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Abstract

Group equivariant convolutional neural networks (G-CNNs) have been successfully applied in geometric deep learning.
Typically, G-CNNs have the advantage over CNNs that they do not waste network capacity on training symmetries that
should have been hard-coded in the network. The recently introduced framework of PDE-based G-CNNs (PDE-G-CNNs)
generalizes G-CNNs. PDE-G-CNNs have the core advantages that they simultaneously (1) reduce network complexity, (2)
increase classification performance, and (3) provide geometric interpretability. Their implementations primarily consist of
linear and morphological convolutions with kernels. In this paper, we show that the previously suggested approximative
morphological kernels do not always accurately approximate the exact kernels accurately. More specifically, depending on
the spatial anisotropy of the Riemannian metric, we argue that one must resort to sub-Riemannian approximations. We solve
this problem by providing a new approximative kernel that works regardless of the anisotropy. We provide new theorems with
better error estimates of the approximative kernels, and prove that they all carry the same reflectional symmetries as the exact
ones. We test the effectiveness of multiple approximative kernels within the PDE-G-CNN framework on two datasets, and
observe an improvement with the new approximative kernels. We report that the PDE-G-CNNs again allow for a considerable
reduction of network complexity while having comparable or better performance than G-CNNs and CNNs on the two datasets.
Moreover, PDE-G-CNNs have the advantage of better geometric interpretability over G-CNNss, as the morphological kernels
are related to association fields from neurogeometry.

Keywords Convolutional neural networks - Scale space theory - Geometric deep learning - Morphological convolutions -
PDEs - Riemannian Geometry - Sub-Riemannian Geometry

1 Introduction tion stays the same. We say that an ideal image classification

is invariant under these symmetries. A slightly different situ-

Many classification, segmentation, and tracking tasks in com-
puter vision and digital image processing require some form
of “symmetry.” Think, for example, of image classification.
If one rotates, reflects, or translates an image, the classifica-
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ation is image segmentation. In this case, if the input image is
in some way changed the output should change accordingly.
Therefore, an ideal image segmentation is equivariant with
respect to these symmetries.

Many computer vision and image processing problems
are currently being tackled with neural networks (NNs). It
is desirable to design neural networks in such a way that
they respect the symmetries of the problem, i.e., make them
invariant or equivariant. Think for example of a neural net-
work that detects cancer cells. It would be disastrous if, by
for example slightly translating an image, the neural network
would give totally different diagnosis, even though the input
is essentially the same.

One way to make the networks equivariant or invariant is
to simply train them on more data. One could take the training
dataset and augment it with translated, rotated, and reflected
versions of the original images. This approach however is
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CNN Layer
—{ Conv H Pool H ReLU

—{ conv J+{ Pool }+{ ReLU

Affine
Transform

—>[ Conv H Pool H ReLU

Fig. 1 The difference between a traditional CNN layer and a PDE-G-
CNN layer. In contrast to traditional CNNs, the layers in a PDE-G-CNN
do not depend on ad-hoc nonlinearities like ReLU’s, and are instead

undesirable: invariance or equivariance is still not guaran-
teed and the training takes longer. It would be better if the
networks are inherently invariant or equivariant by design.
This avoids a waste of network-capacity, guarantees invari-
ance or equivariance, and increases performances, see for
example [1].

More specifically, many computer vision and image pro-
cessing problems are tackled with convolutional neural
networks (CNNs) [2—4]. Convolution neural networks have
the property that they inherently respect, to some degree,
translation symmetries. CNNs do not however take into
account rotational or reflection symmetries. Cohen and
Welling introduced group equivariant convolutional neu-
ral networks (G-CNNs) in [5] and designed a classification
network that is inherently invariant under 90 degree rota-
tions, integer translations, and vertical/horizontal reflections.
Much work is being done on invariant/equivariant networks
that exploit inherent symmetries, a non-exhaustive list is
[1, 6-26]. The idea of including geometric priors, such as
symmetries, into the design of neural networks is called ‘Geo-
metric Deep Learning’ in [27].

In [28], partial differential equation (PDE)-based G-CNNs
are presented, aptly called PDE-G-CNNS. In fact, G-CNNs
are shown to be a special case of PDE-G-CNNs (if one
restricts the PDE-G-CNNs only to convection, using many
transport vectors [28, Sec. 6]). With PDE-G-CNNss, the usual
nonlinearities that are present in current networks, such as
the ReLLU activation function and max-pooling, are replaced
by solvers for specifically chosen nonlinear evolution PDEs.
Figure 1 illustrates the difference between a traditional CNN
layer and a PDE-G-CNN layer.

The PDE:s that are used in PDE-G-CNNs are not chosen
arbitrarily: they come directly from the world of geomet-
ric image analysis, and thus their effects are geometrically
interpretable. This makes PDE-G-CNNs more geometri-
cally meaningful and interpretable than traditional CNNs.
Specifically, the PDEs considered are diffusion, convection,
dilation, and erosion. These 4 PDEs correspond to the com-
mon notions of smoothing, shifting, max pooling, and min
pooling. They are solved by linear convolutions, resamplings,
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implemented as solvers of (non)linear PDEs. What the PDE evolution
block consists of can be seen in Fig.2

PDE evolution

ConvectionH Diffusion H Dilation H Erosion

Fig. 2 Overview of a PDE evolution block. Convection is solved by
resampling, diffusion is solved by a linear group convolution with a
certain kernel [28, Sec. 5.2], and dilation and erosion are solved by
morphological group convolutions (3) with a morphological kernel (1)

and so-called morphological convolutions. Figure?2 illus-
trates the basic building block of a PDE-G-CNN.

One shared property of G-CNNs and PDE-G-CNNs is
that the input data usually needs to be lifted to a higher
dimensional space. Take, for example, the case of image
segmentation with a convolution neural network where we
model/idealize the images as real-valued function on R”. If
we keep the data as functions on R? and want the convo-
lutions within the network to be equivariant, then the only
possible ones that are allowed are with isotropic kernels, [29,
p- 258]. This type of short-coming generalizes to other sym-
metry groups as well [12, Thm. 1]. One can imagine that this
is a constraint too restrictive to work with, and that is why
we lift the image data.

Within the PDE-G-CNN framework, the input images are
considered real-valued functions on R?, the desired symme-
tries are represented by the Lie group of roto-translations
SE(d), and the data is lifted to the homogeneous space of
d dimensional positions and orientations M. It is on this
higher dimensional space on which the evolution PDEs are
defined, and the effects of diffusion, dilation, and erosion are
completely determined by the Riemannian metric tensor field
G that is chosen on M. If this Riemannian metric tensor field
G is left-invariant, the overall processing is equivariant, this
follows by combining techniques in [30, Thm. 21, Chpt. 4],
[31, Lem. 3, Thm. 4].

The Riemannian metric tensor field G we will use in this
article is left-invariant and determined by three nonnegative
parameters: wi, ws, and w3. The definition can be found
in the preliminaries, Sect.2 Equation (4). It is exactly these
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Fig.3 An example of an image together with its orientation score. We
can see that the image, a real-valued function on R2, is lifted to an
orientation score, a real-valued function on M. Notice that the lines
that are crossing in the left image are disentangled in the orientation
score

three parameters that during the training of a PDE-G-CNN
are optimized. Intuitively, the parameters correspondingly
regulate the cost of main spatial, lateral spatial, and angular
motion. An important quantity in the analysis of this paper
is the spatial anisotropy ¢ := %, as will become clear later.

In this article, we only consider the two-dimensional case,
i.e., d = 2. In this case, the elements of both M, and SE (2)
can be represented by three real numbers: (x, y, 0) € R2 x
[0, 27). In the case of M, the x and y represent a position
and 6 represents an orientation. Throughout the article, we
take po := (0, 0, 0) € M as our reference point in M. In the
case of SE(2), we have that x and y represent a translation
and 6 a rotation.

As already stated, within the PDE-G-CNN framework
images are lifted to the higher dimensional space of posi-
tions and orientations M. There are a multitude of ways of
achieving this, but there is one very natural way to do it: the
orientation score transform [30, 32-34]. In this transform,
we pick a point (x, y) € R? in an image and determine how
good a certain orientation 6 € [0, 27) fits the chosen point.
In Fig. 3 an example of an orientation score is given. We refer
to [34, Sec. 2.1] for a summary of how an orientation score
transform works.

Inspiration for using orientation scores comes from biol-
ogy. The Nobel laureates Hubel and Wiesel found that many
cells in the visual cortex of cats have a preferred orientation
[35, 36]. Moreover, a neuron that fires for a specific orien-
tation excites neighboring neurons that have an “aligned”
orientation. Petitot and Citti-Sarti proposed a model [37, 38]
for the distribution of the orientation preference and this exci-
tation of neighbors based on sub-Riemannian geometry on
M. They relate the phenomenon of preference of aligned
orientations to the concept of association fields [39], which
model how a specific local orientation places expectations on
surrounding orientations in human vision. Figure4 provides
an impression of such an association field.

