016)) that the only morphological
scale-spaces, that being scale-spaces that are T, or T linear,
correspond to (viscosity) solutions of the a-dilation PDE % =

+1|V f|* f and a-erosion PDE % =—L|vfl*f.

These facts reveal something important: to discover new PDEs that
can be used in PDE-based neural network we need to generalize scale-
space theory to semifields other than just L., 7' ,and T" .

7.2.2 RELATED WORK
In this subsection we provide a non-exhaustive list of related scale-
space literature.

LINEAR SCALE-SPACES. In I1jimMA (1959) the first (WEICKERT, [SHIKAWA
AND IMIvA (1999)) axiomatic treatment of linear scale-space theory
is presented. Axioms such as linearity, roto-translation equivariance,
one-parameter semigroup property, and most notably, the scale
equivariance, can all be found in lijima’s article, axioms we will
also be using. lijima shows that the Gaussian scale-space arises from
his axioms, and that the Laplacian generates it. WiTkIN (1983) and
KoENDERINK (1984) brought the Gaussian scale-space representation
to wider attention. In PAUWELS, VAN GooL, FIDDELAERS AND MOONS
(1995) and Duirs, FLORACK, DE GRAAF AND TER HAAR ROMENTI]
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(2004) an extended class of linear scale-spaces is explored. They derive
that (fractional) powers of the Laplacian are valid linear scale-space
generators. Analysis of the scale-space axioms in the Fourier domain
is extensively used, an approach we apply in the broader semifield
setting.

MORPHOLOGICAL SCALE-SPACES. In BROCKETT AND MARAGOS (1992) it
was shown for the first time (HE[JMANS AND VAN DEN BOOMGAARD
(2002)) that morphological operators like dilations and erosions in
image processing can be described in terms of PDEs. In DORST AND
VAN DEN BOOMGAARD (1994) the slope transform is shown to be the
morphological counterpart of the Fourier transform, and related to
the Legendre-Fenchel transform. The semifield Fourier transform we
introduce reduces to the Legendre-Fenchel transform in the tropical
semifield cases. In BURGETH AND WEICKERT (2005) and SCHMIDT AND
WEICKERT (2016) a connection between linear and morphological
scale-spaces is described using the Cramér transform. The Cramér
transform gives us a way to translate between the kernels of the linear
and morphological scale-spaces. We will show that the kernels of all
semifield scale-spaces have the same form in the Fourier domain (this
being our main theorem), illuminating further the connection between
the linear and morphological world.

OTHER ScALE-SPACE THEORY. In ALVAREZ, GUICHARD, LIONS AND
MOoReL (1993) an axiomatic approach to PDE-based scale-spaces is
described. The strength of this approach is that it also includes
mean curvatures flows Sariro (2001) as highly powerful nonlinear
PDEs. Solutions of such nonlinear PDEs may be solved with median
filtering (GuicHARD AND MOREL (1997)), however, they lack a semifield
structure (taking mean/median are not associative binary operations),
thus falling outside the scope of the theory presented here. In FLORACK
(2001) nonlinear scale-spaces are obtained by performing a monotonic
transformation (known as a Cole-Hopf transform Evans (2010), Ch.4.4)
on the gray-values of a standard linear scale-space and deducing
what nonlinear PDE corresponds to the obtained evolution. This
transformation neatly bridges linear, logarithmic, and in the extreme
cases, morphological scale-spaces, and we will also use this link. In
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HEIJMANS AND VAN DEN BOOMGAARD (2002) an algebraic framework
for scale-spaces is given. Importantly, their perspective is (initially)
totally divorced from PDEs, convolutions, and kernels, and focuses
solely on the evolution operator. We will define our semifield scale-
spaces in the same manner.

SCALE-SPACES IN MACHINE LEARNING. In JACOBSEN, VAN GEMERT,
Lou AND SMEULDERS (2016), PINTEA, ToMmEN, GOES, LoOG AND
VAN GEMERT (2021), TOMEN, PINTEA AND VAN GEMERT (2021), and
SALDANHA, PINTEA, VAN GEMERT AND TOMEN (2021) the Gaussian
scale-space and its spatial (fractional) derivatives are employed to
design architectures that can learn filters at the appropriate scale
by optimizing the scale parameter(s) during training. Architectures
presented in Luan, CHEN, ZHANG, HAN AND L1u (2018) and RoMERO,
BRUINTJES, ToMCZAK, BEKKERS, HOOGENDOORN AND VAN GEMERT
(2022) also learn scale parameters. PDE-G-CNNs learn Riemannian
metric tensor fields, which, due to the scale-equivariance of scale-
space representations, is equivalent to learning scale-parameters. In
this sense PDE-based neural networks are closely related to these
“scale learning” architectures. In WORRALL AND WELLING (2019),
SOSNOVIK, SZMAJA AND SMEULDERS (2020), LINDEBERG (2022), and
SANGALLI, BLUSSEAU, VELASCO-FORERO AND ANGULO (2021) (discrete)
Gaussian and morphological scale-space representations are used to
create architectures that are scale equivariant.

7.3 SEMIFIELD THEORY

In this section we define semifields (Definition 7.1) and all
mathematical structures and operations made from them. This
includes important concepts such as semimodules (Definition 7.7),
linearity (Definition 7.8), measures (Definition 7.16), integration
(Definition 7.18), convolution (Definition 7.20), and Fourier transforms
(Definition 7.25).
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7.3.1 SEMIFIELD, SEMIMODULES & LINEARITY

Definition 7.1 (Semifield): A (commutative) semifield R is a

tuple R =(R,0,1,8,®) where &,® : R x R — R are two
commutative and associative binary operations on R called
semifield addition and multiplication, such that for all a, b, ¢ € R:
a®0=a,

a®1=a,
a#0:3a':a®a =1,
a®0=0,

a®bdc)=(a®b) ®(a®c).

In other words, a semifield is a field where we do not require to have
“negative elements”, that being additive inverses.

Throughout we will denote an arbitrary semifield-related operation
with a circled version of the most closely related linear counterpart.
Some example symbols are ®, ®, §, and ®, which respectively
correspond to semifield addition, multiplication, integration, and
convolution.

We will mainly consider the following semifields:

Definition 7.2 (Semifields of Interest):

a) The linear semifield L = (R,0,1,+, x) with the usual
addition + and multiplication x. We can restrict the set to R,
and we write L~ in that case.

b) The root semifields R, = (RZO,O, L, o, X) with p#0
where semifield addition is a o, b:= V/aP + bP, and where
semifield multiplication is normal multiplication.

c) The logarithmic semifields L, = (RU {xo0}, £00,0,8,
,+) with p#0 where semifield addition is a @ u b=
% ln(e““ + e“b), and where semifield multiplication is normal
addition. If > 0 we add —oo to the ring to act as the additive
identity, and if 4 < 0 we add +o0.
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d) The tropical max semifield T, =(RU
{—o0}, —00,0, max, +), where max is semifield addition, and
usual addition is semifield multiplication.

e) The tropical min semifield 7" = (R U {00}, 00, 0, min, +),
where min is semifield addition, and usual addition is semifield
multiplication.

The family of logarithmic semifields is interesting as in the limits one
has:

MEIJPOO a®, b= max(a,b), 7
Ml_i}r_lrloo a®, b=min(a,b).

Thereby, the family of logarithmic semifields L, relate to the tropical
semifields 7', in the extreme cases of y.

Definition 7.3 (Semifield Isomorphism): Let R = (R,0,1,®
,®) and R=(R,0,1,8,®) be two semifields. A semifield
isomorphism ¢ : R — R is a bijective map that satisfies for all
a,be R:

¢(0) =0,

p(1) =1,

p(a®b) = p(a) p(b),

pa®b) = p(a) ® (b).

If there exists a semifield isomorphism between two semifields

they are called isomorphic.

Proposition 7.1 (Some Semifield Isomorphisms):

« The root semifields R, are isomorphic to the nonnegative linear
semifield L, with the isomorphism ¢, : R, — L being
op(x) = 2P
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« The logarithmic semifields L, are isomorphic to the
nonnegative linear semifield L, with the isomorphism ¢, :
L, — Ly being ¢, (x) = ek®.

« The tropical max semifield T', is isomorphic to the tropical min
semifield T"_, with the isomorphism ¢ : T, — T'_being p(x) =
—x.

* Informally, in the limit 4 — +oo the logarithmic semifields L,
“converge” to the tropical semifields T, .

The above proposition shows that although we defined five semifields
of interest, as listed in Definition 7.2, we are, in fact, only working with
two non-isomorphic ones.

For the purpose of analysis we endow the semifields with a metric.
Normally, a linear structure X is endowed with a norm ||-| : X — Ry,
and afterwards a metric d is defined through d(a,b) = |a — b|. This
is not possible in our semifield setting as we do not necessarily have
additive inverses (consider for example the tropical semifields).

Definition 7.4 (Semifield Metric): Let R be a semifield. A semifield
metric p : R x R — R is a metric such that for all a,b,c € R
we have:

plc®a,c@b) < p(a,b),

plc®a,c®b) = p(c’ (D)p(a, b)

These properties are direct generalizations of the common notions of
translation invariance and absolute homogeneity. More importantly,
they ensure that semifield addition @ and multiplication ® are
continuous (w.r.t the metric).

Definition 7.5 (Employed Semifield Metrics):
a) In the linear semifield L case we use the metric p; (a,b) =
la — bl.
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b) In the root semifields 12, case we use the metric pp_ (a,b) =
|aP — bP|.

¢) In the logarithmic semifields L, case we use the metric
b1, (a,) = e# — est].

d) In the tropical max semifield 7/ case we use the metric
,0T+((17 b) = le* — eb“

e) In the tropical min semifield 7" case we use the metric
pr (a,b) = |0 — e,

The root and logarithmic semifield metrics are natural as they borrow

the metric on the linear semifield L through the isomorphisms

¢p(z) = 2P and ¢, (z) = e"”, see Proposition 7.1. Similarly, the

tropical min and max semifield metrics relate by their isomorphism

o(z) = —z.

Definition 7.6 (One-Dimensional Semifield): Let R be a metric
semifield. If R as a topological space (with the topology induced
by the metric) is locally homeomorphic to one-dimensional
Euclidean space we say it is one-dimensional.

