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Preface

What is actually the information directly represented in the scale-space? 1 started
to wonder about this shortly after Peter Johansen, 15 years ago, showed me
his intriguing paper on how uniquely to reconstruct a band-limited 1D signal
from its scale-space toppoints. Still, I have not fully understood its implications.
Merely recording where structure vanishes under blurring is sufficient to fully
reconstruct the details. Of course, technicalities exist, for example, you must
also know negative scale toppoints. Nevertheless, I find it surprising that we
may trade the metric properties of a signal with the positions of its inherent
structure. The result has been generalized to analytic signals, shown also for the
zero crossings of the Laplacean, but has not yet been generalized to 2D. This
remains an open problem.

In 2003, Peter Giblin, Liverpool University, Luc Florack, Eindhoven Univer-
sity of Technology, Jon Sporring, University of Copenhagen, my colleague Ole
Fogh Olsen, and several others started the project collaboration Deep Structure
and Singularities in Computer Vision under the European Union, IST, Future
and Emerging Technologies program, trying to obtain further knowledge about
what information is actually carried by the singularities of shapes and gray-scale
images. In this project, we probed from several directions the question of how
much of the metric information is actually encoded in the structure of shapes
and images. We, and many others, have given hints in this direction. We have
shown that—to a very large degree—you may reconstruct 2D images from their
toppoints, and—to a very large degree—you may identify images in a database
based solely on the toppoints. Likewise, we have shown that—to a very large
degree—you may index shapes based on their singularities, as was shown earlier
by Benjamin Kimia and colleagues. Hence, the structure may be useful. But still,
we do not really know its limitations.

This current volume of LNCS is the proceedings from the workshop held
in Maastricht, June 10-11, 2005. This workshop was based on invited speakers
and contributed papers subjected to peer review. From these, 22 papers were
selected for this volume. They represent the year 2005 state of the art in under-
standing the relation between structural, topological information represented by
singularities and metric information of signals, shapes, images, and colors. The
concise results like “the toppoints encode all metric information” still remain,
but progress and insight have been gained over the last 15 years. In this volume,
the reader will find papers by many of the people who have contributed to the
discussion in the past: Does structure matter?

Mads Nielsen
The IT University of Copenhagen
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Blurred Correlation Versus Correlation Blur

Jan J. Koenderink and Andrea van Doorn

Universiteit Utrecht
j-J-koenderink@phys.uu.nl

Abstract. We discuss the topic of correlation in a scale space setting.
Correlation involves two distinct scales. The “outer scale” is the scale
of the region over which the correlation will be calculated. Classically
this is the whole space of interest, but in many cases one desires the
correlation over some region of interest. The “inner scale” is the scale
at which the signals to be correlated are represented. Classically this
means infinite precision. For our purposes we define “correlation” as the
point—wise product of two signals, “blurred correlation” as the integra-
tion of this correlation over the region of interest, and “correlation blur”
as this point—wise correlation applied to the signals represented at the
inner scale. For generic purposes we are interested in “blurred correla-
tion blur”. We discuss a well known (and practically important) exam-
ple of blurred correlation for essentially zero inner scale. Such a situation
leads to apparently paradoxical results. We then discuss correlation blur,
which can be understood as a form of “regularized” correlation, leading
to intuitively acceptable results even for the case of point sets (e.g., tem-
poral events or point sets in space). We develop the formal structure and
present a number of examples.

1 Blurred Correlation

We will speak of a “correlation” r(s) of two signals f(r) and g(r) if r(s) is
a blurred version of the product of blurred versions of f(r) and g(r). This is
a slight generalization of the usual concept where the correlation is the fully
blurred product of the unblurred functions. Notice that there exist two essential
scale parameters here, namely the “outer scale”, which is the scale of the blurring
of the product, and the “inner scale”, which is the scale of the blurring of the
components.

First we will consider the case of very small inner scale, i.e., the components
are fully resolved at the point where they enter the multiplication process. Such
cases are comparatively rare.

A key instance of this “blurred correlation” occurs in human vision[10].
The causal chain in vision goes as follows: An illuminant causes an illumina-
tion spectrum f(\) on a surface with spectral reflectance g(\), causing a beam
to be scattered to the eye whose luminance—apart from an inessential con-
stant factor—has a spectrum that equals the product f(A\)g(\). The product is
blurred in the retinal transduction process and gives rise to the blurred correla-
tion k(X;0) o (f(A)g(A)) of which three point samples enter the optic nerve. The

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 1-11, 2005.
© Springer-Verlag Berlin Heidelberg 2005



2 J.J. Koenderink and A. van Doorn

blurring kernel k(\; o) is approximately a gaussian of spectral width o, it is due to
the action spectra of the retinal photoreceptor cells. The point samples are taken
at spectral locations such that the kernels centered at these locations have signif-
icant overlap. The vector of samples is an element of the three—dimensional col-
orimetric space, which is a linear projection of the infinitely dimensional Hilbert
space of spectra of beams that enter the pupil. One consequently says that the
human visual system is “trichromatic”.

In the simplest setting the observer has some default assumption concerning
the spectrum of the illuminant (for instance that it corresponds to the “average
daylight spectrum”) and thus can perform low resolution spectroscopy on the
spectral reflectances (often called “spectral signatures”). Obviously this infer-
ence is rather ambiguous, a fact known as “metamerism”. Yet human observers
generally manage to distinguish between lemons and oranges on the basis of
their “color”.

It is easy to prove that surfaces and lightsources may be designed such that
surface samples {a, b} say will lead to colors {P, Q} under source A and {Q, P}
under source B. Here P and Q may be any color you fancy. This fact (it is indeed
a fact though we are not aware of a published proof) has led philosophers[4] to
state that color vision is impossible! (As the saying goes “colors are mere mental
paint”.) Thus this fact has very important (and counterintuitive) consequences.
Yet it is true. Here is a constructive proof:

Proof: Let AX be a spectral bin width that is much narrower than o, as small
as you wish. We partition the spectrum in non—overlapping, contiguous bins of
width AX. We sample the source spectrum and spectral signatures (as is in fact
commonly done in colorimetry). Now we split each bin into two equal sub—bins,
say the “left” and “right” sub—bins. We define source A to be the spectrum
of a truly white source (say average daylight) in the left bins and zero in the
right bins. Similarly, we define source B as zero in the left bins and the same
truly white source in the right bins. We double the illuminance to keep the total
illuminance equal to that of the proper white source W (which has equal value
in both the left and right bin). A piece of white paper (constant reflectance
equal to unity) will look the identical white under these three sources. (In fact,
virtually all surfaces you may encounter in daily life will look identical under
these sources.) Next we sample the spectral signatures for the selected beams
that will yield the colors P and Q. Then we prepare the sample a such that the
spectrum for P goes in the left and the spectrum for Q in the right bins. For
the sample b we do the same, except that we interchange the two spectra. As a
result source A will produce color P from sample a and color @ from sample b,
whereas source B will produce color Q from sample a and color P from sample
b. (Source W will show the color of the equal mixture.) Notice that the same
trick allows us to construct a surface and any number of sources n such that the
surface will look any predetermined color for source i € (1...n). m Q.E.D.

Consider a simple example. A trichromatic vision system has the spectral
“fundamental response curves” shown in figure 1. Here we have abstracted the
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spectral range as the interval (0,1), and the system simply finds the average
radiant power in three subranges of length 1/3 each, thus the result of a mea-
surement is a color vector {r, g,b} where we refer to the coordinates (arbitrarily)
as “red”, “green” and “blue”, for ease of reference.

Fig. 1. The fundamental response curves of a color system

We consider a “standard illuminant” with a flat spectrum, and two “special
illuminants” A, and B, as shown in figure 2. Notice that the special illuminants
have mutually exclusive support, and that both “cover the spectral range uni-
formly”, albeit with frequent minor gaps. These illuminants can be thought of
as “multiplexing” the spectrum.

Fig. 2. The powerspectrum of the standard illuminant (left) and the “special illumi-
nants” A and B (center and right respectively)

We consider two samples with spectral signatures shown in figure 3. The
“oray” sample has a flat spectral signature, whereas the “special” sample has
a rather complicated spectral signature, whose transitions occur at the same
positions as those of the special illuminants.

In figure 4 we show the radiant power spectra of the beams that are scat-
tered towards the eye by various combinations of illuminants and samples. These
beams lead to colors generated by the visual mechanism illustrated in figure 1.
We assume that all this “observer” does is report these colors, which we will
describe in terms of the conventional color names.

The way a magician might try to fool the observer (who is supposed to be
unaware of the way the magician prepared the illuminants and samples) might
run as follows
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Fig. 3. The spectral signatures of the gray sample (left) and the special sample (right)

Fig. 4. The beams scattered towards the eye from the gray sample (top left) and special
sample (top right), as illuminated by the standard illuminant. The bottom row shows
the beams scattered towards the eye from the special sample as illuminated by the
special beam A (left) and B (right).

1. The magician takes the gray sample and holds it under each illuminant in
turn. The observer reports “white” (that is a{1,1,1}) in all three cases.
The magician does this in order to let the observer believe that the three
illuminants are the same.

2. In order to strengthen this (false!) impression the magician might show sam-
ples with smooth spectral signatures like 5\, (looks blue) G(1 — A) (looks
red), 48(A —0.5)% (looks purple), B[1 —4(\ — 0.5)?] (looks green). They look
identical under all three illuminants.

3. The magician selects one illuminant (the standard illuminant!) in order to let
the observer compare the samples, perhaps remarking that the “illuminants
are the same anyway”. Both the gray sample and the special sample look the
same to the observer (both ~{1,1,1}, that is “white”). The magician does
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this in order to let the observer believe (falsely again!) that the samples are
the same.

4. In order to strengthen this (false!) impression the magician might show the
samples under a number of illuminants with simple spectra like d\, (looks
blue) §(1—X) (looks red), 46(A—0.5)% (looks purple), §[1—4(A—0.5)?] (looks
green). The two samples look identical under all such illuminants.

5. Now the magician has prepared the observer for his “magic”: The magician

takes the special sample (white paper!) and places it under the special illu-
minants (white lights!) in turn. Under the special illuminant A the special
sample looks green (that is £{2,5,2}), and under the special illuminant B
the special sample looks purple (that is ¢{4,1,4})!
The observer is suitably impressed by this true magic! How can a piece of
white paper become colored when illuminated by a white source? If this is
possible anything goes! As many philosophers have it: “Color is mere mental
paint”.

In principle there is nothing that would prevent one from preparing such a trick,
no principle of physics is violated by the magician. Yet the observer has no way
to predict the outcome of any case on the basis of mere color observations.

Although this is all true, and one has to grant the philosophers that color
vision is indeed impossible(!), the result should be highly counterintuitive. It is
indeed counterintuitive because cases like this appear as sheer “magic”, since
such cases simply never occur (to such an extent) in real life. Indeed the setting
up of this situation asks for very precise engineering, the way magicians set up
their tricks (although not physically impossible, current technology is not up to
this feat). Several things are very “non—generic” in the ecological sense:

— actual illuminants and spectral signatures are not that articulated. Most
spectra are smooth, even on the scale o;

— even if the illuminant spectrum and spectral signatures were to be rough on
a scale finer than o, it is very unlikely indeed that they would happen to
be “in sync” as the example requires. The physical reason is that spectral
signatures and illuminant spectra are due to completely independent physical
causes.

As a result, in real life colors are far from being “mental paint”. Indeed, color
vision is much closer to some form of very low resolution spectroscopy. It is not
a miracle at all (as many philosophers would have it) that you easily (in normal
circumstances) distinguish between lemons and oranges on the basis of their
color.

This suggests perhaps that there is something very artificial about the no-
tion of “blurred correlation” in the sense that it allows “miracles”: Invisible
structures (because not resolved in the signals f and g) may give rise to visible
effects in the blurred correlation r. Such effects occur if—behind the scene—
some common cause structures the signals at the microlevel. In practice blurred
correlation is only useful if you have some independent (we mean not obtained
via the observation of the signals f and g) prior knowledge. Examples include
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“point matching” where you have two point clouds known to differ only by some
transformation from a known group.

The “blurred correlation” case occurs frequently in computer vision in prob-
lems of image registration, point matching in sparse point clouds, etc. Cases like
color vision are so interesting because the inner scale pops up in the phenomena
though the system itself (the visual system) functions at a completely different
(outer) scale. This leads to (from the perspective of the system) “magic” effects
that can in no way be accounted for.

2 Correlation Blur

In “correlation blur” it are the components that are blurred, before they enter
into the multiplication process. In most cases we will follow this up by a blurring
of the correlation, but in the first instance we will ignore this step. Notice that
correlation blur would serve to “regularize” the colorimetric example in the sense
that it will make no difference whether the samples are presented under the
sources A, B or W. This effect cannot be obtained by blurring the correlation (as
happens in color vision), thus “correlation blur” differs essentially from “blurred
correlation”.

Correlation blur is commonly applied in the correlation of point events[1].
If events are of arbitrarily short duration, then no two physical event trains
are likely to show any correlation at all, because there will necessarily be some
temporal or spatial uncertainty in the exact moments of occurrence of the events.
Notice that this renders the very notion of “correlation” meaningless. Hence it
is common practice to compute correlation relative to some (often arbitrarily
assigned) “correlation window”. Such a window effectively introduces the inner
scale. Although the introduction of a “correlation window” is common enough, it
is usually considered a mere (trivial) technicality, hardly worth mentioning. Yet
the correlation window width will obviously show up in the results. It is much to
be preferred to take the introduction of the inner scale in the correlation process
serious and frame a formal theory of it.

Cases where correlation blur is perceived to be evidently necessary are abun-
dant in vision. Consider cases like two “intersecting” schools of (different) fish,
treetops, and so forth. Of course the fish nor the twigs actually (physically)
“overlap” in the sense of sharing a common volume of flesh or wood, yet the
schools or the treetops evidently do share (distributed) biomass. Human ob-
servers spontaneously “see” the degree of overlap in such cases. Visually the
schools of fish or treetops do share a common volume. One obviously needs to
adjust the notion of “geometrical overlap” accordingly.

One way to obtain such effects formally is to blur the component functions
before the multiplication takes place[8,9], in other words, to consider “correlation
blur”. Thus we are led to consider the signal r = (k, o f) @ (k, 0 g) (“o” denotes
convolution, “e” correlation—here shift and multiplication), for the kernel k for
which we will assume a gaussian. Explicitly we have
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rits) = ([ ka(r)s(t = 7 dr)( [ ka(©g(t + 5 - ©)d8)
— [ Ka(r.@ht = 7.t + 5 - ) drd,
where we have introduced the (isotropic) kernel

K(u,v) = k(u)k(v) = K(V|lul]* +[[v]?),

and the product function h(u,v) = f(u)g(v) in {u, v}-product space. Thus the
correlation r(t, s) is the blurred version (with blur kernel K (u,v)) of the product
f(@)g(t + s) of the unblurred functions, in the product image domain, that is
the “raw” (“unblurred”) correlation.

The classical correlation is the integral of (¢, s) over ¢, for s = 0 the integral
over the diagonal of the product image domain. But due to the width o of the
kernel the blurring of the original signals has the effect of effectively integrating
over a diagonal strip of finite width. This is the “correlation window” effect.

The correlation blur of two sets can be understood as the linear superposition
of gaussians due to pairs of points, one point in the first, the other in the second
set. For consider the pair of weighted points

F(t) = Fo(t — to)
g(t) = Go(t — t1),

then the autocorrelation is
’I“(t7 0) = FGKU(t — to,t — tl),

which reaches a maximum at the average location tcan

to +t1

tmean = 9

depending on the separation At

to —t1

FG K, (V2| At||) where At = 5

Thus due to the weight K, (1/2|| At||) only pairs of points that are close on the in-
ner scale will contribute significantly. Thus we obtain an intuitive representation
of the “event windowing” praxis.

In general we will add a blur to the correlation blur. We obtain

rites) = [h(¢ {/K VITETTER A + ¢ — 7.t + ¢ + 5 — €) drde] dC,

where k,(¢) denotes an isotropic Gaussian kernel of scale parameter 7. If the
average distance between the fish in a school is large with respect to the inner
scale, such an additional blur will serve to smooth away the “fishy” structure
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Fig. 5. Left: Two random event trains. The events have been drawn from somewhat
staggered gaussian distributions of equal width. The “overlap” is visually evident.
Right: Blurring the event trains yields noisy estimates of the p.d.f’s used to gener-
ate the event trains. These estimates have common support, whereas the original event
trains have not.

of the school. Notice that this “blurred correlation blur” depends on two scales,
the “inner scale” o and the “outer scale” n (where typically n > o).

We have obtained a nice, linear “scale space” representation[5,2,3], albeit in
the product space, and dependent on two scales, rather than just a single scale.
One may develop a formal theory of correlation as a special branch of scale space
theory.

Correlation blur thus serves to “define correlation where these isn’t any” and
thus it depends essentially on the current context whether the concept makes
sense. Both the inner and the outer scale can only be picked if the nature of the
problem has been agreed upon. For a single structure (a pair of given images
say) one might easily be interested in various aspects of the mutual structure and
for each aspect the choice of inner and outer scale would be different. Any pair
of images can thus be associated with a two parameter (inner and outer scale)
“blurred correlation blur” scale space. Such association structures are clearly of
considerable practical interest, yet have (thus far) not been formally studied, at
least not in the most general setting.

3 An Example

The simplest case concerns a pair of one-dimensional images. We will consider
point clouds that mutually overlap in the obvious wisual sense, yet have only
insignificant classical correlation. E.g., we may assume that no point in one image
coincides precisely with any point in the other image. We will consider two point
clouds that are defined via random locations drawn from certain p.d.f’s. In that
case one intuitively expects the (suitably) blurred correlation blur to reflect the
product of these (implicit) densities. An example is shown in figure 5.

Blurring the signals produces overlapping distributions, and indeed, the prod-
uct of the blurred functions reveals the “overlap” (figure 6). A blurring of the
product produces a result that is quite similar to the product of the distributions
from which the random pulse trains were generated.
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Fig. 6. Left: The product of the blurred event trains (the “correlation blur”) yields
a noisy estimate of the “overlap” as it is “seen” by the human observer. Right: The
“blurred correlation blur” is (for these parameters at least) a reasonable estimate of
the product of the original p.d.f.’s. This function is—at least for many purposes—far
more informative than the classical correlation function (which is zero!).

0.8

0.6

= -0

04 ® ==

0.2

Fig. 7. The two event trains in product space. Blurring this “image” implements “cor-
relation blur”. The autocorrelation is found on the diagonal of the space. Pooling over
areas “blurs the correlation”.

In this case it is possible to display the product space, see figure 7. In most
cases the high dimensionality of product space will prohibit its display.

If you have two overlapping or even non—overlapping regions, say two circular
discs (figure 8), they develop an overlap in the sense of correlation blur. When
the inner scale doesn’t allow a clear cut separation of the regions, we obtain a
kind of “tunneling” whereby points may change there membership and start to
belong to both regions. In figure 8 the circles actually overlap. We produced two
random point clouds by generating random points for unform distributions in
these circular areas. Figure 9 shows the point sets blurred to the inner scale.
The correlation blur (figure 10 left) reveals the “overlap” that is also visually
compelling. The blurred correlation blur (figure 10 right) yields a fairly smooth
(most of the random point structure has been removed) estimate of the overlap.