As shown in [42, Fig. 17], association fields are closely
approximated by (projected) sub-Riemannian geodesics in
M, for which optimal synthesis has been obtained by

\

o/

Fig. 4 Association field lines from neurogeometry [37, Fig. 43], [39,
Fig. 16]. Such association field lines can be well approximated by spa-
tially projected sub-Riemannian geodesics in M [37, 38, 40, 41], [42,
Fig. 17]

Fig.5 A visualization of the exact Riemannian distance d, and its rela-
tion with association fields. In Fig. 5a, we see isocontours of d(po, -)
in My, and on the bottom we see the min-projection over 6 of these
contours (thus we selected the minimal ending angle in contrast to
Fig.4). The domain of the plot is [—3, 31> x [-7,7) C M. The
chosen contours are d = 0.5, 1, 1.5, 2, and 2.5. The metric parameters
are (wy, wa, w3) = (1, 64, 1). Due to the very high spatial anisotropy,
we approach the sub-Riemannian setting. In Fig. 5b, we see the same
min-projection together with some corresponding spatially projected
geodesics

Fig. 6 One sample of the Lines dataset. In Fig.6a, we see the input,
in Fig. 6b the perceived curve that we consider as ground-truth (as the
input is constructed by interrupting the ground-truth line and adding
random local orientations)

Sachkov and Moiseev [43, 44]. Furthermore, in [45] it
is shown that the Riemannian geodesics in M, converge
to the sub-Riemannian geodesics by increasing the spatial
anisotropy ¢ of the metric. This shows that in practice one
can approximate the sub-Riemannian model by Rieman-
nian models. Figure 5 shows the relation between association
fields and sub-Riemannian geometry in M.

@ Springer
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Orientation Scores

Lifting Layer

Fig.7 The overall architecture for a PDE-G-CNN performing line com-
pletion on the Lines data set. Note how the input image is lifted to an
orientation score that lives in the higher dimensional space My, run
through PDE-G-CNN layers (Figs. 1 and 2), and afterwards projected

NS wa

IR

PDE-G-CNN

MZ |“‘ MZ

PDE Layers

Network Depth

Processed OSs

Processed Image

/.

Projection Layer
down back to R?. Usually this projection is done by taking the maxi-

mum value of a feature map over the orientations 6, for every position
(x,y) € R?

Output

CNN

Fig. 8 Visualization of how a PDE-G-CNN and CNN incrementally
complete a line throughout their layers. The first two rows are of a
PDE-G-CNN, the second two rows of a CNN. The first column is the
input, the last column the output. The intermediate columns are a rep-
resentative selection of feature maps from the output of the respective
CNN or PDE layer (Fig. 1). The feature maps of the PDE-G-CNN live

The relation between association fields and Riemannian
geometry on M, directly extends to a relation between
dilation/erosion and association fields. Namely, performing
dilation on an orientation score in M) is similar to extend-
ing a line segment along its association field lines. Similarly,
performing erosion is similar to sharpening a line segment
perpendicular to its association field lines. This makes dila-
tion/erosion the perfect candidate for a task such as line
completion.

In the line completion problem, the input is an image con-
taining multiple line segments, and the desired output is an
image of the line that is “hidden” in the input image. Fig-
ure 6 shows such an input and desired output. This is also

@ Springer
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in M, but for clarity we only show the max-projection over 6. Within
the feature maps of the PDE-G-CNN association fields from neuroge-
ometry [37, 39, 46] become visible as network depth increases. Such
merging of association fields is not visible in the feature maps of the
CNN. This observation is consistent throughout different inputs

what David Field et al. studied in [39]. We anticipate that
PDE-G-CNNs outperform classical CNNs in the line com-
pletion problem due to PDE-G-CNNs being able to dilate
and erode. To investigate this, we made a synthetic dataset
called “Lines” consisting of grayscale 64 x 64 pixel images,
together with their ground-truth line completion. In Fig.7,
a complete abstract overview of the architecture of a PDE-
G-CNN performing line completion is visualized. Figure 8
illustrates how a PDE-G-CNN and CNN incrementally com-
plete a line throughout their layers.

In Proposition 1, we show that solving the dilation and
erosion PDEs can be done by performing a morphological
convolution with a morphological kernel k¥ : My — Rxo,
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which is easily expressed in the Riemannian distance d = dg
on the manifold:

o _ ! dG(Poy p) b
ki'(p) = E <7> . (D

Here pp = (0, 0, 0) is our reference point in M, and time
t > 0 controls the amount of erosion and dilation. Fur-
thermore, « > 1 controls the “softness” of the max and
min-pooling, with é + % = 1. Erosion is done through a
direct morphological convolution (3) with this specific ker-
nel. Dilation is solved in a slightly different way but again
with the same kernel (Proposition 1 in Sect.3 will explain
the details).

And this is where a problem arises: calculating the exact
distance d on M, required in (1) is computationally expen-
sive [47]. To alleviate this issue, we resort to estimating the
true distance d with computationally efficient approximative
distances, denoted throughout the article by p. We then use
such a distance approximation within (1) to create a corre-
sponding approximative morphological kernel, and in turn
use this to efficiently calculate the effect of dilation and ero-
sion.

In [28], one such distance approximation is used: the log-
arithmic distance estimate p. which uses the logarithmic
coordinates ¢’ (8). In short, pc(p) is equal to the Riemannian
length of the exponential curve that connects pg to p. The for-
mal definition will follow in Sect. 4. In Fig.9 an impression
of p, is given.

Clearly, an error is made when the effect of erosion and
dilation is calculated with an approximative morphological
kernel. As a morphological kernel is completely determined
by its corresponding (approximative) distance, it follows that
one can analyze the error by analyzing the difference between
the exact distance d and approximative distance p thatis used.

Despite showing in [28] that d < p. no concrete bounds
are given, apart from the asymptotic ,03 < d?+ O(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 estimate p.
called the half-angle distance estimate pp, and analyze that.
The half-angle approximation uses not the logarithmic coor-
dinates but half-angle coordinates b'. The definition of these
is also given later (28). In practice, p. and pp do not differ
much, but analyzing pp, is much easier!

The main theorem of the paper, Proposition 1, collects
new theoretical results that describe the quality of using the
half-angle distance approximation p, for solving dilation and
erosion in practice. It relates the approximative morpholog-
ical kernel k;, corresponding with pp, to the exact kernel k
(1).

Both the logarithmic estimate p. and half-angle estimate
pp approximate the true Riemannian distance d quite well in

"

\

(a) (b)

Fig.9 A visualization of p., similar to Fig. 5. In Fig. 9a, we see multiple
contours of p., and on the bottom we see the min-projection over 6.
The metric parameters are (wy, wy, w3) = (1,4, 1). In Fig. 9b, we see
the same min-projection together with some corresponding spatially
projected exponential curves. Note the similarity to Fig. 4

Fig. 10 In grey, the isocontour d = 2.5 is plotted. The metric
parameters are (wy, wp, w3) = (1,8, 1). For 0 = kx/10 with k =
—10, ..., 10, the isocontours are drawn and projected onto the bottom
of the figure. The same kind of visualizations is used in Tables 1 and 2

certain cases. One of these cases is when the Riemannian met-
ric has a low spatial anisotropy ¢. We can show this visually
by comparing the isocontours of the exact and approxima-
tive distances. However, interpreting and comparing these
surfaces can be difficult. This is why we have decided to
additionally plot multiple f-isocontours of these surfaces. In
Fig. 10 one such plot can be seen and illustrates how it must
be interpreted.

In Table 1, a spatially isotropic { = 1 and low-anisotropic
case ¢ = 2 is visualized. Note that p;, approximates d well
in these cases. In fact, pj, 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 exam-
ple when ¢ = 8. The first two columns of Table 2 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 pp s, Which is
visualized in the third column of Table 2.

@ Springer
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Table 1 The balls of the exact
distance d and approximative “

distance pj, in the isotropic and
low anisotropic case. The radius

of the balls is set to r = 2.5. The
domain of the plots is

[—3,3] x [-3,3] x [—m, 7).
We fix w; = w3 = 1 throughout
the plots and vary w,. For

6 = kx /10 with

k=—-10,...,10 the

isocontours are drawn, similar to d

Fig. 10

Pb

Table 2 The same as Table 1
but in the high spatially

Pb ‘ Pb,sr

anisotropic case. Alongside the
approximation p; the
sub-Riemannian distance
approximation pj s, is plotted
with v = 1.6. We see that the
isocontours of o are too “thin”
compared to the isocontours of
d. The isocontours of py, 5, are
better in this respect

Finally, we propose an approximative distance pop, that
carefully combines the Riemannian and sub-Riemannian
approximations into one. This combined approximation
automatically switches to the estimate that is more appro-
priate depending on the spatial anisotropy, and hence covers
both the low and high anisotropy regimes. Using the corre-
sponding morphological kernel of p,, to solve erosion and
dilation, we obtain more accurate (and still tangible) solu-
tions of the nonlinear parts in the PDE-G-CNNss.