Just as mathematical rings and fields can be used to create modules and
vector spaces, we define an analogous structure called a semimodule
using semifields.

Definition 7.7 (Semimodule): Let R = (R,0,1,®,®) be a
semifield. An R-semimodule V = (V,®y,, ®y,,0y,) over R is a
set with a commutative and associative binary operation @y, :
V xV — V called addition, and another binary operation ®;
: R xV — V called (left) scalar multiplication, such that for all
a,be Randu,v e V:

v @y Oy =,

1®yv=u,

0 ®y v =0y,
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(a®b) @y v=(a®y )y (bQy v),
a®y (udy v) = (a®y u) ®y (a®y ).

We do not write the subscript V' on the operations of a semimodule V'
from here on out, as is usual.

Now that we have semimodules we can speak of semifield-linearity in
its full generality. The notion of semifield-linearity is totally analogous
to the normal notion of linearity, therefore the name.

Definition 7.8 (Semifield Linear): Let V;, V, be two semimodules
over the same semifield R. A map ¢ : V] — V; is called R-linear
ifforalla,b € R and u,v € V| we have:

P(a@udbRv)=a® p(u) ®bR p(v). (7.3)

7.3.2 FUNCTIONS, MEASURABILITY & INTEGRATION

The prototypical semimodule over a semifield is the space of all
semifield-valued functions on a set.

Definition 7.9 (Function Semimodule): Let R be a semifield.
Consider the set F(R?, R) of all R-valued functions f:R? —
R. The set F(R?, R) forms an R-semimodule under pointwise
semifield addition and multiplication. The semimodule F(R?, R)
is called the function semimodule over R?. More generally, any
subsemimodule of F' (RZ, R) is also called a function semimodule
over R?.

On the function semimodule F'(R?, R) we define the following natural
R-linear domain transformation operators:

Definition 7.10 (Operators on Function Semimodule):
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« Translation Operator: For all translation vectors v € R? we
define the translation operator 7,

(7,1)(x) = f(z —v). (7.4)
+ Rotoreflection Operator: For all orthonormal matrices @) €
R?*2 we define the rotoreflection operator Rg

(ﬂQf) (z) = f(Q'z). (7.5)
+ Scaling Operator: For all scalings s € R., we define the
scaling operator &,

($.0)@) = 1(%). (7.6)

s
+ Pointwise Operator: For all ¢ we define the pointwise
operator 7,

(2,() (@) = p(f(x)). (7.7)

To avoid pathological cases, we use standard measure theoretical
concepts which we introduce next.

Definition 7.11 (Measurable Space & Set): Let (X, d) be a complete
metric space. We equip the space X with the natural Borel sigma
algebra B induced by the metric d. This turns X into a measurable
space. A measurable set is any element of the Borel sigma algebra

B.

With the above definition we can turn both R? and any metric
semifield R into a measurable space.

Definition 7.12 (Measurable Function): Let R be a metric semifield
and f : R? — R a function. The function f is called measurable
if the pre-image of any measurable set is a measurable set.
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The set of measurable functions is broad enough to be well-behaved
under pointwise limits, as the following lemma describes.

Lemma 7.1: Let R be a metric semifield, and let f(z)=
lim, , . f,.(x) be the pointwise limit of measurable functions
fn, : R? — R. The limit here is with respect to the semifield
metric p (Definition 7.4), that is, lim,,_,  p(f,(z), f(z)) = 0.
Then f is also measurable.

A proof of a generalization of this lemma can be found in saz (2014).
But there exists an even stronger statement that describes measurable
functions as pointwise limits of indicator functions simple functions,
which are made from indicator functions.

Definition 7.13 (Indicator Function): Let R be a semifield and A C
R? any set. We define the indicator function 1 , of A as:

1 if z€ A
Ly(z) = {(D otherwise (7.8)

Definition 7.14 (Simple Function): Let R be a semifield. A simple
function s : R> — R is a finite R-linear combination of indicator
functions of measurable sets A,.

n
s:@ai®:ﬂ-Ai’ (79)
i=1
where each a; € R.
The link between measurable and simple functions is a follows.

Lemma 7.2: Let R be a metric semifield and consider semifield-
valued functions on R?. The pointwise limit of a sequence of

139



7 Semifield Scale-Spaces in PDE-based Neural Networks

simple functions is measurable. Every measurable function is the
pointwise limit of a sequence of simple functions.

Proof: The pointwise limit of a sequence of simple functions
being measurable follows immediately from Lemma 7.1, as simple
functions are measurable. Showing that every measurable function
is the pointwise limit of simple functions goes via a straightforward
construction. O

For every semifield there is a natural associated class of functions. We
would like to specify this class in an axiomatic sense. This is where the
sum-approachable definition comes into play. It is a restriction of the
well-known statement that “every measurable function is the limit of
simple functions”.

Definition 7.15 (Sum-Approachable): Let R be a metric semifield.
A function f : R? — R is sum-approachable if there exists a, €
Rand A; C R? open such that we have

fie) = Jim D@14, (7.10)
The semimodule of all sum-approachable functions f : RZ2 — R
is denoted by S(R?, R).

There are two differences between sum-approachable and measurable:
we only consider open sets, not measurable sets, and we have a limit
of a semifield sum of indicator functions, not just a limit.

A function being sum-approachable is more restrictive than one might
think at first sight. The following lemma illustrates this by showing
that in the tropical cases the sum-approachable functions enjoy the
property of being semicontinuous, something that does not happen in
the linear case.
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Lemma 7.3: A sum-approachable function f : R? — T, is lower
semicontinuous. A sum-approachable function f:R2? — T is
upper semicontinuous.

Proof: Consider the tropical max semifield case for the moment. Every
indicator function 1 4 (x) with A C R? open is lower semicontinuous
in this case. The limit-semifield-sum in the definition of sum-
approachable turns into a pointwise supremum in this case.

The pointwise supremum of lower semicontinuous functions is again
lower semicontinuous. Let f(z) = sup,, f,(x). Let € >0 and z, €
R?. Choose N such that fy(z,) > f(z,) — 5. Choose § > 0 such
that fy (2) > fy(zo) — § when |z — x| < d. Then f(z) > fy(z) >
In(zg) — 5 > f(zg) — € (MATEMATLETA (2018)).

Thus, every sum-approachable function f:R? — T, is lower
semicontinuous. Mutatis mutandis, the exact same argument holds in
the tropical min semifield case. O

Definition 7.16 (Semifield Measure): Let ¥ be the Borel sigma
algebra on R? and R = (R,0,1,®,®) a semifield. A semifield
measure [ : 3 — R is a map that satisfies the following

properties.
+ Nullity of the Empty Set:
w(z) = 0. (7.11)
+ Disjoint Additivity: For all disjoint sets A, B € 3:
p(AU B) = pu(A) @ u(B), (7.12)

which we extend to countable collections of pairwise disjoint
sets.
« Unity of Unit Square:

1([0,1]2) = 1. (7.13)

« Translation Invariance: For all A € ¥ and v € R?:
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p(A+v) = p(A4). (7.14)
« Rotoreflection Invariance: For all A€ XY and all
orthonormal matrices Q € R?*2:

W(QA) = p(A). (7.15)

+ Scaling Equivariance: There exist a group homomorphism
X : (Ryg, x) = (R\ {0}, ®) such that for all scalings s € R
andall A €

u(sA) = x(s) ® u(A). (7.16)

Definition 7.17 (Employed Semifield Measure): Let A be a

measurable subset of R2.

a) In the linear semifield L case we use standard Lebesgue
measure \. pi; (A) = A(A). The scaling factor is x(s) = s2.

b) In the root semifields 2, cases we use R, (A) = /A(A). The
scaling factor is x(s) = v/s2.

¢) In the logarithmic semifields L, cases we use p L, (A) =
ﬁ In A(A). The scaling factor is x(s) = ﬁ In s2.

d) In the tropical max semifield 7', case we use pp, (A) = 0. The
scaling factor is x(s) = 0.

e) In the tropical min semifield 7" case we use - (A) = 0. The

scaling factor is x(s) = 0.

The tropical measures might seem odd at first glance. However,
remember that the semifield one 1 in the tropical semifield cases is
0 (Definition 7.2).

Definition 7.18 (Semifield Integration): Let R be a metric
semifield, S = S(R? R) the space of sum-approachable
functions, and 4 a semifield measure. Let § : (dom(¢) C S) —
R be a functional with the following properties.
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« Semifield Linearity: For all a,b € R and f, g € dom(¢)

jﬁa@f@b@g:a@ (ff) ©b (759> (7.17)

« Indicator Function: For all measurable sets A C R2 we have

jénA — 1(A). (7.18)

« Translation Invariance: For all v € R? and f € dom(§)

$oi-¢7 (7.19)

+ Rotoreflection Invariance: For all orthonormal matrices () €
R?*2 and f € dom(§):

7§5le = ff. (7.20)

+ Scaling Equivariance: For all scalings s € R.; and f €

dom($):
$s.=x® 41, (7.21)

where x(s) is the scaling of the semifield measure §
(Definition 7.16).

« Fubini: For all f:R? x R? — R with both f(-,y), f(z,-) €
dom(§), if one of the following integrals exists then they are

equal:
fif(x,y)zyiygf(x,y). (7.22)

We say that such a functional is a semifield integration. A function
f that is in the domain of the semifield integration is called
integrable.
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To emphasize over what slot we are integrating we may also write

$ e () = ¢ f.To emphasize over what semifield R the integration
xX

is taking place we may also write § = § R

The first two properties of the semifield integration essentially nail
down what the integration has to be. That is, for every simple function
s(z) =@, a; ® 14 (x) we have

$s-Daona) (7.23)

by semifield linearity. This then extends naturally to sum-
approachable functions  f(z) =lim, . @,  a; ® 1, (z) by
defining (with some caveats)

n
f= lim @ a; ® pu(4;). (7.24)
The caveats here being that we need requirements on the exact nature
of the sequence of simple functions for the above to be well-defined. To
not get bogged down into the details we will just state what integration
we will use for our relevant semifields, together with their domain
of definition. In the case of the tropical semifields one can show that
semifield integration is indeed the correct one (BELLAARD, SAKATA,
SMETs AND DurTs (2025), App.B).