10 J.J. Koenderink and A. van Doorn

Fig. 8. Left: Two overlapping circular disks in the plane. Right: Two overlapping “cir-
cular” point sets in the plane. The overlap is visually compelling, though no point of
the first set coincides with any point of the second set: As point sets the overlap is
empty.

Fig. 9. The blurred point sets

Fig. 10. At left the product of the blurred point sets (the “correlation blur”), at right
the “blurred correlation blur”. The blurred correlation blur is a good estimate of the
“overlap” defined by the “overall shapes” of the point clouds.
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The same procedure works in case of two disjoint uniform areas. The blur-
ring at the inner scale “generates fuzzy overlap”, although the degree of such
overlap is very small unless the regions are rather close on the inner scale. This
phenomenon is well known in human visual perception, where it sometimes leads
to erroneous observations in unfamiliar visual circumstances as in microscopy or
astronomy 6], or is used in the visual arts where the observer may pick a larger
than usual inner scale to generate novel (and sometimes unusual) visual connec-
tions. In the latter case the observer is aware of different geometrical structures
at at least a pair of distinctly different inner scales. Important as such cases
are in the arts, there exists hardly any proper psychophysical material on them.
Cases like “crowding” may be a case in point[7].
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Abstract. This paper considers scale invariance of statistical image
models. We study statistical scale invariance of the covariance structure
of jet space under scale space blurring and derive the necessary structure
and conditions of the jet covariance matrix in order for it to be scale in-
variant. As part of the derivation, we introduce a blurring operator A
that acts on jet space contrary to doing spatial filtering and a scaling
operator Ss. The stochastic Brownian image model is an example of a
class of functions which are scale invariant with respect to the operators
A; and Ss. This paper also includes empirical results where we estimate
the scale invariant jet covariance of natural images and show that it
resembles that of Brownian images.

1 Introduction

Statistical image models are receiving growing attention, e.g. [1,2,3,4,5,6], espe-
cially due to the increasing popularity of Bayesian methods in image analysis
and computer vision, where such models are applied as a priori models of natural
images.

In this paper we discuss invariance properties of statistical image models.
We focus on stationarity and statistical scale invariance. Stationarity has the
consequence that there are no preferred positions in images and scale invariance
leads to no preferred scales. Both assumptions are generally agreed upon as being
reasonable for natural images, and scale invariance is furthermore supported by
various empirical findings, e.g. [7,8,4].

We consider the scale space jet representation of images and focus on the
second order statistics of the jet, i.e. the covariance structure. Assuming station-
ary image increments and scale invariance, we derive necessary conditions of the
covariance structure of jet space. As part of this derivation we introduce a blur-
ring operator A; which acts on jet space as well as a scaling operator Sy which
acts as a scale normalization of the axes of jet space, i.e. the partial derivatives.
We express statistical scale invariance in terms of statistical invariance under
the combination of these two operators.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 12-23, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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As an example of a scale invariant random function having stationary incre-
ments we consider Brownian images. Pedersen [4] suggest that natural images
are approximately scale invariant and have a covariance structure similar to
that of Brownian images. We also give some empirical evidence that supports
this claim.

The structure of this paper is as follows: The necessary covariance structure is
derived in several steps in sec. 2. We begin in sec. 2.1 by deriving the covariance
structure based on the assumption of stationarity. In sec. 2.2, we introduce the
blurring operator A;, and finally the necessary structure of the covariance matrix
based on scale invariance is derived in sec. 2.3. We discuss the Brownian image
model in sec. 3 and present empirical results on natural images in sec. 4. Finally,
we conclude in sec. 5.

2 Statistical Invariance Properties

In this section invariance properties for statistical image models are introduced.
Let f: R? — R be a two-dimensional gray scale image at scale s = 0. We assume
that f is a random function, and that f(0) = 0. The image fs at scale s > 0 is
defined through Gaussian blurring

]_ T%‘FT%

@) = s D@ = [ o= s 0ulo) = 5o

21s

Observe that the scale is parameterized in terms of the variance of the blurring
kernel. The higher order structure is given by the non-trivial derivatives

8n+m

g @ (m) ETENG{(0,0))

Fm(z) =

We assume that f, and hence f; for every s > 0, has zero mean, E[f(z)] = 0,
and that the partial derivatives f( m)( ) = d"*’"

81" oz
for every x € R?, s > 0 and (n,m) € L.

We make two assumptions on the image structure: stationarity and scale
invariance. Stationarity states that the statistical properties of the increments
f(z) — f(y) only depends on the difference x — y. Formulated in terms of the
covariance structure this means that there exists covariance functions p: R? —
R, such that

Js(x) have second moments

Var(f(z) — f(y)) = plz —y). (1)

Observe, that we do not assume the image increments to be isotropic, i.e. that the

variance function only depend on the distance |z —y|. Thus, stationarity is a more

general assumption than isotropy. Moreover, we emphasize that stationarity of

the image model itself is not assumed, e.g. we have f(0) = 0. If the image f at

scale s = 0 has stationary increments, then the same is true for the images f;
at every scale s > 0.

Scale invariance is formulated in terms of blurring, which can be interpreted

as zooming away, i.e. only features on the coarser scale are recognizable. In order
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to fully implement the zooming away, and hence scaling and not merely blur-
ring, the space should also be appropriately scaled. Let o« > 0 be the exponent
connecting blurring scale s to the physical scale. Doing the scaling around the
origin x = 0, statistical scale invariance can be stated as the equivalence of the
probability distributions of the images fs(s*z) and f;(t®x) for every s,t > 0,

B {1:(5°2)} e 2 {100},

Introducing the jet %ﬂ(sam) = gantam fs(n’m)(sax) this implies the dis-

tributional equivalence

+ , D + (n,m)
{som, am fgn m) (soél.)}(n’m)e]I = {tom, am ft (tax)}(n’m)eﬂ (2)
for every x € R? and s,t > 0, i.e. the distribution of the scale normalized
derivatives does not depend on the scale.
In the following sections we investigate the implications of the imposed as-
sumptions on the structure of the covariance of the jet, which is given by

b, = {Cov ) (), fm) (g } e R,

<f @)1 ( )) (3,k),(n,m)€l
As shown in sec. 2.1 stationarity implies that the covariance @, indeed does not
depend on the position x. Moreover, defining the anti-diagonals ¥y, 2, by

3)

ik 1
Yon,om = {(*UTJFT Litr=2n '+l:2m}
’ 7 (i.9),(k,Dyel’

there exists positive constants ¢, ., (s) > 0 such that

@s - Z Cn,m(s) w2n,2m- (4)

(n,m)€l

In sec. 2.3 we prove that there exists an image model with stationary increments
and being scale invariant in the sense of eq. (2) if and only if @ = 3. For a # 1
there only exist image models which are scale invariant in an infinitesimal sense.
In both cases these invariance properties holds true if and only if the constants
Cn,m(s) satisfy the condition

2an + 2am

Cnt1,m () + Cnmtr(s) = - s Cn,m (8)- (5)

Finally, for a # % we describe exactly how the infinitesimal scale invariant

models fail to be strict scale invariant, cf. eq. (11).

2.1 Stationary Image Models

In this section we give a characterization of the covariance structure for the jet
under the assumption of stationary image increments, cf. eq. (1). For positions
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z,y € R? employing f(0) = 0 yields
Cov(f(x), f(y)) = Elf(z) f(y)]

_E[(f@) = £0)°] + E[(f®) — £(0))"] — E[((=) — fW))’]
2

_ p@) +py) —plz—y)

5 .
Let positions x,y € R?, scales s,t > 0 and differentiation orders (j, k), (n,m) € I
be given. Interchanging the blurring integrals and the expectation and using
symmetry of the blurring kernel, i.e. gs(u) = gs(—u), we have

Cov[ 98 (), £ ()]
itkg (z —u Mg (y — v
— Cov{/ (— 1)j+k M f(u) d%/ﬂp(_l)vﬂrm M fv)dv

o) duk e

+k n+m
//gsxfu ge(y —v) 87 0 —Cov|[f(u), f(v)] dudv
R2 JRR2

8u]1 811,]2‘ 81}? 8’02

gitktnim p(u) + p(v) — p(u —v)
= s(r—u —v , dudv
/]R? /]R? :( )9y —v) Au Ouk ovt ovy 2

1 aj+k+n+m
== s(r—u —v . u—wv)dudv
/IR? /IR? 9 )9:y — ) oul Ouk ovy Ovy L )

1+j+k 8j+k+n+m
_ /RQ/RQng—u ge(y — )8]+navk+mp(u7v)dudv

1+J+k Hitktntm
= / / gs(x —y —u) g(v) ————p(u — v) dudv.
R2 JR2

ov] ™" vyt

Modulo the sign (—1)7** the latter integral only depends on j, k,n,m via the
sums j +n and k 4+ m. Moreover, since the variance function p must be even the
integral vanishes unless both j 4+ n and k + m are even. Thus, we have showed
that Cov|[fs G (), fim(y )] for ( k), (n, m) € I equals

k+n J‘F"

2 Cov [T T @y, 5D 0)].

We can recap this in terms of the covariance structure @, € R™*! of the entire

JTL

1]’ + n even, k + m even (_1)

jet {f(" m) }(n’m)eﬂ at position z and scale s,
2, = {Cov(fP @) [ @)}
= {Cov (599 (0), £ (o))}
- Z Cnm(8) Yan 2m-

(n,m)€l

(4,k),(n,m)€el (6)

for some positive constants ¢, m,(s) > 0 and where the anti-diagonals ¥a,, o, are
defined by eq. (3)
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2.2 Gaussian Blurring in Jet Space

In this section we consider the representation of Gaussian blurring in the jet
space domain. We assume that the image f, at scale s > 0 can be represented
by its Taylor series around every z, i.e.

£ ()

I'm)!
n:m:
(n,m)€eN2

an+m fs (x)

o n o m (n,m) _
(yl 1'1) (yQ 1'2) ; fs (fﬂ) 8%‘?8.%'31

Is(y) =

Consider the operators J,, 7, taking the image into the jet space of partial
derivatives at x and combining the jet into the Taylor series, respectively,

an+mfs(x) }
jx s) = {ﬁ )
(f:) Ozt Oz (n,m)eN2

T ({jn,m}(mm)eNg)(y) = Z i?;;’/n' (yl - xl)n(yz - l’z)m

(n,m)€eN2

The operators 7, o 7, and J, o 7, take the image and the jet, respectively, into
themselves. Gaussian blurring of the jet by scale t is given by

_ =21+ (yp—wg)? +(y2 x9)?

99 (@) / / F9P (y) dyr dys

_ wi—21) %+ (wp—wp)? +(y2 wg)? (j+n,k+m)
S x n m
A e

2
(n,m)€ENG

Interchanging the integrals and the sum we find

Cwi—=z1) Hya—xy) ?
27

(j+n,k+m)
(4,k) _ fS (il’) € _ n _ m
AP@ = g i 5 (y1 = 21)" (y2 — 22)" dy1dy2

2
(n,m)€ENG

tn+m f(j+2n,k+2m) (il’)

S
- Z om+mplml

(n,m)EN3

If the N2 x NZ-matrix A; is defined by

n—j+m—=k
2

(t/2 |
EEDONEFENT Gy nmyeng
then the effect of blurring on the jet is given by

jr(fert) - jr(gt * fs) - At jr(fs)

The matrix A; is invertible being upper triangular with ones on the diagonal,
and the matrix inverse is given by

(7

At = {1j§n,j+n even,k<m,k+m even

n— J+7‘n k

(=t/2)

-1 - 7
At = {1j<n,k<m,j+n even,k+m even ™ FRY kY| } .
(FZOETN Gk nomyen
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Thus, the definition of A; for ¢ > 0 in eq. (7) can be extended to ¢t < 0 such
that A, ! = A_,. Doing this we have the group property A, A; = A, for every
s,t € R. This explains our choice to parameterize the scale with the variance in
the blurring kernel.

Deblurring can be achieved by fs = ’]}(A; VA ft+s)), which complies with
the work by Florack et al. [9]. Florack et al [9] introduces the multi-scale local
jet image representation using not only the spatial derivatives but also including
derivatives with respect to scale. They construct polynomial parametric repre-
sentations of the local image structure based on the multi-scale local jet. This
approach allow them, among other things, to do deblurring of images by extrap-
olation of the given local jet.

In the application in sec. 2.3, we discard the zeroth order structure. For this
we introduce the jet

n—+m
Te1(fs) = {m} .
(n,m)€l

n m
ox 0z}

With a slight abuse of notation the blurring A; operates on J,1(fs) by ne-
glecting the zeroth order structure. Doing this we have J 1(fst+¢) = Ar To1(fs)-
Moreover, an application of the binomial formula yields that

(7t)n—i+m—j

A Vonom A7 = > = =) ¥2i 25 (8)

(i,5)€li<n,j<m

2.3 Scale Invariance in Jet Space

In this section, we investigate the scale invariance property in jet space. For
s > 0, let the operator S on jet space be defined by

Ss ({jnvm}(n,m)GH) = {Sn+m jnvm}(n,m)GH'

Then S, describes the scale normalization going from scale st to scale t. Verifi-
cation using the matrix representation of the operators shows the commutation
relation A; Sy = S5 As. This identity can also be proven using the interpreta-
tions as blurring and scaling, respectively. The scale invariance property eq. (2)
can be recapped as

Ssttye At To1(fs) = S(sqtye Teg(fsrt) 2 S Tualfs),
and hence 5
jx,]l(fs) = S(STH)a At Jx,]l(fs)- (9)
An equation for the covariance structure @4 of the jet is found by taking the
covariance of both sides of eq. (9). For simplicity of the equations we, however,
insert the blurring st instead of t. Doing this eq. (9) implies
@y = Cov(Tni(fs)) = Cov(Sateye Ast Toa(fs))
= (S(lth)(’ Ast) COV(JO,H(fs)) (S(lth)(’ Ast)*
= (S(1+t)a Agt) D (5(1+t)a Ast)™
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Thus, a scale invariant covariance structure @, at scale s is an eigenvector under
the linear mappings @ +— (S(144)« Ast) P (S(144)» Ast)* with eigenvalue 1 for
every relative blurring factor ¢ > 0. We search for a solution also satisfying
the stationarity assumption eq. (6). Inserting &5 = Z(n,m)eﬂ Cn,m (S) Wap 2m the
eigenvalue problem reads

Z Cn,m(s) w2n,2m - gzjs - (S(1+t)f’ Ast) @s (S(1+t)f’ Ast)*

(n,m)€l
(8) 2an+2am —S t i+
- Z <(1 Z Z' I Cn+i,m+j(s) w2n,2m
(n,m)el i,7€Np J:
and hence
2an+2am St)ZJrJ
enm(s) = (1+1) Z T it (5)- (10)
1,j€Ng vJ

A solution to this eigenvector equation should hold true for every ¢ > 0. Espe-
cially, taking the derivative with respect to ¢t at t = 0 we find

0= (2an + 2am) cpm(s) = s (cns1,m(8) + Cnmt1(8)),

which is equivalent to eq. (5). It can now be checked whether a solution to the
infinitesimal eigenvector problem, i.e. a vector ¢, .,(s) satisfying eq. (5), also
satisfy eq. (10). In this case the addition formula for binomial coefficients gives

i Al
o, !
k
20m+2 (—st)k k!
= (1+)" Z 7l Z k — )il Cnth—j,m+; (8)
keNo . j=0 J) 0
(5) 2an+2am (*St)k 20&)k (TL +m+k— 1)'
( Jr) Z sk (n+m—1)! Cn,m(5)
keNp
(1 +t)a 2n+2m
= (ﬁ) enm(8)-
This implies that
(S(1+t)f’ Ast) (ps (S(1+t)f’ Ast)* =9 (a4ne (ps S*(H—t)a 5
T2at TT2at
and hence
D5 = (S, 1730z Ast) Ps (S /17307 Ast)™ (11)

Thus, the solution to the infinitesimal eigenvector problem is a solution to the
global eigenvector problem if and only if @ = 1 . For « 75 = we have found the
solutions to the infinitesimal eigenvector problem and descrlbed exactly how
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they fail to be solutions to the global eigenvector problem. E.g. for a = 1 we
have

453 = (Sm Ast) 453 (S\/m Ast)*~

Finally, we remark that there is a wide class of solutions to eq. (5). We mention
Cnm(s) =7 (s/a)”" " (n+m — 1)},

(2n)! (2m)!
2rtmnlm! (n +m)

—n—m

Cnm(s) =7 (s/c) (12)
with v being a constant. The latter solution correspond to the covariance struc-
ture for the Lévy Brownian motion. More about this in the following section.

3 Brownian Images: A Scale Invariant Model

The Brownian image model, also known as the Lévy Brownian motion, is an ex-
ample of scale invariant random functions. A Brownian image B(z) is a Gaussian
random function with stationary independently identically Gaussian distributed
increments B(xz + Az) — B(z) having zero mean and variance proportional to
the length |Az|, i.e. {B(x + Az) — B(z)} ~ N(0, 00 |Az]).

Notice that the Brownian image B(z) is nowhere differentiable with proba-
bility 1. But the scale space of the Brownian model By(x) = (g5 * B)(z) is C°
differentiable, hence we can compute the scale space jet J(Bs).

The scale space of a Brownian image induces a Gaussian distribution in jet
space, { Tz 1(Bs)} ~ N(0, Xs), where the covariance structure is given by

2y = Cov(Tui(Bs)) = {Cov (Bgi’j)(:r),ng’l)(x)) } . (13)
(i,9),(k, D)€L
From sec. 2, we know that the covariance structure of a scale invariant random
image with stationary increments is given by eq. (6) and (12). To summarize,
for n =i+ k and m = j + [ both even we have
_n4m
vs~ 2z nlm!
2ntm (n/2)1 (m/2)! (n+m)’

Cov (B (2), B0 (2)) = (—1)" 7 +5* (14)

and otherwise the covariance vanishes. Here v acts as a global variance parameter
of B(x).

It is interesting to note that this corresponds to the covariance derived by
Pedersen [4]. In [4] the jet covariance is stated in terms of the inner product

between the two random functions Bgi’j)(x) and ng’l)(x),
Cov ((74(8)) = { Cov (B ). B @) | )
(4,9),(k,1)el

Due to the ergodicity of the Brownian model this is equivalent to computing the
jet covariance as in eq. (13).
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Fig. 1. Examples of the natural images used in the experiments. The resolution of the
gray value images in the database is 1024 x 1536 pixels.

From eq. (14) we observe that the jet covariance structure of a Brownian
image is scale invariant under change of scale in the spatial domain, B,(z) =
(gs * B)(z), if we introduce scale normalized derivatives in the jet operator

wim OB, ()

jx, By :{3 ﬁ} .
1(Bs) oxh 0xY (n,m)el

4 Connection with Natural Images

The Brownian image model is one example of a scale invariant random function.
Another example of a nearly scale invariant random function is natural images.
Pedersen [4] suggest that the covariance structure of natural images is similar
to that of Brownian images as defined in sec. 3. Here we give further empirical
evidence of this claim.