For every distance approximation (listed in Sect.4), we
perform an empirical analysis in Sect.6 by seeing how the
estimate changes the performance of the PDE-G-CNNs when

@ Springer

applied to two datasets: the Lines dataset and publicly avail-
able DCA1 dataset.

1.1 Contributions

In Proposition 1, we summarize how the nonlinear units
in PDE-G-CNNs (described by morphological PDEs) are
solved using morphological kernels and convolutions, which
provides sufficient and essential background for the discus-
sions and results in this paper.
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The key contributions of this article are:

e Proposition 1 summarizes our mathematical analysis of
the quality of the half-angle distance approximation pp
and its corresponding morphological kernel k; in PDE-
G-CNNs. We do this by comparing kj; to the exact
morphological kernel k. Globally, one can show that
they both carry the same symmetries, and that for low
spatial anisotropies ¢ they are almost indistinguishable.
Furthermore, we show that locally both kernels are sim-
ilar through an upper bound on the relative error. This
improves upon results in [28, Lem. 20].

e Table 2 demonstrates qualitatively that o5 becomes a poor
approximation when the spatial anisotropy is high ¢ >
1. In Corollary 4, we underpin this theoretically and in
Sect.6.1 we validate this observation numerically. This
motivates the use of a sub-Riemannian approximation
when ¢ is large.

e In Sect.4, we introduce and derive a novel sub
-Riemannian distance approximation ps,, that over-
comes difficulties in previous existing sub-Riemannian
kernel approximations [48]. Subsequently, we propose
our approximation p..;,; that combines the Riemannian
and sub-Riemannian approximations into one that auto-
matically switches to the approximation that is more
appropriate depending on the metric parameters.

e Figures 16 and 19 show that PDE-G-CNNs perform just
as well as, and sometimes better than, G-CNNs and CNNs
on the DCAI and Lines dataset, while having the least
amount of parameters. Figures 20 and 17 depict an eval-
uation of the performance of PDE-G-CNNs when using
the different distance approximations, again on the DCA1
and Lines dataset. We observe that the new kernel pp, com
provides best results.

Our theoretical contributions are also relevant outside the
context of geometric deep learning. Namely, it also applies
to general geometric image processing [48], neurogeometry
[37, 38], and robotics [49, Sec. 6.8.4].

In addition, Figs. 4, 5, 9 and 8 show a connection between
the PDE-G-CNN framework with the theory of association
fields from neurogeometry [37, 39]. Thereby, PDE-G-CNNs
reveal improved geometrical interpretability, in comparison
with existing convolution neural networks. In Appendix 1,
we further clarify the geometrical interpretability.

1.2 Outline

In Sect.2, a short overview of the necessary mathemati-
cal preliminaries is given. Section3 collects some known
results on the exact solution of erosion and dilation on the
homogeneous space of two-dimensional positions and orien-
tations M, and motivates the use of morphological kernels.

In Sect. 4, all approximative distances are listed. The approx-
imative distances give rise to corresponding approximative
morphological kernels. The main theorem of this paper can be
found in Sect. 5 and consist of three parts, of which the proofs
can be found in the relevant subsections. The main theorem
mostly concerns itself with the analysis of the approximative
morphological kernel kj,. Experiments with various approxi-
mative kernels are done and the result can be found in Sect. 6.
Finally, we end the paper with a conclusion in Sect. 7.

2 Preliminaries

Coordinates on SE(2) and M. Let G = SEQ2) =
R? % SO(2) be the two-dimensional rigid body motion
group. We identify elements g € G with g = (x,y,0) €
R? x R/(2wZ), via the isomorphism SO (2) = R/(2nZ).
Furthermore, we always use the small-angle identification
R/2nZ) = [—n, ).

For g1 = (x1, y1,01), 82 = (x2, y2,62) € SE(2) we have
the group product

2182 := (x1 + x2 cosfy — y; sin 6y,
y1 4 x2 8in 01 + y» cos Oy,
01 + 6> mod 2m),

and the identity is e = (0, 0, 0). The rigid body motion group
acts on the homogeneous space of two-dimensional positions
and orientations M, = R2x S! € RZxR? by the left-action
(OF

x,R) ® (y,n) = (x + Ry, Rn),

with (x,R) € SE(2) and (y,n) € M. If context allows
it, we may omit writing O for conciseness. By choosing the
reference element py = (0, 0, (1, 0)) € My, we have:

(x,y,0) ©po = (x,y, (cos b, sinh)). 2)

This mapping is a diffeomorphism and allows us to identify
SE(2) and M. Thereby we will also freely use the (x, y, 6)
coordinates on M.

Morphological group convolution. Given functions fi, f> :
M; — R, we define their morphological convolution (or
‘infimal convolution’) [50, 51] by

(A 0@ = inf {ie™'p) + L2(epo)] 3)
geG

Left-invariant (co-)vector fields on M. Throughout this
paper, we shall rely on the following basis of left-invariant
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vector fields:

=
|

= c0s 00, + sin6d,,
Ay = —sinfd; + cos#d,, and
3.

&
I

The dual frame o' is given by (wi, Aj) = 8;'., ie.,
I — cos@dx + sin 6dy,

w
w? = —sinAdx + cos fdy, and
w

3= do.

Metric tensor fields on M. We consider the following left-
invariant metric tensor fields:

3
g=2wi2wi®wi @)
i=1

and write ||p|l = /Gp(P, p). Here, w; > 0 are the metric
(p.D)

SUP T

peTp My

We will assume, without loss of generality, that wy > w;

and introduce the ratio

parameters. We also use the dual norm ||p||, =

w)
(i=—=1 (5)
wi

that is called the spatial anisotropy of the metric. Distances
on M. The left-invariant metric tensor field G on M, induces
a left-invariant distance (‘Riemannian metric’) d : My x
My — R>o by

t
dg(p,q) = inf <Lg(y) :=/ ||)}(S)||gdS>7 (6)
vel'1(p.q) 0

where I';(p, q) is the set piecewise C!-curves y in M, with
y(0) = pand y (tr) = q. The right-hand side does not depend
ont > 0, and we may sett = 1.

If no confusion can arise, we omit the subscript G and
write d, L, || - || for short. The distance being left-invariant
means thatforall g € SE(2),p1, p2 € Myonehasd(p, q) =
d(gp, gq). We will often use the shorthand notation d (p) :=
d(p. po)-

We often consider the sub-Riemannian case arising when
wy — oo. Then we have “infinite cost” for sideways motion
and the only “permissible” curves y are the ones for which
y(t) € H where H := span{A, A3} C TM,. This gives
rise to a new notion of distance, namely the sub-Riemannian
distance d,,:

dy(p.q) = inf Lg(y). )

vel:(p.q),
yeH
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One can show rigorously that when w, — oo the Rieman-
nian distance d tends to the sub-Riemannian distance d;, see
for example [45, Thm. 2].

Exponential and Logarithm on SE(2). The exponential
map exp(c'dy o + C23y|e +3%le) = (x,v,0) € SEQ2) is
given by:

X = (c1 cos 5 — c2sin %) sinc 5,
S 3\ .

y = (cl sin 5 + c? cos %) sinc -,

6 = ¢* mod 2.

And the logarithm: log(x, y, 6) = ¢! dy]o+c?dyle+c>dple €
T.SE(2):

2 -0
o Xcosy +ysiny
= ——=,
sinc 3
—xsin2 + ycos 2 (8)
2= 7 TYCOS3
= ~— ,
Sinc 3
A =0.

By virtue of equation (2), we will freely use the logarithm
coordinates on M.
3 Erosion and Dilation

We will be considering the following Hamilton—Jacobi equa-
tion on My:

Wa =L VWL " = £Ha(dWe) o
Walt:O =U,

with the Hamiltonian H,, : 7*My — Rxo:

) 1,
Ha(B) = H," (IBI) = — IS

and where W, the viscosity solutions [52] obtained from the
initial condition U € C(Mj,, R). Here the +sign is a dila-
tion scale space and the —sign is an erosion scale space [50,
51]. If confusion cannot arise, we omit the superscript 1D.
Erosion and dilation correspond to min- and max-pooling,
respectively. The Lagrangian £, : TMy — Rs( corre-
sponding with this Hamiltonian is obtained by taking the
Fenchel transform of the Hamiltonian:

1
@@=%%thmﬂ

with 8 such that é + % = 1. Again, if confusion cannot
arise, we omit the subscript o and/or superscript 1D. We
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deviate from our previous work by including the factor é
and working with a power of « instead of 2«. We do this
because it simplifies the relation between the Hamiltonian
and Lagrangian.