Definition 7.19 (Employed Semifield Integration):
a) In the linear semifield L case we use standard Lebesgue
integration

L
75 f= f(z) dz. (7.25)
z€R2

The domain dom( ggL) is the space of Lebesgue integrable
functions.
b) In the root semifields R, cases we use
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f&f:dlmjmﬁ¢u (7.26)

The domain dom ( $ R”) consist of all functions f such that f?

is Lebesgue integrable.
¢) In the logarithmic semifields L, cases we use

% f= —ln/ etf@) dg. (7.27)
H z€R?

The domain dom( fL“> consist of all functions f such that

et is Lebesgue integrable.
d) In the tropical max semifield 7', case we use the supremum
sup.

f f = sup f(z). (7.28)

r€eR2

The domain dom(fT*> consist of all functions f that are

bounded from above.
e) In the tropical min semifield T case we use the infimum inf.

ff—mf) (7.29)

zeR2

The domain dom( $ ‘) consists of all functions f that are

bounded from below.

The logarithmic and root semifield integration is natural as these
semifields are isomorphic to the linear semifield, see Proposition 7.1.
Additionally, the tropical max and min semifield integration are related
through their isomorphism ¢(z) = —z. Indeed, one has sup,.g s =

- infses{*S}-
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Definition 7.20 (Semifield Convolution): Let R be a metric
semifield. We define the semifield convolution ® of two integrable
functions f, g € dom(¢) as the new function f ® g € dom(§):

(f®9)(z) = 74 fa—y)®g).  (730)

yeR?

Showing that f ® g is indeed in dom( ¢) is an immediate consequence
of the Fubini property of semifield integration (7.22). Moreover, the
Fubini property gives us that the semifield convolution is associative:

fegeh) =(feg @h, (7.31)

and the translation invariance of semifield integration together with
the commutativity of the semifield multiplication gives us that the
semifield convolution is commutative.

We want to perform some analysis in our function spaces, so we need
a (pseudo)metric ¢ : S(R?, R) x S(R?,R) — R (possibly with a
restricted domain). Similarly as before, when we introduced a metric
on the semifields, we cannot make due with a norm on the function
space as we have no additive inverses to turn the norm into a metric.

Definition 7.21 (Function Pseudometric): Let R be a semifield
with metric p and S = S(R?, R) the space of sum-approachable
functions. A function (pseudo)metric 6 : S x S — R, U {00} is
a (pseudo)metric such that for all f,g,h € S and a € R we have:
S(he f,h®g) <4(f,9)
5(a® f,a®g) = p(a,0)6(f,9).

We allow for the (pseudo)metric to return co.

Again, just as in Definition 7.4, these properties are generalizations
of the common notions of translation invariance and absolute
homogeneity, and they ensure that both function addition & :
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S xS — S and function scalar multiplication ® : R x S — § are
continuous (in both slots).

Definition 7.22 (Employed Function Pseudometric):
a) In the linear semifield L case we use

or(f,9) = \/ f(z) — g(z)]* dz. (7.32)
R2

b) In the root semifield R, case we use

O, (f,9) = \/ |[f(z)P —g(x)P[?da. (7.33)
R2

¢) In the logarithmic semifields L, case we use

5Lu<‘f’g) = \/ lerf(@) — erg(@)|2 dz. (7.34)
R2

d) In the tropical max semifield 7', case we use
37, (f,9) = suple/®) —es®)]. (7.35)
z€R?
e) In the tropical min semifield 7" case we use

87 (f,9) = sup e /) — em9l@)]. (7.36)

r€R2

Using the function (pseudo)metric we can make an appropriate

function space:

Definition 7.23 (Metric Function Space): Let R be
a metric semifield, S = S(R? R) the space of sum-
approachable functions, and § : § x § — R U {oo} a function
(pseudo)metric. The function (pseudo)metric space H =
H(R? R,¢) is defined as

H:={feS8|50,f) < oo} (7.37)
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To turn it into an actual metric space we need to identify elements
using the following natural equivalence relation ~.

f~ged(f,g) =0. (7.38)

This function space will be denoted with A = H/ ~.

Definition 7.24 (Employed Function Spaces):
a) In the linear semifield L case we have

H,, = L*(R?). (7.39)
b) In the root semifield R, case we have
Hp, = {f:R*—= R, | fP e L*(R?)}. (7.40)
¢) In the logarithmic semifield L , case we have
Hy, = {f:R2—>1L,|eel?R?)}. (741)
d) In the tropical max semifield 7', case we have

Hy, = {f:R* > T, lscandbfal}, (7.42)

where l.s.c means lower semicontinuous and b.f.a means
bounded from above.
e) In the tropical min semifield T case we have

Hy ={f:R* - T_ us.c.and b.Lb}, (7.43)

where u.s.c means upper semicontinuous and b.fb means
bounded from below.

7.3.3 FOURIER TRANSFORM
We assume the existence of an injective Fourier transform that need
only work on a very restricted class of semifield integrable functions.
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Definition 7.25 (Semifield Fourier Transform): Let R be a
metric semifield. A semifield Fourier Transform Fy, : (dom (%) C
dom(§)) — dom(§) is an operator satisfying (where we drop
the subscript R for conciseness):

+ Semifield Linearity: For all a,b € R and f, g € dom(¥)

Fa@fdb®g) =a® (Fflob (Fg). (7.44)
+ Convolution Property: For all f, g € dom(F) with f® g €
dom (%)

Ffeg) =FfNHe(Fg). (7.45)
« Rotoreflection Equivariance: For all orthonormal matrices
Q c R2><2

? o WQ = .%Qf‘r o ? (746)

+ Scaling Equivariance: For all scalings s € R_:

FoS,=x(5)®@81F, (7.47)

where x(s) is the scaling of the semifield measure
(Definition 7.16).

+ Invertibility: The domain dom (%) is chosen such that the
transform is injective and thus invertible on its image.

In the next definition we will specify the choice of semifield Fourier
transform together with its appropriate choice of domain for all the
semifields we consider (Definition 7.2). The choices we make here are
sometimes more restrictive than strictly needed, but, as we will see in
Subsection 7.5.2, we only need to be able to take the semifield Fourier
transform of a very “small” set of functions.

Definition 7.26 (Employed Semifield Fourier Transform):
a) In the linear semifield L case we use

149



7 Semifield Scale-Spaces in PDE-based Neural Networks

b)

d)

150

(Fof)(w) = / @)t d (7.48)

The domain dom(%;) is chosen to be the space of
even, continuous, and absolutely integrable functions, with
absolutely integrable Fourier transforms. The inverse on its
image is

(#7')( /f v T dw.  (7.49)

In the root semifield Rp case we use

:\// f@peiwsds.  (7.50)
R2

The domain dom (.TRP) is chosen such that f? is in the domain

of the linear Fourier transform dom(%; ), together with the

restriction that the input of the p’th root is nonnegative. The
inverse on its image is

z%;lf (z) = ¢ 12 f(w)Peiw dw. (7.51)
(2m)? Jge

In the logarithmic semifield L, case we use

(Q‘Luf) (w) = %ln/ etf@eiw dy. (7.52)

zER2

The domain dom(?LM) is chosen such that e#f is in the

domain of the linear Fourier transform dom(%; ), together
with the restriction that the input of the natural logarithm is
positive. The inverse on its image is

(3};1f>(x) :im(#/ enf() de> (7.53)

In the tropical max semifield 7', case we use
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(ff'} f) (w) = sup f(z) —w-z. (7.54)

"\
z€R2

The domain dom(.?h) is chosen to be the space of even,
continuous, concave, superlinear functions. The inverse on its

image is
(.’f’i,flf) (z) = inf f(w)4w-z. (7.55)
+ w€eR?
e) In the tropical min semifield T case we use
(%0 f)(w) = inf f(z)—w-=. (7.56)
- z€R2

The domain dom(.’f'} ) is chosen to be the space of even,
continuous, convex, superlinear functions. The inverse on its
image is

(%' f) (@) = sup f(w) +w-z.  (7.57)

weR?2

Lemma 7.4: The employed semifield Fourier transforms satisfy
Definition 7.25.

Proof: In the linear semifield L case we know that the familiar Fourier
transform satisfies the definition.

As for the root and logarithmic semifields, being isomorphic to the
linear semifield, we can quickly deduce that they also satisfy the
definitions through the equalities

3}/“ = .710;1 °3L 0.7)50“,

7.58
‘,}}%p:‘?go;logio?gppa ( )

where P is the pointwise operator (7.7), ¢, (x)=e"* the
semifield isomorphism ¢, : L, — L+, and ¢, (z) = x? the semifield
isomorphism ¢,, : R, = L. For example, to show that .’7’}4# satisfies
the convolution property:
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T, (f@g)
= _’}7%13;:317%(]’(@9)

i ((3,5) (3,5)
= 2 ((22,7) % (9:%,,9))
- (?so;UrFLTmf) ® <T%15FL%“Q>

= (7,1)®(%,9).

(7.59)

where ® and ® are the semifield convolution and multiplication of L,
and where X denotes the standard pointwise product of functions. In
the above derivation we have used that

7, (f©9) = (2,.)*(7,9),
(7.60)
P (F % 9) = (Zf) © (Bra9),

and that J7, has the convolution property.

Consider now the tropical max semifield T, . That F;, satisfies
the linearity, equivariance, and the zero-frequency properties is
immediate. As for the convolution property we have
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(7. (f@®9) W)
=sup (f®g)(z) —w-a

= sup (supf(x—y) +g(y)) —w-z

z Yy

—sup (5w fe) 4 (o) o (761)

x T1+To=a

= sup f(zy) +g(z3) —w- (T4 +z5)

T1,To

= (SBPf(x1> —w‘wl) + (suw(wz) —w‘xz)

= (,.f) (@) ® (F1,9) (),

+

where ® and ® are the tropical max 7T, multiplication and
convolution. For the invertibility we refer to the Fenchel biconjugation
theorem (BORWEIN AND LEWIS (2006), Thm.4.2.1). That the tropical min
semifield Fourier transform 77 satisfies all properties follows from
the fact that 7" is semifield isomorphic to T, with the isomorphism
being ®(x) = —=z. O

Remark 7.1: The Laplace-like transform
(Lf)(w) = / flz)e “*dz (7.62)
R2

also satisfies Definition 7.25. However, and this is also mentioned
in ScHMIDT AND WEICKERT (2016), this transform is limited in
its applicability because it is only finitely-valued for functions
with super-exponential decay (the transform is two-sided thus
resulting in this extreme condition). Given this limitation of this
transform, we instead use the normal Fourier transform.
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Remark 7.2: The above semifield Fourier transforms typically
relate to transforms of the type

(T F)w) = ff(@ ® xo (@), (7.63)

where x,, is an irreducible semifield-linear representation of
R2, but we choose to express them in common Fourier/Fenchel
transforms to keep a clear track of function space restrictions.