We use 1126 images from the van Hateren natural stimuli collection [10] for
the experiments conducted in this section. Examples of these images can be

found in fig. 1. For every image we compute the 4-jet {fs("’m) (w)}(n m)eln,m<4
at 10 different scales in the range s € [4,4096] using scale normalized derivatives

fs(n,m)(w) _ S"‘g’" % 3
we pick at random the 4-jets at 6000 image points. This leads to a data set of
6.7 million 4-jets per scale. For each scale s, we estimate the covariance matrix
Cy of the 4-jet. Notice that this procedure leads to an implicit assumption of
stationarity of natural images.

In order to show that the covariance structure of natural images resemble
that of Brownian images, we have to verify that the covariance matrix C for
natural images has the same structure as derived in this paper and given in
eq. (13) and (14).

The signs of the 4-jet covariance matrix Cy follows the theoretical alternating
signs, as given by Yoy, o defined in eq. (3), up to and including scale s = 900.

() excluding the zeroth order term. For every image
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2 4 6 8 10 12 14

Fig. 2. Signs of the covariance matrix for the 4’th order jet. Black pixels correspond
to —1, white pixels to 1, and gray to 0. The numbering of the axes correspond to the
usual ordering L., Ly, Lyz, Loy, . . ..

Beyond this scale, sign errors start to appear. The alternating signs are visualized
in fig. 2.

The derivation in sec. 2 leads to a sparse covariance matrix with only a few
non-zero elements. These non-zero elements have an intricate proportionality
among them. In order to verify whether natural images exhibit this structure,
we compute the ratio between the non-zero elements indexed by 4 of the natural
image covariance Cs and the theoretical covariance @4, C%/®L. We divide this
ratio by the mean pg = % Zivzl C!/®% in order to remove the multiplicative
contrast factor of the natural images. Fig. 3 shows a plot of C?/(®%us) for the
indices 7 of non-zero elements at different scales s. The spikes seen, especially at
high scales, in fig. 3 corresponds to the following covariances in order of appear-
ance: E[fy fyl, Elfy, fyyyls Elfyy: fuyls Elfyys fyywuls Elfyyys fuls Elfyyy, Fyyl:
Elfyyyy, fyyls Elfyyyys fyyyy]- This consistent bias along the y direction could be
explained by a dominating horizon in the images used in the experiment.

As can be seen in fig. 4, the elements of the covariance matrix Cs, which
the theory predicts should be zero for Brownian images, is also close to zero for
natural images.

To conclude, natural images appear to have a covariance structure similar
to that of Brownian images within a limited range of scales. This scale range
is bounded from below and above by the inner and outer scales of the involved
images. For the natural images and the sampling of the scale axis used in these
experiments, the range appear to be approximately s € [4,169]. The results are
not as clear cut as those presented in [4]. The difference is that Pedersen only
considered the eigenvalues of the covariance matrix, contrary to what we do here,
namely compare all non-zero elements of the covariance matrix.

A consequence of the similarity between natural and Brownian images is that
natural images also have an approximately scale invariant covariance structure
within the above mentioned range of scales. Hence, to approximation there are
no preferred scale in the visual world (at least within the range of valid scales).
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Fig. 3. (Left) The factor C%/(®%us) of non-zero covariances for the 4’th order jet of
natural images. (Right) The standard deviation of the factors as a function of log-scale
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Fig. 4. (Left) Covariances C? for the 4-jet for which @, = 0. (Right) The standard
deviation of Cy as a function of log-scale log(s).

While conducting the experiments, we assumed both stationarity and
isotropy of natural images, i.e. that there are no preferred position or orien-
tation in the visual world. In general, we find this assumption reasonable, but
the images in the van Hateren database [10] apparently have a bias towards the
y direction, hence violating the isotropy assumption.

5 Conclusion

We studied scale invariance of the covariance structure of jet space, where scale
invariance was defined in terms of the jet blurring operator A; and the jet scaling
operator Ss. Under the assumptions of stationary increments and statistical
scale invariance defined in terms of the combination of A; and Ss, we derived
the necessary structure of the jet covariance matrix. We then introduced the
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stochastic Brownian image model as an example of a class of functions that are
scale invariant under the operators A; and Ss. The paper also include empirical
results that show that the covariance matrix of natural images is approximately
scale invariant with similar structure as derived in sec. 2.

We show that strict scale invariance implies ov = 1/2, which means that the
standard deviation s'/2 is consistent with the physical scale. That is, the usual
scale normalization based on dimensionality analysis is consistent with scale
invariance.

An interesting question for further research is whether there are other models
that are stationary and scale invariant as defined in sec. 2 which would be a
better model of natural images. We know that natural images are not Gaussian
[11,3], hence higher order statistics is needed to fully capture the distribution of
images, which means that we should extend the analysis to include higher order
moments.
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Abstract. The Symmetry Set (SS) and its representation in parameter
space, the pre-Symmetry Set, can be used to describe a shape with a
linear data structure containing strings. As shape descriptor one specific
string can be chosen. This string represents not only the major axis of the
shape, but it also contains information of the complete shape. The string
is augmented with information about the special points along the (pre-)
Symmetry Set that it resembles. Changes in this simple line structure
are directly related to so-called transitions (topological changes) of the
SS and the Pre-SS . It also carries information about the skeleton, or
Medial Axis.

1 Introduction

In shape analysis, much effort has been put into the research on the skeleton,
or Medial Axis [1], as a way to represent the shape in a more simplified way. As
it was soon realized, the Medial Axis it itself didn’t carry enough information
[4] and sophisticated extensions were built, like the Shock Graph method [12].
Basically, each point on the Medial Axis is endowed with additional structure
related to the distance to the shape itself or related to its neighbours. Next, the
potential changes of the Medial Axis were investigated, yielding a set of possible
transition [5]. In that way different shapes can be related to each other for shape
indexing and retrieval [10,11].

The results on transitions boiled down from the results on the possible tran-
sitions of the Symmetry Set. This set, containing the Medial Axis as subset, has
been thoroughly studied in [3]. Its transitions are described in [2]. The Symme-
try Set has its advantage in being easily described in a mathematical sense, but
its spatial visualization not suited to human perception. So most of the research
has been focused on the (augmented) Medial Axis [6].

Recently, however, a data structure was presented for the Symmetry Set [9],
that can be visualized by a sequence of nodes, that are pair wise joined.

In the pre-Symmetry Set special branches may be present. These branches
are spanned by the entire shape and are called essential loops. There are either
zero or two essential loops for a closed non self-intersecting curve. If there are
two essential loops, each contains information about the complete shape. It then
suffices to select only one of these branches instead of taking the complete set
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as in [9]. This branch can easily be found using the pre-Symmetry Set [7], the
Symmetry Set in parameter space. Augmented with special points of the (pre-)
Symmetry Set, this branch represents the shape. The branch can be described
as a simple line sequence which allows modifications based on known changes
of the (pre-) Symmetry Set. We show how this structure can be obtained and
describe its relation to the skeleton, or Medial Axis.

2 Symmetry Set

The Symmetry Set is defined as the closure of the loci of the circles tangent to a
shape, see Figure la. The shape is given by the oval. Inside a circle is tangent to

Fig. 1. a) Definition of the Symmetry Set. See text for details. b) A shape and the
Symmetry Set.

it at two locations, so the unit normals A7 and N> are equal for the shape and
the circle. The centre of the circle is found by multiplying minus the radius r
with the normals. Note that this is also a Medial Axis point. Next, also outside
a circle is tangent to the shape at two locations, where the unit normals A; and
N are equal for the shape and the circle. From this image it follows immediately
that a point on the shape relates to at least two points on the Symmetry Set, in
contrast with the Medial Axis.

Another tool that is used in the analysis of the Symmetry Set is the evolute.
Let k be the curvature of a shape S, then the evolute is given by S + N /k.
In Figure 1b an oval, its Medial Axis (vertical line) and Symmetry Set (all line
segments) are shown.

2.1 Points on the Symmetry Set

Due to the geometry of the shape and the order of tangency, five distinct types
of points are generic on the Symmetry Set [3], see Figure 2. An A? point is the
“common” midpoint of a circle tangent at two distinct points of the shape. An
Az point is the midpoint of a circle located at the evolute and tangent at the
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point of the shape with the local extremal curvature. The endpoint of a branch of
the SS. An A; As point is the midpoint of a circle tangent at two distinct points
of the shape but located at the evolute. A turning point on the SS. An A3 point
is the midpoint of one circle tangent at three distinct points of the shape. An
intersection of three branches of the SS. An A%/A? point is the centre of two
circles tangent at two pairs of distinct points of the shape with different radii.
Since this produces only an intersection due to projection on the plane, it is
omitted in what follows.
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Fig. 2. a) Close up of the Symmetry Set with annotated special points and the evolute
(joined points). b) Visualizing the Pre-Symmetry Set with annotated special points.

2.2 Transitions

In the following we briefly state the possible transitions of the SS. For more
details the reader is referred to [2].

At an A transition a collision of A} points appears. Before and after the
transition six lines, four A3 points occur. The result on the MA is a reordering
of the connections of two connected Y-parts of the skeleton. For the SS, however,
the Y-parts are the visible parts of SS branches going through A$ points. So for
the S8S representation nothing changes.

At an A; As transition, a cusp of the evolute (and thus an end part of a SS
branch including a A3 point) intersects a branch of the SS and an A3 point as
well as two A; A points are created or annihilated. The A? point lies on the As
containing branch, while the other branch contains a “triangle” with the A$ and
the A1 As’s as corner points.

The A4 transition corresponds to creation or annihilation of a swallowtail
structure of the evolute and the creation or annihilation of the enclosed SS
branch with two Az and two A; Ay points.

At an A? A, transition two non-intersecting A; As-containing branches meet
a third SS§ branch at the evolute, creating two times three different branches
intersecting at two A3 points. Or the inverse transition occurs.
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The A3 moth transition describes the creation or annihilation of a SS branch
containing only four A;A; and no As points. These points lie pair wise on two
opposite parts of the evolute. Each point is connected via the SS to the two
points on the opposite part of the evolute.

When going through an A2 nib transition, two branches of the SS, each
containing an A; As point, meet and exchange a sub-branch.

3 Pre-symmetry Set

The pre-SS is obtained by visualizing the Symmetry Set in parameter space, so
essentially it is visualizing the pairs of points on the shape at which the circl is
tangent. This is done in Figure 2b.

On the axis one finds the parameters p; and p;. The black curved lines
represent the zero crossings. The diagonal is formed by the points (p;,p;) and
can therefore represent the shape itself.

Firstly, it needs to be remarked that the diagram repeats across its borders:
the parameter moves along a closed curve. So the diagram represents a torus.
Furthermore, the axis are to be identified, since they both relate to the same
parameter along the shape. So the image is symmetric in the diagonal and the
plot represents in fact a Moebius strip, with the diagonal as its boundary.

In this Figure, one can see two curves ranging over the entire domain and
one closed loop (bottom left with parts bottom right and (the symmetric coun-
terpart) top left).

3.1 Points on the Pre-symmetry Set

Since curves in the pre-SS don’t intersect, one easily obtains separate branches.
At As points, one has p; = pj;, since they are located at the diagonal and don’t
concern two different points on the shape. Note that these points arise from local
extrema of the curvature on the shape. These extrema alternate being minima
and maxima. At A;As points the SS hits the evolute and is reflected. This
implies that one of the two involved points, say p;, is also reflected. The pre-SS
therefore has a horizontal or vertical tangent. At an A} point three parts of
the SS intersect. In the pre-SS these points are detectable as the occurrence of
the triple point sets (p1,p2), (p1,p3), and (p2,ps) (and, of course, its diagonal
symmetric counterpart). This is visualized by the box-set in Figure 2b. All other
points are A? points.

3.2 Transitions

The list of transitions valid for the SS, also apply to the pre-SS. In the following
we state the consequences of these events for the pre-SS, see [8] for details.

At an A} transition a collision of A$ points appears. This implies that in
the pre-SS four box-sets (see Figure 2b), each combining the three positions,
coincide. Before and after the transition there are six curves with, each of them
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two A3. The only thing that changes is the ordering of each pair of A3 points on
each curve. This boils down to inverting the order of the four box-sets.

At an A; A3 transition, one curve goes through an inflection point and changes
from zero to two local extrema (horizontal or vertical tangents) - which are A3 Ay
points. Outside the two extrema two positions of the Az are located, the third
is located on the curve that represents the other SS-branch involved in the
interaction.

The A, transition corresponds to creation or annihilation of a closed loop on
the diagonal in the pre-SS, thus containing two As points on the diagonal and
two AjAs points as the horizontal and vertical tangents (note that the diagonal
is a axis of symmetry).

At an A%Ag transition two branches with each an A; As point surrounded by
two A3 points meet and leave without the A3 points. The A; A points have the
same tangent. On a third branch two A3 points meet and vanish. Or, of course,
the opposite (creation) event occurs.

When going through an A3 moth transition, a closed off-diagonal loop is
created or annihilated in the Pre-SS. It cannot intersect the diagonal. Note that
in the visualization also a loop occurs due to mirroring in the diagonal.

When going through an A3 nib transition, two branches approach with their
local A1 As points with the same kind of tangent. They meet, forming an inter-
section, exchanging connection and afterwards they move away with again the
same kind of tangent, but opposite to the one before (horizontal vs. vertical, or
vice versa).

4 Essential loops

Observing the pre-SS of Figure 2b, there are exactly 2 curves that are spanned
by all points on the shape, i.e. the complete pre-SS diagram domain is needed
to represent these curves [7]. They are called essential loops.

Recall from section 3.1 that the intersections of the curves (or loops, as they
are closed) in the pre-SS diagram with the diagonal represent the local extrema
of the shape. They can be numbered sequentially, e.g. starting at the origin.
Consequently, the starting point can be chosen such that even numbers relate
to maxima, and odd numbers to minima

Each curve that intersects the diagonal, intersects it twice, since a branch
with a begin point needs to have an end point. Such curves can be assigned the
two numbers of the intersection points.

When tracing such a curve from the first diagonal point to the second one via
the upper diagonal part of the diagram, one can note that for essential loops the
second point is reached via the lower diagonal part of the diagram, while non-
essential loops reach the diagonal via the upper diagonal part. Consequently, on
these curves, the number of both horizontal and vertical A; As points is odd for
non-essential loops (“as the curve needs to return”), and even for essential loops.
The essential loops cross the boundary an odd number of times, while for the
non-essential loops this number is even.
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Theorem 1. Any non-essential loop must have an even and an odd number.
Essential loops have to appear pair wise with an even-even and an odd-odd num-
bered intersection.

Proof. Consider the allowed transitions and the evolution of an ellipse, with two
essential loops, to an arbitrary shape. At this evolution two events are possible:
closed loops can be created and swaps may occur. At A4’s closed loops are created
with an even and an odd number. In an A3-nib, two branches (and therefore two
endpoints) are exchanged. Without loss of generality we can take two curves
with intersections (1, 2), (3,4) that can perform two changes, A: (1, 3), (2,4) or B:
(1,4),(2,3). In case B, after the swap again two non-essential loops are present,
they have both even-odd numbered intersections with the diagonal, and one
loop is encapsulated by the other; In case A, an odd-odd and even-even pair is
created. Since the loops may not intersect each other in the pre-SS diagram, this
can only be established when the new curves starting in the points land 2 in the
upper diagonal part do not return to the diagonal in that part, but approach the
diagonal in the lower diagonal part. Then, however, they range over the entire
diagram and have become essential loops. Obviously, these transitions can also
occur in the opposite direction.

In the following, we distinguish between essential loops that connect minima
of the curvature (min-min), and those that connect maxima (max-max).

Definition 1. If at least two essential loops are present, a maximal essential
loop (MEL) is identified as an essential loop with the two intersections of the
diagonal relating to two local mazxima of the curvature.

4.1 On Maximal Essential Loops

Although the situation with two essential loops may seem generic, the transitions
do not prohibit the existence of any even number of essential loops. In practice,
besides two, the case with zero essential loops has been observed. In order to say
more on this, first the following result is needed:

Theorem 2. Two A3 points can be connected by at most one path along the SS
branches.

Proof. Consider two A3 points that are tangent to the shape at the points
(i1,71, k1) and (i2,j2,k2) with i1 < j1 < k1 and < ko < jo < i2. Assume,
without loss of generality, that k1 < ko. Then the two points can only be con-
nected via SS branches that are spanned by pairs of intervals along the shape
that are subsets of the intervals (k1,k2) and (i2,41) - one clockwise, the other
anti-clockwise (say left and right). For the latter interval it is taken into account
that the end and begin point are joined. Each pair of intervals ends when an
A3 point is reached. Then a new pair of intervals starts, where at least one of
the two intervals has the start point equal to the end point of one of the two
old intervals. So at most on one of the two sides of the shape a jump can occur.
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Two different paths require two disjoined sets of intervals; there can not be two
points on the shape that contribute to both paths. On the contrary, each point
on the shape contributes to both paths, since that occurred at each A3 point and
the SS branches depend continuous on the shape. Then each interval connects
to the same A3 point, i.e. the interval is empty. There cannot be two different
paths.

One way to interpret this result is that a closed, non self-intersecting shape
cannot generate a SS with a cycle. Then the following holds:

Theorem 3. A part of the MEL is visible at the Medial Awis.

Proof. As the MEL starts and ends in locations related to local maxima of the
curvature, it starts and ends inside the shape. Regarding the part of the M.A
inside the shape, its end points also relate to local maxima of the curvature.
Second, to the MA all points on the shape contribute pair-wise. If the MEL
remains within the shape, it must coincide with the MA. If it is also present
outside the shape, it must have two A3 points in common one “to get out” and
one “to get in”. Since cycles cannot occur, the MEL and the MA share at least
the path between these A points.

Theorem 4. A MEL links two Az end points of the Medial Axis.

Proof. The end points of the MA are due to local maxima of the curvature.
On the other hand, not all end points of a SS branch become visible on the
MA. When a new branch (a non-essential loop) is created in an A4, the end
point related to the maximal curvature only become part of the MA after an
Aj As transition - when it intersects the M.A [2,8,5]. So if the end points of the
MEL are not part of the MA, the entire MEL cannot intersect the M.A. This
contradicts the previous Theorem.

Theorem 5. A MEL defines a main axis to the Medial Axis, being the linking
two Az points along the Medial Awis.

Proof. This follows directly from the previous two Theorems.
Using these results, we have the following:
Theorem 6. There is at most one MEL for a closed, non self-intersecting shape.

Proof. Suppose there are two MELs. They have endpoints (p1,p3) and (p2,p4)
with p1 < p2 < ps < p4, since they cannot intersect in the pre-SS. Then there
is a path along the MA from the points determined by p; and ps. A second
path connects ps and py. These paths necessarily need to have at least one
point in common. If they cross, it occurs at an A} point, a circle tangent at
four points simultaneously, which is non-generic. If they would meet in an A$
point, they need to have a segment of the M.A ranging between two A points
in common, since they both define M. A parts. But then the two MELs coincide
at this segment, which is also non-generic.
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Consequently, there are either zero or two essential loops. Since the essential
loops are spanned by the entire domain, they contain local symmetry information
of the whole shape. So we could say that in the case that there are two essential
loops, we can identify two global axes of symmetry, while in the case of no
essential loops there are no such axes. Since there are two spatial dimensions,
there are generically not more that two global axes of symmetry to be expected.

Theorem 7. In the case that there is a MEL, each A3 point on the MEL that
is part of the Medial Axis is encountered twice, so of the three distinct curves
intersecting at this A3 point, two belong to the same SS branch.