The following proposition collects standard results in
terms of the solutions of Hamilton—Jacobi equations on man-
ifolds [53-55], thereby generalizing results on R? to M.

Proposition 1 (Solution erosion & dilation) Let « > 1. The
viscosity solution Wy, of the erosion PDE (9) is given by

t

Wo(p, 1) = qggl‘z, U(Q)+/Ca(7?(S))ds (10)
vel(p.q) 0
= inf U(q)+1LLd(p, q)/1) (11)
qeMp
= (k; O U)(p) (12)

where the morphological kernel ki : My — Rx¢ is defined
as:

t (dpo.)\°

kY = IL;D(d/t) = — (M) ) (13)
B t

Furthermore, the Riemannian distance d := d(po, -) is the

viscosity solution of the eikonal PDE
3
IVd|? =) (Aid/w)* =1 (14)
i=1

with boundary condition d(pg) = 0. Likewise the viscosity
solution of the dilation PDE is

Wo(p, 1) = —(k{ O —U)(p) (15)

Proof 1t is shown by Fathi in [54, Prop. 5.3] that (10) is a
viscosity solution of the Hamilton—Jacobi equation (9) on a
complete connected Riemannian manifold without boundary,
under some (weak) conditions on the Hamiltonian and with
the initial condition U being Lipschitz. In [53, Thm. 2], a
similar statement is given but only for compact connected
Riemannian manifolds, again under some weak conditions
on the Hamiltonian but without any on the initial condition.
Next, we employ these existing results and provide a self-
contained proof of (11) and (12).

Because we are looking at a specific class of Lagrangians,
the solutions can be equivalently written as (11). In [53, Prop.
2], this form can also be found. Namely, the Lagrangian ,C}XD
is convex for @ > 1, so for any curve y € I'; := I';+(p, q) we
have by direct application of Jensen’s inequality (omitting
the superscript 1D):

1! 1!
Lo <—/ ||7?(S)||ds> < —_/ Lo (lly ()1 ds,
t Jo t Jo

827
with equality if ||| is constant. This means that:
L t
inf 1Ly (ﬁ) < inf / Loy ()1 ds, (16)
yel; 1 velt Jo

where L(y) := Lg(y), recall (6), is the length of the curve
y. Consider the subset of curves with constant speed I'; =
{y e It | llyll = L(y)/t} C I't. Optimizing over a subset
can never decrease the infimum so we have:

t t L
inff Lo(ly(s))ds < inf / Lo (ﬁ> ds
velt Jo yel, Jo t

The r.h.s of this equation is equal to the 1.h.s of equation (16)
as the length of a curve is independent of its parameterization.
Thereby we have equality in (16). By monotonicity of £, on
R ¢, we may then concluded that:

inf 1Ly (L(y)/t) =tL, (inf L(y)/t>
yely, vel;
=1tLy(d(p,q)/1).

That we can write the solution as (12) is a consequence of
the left-invariant metric on the manifold. A similar derivation
can be found in [28, Thm. 30]:

Wy (p, 1) = qirllvfﬂ U(q) + 1Ly (d(p, q)/1)
€M
= inf U(gpo) + 1Ly (d(p, gpPo)/1)
geG
= inf U(gpo) + 1La d(g”'p. po)/1)
= inf U(gpo) +k%(g~'p)
geG
= (k¥ D U)(p)

Itis shownin [55, Thm. 6.24] for complete connected Rie-
mannian manifolds that the distance map d(p) is a viscosity
solution of the Eikonal equation (14).

Finally, solutions of erosion and dilation PDEs correspond
to each other. If W, is the viscosity solution of the erosion
PDE with initial condition U, then — W, is the viscosity solu-
tion of the dilation PDE, with initial condition —U. This
means that the viscosity solution of the dilation PDE is given
by (15). O

4 Distance Approximations

To calculate the morphological kernel k¥ (13), we need
the exact Riemannian distance d (6), but calculating this is
computationally demanding. To alleviate this problem, we
approximate the exact distance d(po, -) with approximative
distances, denoted with p : M? — R0, which are com-
putationally cheap. To this end, we define the logarithmic
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distance approximation p., as explained in [28, Def.19] and
[56, Def.6.1.2], by

Oc 1= VwieH? + (wac?)? + (w3c)2. (17

Note that all approximative distances p can be extended
to something that looks like a metric on M. For example,
we can define:

p(g1P0, £2P0) = p(gy ' g2p0).

But this is almost always not a true metric in the sense that
it does not satisfy the triangle inequality. So in this sense
an approximative distance is not necessarily a true distance.
However, we will keep referring to them as approximative
distances as we only require them to look like the exact Rie-
mannian distance d (po, ).

As already stated in the introduction, Riemannian dis-
tance 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 are sug-
gested. The first one is standard [57, Sec. 6], the second one
is a modified smooth version [29, p. 284], also seen in [48,
eq. 14]:

\/,/vw%wg 2|+ (wic")? + (w3c?)? (18)

C/vwlzwg |c2|2 + ((wichH)? + (w3c3)?)? (19)

In [48], v ~ 44 is empirically suggested. Note that the
sub-Riemannian approximations rely on the assumption that
wy = wi.

However, they both suffer from a major shortcoming in the
interaction between w3 and ¢Z. When we let ws — 0 both
approximations suggest that it becomes arbitrarily cheap to
move in the ¢? direction which is undesirable as this deviates
from the exact distance d: moving spatially will always have
a cost associated with it determined by at least w;.

To make a proper sub-Riemannian distance estimate, we

will use the Zassenhaus formula, which is related to the
Baker—Campbell-Hausdorff formula:
S XHY) ezxezye—é[x,neom) L (20)
where we have used the shorthand ¢* := exp(x). Filling in
X = Ay and Y = A3 and neglecting the higher-order terms
gives:

2
1
e (A1tA3) e'A'etA3e7A2, 1)

or equivalently:

@ Springer

2
t
67142 ~ e—tASe—fAlef(Al+A3). (22)

This formula says that one can successively follow exponen-
tial curves in the “legal” directions .4; and A3 to effectively
move in the “illegal” direction of A,. Taking the lengths
of these curves and adding them up gives an approximative
upper bound on the sub-Riemannian distance:

dyp (€7 42) < <w1 +w3+,/w%+w§) lt] 3
<2(wy +w3)lt].

Substituting t — /2 t] gives:

dsy () 5 272 (w1 + w3) V]11. 24

This inequality, together with the smoothing trick to go from

(18) to (19), inspires then the following sub-Riemannian dis-
tance approximation:

pesr =\ Wt + w3 [+ (reh? + (wacd2,
25)

for some 0 < v < 24/2 s.t. the approximation is tight. We
empirically suggest v &~ 1.6, based on a numerical analysis
that is tangential to [48, Fig. 3]. Notice that this approxima-
tion does not break down when we let w3 — 0.

Furthermore, in view of contraction of SE(2) to the
Heisenberg group Hz [29, Sec. 5.2], and the exact funda-
mental solution [32, eq. 27] of the Laplacian on H3 (where
the norm p. s appears squared in the numerator with 1 =
w] = w3 = v) we expect v > 1.

Table 3 shows that both the old sub-Riemannian approx-
imation (19) and new approximation (25) are appropriate in
cases such as w3 = 1. Table 4 shows that the old approxima-
tion breaks down when we take w3 = 0.5, and that the new
approximation behaves more appropriate.

The Riemannian and sub-Riemannian approximations can
be combined into the following newly proposed practical
approximation:

Pc,com = max(/, min(pc,sr 0c)), (26)

where [ : M, — R is given by:

= \/(wlx)z + (w1y)? + (w36)2, 27

for which will we show that it is a lower bound of the exact
distance d in Lemma 4.

The most important property of the combined approxima-
tion is thatis automatically switches between the Riemannian
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Table 3 Same situation and
metric parameters as Table 2, d

Pu,sr,old

ie,w; =ws = 1and wy = 8.
We see the exact distance d
alongside the old
sub-Riemannian approximation
Pb,sr,old (19) and new
approximation pp g (25). For
the old approximation, we chose
v = 44, as suggested in [48],
and for the new one v = 1.6. We
see that in this case both
approximations are appropriate

Table 4 Same as Table 3 but
then with d

Pb,sr,old

wy =1,wy =8, w3 =0.5. We
see that in this case that the old
sub-Riemannian approximation
Pb,sr,old (19) underestimates the
true distance and becomes less
appropriate. The new
approximation (25) is also not
perfect but qualitatively better.
Decreasing w3 would
exaggerate this effect even
further

7 E
)

= 9’
T T7

and sub-Riemannian approximations depending on the met-
ric parameters. Namely, the Riemannian approximation is
appropriate very close to the reference point py, but tends to
overestimate the true distance at a moderate distance from it.
The sub-Riemannian approximation is appropriate at moder-
ate distances from pg, 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 approxima-
tions have on their own.