Even though we have used complex numbers in the Fourier
transforms, the resulting transformed functions are always of the
proper form R? — R due the domain consisting of even functions.

—tw-xT

This means that we could have freely replaced the e with cos(w -
x). In other words, we could have instead used the Fourier cosine

transform.

7.4 SEMIFIELD SCALE-SPACE

In this section we will state and motivate the semifield scale-space
axioms, consider some examples semifield scale-spaces, and define
what we mean with isomorphic scale-spaces.

7.4.1 AXI0MS

In PauweLs, vaN Goor, FIDDELAERS AND Moons (1995) it is stated
that “The only really nontrivial (and possibly too restrictive)
assumption imposed on the scale-space operators, is that of linearity””
By generalizing to semifield linearity we sidestep this restrictive
assumption, without making the theory too abstract to be practically
useful.

Let us shortly motivate the semifield scale-space axioms from a
machine-learning perspective (building upon similar findings in
mathematical deep learning WORRALL AND WELLING (2019), SOSNOVIK,
SZMAJA AND SMEULDERS (2020), SANGALLI, BLUSSEAU, VELASCO-
FOorRERO AND ANGULO (2021), LINDEBERG (2022)). The semifield
linearity (Axiom 7.1) together with the translation equivariance
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(Axiom 7.5) will induce semifield convolutions that allow for
fast parallel computations. The one-parameter semigroup property
(Axiom 7.2) together with the strong continuity (Axiom 7.3)
provides consistency and stability over evolution time. The one-
parameter semigroup property (Axiom 7.2) together with the scaling
equivariance (Axiom 7.4) allows us to constrain ourselves to a fixed
end-time in a PDE sublayer, say t = 1, without loss of generality,
further reducing the total parameter count. The scaling, translation,
and roto-reflection equivariance (Axiom 7.4, Axiom 7.5 and Axiom 7.6)
of the scale-space allows for the design of inherently equivariant
networks, resulting in an architecture that is robust and data-efficient
(MoHAMED, CEsA, COHEN AND WELLING (2020), COHEN, WEILER,
KicANAOGLU AND WELLING (2019)).

Definition 7.27 (Semifield Scale-space): Let R be a one-
dimensional metric semifield (Definition 7.6), % = # (R? R, )
a corresponding metric function space (Definition 7.23), and @, :
I — J be a family of operators, indexed by ¢ > 0. We call ®, a
semifield scale-space if it satisfies the following axioms:

Axiom 7.1 (Semifield Linearity and Integral Operator): We
require that @ is R-linear, that is for all f,g € 7 and a,b €
R:

Qe fEbRg) =a® (D,f) Db (P,9). (7.64)

More specifically, for positive time ¢ > 0 we will assume that
®, can be written as an integral operator:

<<I>tf><w>=7§ k(z.9)® fy),  (7.65)

yeR?

for some continuous kernel «, : R? x R? — R with &, (z, -
) within the domain of the semifield Fourier transform 75
(Definition 7.25).
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Axiom 7.2 (One-Parameter Semigroup): We require that ®,
forms a one-parameter semigroup , that is for all t,s > 0 :

@00, =, and B, = id, (7.66)

where id is the identity map on F.

Axiom 7.3 (Strong Continuity): We require that ®,f is
continuous with respect to time ¢ at any ¢, > 0 for all f €
H:

lim (3,f) = &, f, (7.67)

t—t,

where the limit is taken in the metric function space F
(Definition 7.23).

Axiom 7.4 (Scaling Equivariance): There exists a scaling
power o > 0 such that for all scalings s > 0 and all times
t>0:

B, 08, =8,0®,,a, (7.68)

where &, is the scaling operator (7.6).

Axiom 7.5 (Translation Equivariance): We require that ®
commutes with all translations v € R?:

B, 0T, =T,08, (7.69)

v v

where 7, is the translation operator (7.4).
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Axiom 7.6 (Rotoreflection Equivariance): We require that ®
commutes with all orthonormal matrices Q € R?*2:

@t o ‘%Q - ‘%Q o @t’ (770)

where R, is the rotoreflection operator (7.5).

Note that in our axioms we do not impose any restriction on the
creation of new structures when transitioning from finer to coarser
scales. This is in contrast to the requirement of causality or non-
enhancement of local extrema in KOENDERINK (1984) and LINDEBERG
(1997).

In the linear semifield L case the linearity axiom in some sense
already implies the integral operator axiom. The precise statement is
known as the Schwartz kernel theorem, a main result in the theory
of generalized functions/distributions. In the tropical semifield case a
similar statement can be made, as demonstrated in KOLOKOLTSOV AND
Masrov (1997), Thm.2.1. But for other semifields such a statement
cannot be made just yet. For simplicity, and to be on the safe side, we
therefore assume the integral operator axiom.

The one-parameter semigroup property is a natural axiom in the sense
that it implies that the (infinitesimal) evolution “looks the same” at
all times ¢. More precisely, the (strongly continuous) one-parameter
semigroup property relates to the existence of a single generator that
encapsulates the whole operator family. To understand, consider the
linear semifield case, some initial f, € #, and its evolution f, :=
®, (f,). From the one-parameter semigroup axiom we have:

ft+h —fi= ‘I’h+tf0 -
= 0,9, fo — D, fo (7.71)
= (‘I’h - cI)O)ft'
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dividing by h and taking the limit & | 0 in conjunction with strong
continuity, we get the time-invariant evolution equation:

df,

57 (7.72)

. D, -9
= WUf,, where U := 1}1?01 %.
The operator ¥ : D(¥) — H is called the generator of the operator
family ®, and its natural domain D(¥) consists of all functions f €
H for which the above limit makes sense. Typically, this domain will
be dense in .

Thus, we can interpret ®, as the solution operator of an evolution
equation. Given that the generator exists, it is possible through various
means, for example the spectral theorem, to give meaning to the
expression:

@t = et\p, (773)
which can be used to quickly confirm (at least formally) that:

d®, d
o= ge) = e = e, (7.74)

which corresponds what we already saw in (7.72).

Remark 7.3: Given the existence of a generator ¥, the scaling
equivariance axiom can be equivalently written as VoS, =
S%SS o U, revealing that the scaling equivariance can also be
understood as a sort of a-homogeneity of the generator.

An easy and illustrative example of a generator together with its
operator family is the derivative operator and the family of translation
operators in one-dimensional space:

d

(®f)(z) = fla+t), ¥=_ (7.75)

A well-known related theorem in functional analysis is Stone’s
Theorem. This theorem shows that there is a one-to-one
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correspondence between strongly continuous unitary one-parameter
semigroups and (possible unbounded) densely defined self-adjoint
operators on a Hilbert space.

In our case getting everything precise is made difficult by the fact that
we want to generalize to semifields other than the linear semifield.
For example, we cannot even directly make sense of (7.72) for general
semifields as there is not necessarily a — operation: we only have &.
Given these obstacles, we will not attempt to rigorously prove that
every semifield scale-spaces corresponds to a PDE, but will state the
related PDEs in our primary cases of interest (Definition 7.28).

The scaling equivariance says that the scale-space representation
of a scaled image should be a scaled version of the scale-space
representation of the original image. In a sense we want a scale-space
that does not “care” about absolute scale: it should qualitatively looks
the same no matter the starting scale of the input. The translation
and rotoreflection equivariance requirements are also not surprising:
the Euclidean plane has its natural translation and rotoreflection
symmetries, and demanding the scale-space to respect these is
commonplace.

In PDE-based neural networks the trainable parameters take the form
of Riemannian metrics G on a homogeneous space M. In the case of
PDE-CNNS, that being M = R2, this reduces to an inner product G :
R? x R? — R which we can always write as §(z,y) = ' Gy, where
G is the corresponding Gram matrix. In the axioms, we implicitly
make, without loss of generality, the assumption that we use the
“standard” inner product on R?, namely G(z,y) = z'y. Later in
Section 7.6 we explain how we bring back general inner products in
the PDE-CNN architecture.
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7.4.2 EXAMPLES

Definition 7.28 (Scale-spaces of Interest):
a) The Gaussian scale-space over the linear semifield L:

(@,/)(x) = / k() x f(y) dy,

yeR?

.l (7.76)
KT, y) = = exp (_EM) ,

27t 2 t

which correspond to solutions of

of 1

— = -Af. 7.77

50 = 32 (7.77)
The scaling power is o = 2.

b) The (quadratic) root scale-spaces over the root semifields R,,:

RP
(@,1)(z) = 75 k(2 y) % £(9),

yeR2
X (7.78)
e V2t 2p ¢ ’
which correspond to solutions of
of p 11 2 1
= == . 7.79
-~ IS + 547 (7.79

The scaling power is o = 2.
¢) The (quadratic) logarithmic scale-spaces over the logarithmic
semifields L :

Ll"
(®,f)(z) = f ko(2,y) + f(),
yeR?2

(7.80)
1z —yl?

1
Ky (CU, y) = _; 111(27I't) - 2'“ n )
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which correspond to solutions of

of 1 9 1

The scaling power is o = 2.
d) The a-dilation scale-space over the tropical max semifield T, :

(@, f)(z) = sup ry(z,y) + f(y),

yeR2
7.82
t ’ ,6 t ’
with é + % = 1, which correspond to (viscosity) solutions of
of 1
— =—|Vf|«. 7.83
= il (7.83)

The scaling power is c.
e) The a-erosion scale-space over the tropical min semifield 7" :

(@, f)(x) = yieanz ke(z,y) + f(y),

7.84
o) = £ (L=’ e
t ’ 6 t )
with é + % = 1, which correspond to (viscosity) solutions of
of 1
— =—|Vf|*~ 7.85
= vl (7.85)

The scaling power is a.