This states that at a fork in the Medial Axis (where three parts meet) two
of the parts contribute to the same SS branch and therefore that the begin and
end point of the MEL are the begin and end point of a connected part of the
Medial Axis.

Proof. This is a direct consequence of the fact that there is exactly one path
between two A3 points. As the Az points are connected by the MEL, necessarily
the A? points on the M.A connect two M.A parts that belong to the MEL.

As a consequence, the MEL can be divided in two A3 — A? parts and some
A3 — A3 parts, with each A} appearing twice as a begin and end point. The
part of a MEL (e.g. in Figure 4) that connects the two Az points, contains an
even number of A; As points. When starting at an Az point of the MEL and
following the MEL, at a certain moment - before an A; A is encountered - an
A3 is met. Here a horizontal or vertical jump in the pre-SS diagram can be
taken to an other part of the MEL, skipping an even number of A; As points, see
also Figure 5. Therefore, a subset of the MEL can be taken that doesn’t contain
A1 Ay points and consists of two A3 — A3 parts and some A7 — A3 parts, with
each A$ appearing twice as a begin and end point.

All closed shapes can be obtained from the ellipse by adding perturbations,
and similarly their pre-SS diagram are obtained by adding perturbations, i.e. the
transitions [8]. For the ellipse the maximal essential loop is simply represented
by Az — Az, while perturbations of the shape yield a more complicated structure:
Az — X — As, where X is solely determined by the transitions of the pre-SS.
In general, X will contain several A;A; and A3 points. It therefore remains to
investigate the possible structures and changes of X.

4.2 Transitions of an Essential Loop

From the transitions of the pre-SS, the transitions on the essential loop can be
derived directly [5,8]. In the following, ¢ and j are indices and X and Y parts of
the sequence. Examples will be given in the next section.

At an A} transition pairs of A3[i] — A3[i + 1] points on the pre-SS curve meet
(coincide) and continue afterwards.

At an A; Az transition, the curve gets or looses a string A$[i] — A; As[j] —
AyAalj+1] — A3,
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The A, transition doesn’t contribute to an essential loop; it only creates a
non-essential loop.

At an A} A, transition the sequence A3[i] — A$[j] may be created or anni-
hilated. Note that since A; A points are required for this transition, it affect a
part that doesn’t contribute to the MA.

At an A% moth transition nothing happens on the essential loop.

When going through an A3 nib transition, the structure is either locally
expanded or simplified if the pre-SS transition involves a closed moth loop:
from X; — Y — Xs to X7 — X5 or vice versa, with the changes at two AjAs
points. It Implies a rotation of information when the pre-SS transition involves
a curve that intersects the diagonal. Then the sequence A3[1]— X7 — A3[j] — Xo —
A1A2 [Z] — A?[]] -Y Changes to A3 [2] — X3 — A? [j} — X4 — A1A2 [’L] — A‘;’ [j} —Y. As
this implies a change of end point, it also describes the possibility of pair wise
removing or creating essential loops.

5 Example

As an example shape clarifying the theory presented above, we took a fish shape
from the data base considered in [10,11]. This fish shape is shown in Figure
3, with its SS (left) and its pre-SS (right). As we allowed ourselves no data
modification after the parameterization was obtained, the results are non-aligned
sets of points.
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Fig. 3. Left: Fish, with its SS. Right: Pre-SS of the fish.

Its MA containing essential loop is the branch ranging from top left to
bottom down. It is also depicted in Figure 4. On the right, the SS branch is
shown. It ranges from the top left tail of the fish to its nose. Since the pre-SS
is symmetric, it suffices to investigate on half of the branch in the pre-SS. This
is visualized in Figure 5. The branch starts top left (equivalent to the origin of
the pre-SS - at the diagonal) and ends bottom right, again at the diagonal. It
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Fig. 4. The maximal essential loop in the Pre-Symmetry Set (left) and its related SS
branch of the fish

traverses several A1 As points, at horizontal and vertical tangents, annotated by
numbers, and A3 points, annotated with capitals and connected by vertical or
horizontal lines (parts of the boxes).

A simple representation of the string - and the shape - thus boils down to be
(let As[1] and As[2] be the end points) Ag[l] —I —II — III — IV — A3[2] with

S I=A-1-2- A4,

~ I[I=B-3-4-B,
~[II=C-D-5-6-D—-7—-FE—-8-9—E—10—C, and
~IV=F-11-12—F.

Note that /11 can be subdivided into

- I[I1=C-V —-7-VI-10- C, with
- V=D-5-6-D and
- VI=FE-8—-9—-F.

So each of these sub parts may have been arisen from A; A3 transitions.

Next, we can see what happens at an A3-nib transition. Let the points 5
and 9 meet and exchange branches. Then point 4 would be connected to 10 via
point - say - 5, while the other branch is a closed loop with points 6,7,8, and
9. This resembles a simplification of part I11 with the removal of the parts V'
and VI and point 5 taking over the role of point 7. The effect of two subsequent
Aq Az transitions removing these two parts would have the same impact on the
essential loop (albeit that then no closed loop remains).

In this figure the dotted segments represent the MA part of the essential
loop, i.e. the MA lines connecting the top left tail to the nose of the fish. It is
easily found as the subset A3[1] — A,A— B,B—C,C — F,F — A3[2]. The MA
segments in the complete pre-SS is shown in Figure 6a see [7] for more details
on deriving this structure and its left-right ordering.

One can see 4 extra diagonal intersecting part, representing the four other
MA branches, labelled 2,3, 5, and 6. The parts A to C are the M4 parts without
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Fig. 5. Top left part of the maximal essential loop of pre-SS§ of the fish. See text for
explanation of the annotation.

endpoints. One can see that parts 1,6, and A form a junction in an A3 form -
one can draw a box structure at these points, just like in Figure 2b.
In Figure 6b the fish with the M.A and the essential SS branch is shown.
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Fig. 6. a: Presence of the MA in the pre-SS of the fish. Numbers denote branches
with endpoints, capitals interior parts. b: Fish, its M.A (dotted) with annotation of
Figure 6 and the SS branch related to the maximal essential loop.

Here it also clear that these three parts are connected. Furthermore, informa-
tion about branch 6 is contained in the swallowtail part. arising at the junction,
which was labelled before as the segment I, viz. A —1—2— A. When the second
type of A3-nib transition occurs, this part swaps (it is mirrored in the line given
by part A) and the essential loop ends in point 6 instead of point 1. An Ay
occurs if the order of the two M. branches 3 and 5 swap their connectivity. In
the pre-SS of Figure 5 this is visual as the coincide of the lines C, D, and F. At
the transition four locations are involved and the vertical line C is relocated to
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the right, close to point 7. The very small MA part between the lines C and E
is then transported to the be somewhere between the points 6 and 7, signalling
that first the horizontal jump (corresponding to branch 5 on the left side of the
fish, seen from the tail) is taken, and then the vertical jump (corresponding to
branch 3 on the right side).

6 Summary and Conclusions

In this paper we investigated essential loops in the pre-Symmetry Set. There
are either zero or two of them. If there are two, one relates to two minima of
curvature on the shape, the other to two maxima. Selecting the latter one yields a
linear structure containing by definition all shape information. It represents part
of the M A directly, that can be regarded as the main M.A. Other M A-related
information is contained in the remainder of the string. Changes of the string
depend on known transitions of the (pre-)SS and are presented. The procedure
is exploited on an example shape, and possible changes are shown. As a result,
one ends up with a structure the can be considered as a Simplified Symmetry
Set, being in between the Medial Axis and the Symmetry Set.

References

1. H. Blum. Biological shape and visual science (part i). Journal of Theoretical
Biology, 38:205-287, 1973.

2. J. W. Bruce and P. J. Giblin. Growth, motion and 1-parameter families of sym-
metry sets. Proceedings of the Royal Society of Edinburgh, 104(A):179-204, 1986.

3. J. W. Bruce, P. J. Giblin, and C. Gibson. Symmetry sets. Proceedings of the Royal
Society of Edinburgh, 101(A):163-186, 1985.

4. P. J. Giblin and B. B. Kimia. On the intrinsic reconstruction of shape from its
symmetries. IEEE Tr. on Pat. Anal. and Mach. Int., 25(7):895-911, 2003.

5. P. J. Giblin and B. B. Kimia. On the local form and transitions of symmetry sets,
medial axes, and shocks. International Journal of Computer Vision, 54(1/2):143—
156, 2003.

6. B.B. Kimia. On the role of medial geometry in human vision. Journal of Physiology
- Paris, 97(2-3):155-190, 2003.

7. A. Kuijper. On data structures from symmetry sets of 2D shapes. Technical Report
TR-2004-47, IT University of Copenhagen, 2004.

8. A. Kuijper and O.F. Olsen. Transitions of the pre-symmetry set. In Proceedings
of the 17th ICPR 2004, volume III, pages 190-193, 2004.

9. A. Kuijper, O.F. Olsen, P.J. Giblin, Ph. Bille, and M. Nielsen. From a 2D shape to
a string structure using the symmetry set. In Proceedings of the 8th ECCV 2004,
Part 11, pages 313-326, 2004. LNCS 3022.

10. M. Pelillo, K. Siddiqi, and S. Zucker. Matching hierarchical structures using asso-
ciation graphs. IEEE Tr. on Pat. Anal. and Mach. Int., 21(11):1105-1120, 1999.

11. T.B. Sebastian, P.N. Klein, and B. B. Kimia. Recognition of shapes by editing
shock graphs. In Proceedings of the 8th ICCV (2001), pages 755-762, 2001.

12. K. Siddiqi, A. Shokoufandeh, S. Dickinson, and S. Zucker. Shock graphs and shape
matching. International Journal of Computer Vision, 30:1-22, 1999.



Pre-symmetry Sets of 3D Shapes

André Diatta and Peter Giblin

Department of Mathematical Sciences, University of Liverpool,
Liverpool L69 7ZL, England
adiatta@liv.ac.uk, pjgiblin@liv.ac.uk

Abstract. We show that the pre-symmetry set of a smooth surface in
3-space has the structure of the graph of a function from R? to R? in
many cases of interest, generalising known results for the pre-symmetry
set of a curve in the plane. We explain how this function is obtained, and
illustrate with examples both on and off the diagonal. There are other
cases where the pre-symmetry set is singular; we mention some of these
cases but leave their investigation to another occasion.

1 Introduction

In this paper, we consider in some detail the structure of pre-symmetry sets in
2D and 3D. Recall that, given M, a smooth closed curve in 2D or surface in 3D,
the pre-symmetry set P of M is the closure of the set of pairs of distinct points
(p,q) € M x M for which there exists a circle or sphere tangent to M at p and
at q. From the pre-symmetry set it is not difficult to pass to the symmetry set
which is the locus of centres of these circles or spheres, together with the centres
of the limiting circles. When M is a plane curve, parametrized by the points of
a circle ST, we can consider P as a subset of the torus S' x S!, represented in
the plane by a square with opposite sides identified. Note that in any dimension
P is symmetric: (p,q) € P if and only if (q,p) € P; it follows that in 2D we
can also regard P as contained in S x S with symmetric pairs identified. This
is called the symmetric product of two circles and is a Mobius band in which
the boundary of the band represents the ‘diagonal’ points p = q. In the 3D
case, with M say topologically equivalent to a 2-sphere, we could consider P as
a subset of S? x S2, which is topologically a complex quadric surface, or of the
symmetric product which is topologically a complex projective plane’.
However we shall not be concerned here with global models of the pre-
symmetry set, but rather with local or multi-local models. Starting from a circle

! This is a classic result and is proved by regarding S? as the Riemann sphere, that
is complex numbers together with co, and then associating with an unordered pair
(21, z2) of elements of S? the unique quadratic polynomial az? + bz + ¢ with roots 21
and z2. The corresponding element of the complex projective plane is then (a : b: c)
and the diagonal corresponds to the conic b* = 4ac. In fact the symmetric product
of any closed 2-dimensional manifold with itself is known to be a 2-manifold, a
surprising fact since one might imagine that the diagonal would cause singularities.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 36-48, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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or sphere Sy having k& > 2 contact points with our curve or surface M, the pre-
symmetry set can be partitioned into strata:

e one stratum for each pair of distinct contact points, p;, p; say, chosen from
the k£ points. Here, we consider circles or spheres tangent to M at points at or
close to p; and p; (if £ > 2 then these circles or spheres ‘lose contact’ with M
close to the other k — 2 contact points of Sy and M).

e one stratum for each contact point p; between Sy and M which is of type As
or higher—a vertex and its circle of curvature in 2D, or a ridge point and the
corresponding sphere of curvature in 3D. This stratum of P arises from circles
or spheres which are tangent to M at two points both of which are close to p;.

Note that we are concerned here with the symmetry set and not the medial
axis: the circles or spheres do not have to remain inside M (or more generally
be maximal with respect to M). We can consider the above strata separately in
our investigations. For example, starting with a sphere Sy having contact A; at
two points p1, p2 and Az at p3 with a surface M, we will have four strata which
correspond to contacts close to p1, P3; P2, P3; P1,P2; and p3, ps3.

In what follows we shall concentrate on the strata:

e arising from two contact points: off-diagonal strata, or
e arising from one contact point: on-diagonal strata

since the other cases can be reduced as above to these two. We shall argue
that the ‘correct’ way to think of these strata of the pre-symmetry set P in
2D (n = 2) or 3D (n = 3), when they are non-singular, is as the graph of a
mapping from R™ to R™. In this way we can capture the structure in a uniform
way, both for a single curve or surface and for a 1-parameter family of such. The
mapping in question will arise in a slightly different way for the on-diagonal and
off-diagonal cases, but the principle is the same for both. Several of the standard
examples of mappings from the plane to the plane [6,9]—fold, cusp, lips, beaks,
swallowtail—arise naturally in this context. See Figure 3.

The 2D case is relatively well-known [7]; in §2 we summarize some results
and interpret one of the cases as the graph of a mapping R — R in order to set
the scene for the 3D case. We also take the opportunity to prove a result which
explains why only certain singularities of the pre-symmetry set can occur on the
diagonal.

In §3 we turn to 3D. The underlying calculations here are rather complicated
and we suppress them in favour of giving details of the results. This is part of
a larger investigation of all the symmetry sets and pre-symmetry sets in 3D, for
surfaces and generic 1-parameter families. Figure 3 summarises the results from
83, Figure 2 treats the example of fold maps.

2 The Pre-symmetry Set in 2D

Given a smooth plane curve M with parametrization v : S' — R? the pre-
symmetry set is contained in the set of pairs defined by the equations

g(s,t) = 0, where g(s, 1) = (y(s) = (1)) - (T(s) £ T(2)), (1)
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where T stands for the unit tangent vector. The zero set of g also contains
diagonal pairs (s, s), and pairs where the tangents are parallel, and these need
to be excluded when finding the true pre-symmetry set.

2.1 The Pre-symmetry Set at a Diagonal Point

Let us examine the equation (1) close to a diagonal point, that is, when the
curve M has a vertex. We take M in local form having a vertex at the origin:

v(z) = (x,y) where y = f(2) = agx® + asx* +asa® 4+ ..., ag # 0,

with no #% term. Expanding (1) with the + sign we find that there are no
solutions close to the origin besides s = ¢, and for the — sign the leading terms
(of degree 5) factorise as

2a5(a3 — ag)(s +t)(s — t)™.

For an ordinary verter (contact with the tangent circle of type Az exactly),
a3 # a4 and the local structure of the pre-symmetry set, apart from the diagonal,
is a smooth transverse curve s +t¢ + h.o.t. = 0.

For A4 contact we need to go to the next terms which are

—agas(3s% + 4st + 3t*) (s — t)*,

where a5 # 0. The quadratic form here is positive definite, so apart from the
diagonal term there is an isolated point at s = t = 0. Note that there cannot
be a pair of real branches of the pre-symmetry set at such a diagonal point. We
can also see this by noting that at an A4 point the curvature x does not have
an extremum (since k' = k” = 0,k # 0) and on an arc without an extremum
of curvature there can be no bitangent circles [10].

The same analysis can be continued to As, where the leading term is

2a5(2a5 — ag)(s +1)(25% 4 st + 2t2)(s — t)4,

having a single transverse branch s+t + h.o.t. = 0. The factor 2a3 — ag is zero
only for an Ag singularity. We find:

for k odd, a circle having Ay, contact with the curve M results in a single branch
of the pre-symmetry set transverse to the diagonal; and for k even it results in
an isolated point of the pre-symmetry set on the diagonal.

2.2 Transitions Visible on the Pre-symmetry Set

The transitions which occur on symmetry sets were classified in [1]; some of
these are ‘visible’ on the pre-symmetry set. There has been considerable work on
this [7]. We only give examples here, together with an alternative interpretation
of one of the cases, in line with our work on 3D pre-symmetry sets below.
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e A,: the pre-symmetry set has an isolated point on the diagonal, growing to a
closed loop transverse to the diagonal in two places; compare §2.1.

e A3: two cases (1) moth, with the pre-symmetry set an isolated point growing
into a closed loop, and (2) nib, with the pre-symmetry set a transverse crossing
of two branches separating two ways. Note that off the diagonal, there is the
possibility of both isolated point and transverse crossing on the pre-symmetry
set, in contrast with the situation on the diagonal described in §2.1.

e A;As: The pre-symmetry set has two strata, one on-diagonal and one off-
diagonal. The off-diagonal stratum has an inflexion parallel to one parameter
axis and the line through the inflexion parallel to the other parameter axis
passes through the diagonal point. See Figure 1.

Fig. 1. Left three figures: an A; A3 transition seen in the pre-symmetry set; half of
St x S is shown, the 45° line being the diagonal s = ¢. The transitional moment is in
the centre, with an inflexional tangent parallel to the s parameter axis on one stratum
of the pre-symmetry set. There is also a diagonal point on the other stratum for the
same value of s. Right: the setup for analysing the A; A3 pre-symmetry set. The general
bitangent circle under consideration has contact points p(s) close to po and q(t) close
to qo. Since As occurs at the ‘first’ point po and A; at the ‘second’ point qo we could
also write this as A3 A;.

We consider in more detail the case of A;As, as a preparation for the 3D
case. Let M, N be smooth arcs with arclength parameters s,t, general points
p = p(s),q = q(s) and curvatures x(s), A(s) respectively. Suppose that a circle
Cp is tangent to M with contact As at the point pg = p(0), and tangent to N
with contact A; at the point qp = q(0). Write e, m for the unit tangent and
normal at p and f, n for the unit tangent and normal at the point q. Finally
write r for the radius of a bitangent circle with contact points p and q. See
Figure 1. Since the circle Cy has As contact with M at s = 0, this point is a
vertex of M and we have rx = 1 and dr/ds = 0 at s = 0.

We take as the defining equation of the pre-symmetry set F'(s,t) = 0 where

F(s,t)=p+rm—q—rn. (2)

The Jacobian matrix of the mapping F : R? — R? is the 3 x 2 matrix with
columns the vectors e(1 —rx), —f(1 —r)), m —n. Now, using suffix 0 to
mean evaluation at s =0 ort =0, kg = 1/r, A\g # 1/r so at s =t = 0 the first of
the column vectors is zero and the others are nonzero multiples of f;, my — ng.
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The first is tangent to the circle Cy and the second is parallel to po — qp which
is a chord of the circle; hence the two vectors are independent and we deduce
from the implicit function theorem that (2) has solution with ¢ and » smooth
functions of s near s = 0.