On top of these approximative distances, we also define
Db Pb.sr»and pp com by replacing the logarithmic coordinates
¢’ by their corresponding half-angle coordinates b defined
by:

@ Springer
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b! :xcos%—i—ysin%,

b? :—xsin%—i—ycos%,

b =0. (28)

So, for example, we define pj, as:

oy 1= v (Wwib")? + (wab?)? + (w3b3)2. (29)

Why we use these coordinates will be explained in Sect.5.1.

We can define approximative morphological kernels by
replacing the exact distance in (13) by any of the approxi-
mative distances in this section. To this end we, for example,
define kj, by replacing the exact distance in the morphological
kernel k by pp:

K = é ()", (30)

where we recall that é + % =land o > 1.

5 Main Theorem and Analysis

When the effect of erosion and dilation is calculated with
an approximative morphological kernel an error is made. We
are therefor interested in analyzing the behavior of this error.
We do this by comparing the approximative morphological
kernels with the exact kernel k¥ (13). The result of our anal-
ysis is summarized in the following theorem. Because there
is no time ¢ dependency in all the inequalities of our main
result we use short notation k% := k', k := ky .

Theorem 1 (Quality of approximative morphological ker-
nels) Let ¢ := ﬁ—f denote the spatial anisotropy, and let B be

such that é + % = 1, for some o > 1 fixed. We assess the
quality of our approximative kernels in three ways:

e The exact and all approximative kernels have the same
symmetries, see Table 5.
e Globally it holds that:

Pk < k¥ < PR, 31)

from which we see that in the case { = 1 we have that
ky, is exactly equal to k“.
e Locally around" po we have:

kg < (1+ )Pk 32)
1 For a precise statement see Lemma 7 and Remark 3.
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Table5 Overview of the fundamental symmetries ¢; in half-angle coor-
dinates ' and logarithmic coordinates c. For example 3(c!, ¢2, ¢3) =
(—c!, =c%, %)

£0 £1 & &3 &4 &5 £6 &7
bl c! + + - - — - + +
v, + - + - 4+ - o+ -

B+ + + o+ - - - =

-1
£ = 0oy + Ol6P). (33)
2ws

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

e The symmetries are shown in Corollary 1.
e The global bound (31) is shown in Corollary 3.
e The local bound (32) is shown in Corollary 5.

O

Clearly, as all approximative kernels are solely functions
of the corresponding approximative distances, the analysis of
the quality of an approximative kernel reduces to analyzing
the quality of the approximative distance that is used, and
this is exactly what we will do.

In previous work on PDE-G-CNN’s the bound d =
d(po, ) < pc is proven [28, Lem. 20]. Furthermore, it is
shown that around pg one has:

ok < d® +0@d*), (34)

which has the corollary that there exist a constant C > 1
such that

pe < Cd (35)

for any compact neighborhood around pg. We improve on
these results by:

e Showing that the approximative distances have the same
symmetries as the exact Riemannian distance; Lemma 3.

e Finding simple global bounds on the exact distance d
which can then be used to find global estimates of pp
by d; Lemma 4. This improves upon (35) by finding an
expression for the constant C.

e 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 ¢ — oo and
w3 — 0; Lemma 7. This improves upon equation (34).
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Note, however, that we are not analyzing p.: we will be ana-
lyzing pp,. This is mainly because the half-angle coordinates
are easier to work with: they do not have the sinc % factor the
logarithmic coordinates have. Using that

b' =c'sinc§, b? = ?sinc g, b =2, (36)

recall (28) and (8), we see that
sinc § pe < pp < pe,

and thus locally p. and pj; do not differ much, and results on
pp can be easily transferred to (slightly weaker) results on

Pc-
5.1 Symmetry Preservation

Symmetries play a major role in the analysis of (sub-
)Riemannian geodesics/distance in SE(2). They help to
analyze symmetries in Hamiltonian flows [44] and corre-
sponding symmetries in association field models [42, Fig.
11]. There are together 8 of them and their relation with log-
arithmic coordinates ¢’ (Lemma 1) shows they correspond to
inversion of the Lie-algebra basis A; — —A;. The symme-
tries for the sub-Riemannian setting are explicitly listed in
[44, Prop. 4.3]. They can be algebraically generated by the
(using the same labeling as [44]) following three symmetries:

82(x, y,0) = (—xcosf — ysinf, —x sin6 4+ ycos6, 0),
81(x, vy,0) = (xcos@ 4 ysinf, xsinf — ycos@, 0), and
86(x, y,0) = (xcos@ + ysinf, —x sinf + ycos 9, —0).

(37)
They generate the other four symmetries as follows:
3 2 .1 4 2406 .7 1, .6
& =¢g"o0¢e, " =¢"0e" &' =¢ o0&,
2 ol g g6 (38)

and &’ = g2 ol 06f.

and with e = id. All symmetries are involutions: £’ og’ = id.
Henceforth all eight symmetries will be called ‘fundamen-
tal symmetries.” How all fundamental symmetries relate to
each other becomes clearer if we write them down in either
logarithm or half-angle coordinates.

Lemma 1 (8 fundamental symmetries) The 8 fundamental
symmetries €;, in either half-angle coordinates b' or loga-
rithmic coordinates ¢!, correspond to sign flips as laid out in
Table 5.

Proof We will only show that &> flips b!. All other calcula-
tions are done analogously. Pick a point p = (x, y, ) and

letq = 82([.)). We now calculate b! (qQ):

b (q) = x(q) cos B + y(q) sin 22
: 6
= — (xcosf + ysin®) cos 5
+ (—xsinf + y cos ) sin %
= — x(cos § cos § + sin @ sin §)

: 0 -0
— y(sincos 5 — cos 8 sin 5)

- _ 9 _ ygin?
=—xcos3 — ysiny

=—b'(p),

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 (36),
we have that the logarithmic coordinates ¢’ flip in the same
manner under the symmetries. O

The fixed points of the symmetries &2, ¢!, and £° have

an interesting geometric interpretation. The logarithmic and
half-angle coordinates, being so closely related to the fun-
damental symmetries, also carry the same interpretation.
Definition 1 introduces this geometric idea and Lemma 2
makes its relation to the fixed points of the symmetries pre-
cise. In Fig. 11, the fixed points are visualized, and in Fig. 12
a visualization of these geometric ideas can be seen.

Definition 1 Two points p; = (x1,ny), p2 = (X2, np) of
M), are called cocircular if there exist a circle, of possibly
infinite radius, passing through x; and x» such that the ori-
entations n; € S! andny € S! are tangents to the circle, at,
respectively, x| and Xy, in either both the clockwise or anti-
clockwise direction. Similarly, the points are called coradial
if the orientations are normal to the circle in either both the
outward or inward direction. Finally, two points are called
parallel if their orientations coincide.

Co-circularity has a well-known characterization that is
often used for line enhancement in image processing, such
as tensor voting [58].

Remark 1 Point p = (r cos ¢, r sin ¢, ) € M) is cocircular
to the reference point pp = (0, 0, 0) if and only if the double
angle equality 0 = 2¢p mod 27 holds.

In fact all fixed points of the fundamental symmetries can
be intuitively characterized:

Lemma 2 (Fixed Points of Symmetries) Fix reference point
po = (0,0,0) € My.
The point gpo € My with g € SE(2) is, respectively,

— coradial to pg when

c'(@) =06 ex(g) =g & g cexp({Ar, 43)),  (39)
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Fig.11 a 2, bel,cs® The
fixed points of the &2, ¢l and
&% For &2 and ¢!, only the
points within the region

x2 4 y% < 22 are plotted. For
€9, only the points in the region
max(|x|, |yl]) < 2. The fixed
points of &2, el and €°
correspond, respectively, to the
points in M, that are coradial,
cocircular, and parallel to the
reference point pg

Fig.12 a Coradial, b

Cocircular, ¢ Parallel. An

example of points in M that are

coradial, cocircular, and parallel e

(a) Coradial

— cocircular to po when

(@) =06 e1(g) =g & g cexp((A1, A3)),  (40)

— parallel to po when

@) =06 e6(g) =g & g cexp({Ar, A2)).  (41)

Proof We will only show (40), the others are done analo-
gously. We start by writing g = (rcos¢, rsing, ) and
calculating that g © pp = (¥ cos¢, r sin ¢, (cos 6, sin9)).
Then by Remark 1 we known that gpy is cocircular to pg if
and only if 2¢p = 6 mod 2. We can show this is equivalent
to c2(g) = 0:

(g =0 b*(g) =0
@—xsin%—i—ycos% =0
& —cosqbsin% —|—sin¢cos% =0
& sin(¢p — §) =0 & 2¢ = 6 mod 27.