The operators ®, above solve the corresponding PDEs and one
readily checks that the kernels &, (-, y) satisfy the PDE for all y € R2.
For example, consider the quadratic (o« = 2) dilation scale-space and

k() = r,(,0) = —3 2L

Ok, _ 1]x|?

ot 2 2 ¢

= (7.86)
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So, indeed, k, satisfies the dilation PDE. The same check can be done
for the other scale-spaces.

Remark 7.4: The Schréodinger equation also generates a scale-
space representation in the space L?(R?;C), in the sense that
it satisfies the linearity axiom and axioms 2-6. However, it does
not fit in the theory here as the complex numbers do not form a
one-dimensional semifield, and the corresponding kernel k,(z, -)
is not square integrable. In Kraaxman (2023) PDE-based neural
networks using the Schrédinger equation are investigated and
implemented. They require more memory than our classical PDE-
Based CNNs for only a small accuracy gain in practice so far.

7.4.3 ISOMORPHIC SCALE-SPACES

In Proposition 7.1 we saw that the nonnegative linear, root, and
logarithmic semifields are isomorphic, with the same being true
for the tropical ones. It seems natural then that there also exist
isomorphisms between the corresponding semifield scale-spaces. Let
us start by clarifying what we mean by two semifield scale-spaces

being isomorphic.

Definition 7.29 (Semifield Scale-space Isomorphism): Let R and
R be two semifields, and let ®, and ®, be two semifield scale-
spaces over R and R respectively. We say the two scale-spaces
are isomorphic if there exists a semifield isomorphism ¢ : R —
R such that

O 0P, =70, (7.87)

where 7, : F(R2,R) — F(R% R) is the pointwise operator
(7.7).

Indeed, one can check that in this sense the scale-spaces of interest are
isomorphic in the following way, akin to Proposition 7.1.
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Proposition 7.2 (Scale-Space Isomorphisms):

+ The quadratic root scale-spaces over the root semifields R, are
isomorphic to the Gaussian scale-space over the nonnegative
linear semifield L.

« The quadratic logarithmic scale-spaces over the logarithmic
semifields L, are isomorphic to the Gaussian scale-space over
the nonnegative linear semifield L.

+ The a-dilation scale-space over the tropical max semifield T, is
isomorphic to the a-erosion scale-space over the tropical min
semifield T" .

+ Informally, in the limit y — 400 the quadratic logarithmic
scale-spaces over the logarithmic semifields L, “converge” to
the quadratic (v = 2) dilation and erosion scale-spaces of the
tropical semifields 7', .

Definition 7.29 also gives us a way to create new (isomorphic) semifield
scale-spaces from existing ones in the following way. Take any existing
semifield scale-space ®, over a semifield R, and let ¢ : R — R be any
semifield isomorphism. We then simply define the new scale-space
o, = F,-1 0 @, o F, over the semifield R.

In FLorAcKk (2001) nonlinear scale-spaces are created in exactly this
way by performing a pointwise transformation on the Gaussian scale-
space and deducing what nonlinear PDE corresponds to the obtained
evolution.

More specifically, let ¢ : R — L be a monotonic twice continuously
differentiable transformation, where R C R is some subset of the reals.
We start with the isotropic diffusion PDE on R2:

of 1

— =-Af. 7.88

5; = 30 (7.88)
We then define a new evolution g(z,t) := ¢~ (f(z,t)). Let us derive
what PDE g obeys. Using the shorthand ¢(g) := %,(g) for a moment,
it follows from the equalities:
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% _ 2oy
ot ot ¢’ (g) ot’ (7.89)
Af = Alp(g)) = ¢"(9IVgl* + ¢'(9)Ag,

that the PDE that describes the evolution of g is:

99 _¢"(9)1
ot ¢'(9) 2

1
IVg|? + §Ag. (7.90)

Florack suggests setting u := ¢” /¢’ = (In¢’)’ as a constant, as the
class of non-trivial (that being non-affine) ¢’s is then:

o(z) =e*® with p#0,u€R, (7.91)

up to affine transformations. This transformation of the PDE is known
as the Cole-Hopf transformation (Evans (2010), p.195). This is exactly
the isomorphism between the logarithmic and linear semifield as
seen in Proposition 7.1, and indeed, with this ¢ we get the quadratic
logarithmic scales spaces:

dg _ p(1) 1

— = —2|Vg|? + =Ag. 7.92

5t = o IVII°+ 3589 (7.92)
In the extreme cases of the transformation, that being 1 = 400, the
diffusion part becomes negligible in comparison to the erosion/dilation

part, and one can say that the morphological scale-spaces arise.
If we instead choose () = zP the quadratic root scale-spaces arise:

dg p—11 , 1

A ZAg. .

B . 5IV9l* + 549 (7.93)
7.5 CONSEQUENCES

In this section we explore the consequences of the semifield scale-
spaces axioms (Definition 7.27).

We start by showing that the equivariance axioms of the scale-space
representation lead to invariance properties of the kernel x, : R? x
R? — R. For example, the translation equivariance of ®, (Axiom 7.5)
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implies that the kernel x, (Axiom 7.1) is translation invariant in the
sense that k, (v + x,v + y) = k,(z,y) for all z,y, v € R2.

We then show that, due to the translation equivariance (Axiom 7.5), the
semifield scale-space can be written as a semifield convolution with a
reduced kernel k, : R? — R. From there on out we show Theorem 7.1
which gives an explicit form of the reduced kernel k, in the semifield
Fourier domain, this being the main theorem.

7.5.1 EQUIVARIANCE OF OPERATOR BECOMES INVARIANCE OF KERNEL
In this subsection we show how the translation, rotoreflection, and
scaling equivariance axioms on the operator family ®, translate to
corresponding invariances on the kernel k,. The upcoming three
lemmas are straightforward, generally known, and basically identical
in proof.

Lemma 7.5 (Translation Invariance): From the integral operator
(Axiom 7.1) and translation equivariance (Axiom 7.5) it follows
that the kernel is translation invariant, that is:

K?t(U-I-LE,U-i-y) :F“’t(xay)a (794)

for all for all z,y,v € R? and ¢t > 0.

Proof: We rewrite the translation equivariance (Axiom 7.5) as
T ,o® 0T =9, (7.95)

v

We apply some dummy function f € J and evaluate it at some
dummy position z € R:

(T o @, 2 7)) (F))(2) = (D(f)) (). (7.96)

Using the definition of the translation operator 7, (7.4) and the integral
operator axiom we expand this into:

f k(o4 2,9) ® f(—v+y) = 7? k() ® F(y)(7.97)
cR2

Y yeR2
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Using the translation invariance property (7.19) of the semifield
integration gives:

75 k(v + 2,04 1) ® f(y) = 74 ko, 9) ® F(3). (7.98)
cRr2

Y yeR?
Given that this should hold for all f € H we can conclude:
Ht(v+xav+y):/€t<xay)' (799)

O

The last step of the proof can be understood as a semifield version
of Fundamental lemma of the calculus of variations. There are several
versions of this lemma but generally they are of the form

Vg:/fg:0:>f:(), (7.100)

with some assumptions on the nature of f and g. Using the substitution
f = f1 — fy we can equivalently write

v.q:/flg:/fzg:fl = fa- (7.101)

Because a semifield does necessarily have additive inverses, the second
form (7.101) is the natural one in our context. The lemma in its
second form (7.101) is used in the last step of the proof of Lemma 7.5,
specifically when transitioning from (7.98) to (7.99). We will also apply
it in the upcoming proofs of Lemma 7.6 and Lemma 7.7. The proof of
the lemma is straightforward in our setting; the kernel «, is assumed
to be continuous (Axiom 7.1), and the space J contains all indicator
functions, meaning that a standard “concentration” argument works.

Lemma 7.6 (Rotoreflection Invariance): From the integral
operator (Axiom 7.1) and the rotoreflection equivariance
(Axiom 7.6) it follows that the kernel is rotoreflection invariant,
that is:
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K (Qz, Qy) = Ky (2, Y), (7.102)

for all orthonormal Q € R?*2, z, Yy € R2, and t > 0.

Proof: We rewrite the rotoreflection equivariance (Axiom 7.6) as

Ror0® 0 Ry =, (7.103)

We apply some dummy function f € /' and evaluate it at some
dummy position = € R:

((Rg-10®, 0 Ry ) (f)) () = (®,(f)) (). (7.104)

Using the definition of the rotoreflection operator R, (7.5) and integral
operator axiom we expand this to:

% K (Qz,y) ® fF(Qly) = ?g ki (x,y) ® f(y).(7.105)
€R2

Y yeR?
Using the rotoreflection invariance property (7.20) of the semifield

integration gives:

y{ ko (Qr, Qu) ® fy) = f k(z,y) ® f(y). (7.106)
€R2

Yy yeR?
Given that this should hold for all f € J we can conclude:
k1 (Qz, Qy) = K (z,y). (7.107)
U
Lemma 7.7 (Scale Invariance): From the integral operator

(Axiom 7.1) and scaling equivariance (Axiom 7.4) it follows that
the kernel is scale invariant, that is:

X(8) ® Kgayr(s2,5Y) = Ky(2,y)- (7.108)

forall z,y € R%2 and s,t > 0.
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Proof: We rewrite the scaling equivariance (Axiom 7.4) as

Sio®., 08, =0, (7.109)

S

We apply some dummy function f € # and evaluate it at some
dummy position z € R:

((82 0@y o 8)(N)) (@) = (@ (M@).  (7.110)

Using the definition of the scaling operator &, (7.6) and integral
operator axiom we expand this to:

)
?{ Kgoy(ST,Y) ®f<g) =?§ ke(z,y) ® f(y). (7.111)
y€eR? yeR?
Using the scaling property (7.21) of the semifield integration gives:
x(s) ®j§ﬂsat(sw, sy) ® f(y) = yf,.;t(x,y) ® f(y). (7.112)
y y

Given that this should hold for all f € H we conclude:

X(8) ® Kgar(s, 8y) = Ky(2,Y). (7.113)

O

Consider now Lemma 7.5. Because we can freely choose the translation
v, we can also choose v = —y:

ki (2,y) = k(@ —y,0) = Ky (z —y). (7.114)

We thus see that , is completely characterized by its behavior on &, (-
,0), which we define as the reduced kernel &, : R? — R. Plugging this
newfound knowledge back into the integral operator axiom we get the
following result.