Now consider ¢ and s as these functions of s and write ¢’ for dt/ds, etc.
Regarding (2) as an identity in s we can differentiate with respect to s and get

e(l—7rk)+7rm—f(1—r\)t' —r'n=0.

At s = 0 the first term is zero and again m — n, f are independent so we deduce
ry =ty = 0. Differentiating again with respect to s, putting s = 0 and keeping
only the terms which are nonzero at s = 0 gives r”(m — n) = f(1 — rA)t”, so
that 7 = t{j = 0. Thus both r and ¢, as functions of s, have degenerate critical
points. In fact differentiating again shows that for exactly As at s = 0 and 4,
at t = 0 we have the next derivatives of r and ¢ nonzero. The fact that ¢ has
ty =ty = 0 is illustrated in Figure 1 where the stratum of the pre-symmetry
which is off-diagonal, namely the graph of ¢, has an inflexion. Furthermore with
a little more trouble we can show that in a generic family of curves this As
singularity of the function t is versally unfolded, that is it behaves as shown in
Figure 1 with two critical points vanishing in the inflexion.
We conclude:

Proposition 1. At an A, As singularity the off-diagonal stratum of the pre-
symmetry set has the structure of the graph of a function with a critical point of
type Ag, that is a critical point equivalent to t = s>, an ordinary inflexion. In
a generic family of curves the pre-symmetry set has two ordinary critical points
‘before’ the Ay Az transition and none ‘after’.

In the 3D situation we shall also identify the pre-symmetry set as the graph of
a function of a well-defined type. See illustrations in Figure 2 and Figure 3.

3 The Pre-symmetry Set in 3D

In this section we shall investigate the strata of the pre-symmetry set of a smooth
closed surface as in §1. We shall split into the off-diagonal and the on-diagonal
cases; the results are strikingly similar but the details are different. In fact we
shall suppress most of the underlying mathematical calculations, which are sim-
ilar to those in §2 but more complicated since we are dealing here with surfaces
instead of curves.

There are a great many cases of transitions on the symmetry set in 3D.
Bogaevsky [2] has determined the transitions on the 3D medial axis (see also
[4]) and in unpublished work has given a list of all possible transitions on the
3D symmetry set, some of which have been investigated by Pollitt [8]. In this
paper we shall determine the pre-symmetry set for a small number of represen-
tative cases; more mathematical detail and a larger number of cases will appear
elsewhere.
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» g g(4) g(A) = contact
A 0] points of A;
spheres
K K
parametrizing
(s,u) plane folded so that nilﬁhboquzoo d 55 = contact
g becomes a linear projection ! <14 PO points of A, A, spheres
(u,v) plane
2 parametrizing

neighbourhood
of 4, point on N

(s,?) plane, parametrizing neighbourhood )
of A, point on M, folded so that
h becomes a linear projection

= contact
points of A; A, spheres

Fig. 2. Schematic diagrams of two of the mappings which we consider, both equivalent
to folds. Above, Case A4: g maps a parameter plane T to a neighbourhood P of the
Ay point. For a point (s,t) ‘above’ the fold line g(X) on P, there are two bitangent
spheres, with contact at (s,u1), (u1,v(s,u1) and at (s,uz), (uz,v(s,uz)). Below, Case
Az A for a point (u,v) ‘above’ the fold line h(X) on P = neighbourhood of the A;
point, there are bitangent spheres with contact at (s1,¢1), (u,v) and at (s2,t2), (u,v).

For the symmetry set of a generic surface M in R* we consider here the
following singularities:
Az, Ag, A1Az, A1As,

and for symmetry sets occurring in generic 1-parameter families of surfaces we
consider
Ay As transitions, A1 Ay, As.

These results can also be used to determine other cases with three contact
points, such as A? A, and A? A3. The cases A%, Ay A3z can be treated similarly.

3.1 The Off-Diagonal Case

The basic setup is two pieces of smooth surface and a given sphere tangent
to both of them at known points. We then seek nearby points such that there
is a sphere tangent at these nearby points. To put the matter more precisely,
consider two pieces of surface M and N and chosen points pg, qo such that there
is a sphere Sy tangent to M at pp and to NV at qg. The order of tangency at either
point might be Ay for k£ an integer such that the total tangency is consistent
with either a single generic surface or a surface in a generic 1-parameter family
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Fig. 3. Standard projections of a curved surface, say T in R® to the plane P of the
paper. (1) fold; (2) cusp; (3) lips with unfolding (3'); (4') beaks with unfolding (4) and
(4"); and (5) swallowtail with unfolding (5"). These have the following interpretations
in the context of this paper. (1) Fold (compare Figure 2): (i) Prop. 3(b), T represents a
neighbourhood of an A3 point on M and P represents a neighbourhood of an A; point
on N for an AsA; singularity. Points of P ‘below’ the fold line have no corresponding
bitangent spheres on T" while points of P ‘above’ the fold line have two. (ii) Prop. 4(b),
A4. Now, T represents the parameter plane of s and u while P represents the surface
M. Thus points of M ‘below’ the fold line are not contact points for a bitangent sphere
while points ‘above’ are contact points for two such spheres. (2) Cusp: Prop. 3(c),
generic AzA; (fin point) only. The two fold lines ending in the cusp give points of M
(represented by the curved surface T of the figure) which are contact point of AsAq
spheres, as in (1). (3) Lips: (i) Prop. 3(d): one of the AsA; transitional cases; (ii)
Prop. 4(c), As. (3") shows the situation immediately ‘after’ the transition, with two
cusps, representing generic AsA; points as in (2). (4) Beaks: the other A3A; transition,
Prop. 3(d), only. This time two A2 A; curves ‘survive’ the transition though the Az A,
points (cusps as in (2)) are annihilated. (5) Swallowtail: A4A; transition, Prop. 3(e),
only.

of surfaces. For example A3 at pg and A; at qp would be a typical case. (The
case of Dy contact at an umbilic pg and A; contact elsewhere is also generic in
a l-parameter family, and can be treated similarly.)

We take local parameters (s,t) on M near pg and (u,v) on N near qg, where
s=t=0at pg and u =v = 0 at qq, general points on M and N being denoted
p and q. Then the parameter space of points close to the pair (po, qo) is R?*, with
coordinates (s,t,u,v). We seek the set of such points in R* such that there is a
sphere tangent to M at the point with parameters (s,t) and tangent to N at the
point with parameters (u,v). This set is the local pre-symmetry set for the pair
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of surfaces M, N. As in §2.2 we shall in many cases identify the pre-symmetry
set with the graph of a mapping of known type.

Let r denote the radius function: the radius of the given sphere Sy is rg.
Further, let m be the unit normal at p, oriented so that for pg the normal
passes through the centre of the given sphere, and let n be the unit normal at
q, oriented similarly. Then the condition for a pre-symmetry set point is

G(s,t,u,v,r) = 0 where G(s,t,u,v,r) =p+rm—q— rn. (3)

In this equation, which is three scalar equations, there are five ‘unknowns’
s, t,u, v, so we expect a two-dimensional solution. Note in particular that, on
G =0, the vectors p — q and m — n are parallel.

For the purpose of calculation we shall assume that neither po nor qqg is an
umbilic point of the corresponding surface. This enables us to use principal di-
rections for our coordinates around these points. Note that umbilics are isolated
so we are losing only a finite number of bitangent spheres. Thus we shall assume
the s = constant and ¢ = constant curves on M are, near pg, principal curves,
and that for s = 0 and for ¢ = 0 these curves are unit speed; and similarly for
N. Let eq, es be principal directions at p and fi, f> principal directions at q. Fi-
nally we use k1, ko for the principal curvatures of M and A1, Ao for the principal
curvatures of N.

The Jacobian matrix of G at (0,0,0,0,79) has the following vectors for its
columns, using the fact that differentiating the normal in a principal direction e
produces the corresponding principal curvature times e:

(1 =rkr1)e1, (L —rkro)es, —(1—rX)fi, —(1—rX)fs, m—n (4)

Note that m — n is parallel to the chord joining p and q, by (3).
The implicit function theorem gives us:

Proposition 2. Suppose that the contact at qq is of type A1, which is the same
as saying that r # 1/A1 and r # 1/Xa. Then u,v,r are smooth functions of s
and t on the set G =0 and in particular the pre-symmetry set

{(s,t,u,v) : G(s,t,u,v,7) =0 for some r}

is the graph of a smooth function g : (s,t) — (u,v).

The following result gives the nature of the mapping g for several cases. The
role of ¢ is that, for any point p near pg, g gives a point q near qg such that
there is a bitangent sphere tangent to M at p and to N at q. Thus every point
near po is a possible first point of contact but only points of the image of g are
possible second points of contact. Furthermore, a given q may be the image of
several points p under g. We illustrate these properties in Figure 3 and Figure 2.

We explain the terms used in the Proposition after the statement.

Proposition 3. (a) In the A1 Ay case, g is a local diffeomorphism;
(b) in the A2 Ay case®, g is a fold mapping;

2 We write A2A; rather than A; Ao simply because the ‘first’ point po is an A2 and
the ‘second’ point qop is an Aj.
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(c) in the generic A3 Ay case (‘fin point’ on the medial axis), g is a cusp mapping;
(d) in the transitional AsA; cases, g is a lips or beaks mapping;
(e) in the A4A; case, g is a swallowtail mapping.

Part (c) here is to be compared with Proposition 1 where the inflexion on the
pre-symmetry set in the A; A3 case was interpreted as the graph of a mapping
R — R of type A,. Here we interpret the structure of the pre-symmetry set as
the graph of a cusp mapping R? — R2. Note the distinction between a generic
AsA;, which occurs on a single smooth surface and a transitional A3 Ay which is
one of the two forms identified by Bogaevsky [2] in his classification of transitions
on the 3D medial axis.

In the above Proposition, we use the standard names of classes of maps
R? — R2. These maps have the following ‘normal forms’ [9] up to smooth changes
of coordinates in the two copies of R?:

(a) local diffeomorphism: (z,y) — (z,y)
(b) fold mapping: (z,y) — (z,3?)

(c) cusp mapping: (z,y) — (z,2y + y°)

(d) lips or beaks mapping: (z,y) — (z,2%y & y3) (+ lips, — beaks)

(e) swallowtail mapping: (x,y) — (z, 2y + y*).

The different cases are separated by examining the critical set X of g, that
is the set of points (s,t) for which (using suffices to denote partial derivatives)
det (Zs Ztt = ugv; — usvs = 0. Standard recognition of singularities gives:

S
(a) X is empty
(b) X is a smooth curve and the restriction g|X of g to X is nonsingular
(c) X is a smooth curve and g|X has a cusp of the form ¢ — (¢2,3)
(d) X is an isolated point for a lips and a pair of transverse curves for a beaks
(e) X is a smooth curve and g|X is of the form ¢ — (#3,#%).
Ideally we would like a direct link between the contact of a sphere and the nature
of the mapping g, but as yet we do not know of such a link. Our result is proved
on a case by case basis by direct calculation. We give a brief indication of the
calculations in §3.2. We shall see in §3.3 that much the same result holds in the
on-diagonal case, though the mapping g is replaced by a different one.

3.2 Some Calculations

Starting from the equation G = 0 where G is given in (3), we can differentiate
with respect to s and ¢ using standard results about the derivatives of tangent
vectors and normal vectors along curves on a surface; see for example [6, §6.1]
for the relevant formulas. Needless to say the details become complicated by the
time the second or third derivatives are reached, and we suppress these details
here, merely giving an indication of how the calculations begin.

Differentiating G = 0 with respect to s and t, which are arclengths on the
principal curve t = 0, s = 0 respectively, gives
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% cer(1—rk1) +rs(m—mn) =£(1 —rX)us + f2(1 — rA2)vs, (5)
% ce1(1 —rrg) +ri(m—n) =£1(1 —rA)up + f2(1 — rA2)ove, (6)

valid along the curves t = 0, s = 0 respectively. At points away from these curve
we need to allow for the non-unit speed nature of the parameter curves; however
these speeds do not affect our calculations when we evaluate at s =t = 0.

Consider the A1 A; case. Then 1 — rky, 1 —rkg, 1 — 1Ay, 1 —rXy are all
nonzero at s = t = 0. Taking the vector product of the right-hand sides of (5) and
(6) then gives (1 —7A1)(1 — 7A2)(usve — vsug)n. The mapping g : (s,t) — (u,v)
is a local diffeomorphism at s = ¢ = 0 if and only if this is nonzero. However,
if the left-hand sides of (5) and (6) are parallel vectors, then e;,e; and m —n
are linearly dependent, and this is impossible since ej, e, are tangent vectors
to the sphere Sy, and m — n is parallel to the chord p — q of the same sphere.
Hence in the AjA; case, g is a local diffeomorphism, verifying assertion (a) of
Proposition 3.

Keeping the contact at qg as Ay, so that 1 — Ay, 1 — r)y are nonzero, but
moving to Ay contact at po we have 1 — rk; = 0; note that for Az (ridge or
crest point) we will have also k15 = 0: the derivative of k1 in the first principal
direction equal to zero [5, p.144]. Using the linear independence of m —n, fi, f;
(5) now gives 74, us,vs all equal to 0 at s = ¢t = 0, while 7y, uy, v, can all be
evaluated at s = ¢ = 0 from (6). For example, r, = —ez-n(1 —rk2)/(m-n—1),
where the denominator cannot be 0 since the points pg, qo are distinct. We can
now check the assertion (b) of Proposition 3. Continuing in this way we find, for
A3Aq, that re, uss, tss are all zero at s =t = 0, and the condition for X' to be
singular comes to ug vy — usvs; = 0. A very similar argument to that in the Ay Ay
case enables us to express this condition as es - n(1 — rr2)k? = k1(m-n — 1),
and after some manipulation this corresponds precisely to the transitional AsA;
condition found by Pollitt [8]: more picturesquely, it means that the osculating
plane of the line of curvature on M at pg in the direction e; passes through qg.
In this way we verify (¢) and (d) of Proposition 3.

Unfortunately the criterion which distinguishes the two A3A; transitional
cases, and which therefore distinguishes lips from beaks, though computable, is
complicated and we do not have a simple geometrical interpretation of it. There
is a strong link with the function R(s,t) = rk;: in fact in the transitional A3A4;
situation, Ry = R; = 0 at s =t = 0, and the ‘lips’ case corresponds to R having
a maximum or minimum and the ‘beaks’ case to R having a saddle point.

3.3 The Local (On-Diagonal) Case

Here we consider the case of the pre-symmetry set of a single surface piece M
corresponding to points close to an A>3 singularity, at py say, which may be
taken as the origin in R3. This case has the additional difficulty that the points
in question intersect the diagonal of the space R*, that is the set of points
(s,t,s,t). This means that, in the notation of (3), G~1(0) will never be smooth
and we have to ‘eliminate’ the diagonal component in some way. It turns out
that we can often do this by using a different parametrization from that in §3.1.
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We give brief details below. As before, we let (s,t) and (u,v) be the parameters
for points of contact of a bitangent sphere, where now all four numbers s, t, u, v
are close to 0. In practice we can take M in Monge form z = f(x,y) so that the
contact points are p = (s,t, f(s,t)) and q = (u,v, f(u,v)):

flz,y) = %(/@1902 + koy?) + box® + by + boxy? + bsy®
teoxt + . oAyt +dox® + . Fdsy® . (7)

Instead of having 7, u, v expressed as smooth functions of s,t¢ it is much better
to use s,u as the parameters and express 7,t,v in terms of these. The great
advantage of this is that the diagonal points appear as s = u, that is, the
intersection of the diagonal with the true pre-symmetry set appears as a curve
{(s,%(s,$),s,v(s,s)} on the pre-symmetry set (pre-SS).

The pre-SS is symmetrical about the diagonal in the sense that, for all
a,b,c,d, (a,b,c,d) € pre-SS <= (¢, d, a,b) € pre-SS. This implies that,

for all (s,u) € R? we have t(s,u) = v(u, s). (8)

We find the following. Let h : (s,u) — (s,t(s,u)) be the mapping determined
by t as a function of s and u. The relation between this and the mapping (s, u) —
(u,v(s,u)) is completely symmetric so we need consider only h. The role of h is
to parametrize the points p close to the origin which are one point of contact
of a bitangent sphere. The other point of contact is parametrized by (u, v(s,u)).
A simple calculation of the power series expansions for ¢ and v up to order 3 at

least, in u and s, allows to get: r = %1 — "2 (s 4 u) + ... where r1¢ = 2b;.
1

Proposition 4. (a) As: h is a local diffeomorphism (see note below),
(b) A4: his a fold mapping,
(¢) As: his a lips mapping (beaks mappings do not occur).

In all cases the pre-symmetry set is the graph of a smooth function A and is
therefore itself smooth. Fig. 3 illustrates these cases (see also Fig. 2).

Note on Ajz. There is an exception, which occurs when the tangent to the
ridge (crest line) through the origin is in the ‘other’ principal direction. That
is, if the ridge corresponds to the principal direction e; then the tangent is in
the direction es. This is slightly mysterious, but in this case we can use a less
satisfactory parametrization, by s and ¢, instead.

There follow some brief details of the above cases.

As: We find

t(s,u) = a(s+u)+ hot., v(s,u)=a(s+u)+ hot., 9)
and o = %(/@‘?/@2 — kT — 8cohka + 8cok1 + 4b3) /(c1ka — c1k1 — 2b1bs). The numer-
ator of « is zero precisely when the contact is Ay4; see below for this case. The
denominator being zero is the exceptional case noted above.

A,: We find

t(s,u) = to0s? + t11su + tosu’ + .. . v(s,u) = toas® + tisu + togu® + ..., (10)



Pre-symmetry Sets of 3D Shapes 47

and the constant coefficients ¢;; are determined by the local geometry of the
3(dow? —2dok1katbiciky—bicirat+biba+dok?)
(/417/42)(01/12701,%172121122)

surface, namely tgo =

tao = toz + b1/ (k1 — K2), t11 = Fto2.

The coefficients in v as compared with ¢ are explained by (8). (As with
Ajs there is an exceptional case, if the denominator of ¢y is zero. Here, this
means that the ridge is singular: this is a transitional A4 case, where the ridge
is undergoing a transition. See [5, p.174].) The coefficient tgy of u? is zero if and
only if the singularity is As or higher; thus for A4 it is nonzero. From this it
is easy to check that the mapping h : (s,u) — (s,t) is a fold. The critical set
Y] of h is given by t118 + 2tgeu + ... = 0 and has tangent line 2s 4+ 3u = 0.
The fold mapping ensures that, given a point (s1,u1) close to the origin, and
not on X, there is a second distinct point (s2,u2) with the same image under
~. This means that s; = so = s say, and t(s,u1) = ¢(s,u2) = t, say. Then
(s,t,ur,v(s,ur)) and (s,t,ug,v(s,u2)) both belong to the pre-symmetry set,
and the points (u1,v(s,u1)), (ua,v(s,u2)) are the distinct points of contact of
two spheres, both tangent to M at (s,t). Compare Figure 2.

As5: We find
t= %82 + t3083 + t2132u + t213u2 + %t21u3 + h.o.t. (11)
1— K2
The critical set of the mapping (s, u) + (s,t) is now ta15% + 2ta15u + 2ta1u’+
h.o.t. = 0. The discriminant of this quadratic form is —4t3; < 0 so that the
critical set of the mapping has an isolated point at the origin. This means that
it can be only ‘lips’ and not ‘beaks’.