In logarithmic coordinates, €1 is equivalent to:
ei(c', A )y = (!, =% )

from which we may deduce that £1(g) = g is equivalent to
c?(g) = 0.If ¢>(g) = 0 then logg € (A1, A3) and thus
g € exp({A1, Az)). As for the other way around, it holds by
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> S
Y
x x
(b) &' (c)
/ ™ —
| A
! /
\
T —
(b) Cocircular (c) Parallel
simple computation that:
exp(c! A+ A3) =0
which shows that g € exp((A;, A3)) = ¢%(g) = 0. o

In the important work [44] on sub-Riemannian geome-
try on SE(2) by Sachkov and Moiseev, it is shown that the
exact sub-Riemannian distance dj, is invariant under the fun-
damental 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.

Lemma3 (Symmetries of the exact distance and all pro-
posed approximations) All exact and approximative (sub)-
Riemannian distances (w.r.t. the reference point po) are
invariant under all the fundamental symmetries ¢;.

Proof By Table 5, one sees that &3, &% and & also gen-
erate 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 sym-
metries. We will first show the exact distance, in either the
Riemannian or sub-Riemannian case, is invariant w.r.t. these
three symmetries, i.e., d(p) = d(¢'(p)) for i € {3,4,5).
By (38) and (37), one has £3(x, y,0) = (—x, —y, 0) and
84(x, v,0) = (—x,y, —0). Now consider the push forward
82. By direct computation (in (x, y, ) coordinates), we have
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Fig. 13 1In grey the isocontour p, = 2.5, together with the symmetry
“planes” of &7, €1 and &g, as also plotted in Fig. 11. The metric param-
eters are (wy, wy, w3) = (1,2, 1)

8;2 Ail, = £ Ailg3(p). Because the metric tensor field G
(4) is diagonal w.r.t. to the A; basis this means that &> is
a isometry. Similarly, ¢* is an isometry. Being an isome-
try of the metric G, we may directly deduce that &3 and
e* preserve distance. The &> symmetry flips all the signs
of the ¢! coordinates which amounts to Lie algebra inver-
sion: —log g = log(¢>(g)). Taking the exponential on both
sides shows that g~! = ¢°(g). By left-invariance of the met-
ric, we have d(gpo, po) = d(po, g~ 'po), which holds in
both the Riemannian and sub-Riemannian case, and thus
d(gpo) = d(°(gpo)). 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 1, has no
effect on the approximative distance. O

Corollary 1 (All kernels preserve symmetries) The exact ker-
nel and all approximative kernels have the same fundamental
symmetries.

Proof The kernels are direct functions of the exact and
approximative distances, recall for example (13), so from
Lemma 3 we can immediately conclude that they also carry
the 8 fundamental symmetries. O

In Fig. 10, the previous lemma can be seen. The two fun-
damental symmetries &> and ¢! correspond, respectively, to
reflecting the isocontours (depicted in colors) along their
short edge and long axis. The £® symmetry corresponds to
mapping the positive 6 isocontours to their negative 6 coun-
terparts. In Fig. 13, one can see an isocontour of pj, together
with the symmetry “planes” of &>, ¢; and &¢.

5.2 Simple Global Bounds

Next we provide some basic global lower and upper bounds
for the exact Riemannian distance d (6). Recall that the lower

bound / plays an important role in the combined approxima-
tion p¢,com (26) when far from the reference point po.

Lemma4 (Global bounds on distance) The exact Rieman-
nian distance d = d(po, -) is greater than or equal to the
following lower bound [ : M, — R:

l:= \/(wpc)2 + (w1y)? + (w36)? <d

and less than or equal to the following upper bounds uy, us :
M2 — R:

d < up =\ (20)? + (2y)? + (w36)?

d <uy =/ (wi1x)? + (w1 y)> + wam

Proof We will first show [ < d. Consider the following spa-
tially isotropic metric:

Q:w%a)l®a)1+w%w2®w2+w§w3®a)3.

We assumed w.l.o.g. that w; < w; so we have for any vector
v € TM, that ||v||g~ < |lvllg. From this, we can directly
deduce that for any curve y on M we have that L g~(y) <
Lg(y). Now consider a length-minimizing curve y w.r.t. G
between the reference point pg and some end point p. We
then have the chain of (in)equalities:

ds() < Lg(y) < Lg(y) = dg(p)

Furthermore, because the metric G is spatially isotropic it can
be equivalently be written as:

G =wdx®dx+widy@dy+ w3 do ®do,

which is a constant metric on the coordinate covector fields,
and thus:

dg®) =\ (Wix)? + W1y + (w30) = L.

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

As for showing d < up we will construct a curve y of
which the length L(y) w.r.t. G can be bounded from above
with uy. This in turn shows that d < uy 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) € S' toward
the destination position x. This desired orientation toward x
is X := ¥ where r = ||x|| = y/x?+ y2. This action will
cost wia for some a > 0. Once we are aligned with X, we
move toward x. Because we are aligned this action will cost
wir. Now that we are at x we align our orientation with
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the destination orientation n, which will cost w3b for some
b > 0. Altogether we have L(y) = wir + w3(a + b). Inits
current form, the constructed curve actually doesn’t have that
a + b < 7 as desired. To fix this, we realize that we did not
necessarily had to align with X. We could have aligned with
—Xx and move backwards toward x, which will also cost wr.
One can show that one of the two methods (either moving
forwards or backwards toward x) indeed has thata +b < 7
and thus d < u». |

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

Corollary 2 (Global error distance) Simple manipulations,
together with the fact that x* + y* = (b1)? + (b%)?, give
the following inequalities between l, uy and pp:

1
I <pp <uy, Eulfpbfil-

The second equation can be extended to inequalities between
ppand d:

1
cd=m=cd (42)
Remark 2 1f w; = wy & ¢ = 1, i.e., the spatially isotropic
case, then the lower and upper bound coincide, thus becoming

exact. Because pj, is within the lower and upper bound it also
becomes exact.

Corollary 3 (Global error kernel) Globally the error is inde-
pendent of time t > 0 and is estimated by the spatial
anisotropy ¢ > 1 (5) as follows:

PR <k < PRe.
For ¢ =1, there is no error.

Proof We will only prove the second inequality, the first is
done analogously.

1 1
kg = E(pbmﬂ =3 (cd/n?
=t (5 am?) = chie

O

The previous result indicates that problems can arise if
¢ — 00, which indeed turns out to be the case:

Corollary 4 (Observing the problem) If we restrict ourselves
tox =60 = 0, we have that u; = pp = p. = wa |y|. From
this, we can deduce that one can be certain that both pp
and p. become bad approximations away from po. Namely,
when ¢ > 1 <& wy > w; both approximations go above
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uy if one looks far enough away from po. How “fast” it
goes bad is determined by all metric parameters. Namely,
the intersection of the approximations pp and p., and u» is at
ly| = wI;iZ;l , orequivalently at p = lf—z’il . This intersection
is visible in Fig. 14 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 pp
and p. quickly go bad. We will see exactly the same behavior
in Lemma 7 and Remark 3.

Lemma 4 is visualized in Figs. 14 and 15. In Fig. 14, we
consider the behavior of the exact distance and bounds along
the y-axis, that is at x = 6 = 0. We have chosen to inspect
the y-axis because it consists of points that are hard to reach
from the reference point pp when the spatial anisotropy is
large, which makes it interesting. In contrast, along the x-
axis l, d, pp, pc, u1 and wy |x| all coincide, and is therefore
uninteresting. To provide more insight we also depict the
bounds along the y = x axis, see Fig. 15. Observe that in
both figures, the exact distance d is indeed always above the
lower bound / and below the upper bounds u; and u>.

5.3 Asymptotic Error Expansion

In this section, we provide an asymptotic expansion of the
error between the exact distance d and the half-angle distance
approximation pp (Lemma 7). This error is then leveraged to
an error between the exact morphological kernel k and the
half-angle kernel k;, (Corollary 5). We also give a formula
that determines a region for which the half-angle approxi-

mation pp iS appropriate given an a priori tolerance bound
(Remark 3).