Lemma 7.8 (Translation Equivariance implies Semifield
Convolution): Consider the integral operator (Axiom 7.1) and
translation equivariance (Axiom 7.5). Define the reduced kernel
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k,(z) = K,(z,0). We can write the scale-space operator ¥, as a
semifield convolution:

& f=k®f. (7.115)

Proof: This follows immediately from Lemma 7.5.

(@,1)(x) = 74 kal(2,) ® £(1)

yeR?

=7§ kalz —9,0) ® f(y)
yeR? (7.116)

= }1{ k(—y+z)® f(y)

yeR?

= (k, ® f)(z).

Lemma 7.9 (Convolution Property of Reduced Kernel): From
the integral operator (Axiom 7.1), the one-parameter semigroup
(Axiom 7.2), the strong continuity (Axiom 7.3), and the translation
equivariance (Axiom 7.5), it follows that the reduced kernel
k,(z) = K,(z,0) satisfies:

k,®k, =k,,, forall ts>0. (7.117)

Proof: We have already seen in Lemma 7.8 that the integral operator
axiom and the translation equivariance axiom imply that

O f=k®f (7.118)

If we use this formula together with the one-parameter semigroup
property axiom we get

k,®(k,®f) =k, ®f. (7.119)

Using associativity of semifield convolution (7.31) on the Lh.s.:
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(ks ®k,)®f=k,  ®f. (7.120)
We are free to choose f =k, fore > 0:
(k,®k,)®k, =k, ®k,. (7.121)

From the strong continuity axiom we know that lim__,, k. ® k, = k,,
thus, after taking this limit, we can conclude:

k,®k, =k,.,. (7.122)
O

7.5.2 TOWARDS THE SEMIFIELD FOURIER DOMAIN

We see that to move forward we need a way to efficiently
work with semifield convolutions. The semifield Fourier transform
(Definition 7.25) has the important property of turning convolutions
into much more wieldy pointwise multiplication. This is why we
translate all previous lemmas to the semifield Fourier domain using
the semifield Fourier transform.

Lemma 7.10: Consider all axioms of a semifield scale-space
(Definition 7.27). The reduced kernel k,(z):= k,(-,0) in the
semifield Fourier domain k, = 7 (k,) satisfies

i (Qu) = Fy(w), (7.123)
kt(g) = k,(w), (7.124)
]Aﬁs (w) ® l%t (w) = ,%s+t(w)7 (7.125)

for all orthonormal @) € R?*2, w € R?, and s,t > 0.

Proof: Lemma 7.6 tells us that
K (Qr, Qy) = Ky(7,Y). (7.126)

Translating this to the reduced kernel k, gives
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k,(Qz) = k(). (7.127)

Taking the semifield Fourier transform on both sides, and using the
rotoreflection equivariance property of the Fourier transform (7.46),
we get:

E,(Qw) = ky(w). (7.128)
Lemma 7.7 also tells us that
X(8) ® Kyar(sz,8Y) = Ki(x,Y). (7.129)
Translating this to the reduced kernel k, gives
X(8) ® kyay(sx) = ky(z). (7.130)

Taking the semifield Fourier transform on both sides, and using the
scaling equivariance property of the Fourier transform (7.47), we get:

w

(5) ® X(%) @ ko, (;) — (). (7.131)

Using that x is a homomorphism we know that x(s) ® X(%) =
x(£) = x(1) = 1, so we can simplify this to

l%sat(g) = iy (w). (7.132)
Lemma 7.9 tells us that
k,®k, =k, ,. (7.133)

Taking the semifield Fourier transform on both sides, and using the
convolution property of the Fourier transform (7.45), we get:

k, @k, =k, (7.134)

O

Let us check if the reduced kernels of the scale-spaces of interest
indeed satisfy the properties listed in the previous lemma by inspecting
their Fourier transforms.
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Proposition 7.3 (Semifield Fourier Transform of Kernels of

Interest): Consider the employed semifield Fourier transforms

(Definition 7.26) and the semifield scale-spaces of interest

(Definition 7.28). Let k,(z) := k.(+,0) be the reduced kernel and

k, = F5(k,) its semifield Fourier transform.

a) For the Gaussian scale-space over the linear semifield L we
have:

P

£ (w) = exp (—%tlle?). (7.135)

b) For the quadratic root scale-spaces over the root semifields R,
we have:

~R 1
k. " (w :exp<——t w 2). 7.136
(W) 3l (7.136)

c) For the quadratic logarithmic scale-spaces over the logarithm
semifields L, we have:

AL 1
k" (w) = _Et”WHQ- (7.137)
d) For the a-dilation scale-space over the tropical max semifield
T, we have:
7.T, 1 a
kit (w) = at“w” . (7.138)

e) For the a-erosion scale-space over the tropical min semifield
T we have:

AT 1 o
B () = ——twl®. (7.139)

7.5.3 ExpriciT FORM OF THE REDUCED KERNEL

With the results derived above we are now ready to derive the explicit
form of the reduced kernel in the Fourier domain l}t, and, in turn,
an expression for the reduced kernel k,. But to succinctly state this
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explicit form we need one extra ingredient: semifield exponentiation,
i.e. a generalization of repeated semifield multiplication.

Definition 7.30 (Semifield Exponentiation): Let R = (R,0,1,®
,®) be a one-dimensional metric semifield. The semifield
exponentiationexpp : R — R is defined as the (up to time scaling
unique) map that satisfies:

expr(s) @ expp(t) = expr(s+1¢) forall s,t € R,

expp(0) =1,

lim, ,  expp(t) = 0.

To distinguish the semifield exponentiation from regular
exponentiation we always indicate the former with the semifield in the
subscript, and the latter without any subscript.

Definition 7.31 (Employed Semifield Exponentiation):

a) In the (nonnegative) linear semifield L case we have
expy(t) = exp(—t).

b) In the root semifields R, case we have exp R, (t) = exp(—t).

¢) In the logarithmic semifields L, case we have exp L, (t) =
— sign(p)t.

d) In the tropical max semifield 7, case we have expy, (t) = —t.

e) In the tropical min semifield 7" case we have exp; (t) = t.

Theorem 7.1 (Explicit form Reduced Kernel): Let R be a one-
dimensional metric semifield, 7 the semifield Fourier transform
(Definition 7.25), and expp the semifield exponentiation
(Definition 7.30). Consider all axioms of a semifield scale-space
(Definition 7.27). We have that the reduced kernel k, is (up to a
time scaling) equal to:
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]A{:t (w) = expr(||lw]|*t),
(7.140)
ky

() = (%5 'k, (),

where « is the scaling power (Axiom 7.4).

Before we continue with the proof, we can check that, indeed, all
semifield Fourier transforms of the reduced kernels, as listed in
Proposition 7.3, have this stated form.

Proof: Consider the reduced kernel lAct in the Fourier domain and all
its properties as listed in Lemma 7.10. Due to the rotoreflectional
symmetry (7.125) we will abuse notation slightly and write

ko(w) = ky(Jwl) = E,(r), (7.141)

where r = |w|. Taking s = r > 0 in the scaling invariance (7.123) we
get

k,(r) = E,ap (1) for r>0. (7.142)

Due to the one-parameter semigroup property (7.124) and ¢ > lAct (w)
being continuous, we have (up to a time scaling)

k,(1) = expg(t) or k,(1)=0. (7.143)
We are not interested in the lAct (1) = O case as it would imply, together
with the previous equation, that l?:t is identically zero, corresponding
to a non-relevant scale-space. Combining the equations found so far
we get

k,(r) = expp(r®t) for r> 0. (7.144)

which we can extend to 7 =0 by continuity. Taking the inverse
semifield Fourier transform concludes the proof. O

The up-to-a-time-scaling non-uniqueness is something we can not
avoid as every semifield scale-space ®, corresponds to an infinite
family of scale-spaces ®, = ®,, for every s > 0.
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The above theorem shows that every (one dimensional metric)
semifield R corresponds to a unique one-parameter family of semifield
scale-spaces, where the scaling power « acts as the parameter.

There is one caveat here though, and that is that not every o
necessarily results in a k, which is in the domain of the used inverse
semifield Fourier transform. For example, in the tropical semifields the
case o = 1 results in a k, which we cannot insert into the inverse
transforms listed in Definition 7.26.

7.6 ARCHITECTURE
In this section, we will briefly discuss the PDE-CNN architecture by
defining the PDE sublayers corresponding to semifield scale-spaces
(7.147), the PDE sublayer corresponding to convection (7.149), and the
affine sublayer (7.150).

Consider any one-dimensional metric semifield R and a corresponding
semifield scale-space ®,. As Lemma 7.8 shows, we can write the scale-
space ®,f of a (appropriate) function f:R? — R as ®,f =k, ® f
where k, : R2 — R is the reduced kernel, and ® is the semifield
convolution. We want to implement these semifield scale-spaces to use
them within the design of our PDE-CNNs. However, in practice, we
cannot work with general signals defined on the continuum of R?, and
we need to discretize our setting.

As is usual in machine learning we imagine images f : R?> — R as
sampled images f : Z — R on a grid Z C R? such that f(z) = f(2)
for all grid points z € Z. We idealize the grid as the infinite integer grid
Z? here for the sake of simplicity (we have no boundary concerns).
Let f, % : Z2 — R be the discretized versions of an image f and any
kernel k. The discrete semifield convolution is defined as

(k@ f)li.dl= @ kl-m+i,—n+j® flm,n],(7.145)

(m,n)ez?
where we have used the notation [+, -] to emphasize the discrete nature.