4 Conclusion

We have studied pre-symmetry sets of surfaces in 3D, analysing many of them as
graphs of functions. This approach brings out the geometry of the pre-symmetry
sets and allows one to see them evolving through a generic transition. There are
many other interesting cases to study, particularly those where the pre-symmetry
set is in fact a singular surface.
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Abstract. We face the question of how to produce a scale space of image
intensities relative to a scale space of objects or other characteristic image
regions filling up the image space, when both images and objects are
understood to come from a population. We argue for a schema combining a
multi-scale image representation with a multi-scale representation of objects or
regions. The objects or regions at one scale level are produced using soft-edged
apertures, which are subdivided into sub-regions. The intensities in the regions
are represented using histograms. Relevant probabilities of region shape and
inter-relations between region geometry and of histograms are described, and
the means is given of inter-relating the intensity probabilities and geometric
probabilities by producing the probabilities of intensities conditioned on
geometry.

1 Introduction

This workshop focuses largely on finding the essential structure in the 2D images that
are input to the human visual system. It marvels that the mature visual system can in
100-200ms make out a complex object, a multi-object complex, or a textured region
such as a forest and identify it, and it wonders how such direct image access is
possible.

But the immature human visual system has a far more limited capability, and some
part of that limitation is that it has not built up the models of the world corresponding
to the objects and regions of texture that can be recognized. The models are somehow
a very important part of the deep structure. This position applies as well when we are
exploring the methods of computer vision, or more generally, of image analysis. This
paper therefore explores a model-relative point of view for which the deep structure is
found in an image when such models are present.

First, where do the models come from? They must come from multiple instances of
the geometric layouts, i.e., using statistics to form probabilistic descriptions.
Similarly, the images must come from multiple instances. We therefore expect that
the structure we build will involve probability densities on geometry and probability
densities on images. The model-relative point of view suggests that we will need
probabilities on images I conditioned on geometry z.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 49-59, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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For reasons that need not be repeated to attendees of this workshop, the image data
need to be understood at multiple scales. However, we argue that this data need to be
understood in reference to geometric models that themselves are understood at
multiple scales. It is this interaction between image intensity data and geometric
models that is the essence of this paper. We do not claim to have solved the problem
completely, but we hope to communicate some useful points and to develop some
important relations. We have developed these largely in the context of our main
application of the analysis of 3D medical images such as CT and MR images, but we
suggest that many of the ideas apply in the context of 2D light images of the visible
world (e.g., see the work on active appearance models by Cootes et al. [1998]).

Sections 2-4 describe the basic ideas of the geometric descriptions and relations,
intensity descriptions, and the probabilistic relations between geometry and intensity
that we propose. Section 5 presents the ideas of geometry and its probability with
mathematical detail, and section 6 presents the ideas of image intensities conditioned
on geometry and its probability. Section 7 describes evidence for the usefulness of the
proposed representation, and section 8 closes this paper with a discussion of issues yet
to be faced and work yet to be done.

2 Objects, Object-Based Coordinates, and Neighbors

In images, objects or named real world regions are typically characterized by a
uniform color or color mixture or texture that may vary in a predictable way across
the object, or they are made up of a small collection of such regions. Thus the regions
are formed, to first approximation, by successive subdivision. A major point is that
one needs a coordinate system relative to the object or region to describe this
intensity information in the context of a collection of objects or real world regions
that vary in shape across the population of such objects. To save space, henceforth we
will call this an “object-based coordinate system”. With such a coordinate system u,
intensity properties I can be transformed from the Euclidean coordinates x in which
they arrive to the camera to the object-based coordinates, producing an intensity
distribution I(u) that can be the subject of statistical analysis. Similarly, objects,
named regions, and their inter-relations have a statistical geometry that is coupled
with the image intensities or textures that yield the object percept.

Inter-relations among neighbors are central to geometry and thus images of
geometric entities. But these relations occur at many scales: objects and named
regions have neighbors that are other objects and named regions; object sections have
neighbors that are other object sections; voxels or pixels have neighbors that are other
voxels or pixels. This setup is illustrated in Fig. 1.

If describing the inter-relations among the smaller scale entities is not to produce a
combinatorically unwieldy representation, these neighborhood relations need to be
pretty local relative to their scale. Thus, we need multiscale geometry and multiscale
image intensity representations, and we need a geometry that understands abutments
and region inter-relations at a scale.
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Fig. 1. An abdominal image region made up of sub-regions, showing only one level of
subdivision. A region of interest, shown in the lightest shade, can be the whole image domain
or a subset of that domain that itself forms a region at some scale. The neighbors of the region
of interest are shown in the darkest shade.

For the purposes of this paper we will assume a fixed subdivision topology and a
fixed neighborhood relation topology. Variation in this topology is a worthwhile topic
but not within the realm of this paper. Maintaining this topology allows slidings of
one region along another at the regional scale and these are needed, not just
diffeomorphic transformations. Abutting objects or nearby objects can not only
change relative shape, but also they can change relative position and orientation, in a
way quite possibly correlated with the shape of their neighboring objects and regions.
A way of probabilistically measuring a combination of object shape and inter-object
geometric relation is discussed in the paper by Pizer, Jeong, Lu, et al. in this volume
[2005].

3 Intensity Histograms Via Object-Based Apertures

Regional intensity representations have, we believe, traditionally been far too local,
indicating pixel by pixel what the probability distribution of intensity should be. Of
course, summarizing intensity over not-too-local regions is the aim of using apertures
in the aperture scale space methods of ter Haar Romeny [2003], Florack [2000],
Lindeberg [1994], and many others. However, we argue first, that the scale selection
should be with respect to the geometry-based coordinate system u rather than the
Euclidean coordinate system X, and second, that the information within the aperture
can usefully be more richly summarized as a histogram rather than as a single
intensity for the aperture-weighted region. The first point is buttressed by results of
Sean Ho’s dissertation [2004] that probability distributions on intensities in an along-
object-boundary scale space are more generalizable and specific than the more
commonly used ones that are local in along-boundary location. The second point,
regarding the benefits of the uses of probabilities on regional histograms, is discussed
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in the companion paper by Broadhurst et al. [2005]. That paper gives some early
results on the method for computing statistics of intensity histograms and the
advantages not only of that choice but of doing this across multiple regions chosen in
object-relative coordinates. Of course, histogram probabilities are only useful if the
image intensities are somehow normalized to remove intensity non-calibration effects,
but this is true for any analysis of intensities across different images.

The regional, histogram-based approach, of course, begs the question of region
size, and this is a matter of scale, i.e., aperture. Because the regions have tolerance at
any scale, the aperture corresponding to a region needs to be soft with a falloff
distance that increases with region size, but on the other hand, the aperture needs to be
determined by the statistics of the intensity distribution in the region, and this may
have a rather harder or rather softer edge. We discuss this further in section 4.

4 Geometric and Histogram Statistics

The geometric relations that we have been discussing, of the formation of object-
based coordinates, are most economically understood in terms of local orientation at
least as much as position. Indeed, the early human vision system has orientation,
position, and scale as its three major coordinates. Together, these spaces, or the
abstract spaces of the corresponding geometric transformations of rotation,
translation, and magnification, are curved. Therefore, if we are to do probabilistic
analysis in these terms, our Euclidean feature spaces will not do. Linear spaces may
provide the best engineering mechanisms for statistics, and nonlinear transformations
such as the rotations involved in local twisting and bending may have their
mathematical underpinnings in tangent planes (linear spaces) on curved manifolds.
Nevertheless, probabilities defined on the non-Euclidean feature spaces must be the
essential basis for our geometric statistics, and these have been provided by the
methods of Fletcher [2004] and Pennec [1999] that have been built on statistical
approaches pioneered by Kendall [1989] and Grenander [1976, 1978]. Based on these
ideas, we use probability distributions based on Fréchet means on curved manifolds
and principal geodesics defined via manifold tangent planes at the mean.

Since we need a discrete scale space via successive subdivision, we need a means
of producing probabilities at any scale. For this we use the method of residues
described in [Lu 2005]. The idea is to describe the probability distribution for the
global region first and define the residue at the global scale level for each training
sample to be the representation of the training sample itself. Then successively, large
scale to small (increasing j in Fig. 2), we remove from the residue of each training
sample at a scale level j the projection onto the manifold forming the domain of the
probability at scale level j-1. This leaves residues at each scale level that describe only
information at that scale level, i.e., an analogy to the Laplacian pyramid. Probabilities
can then be done scale level by scale level on the corresponding residues.

Histogram statistics need to be provided in a feature space in which straight lines
(geodesics) between histograms produce valid interpolations. In the companion paper
by Broadhurst et al. [2005], a histogram representation in terms of average quantile
values of the histogram is described that has the desired property: moving along
geodesics according to an Earth Mover’s distance. Thus, principal component
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analysis in this space is a useful way of forming probability distributions on
histograms.

S Mathematics and Probability of Multiscale Geometry

Let us put this in mathematical and probabilistic terms. Fig. 2 will schematize our
results.

Geometry Image Intensity
z I(x) 2 1(w)
coordinates
u > x
A

Decreasing Histograms
scale: are built
Probabilities < > from
are built smallest
from resi- 7=z * Intensity histograms | scale
dues from | = =kSk o for geometric regions
larger scales ° e H' = {H\},

" &

i

Fig. 2. The schema of Images in Populations via Geometric Models in Populations

Let z stand for one’s geometric representation of a region of space densely filled
with subregions. These subregions form objects and regions in the interstitium
between objects, but we will use the word “region” to refer to either. We use m-reps
for object representations at large and moderate scales because they enable parts,
provide economical descriptions of all of the local geometric transformations needed,
are able to provide the object-based coordinate system of objects’ interiors, and allow
inter-object and inter-part relations also to be represented economically. We use
diffeomorphic displacements at small scales. But the discussions below are intended
to apply to whichever representation you might use, as long as that representation
provides region-based coordinates.
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Statistical analyses of intensities requires that intensities be compared at
corresponding positions across training cases. Similarly, subdivision of regions must
be done with appropriate spatial correspondence. These correspondences are implied
by the geometry, i.e., by the layout and shape of the regions, perhaps via statistics of
the training cases. We characterize this correspondence via the object-based
coordinate system named u.

Let I describe a discrete image, i.e., a tuple made up of a scalar value for each pixel
or voxel. The object-based coordinates of a region allow us to designate those pixels
or voxels within the region and thus allow the formation of histograms of objects or
other connected image regions. These objects or regions have a neighborhood relation
with abutting regions. If histograms are to be the region descriptors, probably the
smallest size regions should still have many pixels or voxels.

If the space described by z is to be divided into subregions, each subregion can be
described as an aperture, i.e., a weighting function in u. We see the ideal aperture as
representing the certainty a pixel or voxel is in the region. Thus the aperture would
have the value of 1 well interior to the region “boundary”, have the value of 0 well
exterior to the region “boundary”, and fall smoothly from 1 to 0. These spatial
subdivisions forming the regions need to get successively smaller as the level of detail
increases. The need for discrete subdivision suggests that the levels of detail be
discrete and that the process is subdivision, i.e., decreasing aperture size or scale.
Thus we index level by j, and we take the inverse point of view of many at this
workshop and let j increase as the level of detail, i.e., the spat1al scale decreases. Let
Z indicate the aperture describing the k™ region at the j™ scale level. And let wy
describe the object-based coordinate system implied by z. .

We need to describe the intensities within the aperture (region) z'x. These can be
described by histograms of I(qu) with aperture weighted counts. We use the symbol
H', for the histogram for the k™ region at scale level j. Notice that, rather than being
described directly in x, Z', needs to be described by apertures in w'™,, where m
designates the parent region of region k,j. Each object-based coordinate must then be
transferred to Euclidean coordinates x.

Because regions not only have soft apertures but also have level surfaces of
aperture weight that are smoother, the larger the scale (lower the scale index j), we
can expect object regions to contains a small contribution from pixels or voxels in
neighboring regions. Indeed, it is possible that we may wish to train histograms
excluding these neighbor-region voxels and even possible that we might train
boundary region histograms that explicitly have a nearly half-and-half mixture of the
two neighboring histograms.

Just as regions have soft apertures in space, histograms need soft apertures in
intensity. These apertures should increase as the spatial scale increases. In effect, this
means that the bin sizes of the histograms should increase with spatial scale and that
the bins should overlap, having soft edges. This might be done directly, but it is
probably preferable to do it on the Earth Mover’s features of histograms produced by
Gaussian-weighted average quantile values of histograms [Broadhurst 2005].

The regional geometric representations need to be described over a population of
cases, and the regional intensity distributions need to be described over that
population of cases, so we need probability densities on multiscale geometric
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histograms. The means of doing statistics on histograms is described in detail in the
companion paper by Broadhurst et al. [2005].

As for statistics on geometry, besides understanding that statistics on geodesic
manifolds will be necessary if twisting and bending is to be described and that these
statistics will be on residues at the respective scales, it is important to understand that
a region’s geometry does not simply involve its own shape but also that of its
neighbors. One of the major functions of having various scales is to allow neighbors
to be local at that scale. Indeed, our picture is that a neighbor of a region includes all
and only abutting regions at the same scale as the region. Thus denote by N(j,k) the
set of regions that are neighbors of region j.k: {j,m | region j,m abuts region j,k}. Of
course, this definition can be loosened to include second-order abutments or even
higher order abutments. Since objects can slide along each other in these populations,
we have another orientational relation that must be described using geodesic
manifolds.

The importance of relationships with neighbors means that a Markov Random
Field is the appropriate model of geometry. That is, we need to focus on p(z'x | Zng ),
where we use the notation zy ) as a shorthand for { Z, 1 (j.m) € N(j.k)}. This density
involves two factors, the shape of the region and its inter-relation with its neighbors:
p(Zx | Zxgx) = p(shape of Z, inter-relationship of z'y and zn(x))-

This suggests handling object shape and inter-object relations together: one way to
do this is via the region augmentation and prediction method described in the
companion paper by Pizer, Lu, Jeong, et al. That paper shows how to train the shape
plus neighbor probabilities. Also, [Han 2005] shows how to use this same approach
for the relation between protrusion and indentation subfigures and their host figures.
Rather than using these conditional probabilities to compute p(z'), this latter
probability density is never evaluated, but rather one can find the mode of p(z') by the
Iterative Conditional Modes algorithm using the conditional probabilities p(Zy |
ZNGK)-

As shown by the down-pointing arrow in the “Geometry” column in Fig. 2, we
create the geometric statistics from large scale to small. In contrast, histograms are
created from the original image, i.e., from the smallest scale, so the vertical arrow in
the “Image Intensity” column is shown pointing upward. As described earlier, we use
residues to create geometric probabilities for scale j based on removing the larger
scale changes at scale j-1 from the training cases. We have thereby implicitly assumed
the conditional independence of the probabilities of the geometry of a parent region
with each of its subregions. But we have found empirically that this property does not
hold. Thus we either must include parent regions and children regions as neighbors, or
we must adjust the principal geodesic analysis forming the probabilities to iteratively
adjust the respective probabilities to obtain the desired property.

6 Mathematics and Probability of Coupled Image Histograms and
Multiscale Geometry

We now move on to combining the intensity histogram statistics and the geometric
statistics. As shown in Fig. 2, we believe it is appropriate to combine these scale level
by scale level. Let us take segmentation, i.e., region designation in a particular target
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case, as our driving problem. From the Bayesian point of view we wish to compute
the posterior optimum, i.e. arg max, p(z | I). Doing this scale by scale means
optimizing p(z | I). Moreover, we do not optimize p(Z' 17) directly but rather apply the
Iterative Conditional Modes algorithm to  p(Z | INGK) » D). But p(zk InGgo > D=pd |
kauN(J 1) @yl z ZnGx) X @ constant with respect to Z'.

The density p(L | kauN(] 1) is related to the joint density p(zjkuNg v, D by p(zjkuNQ K >
D=pdl ZJkUN(J,k)) p(Z'xongxy)- The latter factor is a subset of the characterization of
the geometry of the j,kth region and its inter-relation with its neighbors. Therefore,
the intensity information, given the geometry can be considered to be fully
independent of the geometry, once the intensity information is analyzed in object-
relative coordinates. More precisely, this will be true except for the small effects of
overlapping skirts of the apertures for adjacent regions. This proposition may well not
hold for regions of just a few pixels or voxels, and for these the more common
Gaussian aperture-based single intensity value might be the preferred basis for
probabilities.

From the independence proposition it follows that p(I | ijuNQ,k)) can be given as a
product of histograms relevant to scale j. Which histograms are these? Consider j=1,
the scale level at which information global to the whole domain of the image is
summarized. At that scale level, there is only one region, and histograms of each of its
sub regions is needed, i.e., p(Ilz ) ITic regions at scale 2 p(H .

A similar argument applies for smaller (larger 1ndex) scale levels. p(I | kauN(] )
requires the histograms of all sub-regions of z, H'*',, for m a child of j,k, but as well
it requires histograms of regions just exterior to ZJ These may be N(j,k) or sub-
regions of these neighbors. Call these exterior regions N'(G,k). Thus we have

concluded that p(l l ijuN(j,k)) = L1 a subregion of (j,k) P(H m) HIEN K(AS) P(HJ or J+1 )

7 Results Using Proposed Statistical Framework

We have created quite a complex structure. While we have argued each of its steps
and might find the structure elegant, what other evidence can we adduce for its
validity? As described in the following, object and histogram statistics in our
examples have desirable properties. Tries at segmentation by posterior optimization of
deformable m-reps using major parts of this structure are showing success. But far
more validation is needed. In particular, we do not have results using all of the
proposed framework together, but we have the following results, each using many of
its components.

In the companion paper by Pizer, Jeong, Lu, et al. [2005] we have shown that at an
object scale level, using a set of three 3D objects {Z'}x in the male pelvis without
interstitial regions and using a way to describe p(shape of z'y, inter-relationship of z/y
and z ) that is explained in that paper, we find that samples from the generated
probability distributions are nearly geometrically proper and that the probability
distributions have intuitively reasonable means and principal modes of variation.

We have carried out segmentation experiments using a three-scale structure on m-
rep models of the three objects: bladder, prostate, and rectum in CT images from a
population over many days from the same patient. In these experiments the three
scale levels are the global scale, the object scale, and the medial atom, i.e. through-
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object-subsection, scale. The image contrasts at the boundary of the prostate are
extremely low at large portions of its boundary (see Fig. 3). The log likelihood, i.e.,
log pd | ijuN(j,k)) values used were based on normalized intensity correlations rather
than our proposed histogram-based probabilities. As illustrated in Fig. 3, on trials on
multiple days of one patient, the segmentation appeared to be clinically acceptable
[Chaney 2004].

Studies reported in the companion paper by Broadhurst et al. [2005] produced
segmentation results of the bladder, prostate, and rectum on the aforementioned
patient’s CTs for the global scale level only. The results from a variety of methods
for evaluating log p(l | ijuNG.lo) were compared. These included a variety of means of
determing the structure and size of the regions over which histograms were computed.
A method using histogram statistics showed improvements over the method using
normalized correlation to measure log p(I | gjkuNQ,k)).