Lemma5 Let y : [0, 1] — My be a minimizing geodesic
from pg to p. We have that:

<d d .
op(P) < d(p) trerfg)%] ldpply ol
Proof The fundamental theorem of calculus tells us that:
1
/ (pp o y) (1) dt = pyp(y (1)) — pu(y (0)) = pp(p),
0
but one can also bound this expression as follows:
1 1
/ (pp o y) (1) dt = / (dpply@). v (@) dt
0 0

1
< fo ldowlyo 171 dt

1
< d v ()| dt
< (lrer[l(é)l’ﬂ ll Pbly(z)ll)fo ly I
=d d .
(p)z%’i] ldoolyml
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= - T 6 T T Putting the two together gives the desired result. O
—d
44— = 4+ = Lemma 6 One can bound ||dpp|| around po by:
3 u 3
—
2 8 2 8 21
— / ldppl? <1+ % —pj +00?).
oL~ | o - | 2wy
-2 0 2 -2 0 2
y Y Proof The proof is deferred to Appendix 1 O
(a) wo = 1 (b) ws = 2 By combining the simple L'emmas 5 and 6, one can ﬁpd
an expression for the asymptotic error between the exact dis-
6 T 6 ~— T T tance d and the half-angle approximation pp.
4+ | 41 | Lemma 7 Around any compact neighborhood of po, we have
= = that
2 8 2 8
2 2 =1 4, 3
0L | oL | pp < (1 +¢&)d”, where e = ¢, £ CIO17 . (43)
-2 0 2 -2 0 2 w3
Y Y for some C > 0.
(C) ’lU2:3 (d) w2:4

Fig.14 aw; =1,bwy =2, cwy =3, dw, = 4. Exact distance and
its lower and upper bounds (given in Lemma 4) along the y-axis, i.e.,
at x = 0 = 0, for increasing spatial anisotropy. We keep w1 = 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 wy, and ends linearly with a slope of w;

6

(C) w2 =3

(d) we =4

Fig. 15 awy = 1,bwy = 2, ¢ wy = 3, d wy = 4. Same setting as
Fig. 14 but at x = y, 6 = 0. The horizontal axis moves along the line
x=y

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

d(y(s)) =d(y(1)), fors <1t.

Making use of (42), we know that %,ob <d < {pp sowe can
combine this with the previous equation to find:

op(y(5)) < E2pp(y (1)), fors <t.

from which we get that

max pp(y (1)) < ¢*pp (D).

1€[0,1]

Combining this fact with the above two lemmas allows us to
conclude (43). O

Remark 3 (Region for approximation p, ~ d) Putting an a
priori tolerance bound &;,; on the error € (and neglecting the
O©3) term) gives rise to a region 9 on which the local
approximation py is appropriate:

2

2w3
(€2 -t

Qo={peM|ppp) < Etol}-

Thereby we cannot guarantee a large region of acceptable
relative error when w3 — 0 or ¢ — oo. We solve this
problem

by using pp.com given (26) instead of pp.

Corollary 5 (Local error morphological kernel) Locally around
Po, we have:

k¢ < (14 )Pk~
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Proof By Lemma 7, one has

1 1
ki = E(pb/t)ﬁ =+ 0)d? /P = (1 + &)P/2k.

6 Experiments
6.1 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 2 € M) in
which we will analyze the approximation. Just as in Tables 1
and 2, we decided to inspect Q := [—3,3] x [-3,3] x
[—m, m) € M,. As for our exact measure of error £, we have
decided on the mean relative error defined as:

L L[ le® —d)]
Ta@Je A

du(p) (44)

where u is the induced Riemannian measure determined by
the Riemannian metric G. We then discretized our domain
Q into a grid of 101 x 101 x 101 equally spaced points
p; € 2 indexed by some index set i € 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 (pi)- 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:

1 pi —d;
ERE = — ) (45)
nZ

In Table 6, the numerical mean relative error € between the
half-angle approximation pp and the numerical Riemannian
distance d can be seen for different spatial anisotropies .
We keep w; = w3z = 1 constant and vary w;. We see that,
as shown visually in Tables 1 and 2, that p, gets worse and
worse when we increase the spatial anisotropy ¢.

There is an discrepancy in the table worth mentioning. We
know from Remark 2 that when ¢ = 1 then p;, = d and thus
& = 0. But surprisingly we do not have ¢ = O inthe ¢ = 1
case in Table 6. This can be simply explained by the fact
that the numerical solution d is 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.

@ Springer

Table 6 Numerical mean relative error & between pp, and d for multiple
spatial anisotropies ¢

¢ 1 1.5 2 3 4 6 8

€ 0.027 0.051 0.14 0.41 0.71 1.4 2.1

We can compare these numerical results to our theoretical
results. Namely, we can deduce from Equation (42) that:

—_— < -1, 46
7= ¢ (46)

which means

e<r—1. (47)

And so we expect this to also approximately hold for the
numerical mean relative error . Indeed, in Table 6 we can
seethat & $¢ — 1.

Interestingly, we see that ¢ is relatively small compared to
our theoretical bound (47) even in the high anisotropy cases.
However, this is only a consequence of relative smallness of
Q. If we make €2 bigger and bigger we can be certain that &
converges to ¢ — 1. This follows from an argument similar
to the reasoning in Corollary 4.

6.2 DCA1

The DCA1 dataset is a publicly available database “consist-
ing of 130 X-ray coronary angiograms, and their correspond-
ing ground-truth image outlined by an expert cardiologist”
[59]. One such angiogram and ground-truth can be seen in
Fig. 18a and d.

We have split the DCA1 dataset [59] into a training and
test set consisting of 125 and 10 images, respectively.

To establish a baseline, we ran a 3, 6, and 12 layer CNN,
G-CNN and PDE-G-CNN on DCAL. The exact architectures
are identical/analogous to the ones used in [28, Fig. 15]. For
the baseline, the logarithmic distance approximation p. was
used within the PDE-G-CNN:s. This is the same approxima-
tion that was used in [28]. Every network was trained 10 times
for 80 epochs. After every epoch, the average Dice coefficient
on the test set is stored. After every full training, the maxi-
mum of the average Dice coefficients over all 80 epochs is
calculated. The result is 10 maximum average Dice coeffi-
cients for every architecture. The result of this baseline can
be seen in Fig. 16. The amount of parameters of the networks
can be found in Table 7. We see that PDE-G-CNNs consis-
tently perform equally well as, and sometimes outperform,
G-CNNs and CNNgs, all the while having the least amount of
parameters of all architectures.

To compare the effect of using different approximative
distances, we decided to train the 6 layer PDE-G-CNN (with
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Fig. 16 A scatterplot showing how a 3, 6, and 12 layer CNN, G-CNN,
and PDE-G-CNN 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 7

Table 7 The total amount of parameters in the networks that are used
in Fig. 16

Parameters 3 layers 6 layers 12 layers
CNN 2814 25,662 73,614
G-CNN 2058 24,632 72,728
PDE-G-CNN 1264 2560 2698
0.80
&=
)
Q I -
@)
)
2
X
SRR E L S
o0
>
<
><' - .
=
0.75 — - -
QU QU @ §
= Q
< <
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Fig.17 A scatterplot showing how the use of different distance approxi-
mations affect the performance of the 6 layer PDE-G-CNN on the DCA 1
dataset. The crosses indicate the mean

2560 parameters) 10 times for 80 epochs using each distance
approximation. The results can be found in Figs. 17 and 18.
We see that on DCAL all distance approximations have a
comparable performance. We notice a small dent in effec-
tiveness when using pp s, and a small increase when using

Pb,com-

(d) Truth (f) Pb,com

(e) Pb,sr

Fig.18 alnput,b p., ¢ pp,d Truth, e pp . f pp com. InFig. 18aand d, we
see one sample from the DCA1 dataset: a coronary angiogram together
with the ground-truth segmentation. The other four pictures show the
output of the 6 layer PDE-G-CNN, one for each distance approximation.
The networks that were used in this figure have an accuracy approxi-
mately equal to the mean accuracy in Fig. 17

6.3 Lines

For the line completion problem, we created a dataset of 512
training images and 128 test images.” Fig.21a and d shows
one sample of the Lines dataset.

To establish a baseline, we ran 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 amount 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 antici-
pate that the difference in effectiveness of using the different
distance approximations, if there is any, becomes more pro-
nounced. Every network was trained 15 times for 60 epochs.
The result of this baseline can be seen in Fig. 19. The amount
of parameters of the networks can be found in Table 8. We
again see that the PDE-G-CNN outperforms the G-CNN,
which in turn outperforms the CNN, while having the least
amount of parameters.

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
Fig.20. We see that on the Lines dataset, all distance approx-
imations again have a comparable performance. We again
notice an increase in effectiveness when using pp_ com, just as
on the DCA1 dataset. Interestingly, using pj, s, does not seem
to hurt the performance on the Lines dataset, which is in con-
trast with DCA1. This is in line with what one would expect in
view of the existing sub-Riemannian line-perception models

2 The lines dataset is available from the authors on request.
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Fig.19 A scatterplot showing how a 6 layer CNN, G-CNN (both with &~
25k parameters), and a PDE-G-CNN (with only 6k parameters) compare
on the Lines dataset. The crosses indicate the mean. For the precise
amount of parameters, see Table 8

Table 8 The total amount of parameters in the networks that are used
in Fig. 19

CNN G-CNN PDE-G-CNN
Parameters 25,662 24,632 6018
100
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Fig.20 A scatterplot showing how the use of different distance approx-
imations affect the performance of the 6 layer PDE-G-CNN on the Lines
dataset. The crosses indicate the mean

in neurogeometry. Furthermore, in Fig. 21b,c,e and f some
feature maps of a trained PDE-G-CNN are visualized.