With the discrete semifield convolution we can write down the
formula for a PDE sublayer in the PDE-CNN. The input of a PDE
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sublayer consists of signals ~ f; : Z? — R and matrices H, € R?*?
with ¢ = 1, ..., C, and C being the number of channels. The matrices
H, act as the learnable parameters of the layer. We consider the
continuous scale-space kernel k, : R? — R and create the discretized

kernels k, : Z? — R by defining

Without loss of generality we may take ¢ = 1 in our scale-space kernel
k, as a scaling in ¢t can be captured in H,. We then perform the discrete
semifield convolutions to acquire our outputs ~ g; : Z2 — R:

PDE sublayer: §; = k; ® f;. (7.147)

The matrices H, require some explanation. As already touched upon
in Subsection 7.4.1, in the semifield scale-space axioms we implicitly
assumed the standard inner product G(z,y) = ="y on R?, but this is
not the only one we can choose. By choosing the inner product to be

G(z,y) =2"Gy, G=H'H (7.148)

for any matrix H we get a scale-space representation that is completely
identical, albeit “stretched” with respect to the coordinates. The Gram
matrix G = H'H is by construction symmetric positive definite
(SPD) as required, and relieves us from coding a SPD constraint. By
considering kernels of the form k,(Hz) we effectively include the
possibility of processing the image with a different inner product. The
“stretching” induced by the matrix H in the Gaussian scale-space case
corresponds to the affine Gaussian scale-space studied in LINDEBERG
AND GARDING (1997).

The PDE sublayer, as described in formula (7.147), seems to have
nothing to do with a PDE at first glance. However, remember that
every semifield scale-space ®, over a semifield R can be associated
with a PDE, and the PDE sublayer is effectively a solver for the
corresponding initial value problem. The examples in Definition 7.28
clarify this.
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Alongside the PDE sublayers that correspond to semifield scale-spaces
we also have the convection PDE sublayer. The convection sublayer
effectively solves the convection PDE by translating images. The
input of a convection PDE sublayer consists of images f; : Z2 —
R and vectors v; € R? with i = 1,...,C, and C being the number
of channels. The vectors v; act as the learnable parameters of the
layer. The output signals g, : Z? — R are obtained through bilinear
interpolating (Interp) the inputs at the appropriate positions:

Convection sublayer:

gz[man] = Interp( ~i’ m — (Ui)l’ n— ('Ui)z)- (7149)

The final ingredient we need is the affine layer which is defined as
follows. The input consists of channels ~ f; : Z? — R, weights w;; €
R, and biases b; € R, withi =1,...,C;, j = 1,...,C,, and C;, C, being
the number of input and output channels respectively. The weights
w;; and biases b; act as the learnable parameters of the layer. We then
perform the following pointwise computation to get the C, outputs ~
g;: 7Z?> - R
G
Affine layer: §; =b; + Z w;; f- (7.150)
i=1
By concatenating various PDE sublayers, that being either a sublayer
that corresponds to a scale-space or a convection sublayer, with an
affine layer at the end we form a PDE layer. Multiple PDE layers after
each other with an affine layer at the start and end creates a PDE-CNN.

7.7 EXPERIMENTS

This section presents two experiments. The first assesses how adding
additional scale-space—generating PDEs to the PDE-CNN architecture
affects its accuracy. The second evaluates the architecture’s data
efficiency on the DRIVE dataset. The code for these experiments is
available in the GitLab repository SEmiriELD PDE-CNNSs.
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7.7.1 INcLUDING NEW PDEs 1N PDE-CNNs

Current PDE-based neural networks employ three PDEs that generate
scale-spaces: diffusion, dilation, and erosion, which correspond,
respectively, to the linear semifield L, the tropical min semifield 7",
and the tropical max semifield T, . Our theory reveals at least two PDEs
that have not yet been used in PDE-based neural networks: the PDE
that generates the root scale-space (7.79) and the PDE that generates
the logarithmic scale-space (7.81), which arise naturally from the root
semifield R, and logarithm semifield L ,. Our first experiment will
examine how the inclusion of these PDEs affects the accuracy of the
PDE-CNN architecture.

The networks that we consider always include the convection PDE
sublayer at the start of the PDE layer. The PDE-CNNs will consist of
6 PDE layers, 32 channels, and have an average parameter count of
approximately 9 500, which changes with the amount of PDEs we add
to its PDE layers.

We will test the networks on the DRIVE dataset (Subsection 2.8.1).
We selected the DRIVE dataset because its images contain vessels
at varying scales, making it well-suited for applying scale-space
techniques, including PDE-based neural networks.

Since the goal is retinal vessel segmentation, we will be training using
the Dice loss (2.59). We train on batches consisting of 8 patches. We
empirically found that a higher batch size results in a worse test set
accuracy. We use the AdamW optimizer with an initial learning rate
of 0.01 that decays linearly to 0.001 over the first 1000 batches. The
beta, epsilon and weight decay parameters of AdamW are kept at
their (PyTorch) default values of (0.9,0.999), 1078, and 0.01. During
training we keep track of the Dice coefficient on the test set and the
best one is stored. We train until the Dice coefficient on the test set
no longer increases, which happens within 20 000 batches. We then
repeat this 5 times for every possible situation.

We empirically found that adding the linear semifield L, that is we
add a PDE sublayer corresponding to the Gaussian scale-space, does
not affect the accuracy of any of the networks. This can be explained
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by noticing that such a PDE sublayer can be emulated completely and
effectively by the convection sublayer (7.149) together with the affine
sublayer (7.150) , which are always components of the PDE-CNNs we
consider here. For this reason we have omitted the linear semifield
PDE sublayers altogether. This is in agreement with the results found
in CASTELLA (2021), p.28.

The result can be found in Figure 7.1. We observe multiple things:

+ Adding semifields to the existing PDE-CNN architecture, which
only employ the tropical semifields and convection, may enhance
accuracy, albeit not significantly, as observed in the case of going
from {T,T } to {T,,T_,L,}.

+ The inclusion of the tropical min semifield 7" always increases
accuracy, most starkly seen when going from {L u} to {T_, L #}.

« Adding semifields does not necessarily improve accuracy, as is
evident from the last row when compared to the two-semifield
models in the middle rows.

+ The inclusion of the root semifield R,, seems to make the training
less stable, as indicated by the increase in spread within the scatter
plot at the respective rows.

It is worth mentioning however that these results might be specific to
the DRIVE dataset.
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Semifield Dice Coefficient
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Figure 7.1: A scatterplot of the accuracy of a 6-layer PDE-CNN
on the DRIVE dataset, with various designs of the PDE layer as
indicated in the table on the left. The crosses indicate the mean. The
rows are organized according to the amount of semifields included

in the model.

7.7.2 DATA EFFIcIENCY OF PDE-CNNs

The data efficiency of PDE-G-CNNs on M, is already verified in
PA1, BELLAARD, SMETS AND DurTs (2023), but whether this desirable
property holds in the PDE-CNN case is still left untested. Our second
experiment is therefore testing the data efficiency of a PDE-CNN on

the DRIVE dataset.

As a baseline we consider a CNN with 31488 parameters, and
compare this against a PDE-CNN with 5 280 parameters. To make the
comparison fair both networks have 6 layers and 24 channels. The
only difference between the CNN and PDE-CNN is the kind of layer
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that is used. In the CNN we use a standard 2D convolutional module
with 3 x 3 kernels together with a nonlinear activation function. In
the PDE-CNN we use a PDE layer, as described in Section 7.6, that
employs three PDEs: convection, dilation, and erosion. The size of the
networks has been chosen this way such that both give a satisfactory
Dice coefficient of & 0.80 on the test set when trained on the complete
training set.

Following the method in PA1, BELLAARD, SMETS AND DUITs (2023), we
randomly take 1% to 100% of the training data. Other than that our
methodology is identical to Subsection 7.7.1.

The result can be found in Figure 7.2. We see that on the DRIVE
dataset, in comparison with a standard CNN, the PDE-CNN not only
features fewer parameters but also showcases competitive accuracy
and increased data efficiency. This mirrors the results found in Par,
BELLAARD, SMETS AND DurTs (2023), but this time for a PDE-CNN
instead of the M = M, PDE-G-CNN considered there.

Data Percentage
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0.72
Figure 7.2: A scatterplot of the accuracy of a 6-layer 24-channel CNN
(31 488 parameters) in blue and PDE-CNN (5280 parameters) in
green on the DRIVE dataset, when trained multiple times on varying

amounts of training data. The crosses indicate the mean.
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7.8 CONCLUSION

PDE-CNNs are an interesting alternative to CNNs in the sense that
their constituents, this being solvers of PDEs that generate scale-
spaces, are geometrically meaningful and interpretable.

The existing PDE-CNN framework uses four PDEs: convection,
diffusion, dilation, and erosion. Through the introduction of semifield
scale-spaces (Definition 7.27) we demonstrate the presence of a broad
class of PDEs that remain unused within the PDE-CNN paradigm.

The theory of semifield scale-spaces is expressive and encapsulates
a large class of known scale-spaces. Theorem 7.1 shows that every
semifield gives rise to a one-parameter family of semifield scale-spaces.
This indicates that the generalization to semifields is one that is not
too general and definitely fruitful.

In Subsection 7.7.2 we empirically verified on the DRIVE dataset that
PDE-CNN:s, just like PDE-G-CNNs, when compared to traditional
CNNgs, require less training data, have fewer parameters, and increased
accuracy.

In Subsection 7.7.1 we experimented on the inclusion of various
semifields and their corresponding scale-spaces within PDE layers of
a PDE-CNN. We see that the thought “more semifields means better
accuracy” is incorrect, and that it is not clear if the addition of more
semifields into the already existing PDE-CNN framework is worth
the effort. However, in all cases inclusion of the tropical semifield
improved the result, advocating for tropical algebras in PDE-based
neural networks.
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Figure 1: Regardless of the position and orientation of the
billiard table, the balls move as expected and the game proceeds
as normal.

Figure 2: In some tasks it is important that a model respects
translational and rotational transformations.

Figure 3: Some things are described using only a position, other
things are better described as a position-orientation.

Figure 4: A cartoon illustration of a black-box model. The
tunable knobs illustrate the values of the parameters of the
model. The training data here consists of images of animals
together with a label telling us what is in the image. The
parameters of the trained model have been finely tuned, as
indicated by the rotated knobs.