Fig. 3. Slice of CT of male pelvis and 3D segmentation result using a multi-scale posterior
optimization of an m-rep, largely according to the schema described in this paper. Shown in
white is a cross section of a manual segmentation, for comparison with the computer
segmentation shown in color.

8 Discussion

The method of histogram probabilities has already been extended to populations T
describing a collection of values at each pixel or voxel, where the values may be
separate such as luminance and two chromanences, or they may be derived from I,
such as a collection of derivatives of I or a collection texture features, e.g., obtained
by Gabor filtering with different filters [Broadhurst 2004].

We have much work left to do. The details of many of the stages of this schema are
left to be designed, implemented and evaluated. Among the open questions are how
precisely should the regions be formed; what is the best way to represent inter-region
geometric relationships; what is the best way to produce statistics on these inter-
region geometric relationships; how precisely do we transition from the large and
moderate scales at which m-reps seem a particularly attractive object representation to
the scale of the individual voxel; how do we transition from histograms at these large
and moderate scales to Gaussian scale space at the scale of the individual voxel.
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Yet the initial results are quite attractive. They certainly overcome the problem
associated with regional summaries into a single intensity, that intensities are located
more precisely than their scale would suggest, when generating probabilities on image
intensities. This problem is found in not only Gaussian scale spaces but also those
produced from geometry-limited diffusion. We think our multiscale schema for
working with deep structure of images in populations via geometric models in
populations is worth following and recommend it to others for consideration and
improvement.
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Estimating the Statistics of Multi-object
Anatomic Geometry Using Inter-object
Relationships

Stephen M. Pizer, Ja-Yeon Jeong, Conglin Lu,
Keith Muller, and Sarang Joshi

Medical Image Display & Analysis Group (MIDAG),
University of North Carolina, Chapel Hill NC 27599, USA

Abstract. We present a methodology for estimating the probability of
multi-object anatomic complexes that reflects both the individual ob-
jects’ variability and the variability of the inter-relationships between
objects. The method is based on m-reps and the idea of augmenting me-
dial atoms from one object’s m-rep to the set of atoms of an object being
described. We describe the training of these probabilities, and we present
an example of calculating the statistics of the bladder, prostate, rectum
complex in the male pelvis. Via examples from the real world and from
Monte-Carlo simulation, we show that this means of representing multi-
object statistics yields samples that are nearly geometrically proper and
means and principal modes of variations that are intuitively reasonable.

1 Introduction

Since multiple objects form a given anatomic region, there has been a desire
to characterize probabilistically populations of multi-object anatomic geometry.
Our companion paper [2] makes the case that probabilities on populations of
geometric regions are an essential part of multiscale probabilities on geometric-
model-based image intensities. In the schema described there regions of space
with predictable intensity histograms are placed in a neighbor relationship, and
this is done at a number of different discrete scale levels. In another of our
papers [5], three scale levels are under consideration: that global to the image,
that consisting of only objects without interstitial regions, and that consisting
of certain through-object subsections. Here we assume the ability to handle the
global scale level and through-object subsection scale level, and we focus on the
critical issue of how to produce probability distributions that reflect not only
region (object) shape but also inter-object geometric relationships.

The approaches to forming probability distributions on multi-object
anatomic geometry that have been tried so far consist of representing the ob-
jects and doing global statistics on these representations, as derived from some
dozens of training cases. Among the representations to which this approach has
been applied are point distribution models [3], diffeomorphisms from atlases [14],
distance functions or their levels sets [7], and our own m-reps [1]. We suggest

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 60-71, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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that such global statistics pay inadequate attention to the objects themselves
and most especially to the inter-relations among objects. We provide a concrete
method that generates probabilities directly on objects and their relationships.

M-reps are representations of object interiors that consist of hierarchies of
sheets of medial atoms. They are designed to have the following properties: 1) By
medial atom transformations they explicitly capture local bending and twisting
(rotation), local magnification, and local elongation, and they separate these
from one another. 2) They are based on the subdivision of an object into figures,
i.e., main bodies, protrusions, and indentations. Moreover, they provide a fixed
topology of such branching for a population of objects and thus allow statistics
on this population. 3) They provide a local coordinate system for object interiors
that can provide correspondences across instances of an object. 4) They allow
neighboring geometric entities to be understood as medial atom transformations
of each other. This allows rich characterization of neighbor relationships, for
situations internal to a figure, between figures, or between objects.

We use m-reps as the geometric models and statistics using geodesic distance
on the curved manifold of a symmetric space [4]. Here we restrict the discussion
to objects each of which can be represented by a single sampled sheet of medial
atoms (Fig. 1), i.e., ”single-figure objects”. We show examples describing the
variability of the bladder, prostate, and rectum complex in the male pelvis within
a patient across a series of treatment days.

We assume that we are given a single-figure m-rep model for multiple objects,
for many training cases, and we assume further that the object complexes have
already been aligned across the cases and that the medial atoms correspond
across the cases.

Fig. 1. Medial atom with a section of implied boundary surface (left). An m-rep 3-
object complex for the bladder, the prostate, and the rectum of a patient in different
view in a box (right).

Limiting ourselves here to the object level of locality, we assume that any
truly global variation of the complex has been removed from each object, via the
residue technique described in [5]. We do not consider the interstitium between
and around objects.
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The subject of sections 2-6 is how to express and compute the probabilities
of the objects and of the inter-object geometry. In section 2 we overview the ap-
proach and then in succession treat its three major components, namely section
3: atom augmentation to simultaneously capture objects and their relations to
other objects, section 4: propagation of the inter-object relations to remaining
objects, and section 5: inter-object residues to describe the variation remaining
after the propagation of effects from other objects. In section 6 we explain how
to train probabilities for objects by successive PGA’s on object residues.

We say that a geometric model for a complex of non-interpenetrating ob-
jects is proper if a) the topology of the objects is retained, b) each object in the
model does not have singularities or folds of its boundary or interior, and ¢) the
non-interpenetration of objects is retained within the tolerances appropriate for
the scale of the description. Many previous methods for estimating inter-object
probability distributions have produced samples some of which are decidedly
improper. In section 7 we test our method by illustrating that models sampled
from our probability distributions on intra-patient bladder, prostate, and rec-
tum deformations are nearly proper and that the means and principal modes of
variation of these distributions are intuitively reasonable. We also briefly discuss
application of these ideas to segmentation by posterior optimization. Section 8
discusses further opportunities for evaluation, and extensions and alternatives
to the proposed methods.

2 Overview of the Approach

We assume that in each case we have n objects, with m-reps z? = {M}7_,
where M), is an ordered set of medial atoms and z? describes the geometric
representation of objects at the second scale level as in [2]. Each interior medial
atom requires an 8-tuple to represent, describing a hub and two equal-length
spokes (Fig. 1), and each grid-edge medial atom requires a 9-tuple to represent,
describing a hub, two equal-length spokes, and a third spoke formed from their
bisector, which may be of a different length. In our present approach we assume
that the objects will be provided in an order of decreasing stability, i.e., whose
posterior probability, based on both geometric and intensity variability and edge
sharpness, are in decreasing levels of tightness. In this work we provide object
statistics in this order, treating each object once. The details of dealing with
these objects’ statistics in sequence are described in section 6. In section 8 we
discuss the extension to a form of a Markov process described in [2].

The main new idea of this paper (Fig. 2) is that while estimating the
statistics of a particular object M) we deal with that object’s inter-relation
with other atoms by augmenting highly correlated atoms Ay in the remain-
ing objects Ry = U;jsr(M;) to My, to produce “augmented” representations
Ur = My, U Ag,.. We can write p(z?) = p(Uy, Ri) = p(Ux)p(Rk|Uyg). In specifying
p(Ri|Uy), we divide the effect into a deterministic prediction from Uy and an
Ug-independent probability on the residue of Ry from that prediction. When
comparing this to the equation in the companion paper [2], p(z? | Zn(2,k) =
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\V M, : Rectum
> A, : Augmented
Atoms to M,

Atoms to M,

Fig.2. A discrete m-rep for the bladder (M), the prostate (M), the rectum (Ms)
3-object complex of a patient. The augmented atoms in the prostate forming A; are
shown with their hub enlarged (left). The prostate (M2), the rectum (M3z) of the same
patient the enlarged atoms in the rectum form A, (right).

p(shape of z, inter-relation of z, and Zp(2,k)): We see that in effect we are de-
scribing the shape of Ry, by its residue and the interrelation with M}, via Uy.

We now describe the other aspect of our new idea, the deterministic propa-
gation of augmenting atoms’ movement in the statistics of one augmented object
to the remainder of the objects to be processed. The idea is that if an object
changes position, pose, size, or shape, its neighboring objects will change sympa-
thetically. In particular (Fig. 3), let all of the atoms in these other objects whose
statistics are yet to be determined be Rj. The changes in Ay, will be reflected in
sympathetic changes in Ry \ Ay ! before the statistics on Ry \ Ay are calculated.
The details of this propagation are discussed in section 4.

We synthesize these probability distributions via principal geodesic analysis
(PGA)[4]. This method of augmentation is discussed further in section 3.

SRR

Fig. 3. Assuming we have produced statistics for the augmented bladder U;, which
has augmenting atoms A; in the prostate (Ms), we illustrate the sympathetic change
of R1\ Ai caused by A;

! Recall that the notation A\ B means the set difference A minus B.
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3 Objects Inter-relation by Augmentation

Because we have evidence that atoms in one object that are near another object
are most highly correlated with that other object, we describe the inter-relation
of a multi-object using these nearby atoms for augmentation. In the male-pelvis
example of Fig. 2, medial atoms in bladder M; should be more highly correlated
with medial atoms nearby in prostate A; than those in the rest of the prostate
or in the rectum R; \ A;. Thus we let the nearby prostate atoms form Ay,
producing the representation of the augmented bladder U;. We study the effect
of the deformation of the bladder on the augmenting atoms and then study the
relation of changes in the augmenting atoms A; to that of rest of the prostate
and the rectum, Ry \ A;. We use the latter results in a stage we call prediction,
which is explained next.

4 Prediction of Movements from Augmentation by Using
the Shape Space of the Remaining Objects

In prediction we reflect a change in M}, in the statistics of Ry, by predicting how
Ry \ Ay, bends, twists or warps from the change of M}, through augmenting atoms
Aj. In doing so, we take account of the shape space of the remainder objects Ry,
as suggested in [6], but using PGA in a nonlinear symmetric space rather than
the principal component analysis used in [6].

Recall that PGA involves first finding the mean p of m-reps {M; € M},
where M is the symmetric space of an m-rep M; and N is the number of training
cases; projecting {Mi}fil to the tangent space T, M at pu by the log map?
(log,, : M — T;,M); and then doing PCA in the tangent space, which yields a
set of principal directions {v;}! | in T}, M. Taking the exponential map (exp,, :
T, M — M) of {v;}I_, gives a set of principal geodesics in M, which in turn
generates a submanifold H of M. H is the shape space in which different modes
of variations restricted to H of {M;}}, are described via principal geodesics.
The projection of M; onto the shape space H, Proj (M;)?, describes the unique
variation within H nearest in geodesic distance to M;.

Now consider the augmented m-rep object Uy = (M), U Ay) and Ry (A C
Ry). Let p, and H, be the mean and the shape space generated by principal
geodesics in the symmetric space M,. of Ry, which we can obtain by performing
PGA on training cases of Ry. If we know how Uy deforms, i.e., how M} and
Ay change together, Projy, (Ay) predicts how the remaining object Ry changes
sympathetically through Ay in the shape space H,:

h
Projy, (Ax) = exp,, (Zﬂogm (Ak), o) - Uz) ; (1)

=1

2 Refer to [4] for detailed explanation of the log map and the exponential map.
3 More precisely, the projection operator Projy : M — 'H is approximated by

Projx(M) = exp,, (Zlhzl(logu(/\/l),vl) -vl). For detailed explanation, refer to [4].
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where {vl}?;l are principal directions in the tangent space at p, corresponding
to the principal geodesics in H, and the dimension of log,, (Ag) is adjusted to
match with that of v; by adding zeros to log, (Ay) for parameters corresponding
to Ry \ Ag. Then the prediction for the remainder Ry can be defined as

Pred(Ry; Ay) := Projy, (Ag) . (2)

Notice that Pred(Ry; Ay) is also an m-rep.

5 Residues of Objects in Order

If we describe the changes in Uy and the sympathetic changes in Ry \ A, all
that is left to describe statistically is the remaining changes in Ry, after the
sympathetic changes have been removed. If the objects are treated in order
and each object has augmenting atoms only in the next object, this will mean
that n probability distributions will need to be trained, namely, for Uy, for Us
after the sympathetic changes from U; have been removed, ... , for U, after the
sympathetic changes from Uy, U, ..., and U, _; have been removed. The removal
of sympathetic changes is accomplished via the residue idea described in [5]. Next
we explain how such residues are calculated between a predicted remainder N9
and the actual value M of that remainder.

5.1 Difference of Medial Atoms

A medial atom m = (x, r, u, v) is defined as an element of the symmetric space
G = R? x Rt x 5% x §? where the position x € R3, the spoke length r € RT,
and two unit spoke directions u,v € S? (S? is a unit sphere). If an m-rep has d
medial atoms, the m-rep parameter space becomes M = G%. Let R,, represent
the rotation along the geodesics in S? that moves a point w € S? to the north
pole p = (0,0,1) € S2%. For given any two medial atoms mj,my € G where
m; = (x4, 7, w;,v;), @ = 1,2, the difference between them can be described as

follows:
o0:GxGE—dG

m; ©my = (X1 — X2, 71, Ru,(u1) Ry, (V1)) -

(3)

m; & my is the difference between mi, ms relative to mo coordinates. Like my
and mo, m; ©ms € G.

Corresponding to the difference operator ©, the addition operator & can be
defined as:

&:GxG—CG (4)
m® Am = (x + Ax, r- Ar, R;(Au), Ry1(Av))

for given m = (x, r, u,v) and the difference Am = (Ax, Ar, Au, Av). This
operation is neither commutative nor associative. As an m-rep object is a collec-
tion of medial atoms, these operations can be individually applied to each atom
of the object.
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5.2 Residues in an Object Stage

Our probabilistic analysis proceeds object by object in order. After some object
has been described probabilistically and its sympathetic effect has been applied
to its remainder, there is a further change in the remaining objects to be de-
scribed. We call that further change the residue of the remainder objects with
respect to the probability distribution on the first. More precisely, let M € M
be an m-rep or an m-rep residue of one object fitting a particular training case
where M is a symmetric space of M and let p(IN) be a probability distribution
on N € M describing part of the variation of M. Notice that if D(p) represents
the domain of p, then D(p) is a submanifold of M. Relative to the probability
distribution p, N, the closest m-rep to M in D(p), is

N? =arg min d(M,N), 5
g i d(M.N) o)

where d(M, N) is the geodesic distance on M. Then the residue AM of M with
respect to p can be defined as

AM:=MoN° . (6)

In the method we are describing, we use the prediction Pred(M; A) from a set
of augmented atoms A in M to M’s previous object (of which movements have
an effect on M) as an approximation to N° because the prediction is made on
the shape space of M and the augmentation can give a good estimation to the
overall effect of M’s previous object. We expect the prediction Pred(M; A) to
be close to NY. Thus we compute AM := M © Pred(M; A).

6 Training the Probabilities for Objects

Training the probabilities for the object is done via successive PGA’s on the
object residues. Using the notation from Sec. 2, let O be a multi-object m-
rep residue in case ¢ from which any truly global variations are removed from
{M]}rek, where I = {1,...,N},K = {1,...,n} are index sets for N training
cases and n objects. Then O = {AM,i}keK forms a multi-object m-rep residue
of the i training case.

The residues {O%};c; are treated in the order of objects M from k = 1
to n. First we apply PGA on {AU;}}ies, the residue of the first object, to get
the mean p; and a set of principal variances and associated principal geodesics
{exp,,, (v})}2,, where v} € T},, M;. This mean, principal variances, and prin-
cipal geodesics provide our estimate of the probability distribution of AU;. Let
‘H1 be a submanifold of My, where M is the symmetric space for AU;. The
projection of AU} onto the geodesic submanifold Hi, Projy, (AU}), describes
the variation unique to AUY in H;. Now we need to update the residue { AR} }icr
to reflect the sympathetic effect from AM; on AR; by AA;. That is done using
the prediction Pred(ARi; AAY) as described in Sec. 4.
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So the residue for the next object (the second object) that we use to apply
PGA is no longer {O%};c;. The updated residue of the remainder to the first
object becomes

AR = AR, © Pred(ARY; AAY) el . (7)

Once we have the new updated residue A*~1U} c A*1R! for the k" object,
k = 2,...,n, we repeat the same steps 1) applying PGA on A*1U} and 2)
updating the residue of the remainder, which produces a set of means { g }rex
and sets of principal geodesics {{exp,, (v})}*; }rex on object residues.

7 Geometrically Proper Objects in Probability
Distributions in the Male Pelvis

Samples being geometrically improper has been a problem for other methods
such as PCA on distance functions or on dense PDMs. Examples of what we
mean by geometrically improper is wrong topology, interpenetration of separated
objects, folding, and singularities such as unwanted corners and cusps. There are
two reasons why we would expect that our methods would avoid geometrically
improper samples from their probability distributions.

1) M-reps are founded on the idea that using primitive transformations in-
cluding local twisting and bending of objects will yield an economical repre-
sentation of the single and multi-object transformations of anatomy between
individuals or within an individual over time. When using such transformations
in the representation methods and in particular in the methods of description of
object inter-relations via augmentation and prediction, nonlinear PGA is neces-
sary to produce sample object complexes that are geometrically proper.

2) The regular grids of medial atoms that we generate from training binary
images of objects [9] are designed to have large geodesic distance to improper
entities on the manifold M. Thus we might hope that objects within [—2, +2]
standard deviations will also be proper. Analysis of our objects using a criterion
based on the radial shape operator of [8] could be used to avoid improper models,
but this criterion has not been applied in the work described in this paper.

The most basic test of our probability distributions is to visually judge
whether those generated samples are proper and whether the principal geodesic
directions derived from real patient data explain variations we see in the training
samples. Because our training set is just a particular sample subset of a popu-
lation of m-reps, we wish to know how our method would fare on other training
sample subsets. We can accomplish this by generating new random samples from
our probability distributions and test whether training from these samples pro-
duces a probability distribution whose samples are proper.

We generate the new samples by assuming that each tangent plane principal
component from the original training follows the standard normal distribution
once we scale the principal directions by the square root of corresponding eigen-
values in the tangent space. Thus, for each object residue we randomly sample
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Fig.4. Left: tangent spaces at object residue means from real patient data. Mid-
dle: m-rep parameter space. Right: object residue means from generated training
data. The movie of 100 sampled m-reps from patient 1 and patient 2 data is
at http://midag.cs.unc.edu/pubs/papers/movies/100SamplesPatiand2.avi. In the
movie the point of view changes from time to time.

each principal component following the standard normal distribution to gener-
ate random points on each tangent space about the mean {u*}rc;. By taking
exponential maps of those points, we generate m-reps and residues that can be
combined by @ to produce new training sample m-reps. PGA on such a new sam-
pled training set yields a new mean and set of principal directions and variances,
whose samples we can judge as to how proper they are.