7 Conclusion

In this article, we have carefully analyzed how well the non-
linear erosion and dilation parts of PDE-G-CNNss are actually
solved on the homogeneous space of 2D positions and orien-
tations M. According to Proposition 1, the Hamilton—Jacobi
equations are solved by morphological kernels that are func-
tions of only the exact (sub)-Riemannian distance function.
As aresult, every approximation of the exact distance yields
a corresponding approximative morphological kernel.

In Theorem 1, we use this to improve upon local and
global approximations of the relative errors of the erosion and
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(d) Truth (e) (f)

Fig.21 aInput b—d Truth e—f. In 21a and d, we see one sample from the
Lines dataset. The other four pictures are visualizations of feature maps
of the 6 layer PDE-G-CNN. In Fig. 21b and e, we see a feature map
of the lifting layer together with its max-projection over 6. In Fig. 21c
and f, we see a feature map of the last PDE layer, just before the final
projection layer

dilations kernels used in the papers [28, 60] where PDE-G-
CNN are first proposed (and shown to outperform G-CNNG).
Our new sharper estimates for distance on M have bounds
that explicitly depend on the metric tensor field coefficients.
This allowed us to theoretically underpin the earlier worries
expressed in [28, Fig. 10] that if spatial anisotropy becomes
high the previous morphological kernel approximations [28]
become less and less accurate.

Indeed, as we show qualitatively in Table 2 and quantita-
tively in Sect. 6.1, if the spatial anisotropy ¢ is high one must
resort to sub-Riemannian approximations. Furthermore, we
propose a single distance approximation pp, com that works
both for low and high spatial anisotropy.

Apart from how well the kernels approximate the PDEs,
there is the issue of how well each of the distance approxi-
mations perform in applications within the PDE-G-CNNs.
In practice, the analytic approximative kernels using pp,
Pes Pb.com perform similarly. This is not surprising as our
theoretical result Lemma 3 and Corollary 1 reveals that all
morphological kernel approximations carry the correct 8 fun-
damental symmetries of the PDE. Nevertheless, Figs. 17 and
20 do reveal advantages of using the new kernel approxi-
mations (in particular pp con ) Over the previous kernel p. in
[28].

The experiments also show that the strictly sub-
Riemannian distance approximation pp - only performs
well on applications where sub-Riemannian geometry really
applies. For instance, as can be seen in Figs. 17 and 20, on
the DCA1 dataset pp s performs relatively poor, whereas
on the Lines dataset, pp s performs well. This is what one
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would expect in view of sub-Riemannian models and find-
ings in cortical line-perception [37, 38, 40, 41, 46, 61] in
neurogeometry.

Besides better accuracy and better performance of the
approximative kernels, there is the issue of geometric inter-
pretability. In G-CNNs and CNNs, geometric interpretability
is absent, as they include ad-hoc nonlinearities like ReLUs.
PDE-G-CNNs instead employ morphological convolutions
with kernels that reflect association fields, as visualized in
Fig.5b. In Fig.8, we see that as network depth increases
association fields visually merge in the feature maps of
PDE-G-CNNs toward adaptive line detectors, whereas such
merging/grouping of association fields is not visible in nor-
mal CNNS.

In all cases, the PDE-G-CNN:ss still outperform G-CNNs
and CNNs on the DCA1 dataset and Lines dataset: they have a
higher (or equal) performance, while having a huge reduction
in network complexity, even when using 3 layers. Regardless,
the choice of kernel pc, pp, Pb.srs Pb.com the advantage of
PDE-G-CNNs toward G-CNNs and CNNss is significant, as
can be clearly observed in Figs. 16 and 19 and Table 7 and 8.
This is in line with previous observations on other datasets
[28].

Altogether, PDE-G-CNNs have better geometric reduc-
tion, performance, and geometric interpretation, than basic
classical feed-forward (G)-CNN networks on various seg-
mentation problems.

Extensive investigations on training data reduction, mem-
ory reduction (via U-Net versions of PDE-G-CNNs), and a
topological description of the merging of association fields
are beyond the scope of this article, and are left for future
work.
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Proof of Lemma 6

Proof We start by writing out the explicit form of ||d pp |2 in
the left-invariant frame:

Id sl = w2 (A pp)* + ws 2 (Aapp)? + w3 2 (Azpp).

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

2

e (|22

2 \|ap!
¥\ 9o b\ o

2 _ -2 .
+(w1 —w2 ) COS (7) W-Fbln (7) a?
Lap ap|?
28y | b3
where ¥ = arctan2(b?, b'), 3y = b?d,1 — b'd)2, 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

b3\ ap e b3\ ap
cos| — ) —+sin| = | —
2 ) ab! 2 ) ab?

2 g

ah?

2

-2
+ w3

5

sz

2
>
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840
dp ap 02 (lap |*> |ap|? 3
0l —— — == —|— 0(6°).
<8b1 3b2>+ 4 \|0b? ab! 0@
This allows us to write ||d pop ||2 as
2| 0p 2| 9p e |
wy @ w2 @ w3 W +e&.

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

2 2
wy — W)

2 352 4. 2:3273\2
& = —5—5—%—5 | wjw;3 (bb) — wyw3(b°h”)
4w%w%w%pb2(

+wlwl(w? — w%)(b1b2)2> +0(6%).

Using that w;|b’| < pp we can bound the expression from
above by

2 2
o |wi—wi 2 2 2 3
&< pbm(wl +w2+ ‘wl —U)Z‘) =+ 0(9 )
172 %3

Finally the lemma follows by algebraic manipulations and
the fact that w; < w». O

Geometric Interpretation of PDE-G-CNN lay-
ers

In a PDE-G-CNN layer [28, 60], one first performs convec-
tion and then a morphological convolution (dilation/erosion).
This has the interesting effect that we can interpret this equiv-
alently as performing a morphological convolution with a
shifted morphological kernel. To make this precise, we first
define what convection exactly is:

Definition 2 (Convection) Let v € Tp,(M>) be a tangent
vector at the reference point pg, and let ¢ : My — T (M)
be the corresponding left-invariant vector field obtained by
pushing v forward with the left-action Lg(p) := gp, i.e.,
c(gpo) = (Lg)xv. Convection is defined as:

{M =—cW

dt
W|t:0 U,

where both W and U are scalar differentiable functions on
M.

The solution of this left-invariant transport (‘convection’)

is quite simple and we state it in the following proposition
without proof:
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association field

Fig.22 A PDE-G-CNN module trains left-invariant convection vector
field ¢, a Riemannian ball over which we apply max-pooling (dila-
tion for line excitation), and a Riemannian ball over which we apply
min-pooling (erosion for inhibition/sharpening). Top: by Proposition 3
a PDE-G-CNN module trains: (1) a center point (blue), (2) an asso-
ciation field for excitation (green), and (3) an association field for
inhibition (red). Bottom: As network-depth increases, these association
fields group together as visible in the feature maps

Proposition 2 The solution to the convection equation is

W(gpo. 1) = U(g exp(—v1)po).
where we identified v as a tangent vector in T,SE (2).

For the proof, and more details on how convection is imple-
mented in practice within the PDE-G-CNN framework, we
refer to [28, Sec. 5.1]. The general idea is that the character-
istics of left-invariant flow are Lie group exponential curves
acting on the reference point pp € M, in the homogeneous
space.

We can now show that first performing convection and
then a morphological convolution is the same as doing a
morphological convolution with a shifted kernel:

Proposition3 Ler k : My, — R be any morphological ker-
nel. We have:

(kO W)@) = inf {k(z™'p) + W(gpo. 1)}
geG

(kO U)(p),

with shifted kernel lg(p, t) = k(exp(—tv)p). In particular
for time-dependent erosion PDE kernels

t (dg(p, e’”l)o))’8
t

ki(p) = (B.1)

=|
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Proof Indeed, by direct computations one has:

(kO W)@ = inf {k(s™"' )+ W(gpo. 1)

k(g™'P) + U(g exp(—vn)po) |

k(exp(—vng™'p) + U gpo) |

{
{
{
inf {k(e™"p.0) + Uzpo) |

= (kT U)(p).

When applying this to the erosion kernels (1), the result
(B.1) follows by left-invariance of the Riemannian metric:
dg(e™""p, po) = dg(p, e'’po) and the identity (e'*)~! =
e v, |

Recall the relation between (approximative) Riemannian
balls and association fields, as visualized in Figs.4, 5 and 9.

The top left corner in Fig.22 shows how a single PDE-
G-CNN module (i.e., operator between two nodes in the
network). The top-right shows the geometric rationale behind
a PDE-G-CNNss that essentially performs perceptual group-
ing of association fields via training, and indeed the bottom
two rows of Fig.22 reveal how the grouping of association
fields becomes visible in the feature maps of two input test
images. In comparison with this (for PDE-G-CNNG), typi-
cal geometric behavior is absent in feature maps of CNNs
applied to the same images, recall Fig. 8.
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