Figure 5: An example of coronary artery and retinal vessel
segmentation. Images taken from the DCA1 (Subsection 2.8.2)
and DRIVE (Subsection 2.8.1) dataset.

Figure 6: An example of an ethane molecule and its chemical
properties and dynamics. The black arrows indicate the forces
on each atom resulting from the molecule’s deviation from
equilibrium.

Figure 7: An example of retinal vessel tracking. Starting from
the white dot, the goal is to follow the vessel towards to optic
disc (top right). Image taken from the DRIVE (Subsection 2.8.1)
dataset.

Figure 8: Two examples of denoising/enhancing data. The MRI
data (more accurately, the fiber orientation density) is visualized
as a glyph field where each glyph is a spherical polar plot (Tucu
ET AL. (2002), Eq.4, MARGULIES ET AL. (2013), Fig.2f).

Figure 2.1: Visualization of the generators A, by plotting their
fundamental vector fields A? on R2.

Figure 2.2: Visualization of the natural SE(2) invariant frame
A, at a position-orientation (z,n) € M,.
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Figure 2.3: We can visualize position-orientations in two ways:
1) as arrows in the two-dimensional plane, 2) as points in a three-
dimensional volume that is periodic vertically.

Figure 2.4: An example of a two-dimensional image together
with its orientation score. We visualize M, as a three-
dimensional volume, as explained in Figure 2.3. The orientation
scores of higher-dimensional images are harder to visualize.
Figure 2.5: Visualization of a cake wavelet that filters for vertical
edges. In the frequency domain it becomes clear why cake
wavelets are called such: they look like pieces of a round cake.
Figure 2.6: Example of sum-, max-, and min-pooling over
orientations for a synthetic scalar signal on Ml,. We visualize M,
as a three-dimensional volume, as explained in Figure 2.3. The
result of the projection is visualized below the volume.

Figure 2.7: The Gaussian (2.50), quadratic (o = 2) dilation (2.52),
and quadratic erosion (2.54) scale-space representations of a
grayscale image of the interior surface of the eye at various
scale-parameters.

Figure 2.8: The a-erosion scale-space representation (2.54) with
o= %. This can be compared with the quadratic (o« = 2) erosion
scale-space seen in Figure 2.7.

Figure 2.9: Diagram of a depthwise separable convolutional
layer (2.62). The vertical direction represents the channels. The
arrows represent the “flow” of the feature maps.

Figure 2.10: Illustration of diffusion (2.65), dilation (2.66), and
erosion (2.67) applied to a synthetic signal on M, for a spatially
isotropic metric G (2.30). We visualize M, as a three-dimensional
volume, as explained in Figure 2.3. The sum-pooling projection
(2.42) is visualized below the volume.

Figure 2.11: Diagram of a PDE layer.

Figure 2.12: Diagram of a PDE-based neural network
architecture.
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Figure 2.13: Example of how a PDE-based neural network
on M,, when trained on the Lines dataset (Subsection 2.8.3),
performs contour completion. We visualize M, as a three-
dimensional volume, as explained in Figure 2.3. The feature maps
of a single channel are visualized.

Figure 2.14: Diagram of a PONITA layer.

Figure 2.15: Diagram of the PONITA architecture.

Figure 2.16: A sample from the DRIVE dataset.

Figure 2.17: A sample from the DCA1 dataset.

Figure 2.18: A sample of the Lines dataset.

Figure 3.1: In gray the isocontour d = 2.5 is plotted. The
metric parameters are (w, Wy, ws) = (1,8,1). We visualize M,
as a three-dimensional volume, as explained in Figure 2.3. The
domain of the plot is [—3, 3]? x [—m,m) C M,. For § = kn/10
with k = —10, ..., 10 isocontours are drawn and projected onto
the bottom of the figure.

Figure 3.2: Visualization of the exact distance d and
approximative distance p,. The metric parameters are on the
left (w;,wy, wg) = (1,1,1) and on the right (w;, wy, w3) =
(1,2,1).

Figure 3.3: Visualization of the exact distance d, the
approximative distance p,, and the sub-Riemannian distance
approximation pj, .. The metric parameters are (w,, wy, w3) =
(1,8,1). We see that the isocontours of p, are too “thin”
compared to the isocontours of d. The isocontours of p, , are
better in this respect.

Figure 3.4: Visualization of the exact distance d, the
old sub-Riemannian approximation py g ,q (3.10), and the
new approximation p, o, (3.16). The metric parameters are
(wq,wy, ws) = (1,8, 1). For the old approximation we chose

v = 44, and for the new one v = 1.6. We see that in this case
both approximations are appropriate.
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Figure 3.5: Same as Figure 3.4 but then with (w;, w,,ws) =
(1,8,0.5). In this case the old sub-Riemannian approximation
Phsrod (3-10) underestimates the true distance and becomes
less appropriate. The new approximation pj, , (3.16) is also not
perfect but qualitatively better. Decreasing w5 would exaggerate
this effect even further.

Figure 3.6: Visualization of the positions-orientations £*(p) for

a specific p € Ml,, where ¢ are the fundamental symmetries

(3.28). The reference position-orientation p, = (0,0, 0) is also

plotted.

Figure 3.7: Examples of pairs of position-orientations in M, that
are coradial, cocircular, and parallel.

Figure 3.8: In gray the isocontour p, = 2.5 together with the
fixed points of €2 (red), ' (green), and €° (blue). For ¢2 and
¢! only the points within the region 2% + y? < 22 are plotted.
The fixed points of €2, e, and £ correspond respectively to the
points in M, that are coradial, cocircular, and parallel to the
reference point p,. The metric parameters are (w;,ws, w3) =
(1,2,1).

Figure 3.9: Exact distance d (red), lower bound [ (blue), and upper
bounds u; (green), u, (purple) along the y-axis, i.e at z = 0 =
0, for increasing spatial anisotropy. We keep w; = w3 = 1 and
vary wy. The horizontal axis is y and the vertical axis the value
of the distance/bound. Note how the exact distance d starts of
linearly with a slope of w,, and ends linearly with a slope of w;.
Figure 3.10: Same setting as Figure 3.9 but at x = y,6 = 0. The
horizontal axis moves along the line x = y.

Figure 3.11: A scatterplot showing how a 3, 6, and 12 layer CNN
(red), G-CNN (blue), and PDE-G-CNN (green) compare on the
DCAL1 dataset. The crosses indicate the mean. We see the PDE-
G-CNNs provide equal or better results with respectively 2, 10
and 35 times less parameters, see Table 3.3.

Figure 3.12: A scatterplot showing how the use of different
distance approximations affect the accuracy of the 6 layer PDE-
G-CNN on the DCA1 dataset. The crosses indicate the mean.
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Figure 3.13: One sample from DCA1 and the corresponding
outputs of the 6 layer PDE-G-CNN for each distance
approximation. The networks have an accuracy approximately
equal to the mean in Figure 3.12. In agreement with the
scatterplot, it is hard to spot a noticeable difference between
distance approximations.

Figure 3.14: A scatterplot showing how a 6 layer CNN (red,
25662 parameters), G-CNN (blue, 24632 parameters), and a PDE-
G-CNN (green, 6018 parameters) compare on the Lines dataset.
The crosses indicate the mean.

Figure 3.15: A scatterplot showing how the use of different
distance approximations affect the accuracy of the 6 layer PDE-
G-CNN on the Lines dataset. The crosses indicate the mean.
Figure 4.1: Visualization of the curve 7(t) := exp(Xt) > p,
connecting the position-orientations 7(0) = p; and n(1) = p,,
for three different generators X € se(3). The angular velocity
|w]| of the generator X = (v, w) is indicated above the plots. The
leftmost plot corresponds to the mav generator X = M (py, p,),
which, by definition, has minimal angular velocity.

Figure 4.2: Diagram of the center of rotation c of the planar
screw displacement between two position-orientations p; =
(x1,19), po = (x9,n9) € M. The circles are aligned with the
rotation plane V. For the sake of clarity, only in the top view the
labels have been placed.

Figure 6.1: Contours d(p,,-) = 0.5, 1.0, 1.5, 2.0, 2.5 for a
diagonal metric (6.1) and nondiagonal metric (6.2). The domain
of the plot is (z,y,0) € [-3,3]? X [-m,7) C M,, with the
vertical axis being . At the bottom, we have identically valued
isocontours of the min-pooling projection over 6.

Figure 6.2: A trained lifting layer L, ... (6.8). We perform C lifts
W, with learned kernels ;.

Figure 6.3: A fixed lifting layer Ly, (6.11). We first perform a
single fixed lift W; with “mother” wavelet 1, then K learned
convections C’Cli, and finally apply a learned linear combination
A € ROK,

train
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Figure 7.1: A scatterplot of the accuracy of a 6-layer PDE-CNN
on the DRIVE dataset, with various designs of the PDE layer as
indicated in the table on the left. The crosses indicate the mean.
The rows are organized according to the amount of semifields
included in the model.

Figure 7.2: A scatterplot of the accuracy of a 6-layer 24-
channel CNN (31 488 parameters) in blue and PDE-CNN (5 280
parameters) in green on the DRIVE dataset, when trained
multiple times on varying amounts of training data. The crosses
indicate the mean.
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Table 2.1: Overview of the chemical properties in the QM9
dataset.

Table 3.1: The 8 fundamental symmetries &%, in either half-angle
coordinates b® or logarithmic coordinates ¢, correspond to sign
flips.

Table 3.2: Numerical mean relative error € between p, and d for
multiple spatial anisotropies .

Table 3.3: The total amount of parameters in the networks that
are used in Figure 3.11.

Table 4.1: PONITA trained to predict chemical properties of
various molecules (QM9 dataset). Mean absolute error on the test
set is reported (lower is better).

Table 5.1: PONITA trained to predict chemical properties of
various molecules (QM9 dataset). Mean absolute error on the test
set is reported (lower is better). Our universal invariants perform
better.

Table 6.1: The architecture of different 6-layer networks, and
their accuracy when trained on the DCA1 dataset. The fixed
lifting PDE-G-CNN was done with K = 40 convections (6.11).
Table 6.2: The accuracy of two different 6-layer PDE-G-CNNs
when trained on the Lines dataset.
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