We applied our new method to obtain the probability distributions from two
training sets, each of which are obtained from bone-aligned male-pelvis CT im-
ages of a real patient over several days. A single-figure m-rep was fit to each
organ: 4x6 grids of medial atoms for the bladder, 3x4 grids for the prostate,
and 3x7 grids for the rectum. The total number of medial atoms is 57, so the
dimension of the m-rep parameter space is 456. Our software to fit the single
figure m-reps to binary image of each organ provides reasonable correspondence
of medial atoms across cases by penalizing irregularity and rewarding correspon-
dence to one case [9]. Inter-penetrations among m-reps of the three objects were
restricted in the fitting [9] of each training case. We have 11 cases (m-reps) of
one patient (patient 1) and 17 cases of another patient (patient 2).

Figure. 5 displays the first modes of variation of patient 1 and 2 at PGA
coefficients -2, -1, 1, 2 standard deviations of bladder with prediction, prostate
with prediction and rectum in Fig. 5 from the top row to the bottom row.

In these movies, as well as the ones seen in fig. 4, we see the following behav-
iors: 1) The m-reps produced as samples or chosen along principal geodesics yield
limited inter-object penetration, as desired since the training samples have small
inter-object penetration. 2) The surfaces of the m-rep sample implied objects are
smooth, with few exceptions. Folding is not observed, and the introduction of
sharp ridges happens seldom, only at crest positions which are sharp in some of
the training cases. 3) The principal geodesics seem to correspond to anatomically
observed changes. For example, we see strong growth in the bladder correspond-
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Fig. 5. Illustration of first modes of variation of patient 1 in the box on the left
and that of patient 2 in the box on the right. The movie that shows the first modes

of variations of patient 1 and then patient 2 is at http://midag.cs.unc.edu/pubs/
papers/movies/VariationsPatland2.avi.
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ing to filling and strong bulging of the rectum corresponding to the introduction
of bowel gas. Also, the prostate residue shows only modest shape changes, a
behavior expected from the fact that the prostate is typically quite hard.

It is in this sense that we say that our statistical method provides samples
that are “nearly geometrically proper and means and principal modes of varia-
tions that are intuitively reasonable.”

In addition to the evaluation of m-rep probabilities just described, we can also
judge the probabilities A) on the ability of the PGA to extract known indepen-
dent random deformations in simulations and B) by their usefulness in segmen-
tation. A) In simulations with compositions of independent random bendings,
twistings, and magnifications of an ellipsoid, PGA extracted these basic defor-
mations very well. B) PGA m-rep probabilities trained from images of a given
patient on a variety of days were used as the prior in segmentation by posterior
optimization of m-reps of the bladder, prostate, rectum complex in target images
of the same patient on different days. The details of the application to segmen-
tation are given in [2] and [12], object segmentation using histogram statistics
is described in [15], and the results on a few cases, agreeing well with human
segmentations, have been reported in [13]. Briefly, the results are anecdotal but
encouraging.

8 Discussion and Conclusion

We presented new ideas in estimating the probability distribution of multi-object
anatomic objects via augmentation and prediction with principal geodesic analy-
sis suggested in [4]. As described in our companion paper [2], a schema involving
neighboring regions at multiple scales has much to recommend it. At each scale
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level in this schema, except the global level, a means is needed to produce statis-
tics reflecting region shape and inter-region relations for neighboring regions.
This paper has shown the viability of a particular method for producing these
statistics.

We have also applied our approach of augmentation and prediction to com-
pute statistics of m-reps of multi-figure objects, the structure of which is de-
scribed in [10]. We take hinge atoms as augmented atoms and predict the sym-
pathetic change of a subfigure from the change of its host figure [11].

In this paper, we have limited the residue to the object level of locality. But
we can compute finer residues at the medial atom level of locality and do further
analysis as described in [5].

Other evaluations of the sample probability distributions generated using
Monte Carlo approaches to generate new sample training sets are in progress.
These involve measuring the bias and reliability of the resulting probability dis-
tributions and determining the number of training samples required.

We can avoid ordering the objects by considering the mutual neighbor rela-
tion in augmentation. This extension from the present approach to the Markov
Random Field approach as discussed in [2] is suggested by real situations such as
male-pelvis example that we used: not only can the bladder induce a change in
the prostate and rectum but also the change of a prostate can induce sympathetic
change in the bladder and rectum, etc.

We have chosen the augmented atoms based on the distance between atoms
in one object and the other because we have preliminary evidence done by [5]
that those nearby atoms are highly correlated. Another test needed is whether
the remaining atoms are independent of the primary object when conditioned
on the augmenting atoms. In addition, attention is needed to defining the global
statistics so that the object probabilities and the global probabilities are condi-
tionally independent of each other. In this way the global probabilities will not
simply involve principal geodesic analysis of Uj_, Mj.

The success of geodesic statistics depends on the initial alignment of the
training cases. In the example used in this paper, a global alignment of the cases
was accomplished using a rigid object, the pelvic bones. In multi-patient cases,
however, the alignment needs to be accomplished by the Procrustes algorithm
using the geodesic distance metric [4]. Once the global statistics have been com-
puted, it may be desirable to realign for each object, before the residue for that
object is analyzed.

Finally, a possible measure to explain the inter-object relation is canonical
correlation. Canonical correlation explains the relation of two sets of variables
each in a linear space. Here we wish to relate M} and its neighbors. Because
the principal geodesics are defined in tangent spaces to the symmetric space M,
we speculate that we can incorporate this canonical correlation directly as an
alternative to the method described in this paper.

We thank Edward Chaney, Gregg Tracton, and Derek Merck for pelvis mod-
els. This work was done under the partial support of NIH grant PO1 EB02779.
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Abstract. We present a novel approach to statistically characterize his-
tograms of model-relative image regions. A multiscale model is used as
an aperture to define image regions at multiple scales. We use this image
description to define an appearance model for deformable model segmen-
tation. Appearance models measure the likelihood of an object given a
target image. To determine this likelihood we compute pixel intensity
histograms of local model-relative image regions from a 3D image vol-
ume near the object boundary. We use a Gaussian model to statistically
characterize the variation of non-parametric histograms mapped to Eu-
clidean space using the Earth Mover’s distance.

The new method is illustrated and evaluated in a deformable model
segmentation study on CT images of the human bladder, prostate, and
rectum. Results show improvement over a previous profile based appear-
ance model, out-performance of statistically modeled histograms over
simple histogram measurements, and advantages of regional histograms
at a fixed local scale over a fixed global scale.

1 Introduction

Multiscale image descriptors are important for understanding and segmenting
deep structures in images. Deformable geometric models have also been shown to
be a powerful tool for segmentation. Geometric models generate model-relative
image descriptors, which are often used in the human visual system and whose
importance is argued in the companion paper by Pizer et al [11]. In this pa-
per, we use a multiscale model-relative image description for the segmentation
of 3D deformable objects in medical images. Automatic segmentation methods
that statistically learn the likelihood of an object given an image have several
desirable qualities. We define an image likelihood measure using non-parametric
histograms as our basic image measurement and describe a new method to sta-
tistically learn their variation. These histograms are measured in model-relative
regions defined at a particular scale using the geometric model as an aperture.
Appearance models at extremely local scale levels are based on the correlation
of pixel intensities. Intensities are acquired along profiles normal to the object
boundary [4,15] or from entire model-relative image regions [3,6]. These methods
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can be used in conjunction with image filters to summarize information at a
larger spatial scale and to measure image structure such as texture, gradients,
or corner strength [14]. Local methods, however, have difficulty capturing the
inter-relations among pixel intensities in a region.

Region based methods, which are at larger spatial scales, are better than local
methods at capturing pixel inter-relations. This is accomplished by aggregating
pixel intensities over global image regions such as object interior or exterior, in
one of two ways. In the first, region statistics, such as mean and variance, are
computed. These statistics are either learned during training or functions of them
are defined to be minimized [2,16]. Although the variation of region statistics can
be learned during training, the statistics themselves capture limited information.
In the second, each region is represented by a histogram, and a distance to a
learned reference histogram is defined. Histograms provide a rich estimate of
a region’s intensity distribution but previous work only specifies a reference
histogram and not its expected variation [5].

In this paper, we use a region based method that defines several model-
relative regions. This allows a multiscale image description that can be used at a
large scale level with one or two global regions defined per object, or at more local
scale levels with many smaller regions per object. We segment images using this
image description at three fixed scale levels. First, we use global image regions
as in previous methods. Then, we describe two approaches to define increasingly
local regions. These novel local region approaches have the advantage of his-
togram measurements with increased locality and tighter distributions, which
help drive our segmentation algorithm to a more clearly defined optimum. In
order to define these local regions we need a shape model that specifies a voxel
to voxel correspondence near the object boundary; for this we use m-reps (see
section 3.1) [9,10]. To form a statistical description of each region, we map non-
parametric histograms to points in Euclidean space using the Earth Mover’s
distance (EMD) [1,7,13]. Then, we apply standard statistical tools to model his-
togram variation. Straight-line paths between histograms in the resulting space
provide interpolated histograms representing plausible distributions. The lack of
distribution assumptions allow inhomogeneous regions to be modeled, though
this typically results in loose distributions. In this case, we define local regions
to reduce distribution variability. Therefore, we have an image descriptor that
can model any intensity distribution while maintaining tightness using regions
at an appropriate scale.

Appearance models allow two simplifying assumptions when defining the
probability of an image given a model. Image dependence on a model can be
decomposed into describing the image relative to the model and further correla-
tions between the image and object shape. Appearance models can reasonably
assume that model-relative images have intensities with no further probabilistic
dependence on object shape. The probability of a model-relative image is deter-
mined using several image measurements, which are also often assumed to be
independent. However, local measurements are highly interrelated due to their
small scale so it is inaccurate to consider them as independent. It is also diffi-
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cult to model local measurement inter-relations, since this requires a global high
dimensional appearance representation with a complicated and hard to train co-
variance [3]. On the other hand, as argued in the companion paper [11] we can
reasonably assume that larger scale regional measurements of a model-relative
image are independent, if the image is divided into anatomically based local
regions and geometric variation is entirely captured by the shape prior.

Thus, we assume regional image measurements relative to object shape are
conditionally independent. This defines image likelihood as the product of the
probability densities derived from each region.

In section 2 we introduce our histogram methodology and construct a sta-
tistically learned histogram likelihood measure. In section 3 we overview our
segmentation framework and give segmentation results using global image re-
gions. In section 4 we extend this work to local image regions.

2 Statistical Modeling of Non-parametric Histograms

We fully train a non-parametric histogram based appearance model. To do this
we map histograms to points in Euclidean space in such a way that straight-line
paths between two points produce a natural interpolation between the corre-
sponding histograms. This mapping allows us to use standard statistical tools,
such as Principal Component Analysis (PCA) and Gaussian modeling.

In section 2.1 we construct this mapping and consider properties of the re-
sulting space. In section 2.2 we define the likelihood of a histogram. In section
2.3 we provide an example.

2.1 Mapping Histograms to Euclidean Space

Our mapping can be understood by considering the similarity measure defined
between two histograms that will correspond to Euclidean distance. We use
the EMD, which was introduced by Rubner et al. for image retrieval [13] and
has since been shown to be equivalent to the Mallows distance [8]. The EMD
representation we use is described for texture classification in [7] and used to
build statistical models in [1].

The EMD, and the Mallows distance for discrete distributions, can be thought
of as measuring the work required to change one distribution into another, by
moving probability mass. The position, as well as frequency, of probability mass
is therefore taken into account yielding two major benefits. First, over-binning
a histogram, or even using its empirical distribution, has no additional con-
sequences other than measuring any noise present in the distribution estimate.
Second, this distance measure to some extent mimics human understanding [13].

The Mallows distance between continuous one-dimensional distributions ¢
and r, with cumulative distribution functions @) and R, respectively, is defined
as

My(q,7r) = (/01 Q') — Rl(t)pdt>1/p,
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For example, consider the Mallows distance between two Gaussian distribu-
tions N(p1,0f) and N(us,03). For p = 2, this distance can be shown to be
Vi = p2)? + (o1 — 02).

For discrete one-dimensional distributions, consider two distributions z and
y represented by empirical distributions with n observations, or equi-count his-
tograms with n bins and the average value of each bin stored. Considering these

values in sorted order, z and y can be represented as vectors T = n~ /P x
/

(1, yzn) = (T4, 2h) and § = n~YP % (y1,...,yn) = (¥,...,y,) with
r1 <...<zx,and y; <...<y,. The Mallows distance between x and y is then
defined as the L, vector norm between T and y

1 n 1/p n 1/p
e = (3w = (St
=1 =1

Therefore, this representation maps histograms to points in n-dimensional
Euclidean space in which distances are understood as Ms histogram distances.
In this space, there is a particular straight line path of interest. The mean of
any histogram can be changed by an arbitrary amount by adding this amount to
every bin in the histogram. Since the mean of a histogram represents its position,
changes in histogram position are orthogonal to changes in shape.

Another property of this space is that Gaussian distributions exist in a lin-
ear two-dimensional subspace. As for general distributions, one axis of this space
represents the Gaussian’s mean. As shown above, the remaining orthogonal di-
rection is linear in the Gaussian’s standard deviation.

Points in a convex portion of this space represent valid histograms. That is,
a point T is a valid histogram if and only if z; < ... < x,. Therefore, the mean
of a set of histograms, or any interpolated histogram, will always be valid. In the
next section, the likelihood of a histogram is computed assuming that the mean
of a set of histograms and straight-line paths from the mean are representative
of the input set. In section 2.3 we demonstrate this with an example.

2.2 Histogram Likelihood

In this section, we statistically define a histogram’s likelihood. We can use stan-
dard statistical tools for this task since we have sensibly mapped histograms to
Euclidean space. For each region, we construct a multi-variate Gaussian model
as a parametric estimate of a histogram’s likelihood. Gaussian models stretch
space, modifying the M, metric, to account for the variability in the training
data. Thus, Gaussian models naturally enhance the Ms metric even though they
are not proper in the sense that points representing invalid histograms are as-
signed a non-zero probability.

When constructing a multi-variate Gaussian model, we cannot estimate a full
covariance matrix since we are in a high dimension low sample size situation.
This is a standard problem in medical imaging since large training sets are often
unavailable, which are required to accurately estimate the covariance of a model
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Fig. 1. Histograms from interior (red) and exterior (blue) bladder, prostate, and rectum
regions in 17 images of the same patient

containing a desirable number of histogram bins. Therefore, we estimate a non-
singular covariance of the form

m
k=Y UUl +ol

i=1

where each Uj; is a vector and [ is the identity matrix. We compute the maximum
likelihood estimate of k for a fixed m given the training histograms in each region.
This estimate can be computing using PCA. The U; vectors correspond to the
principal directions with the m largest eigenvalues, ;. These vectors are scaled
by A\; — 0. o corresponds to the average squared projection error normalized by
the number of remaining dimensions.

As discussed in the companion paper [11], regions contain incorrectly labeled
voxels as a consequence of the object model having its own scale. When col-
lecting training histograms for each region, we remove such voxels. This allows
us to model the true variability in each region and to define a more accurate
optimum for segmentation. This approach does not, however, take into account
the expected variation of the actual training segmentations. This can result in a
covariance estimate that biases segmentations towards either the object interior
or exterior. Therefore, we create an unbiased covariance estimate by normaliz-
ing each covariance matrix such that the average Mahalanobis distance of the
training histograms is the same in each region.

2.3 Global Regions Example

We present the following example to demonstrate the construction of a his-
togram’s likelihood. We use 17 CT images of the pelvic region from a single
patient. The interior and exterior of the bladder, prostate, and rectum, within 1
cm of each boundary, define six global regions. For each region, figure 1 shows
the 17 25 bin histograms. In general, the interior of the bladder, which consists
of bladder wall and urine, has higher CT values than its exterior. The bladder



Histogram Statistics of Local Model-Relative Image Regions 7

Frequency

>
[$)
c
(3]
>
o
o
[T
900 1000 1100 1200 900 1000 1100 1200
CT Values CT Values
(a) Bladder
g g
[} [}
=} =}
g g
s s
900 1000 1,100 1,200 900 1000 1100 1200
CT Values CT Values
(b) Prostate
) )
j=s f =
Q o
3 3
o o
° ©
w w
800 900 1000 1100 800 900 1000 1100
CT Values CT Values
(¢) Rectum

Fig. 2. Histograms representing the mean of 17 interior and exterior regions. Shown
along with each mean is £1.5 standard deviations along the first (left) or second (right)
principal direction from the mean (slightly smoothed). The first mode often contains
more tail and less peak movement than the second mode. Some of these tail movements

have been cropped out of the graphs.

exterior consists of fatty and prostate tissue, with the heavy tail representing the
latter. We only model a portion of the rectum and hence its exterior contains
interior rectum intensities, making the exterior rectum histogram bimodal.
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For each region, we compute the mean of the 17 histograms, m = 2 principal
directions of variation, and o. Figure 2 shows each region’s mean and +1.5
standard deviations along each principal direction from the mean. The mean
and each mode appear representative of the training data.

3 Segmentation Using Global Regions

In this section we use global regions, as defined in section 2.3, for segmentation.
To do this we first discuss in section 3.1 our shape model and segmentation
framework. In section 3.2 we then present segmentation results using these global
image regions.

3.1 The Segmentation Framework

Our goal is to automatically segment the bladder, prostate, and rectum in CT
images. We use the m-rep model of single 3D figures, as in [10], to describe
the shape of these deformable objects. As detailed in the companion paper [12],
the object representation is a sheet of medial atoms, where each atom consists
of a hub and two equal-length spokes. The representation implies a boundary
that passes orthogonally through the spoke ends. Medial atoms are sampled
in a discrete grid and their properties, like spoke length and orientation, are
interpolated between grid vertices. The model defines a coordinate system which
dictates surface normals and an explicit correspondence between deformations
of the same m-rep model and the 3D volume in the object boundary region. This
allows us to capture image information from corresponding regions.

M-reps are used for segmentation by optimizing the posterior of the geometric
parameters given the image data. This is equivalent to optimizing the sum of
the log prior and the log likelihood, which measure geometric typicality and
image match, respectively. Geometric typicality is based on the statistics of m-
rep deformation over a training set, described in the companion paper [12]. We
use the method described in section 2 for the image match.

In this paper, our primary concern is to determine the quality of the image
likelihood optimum defined by our appearance model. We evaluate this by seg-
menting the bladder, prostate, and rectum from an intra-patient dataset consist-
ing of 17 images. Each image is from the same CT scanner and has a resolution
of 512 x 512 x 81 with voxel dimensions of 0.977 x 0.977 x 3.0 millimeters. These
images are acquired sequentially during the course of the patient’s treatment
for prostate cancer. As an initial test of our framework, we segment each image
using a leave-one-out strategy, which supplies sufficient training data to estimate
adequate and stable statistics. We estimate the model prior and likelihood us-
ing m-reps fit to manual segmentations of the training images. We gather shape
statistics for the combined bladder, prostate, and rectum object ensemble and
define a shape space using six principal geodesics, which captures approximately
94% of the shape variance. We ignore the model prior and perform a maximum
likelihood segmentation within the shape space.
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We compare our segmentation results to a profile based method. This profile
method uses normalized correlation with profiles from the first image and is
described in [15]. All other aspects of these segmentation algorithms are identical,
including the shape space and automatic rigid body initialization. Comparisons
are made relative to manual segmentations and put into context by showing our
shape model’s ability to represent the manual segmentations during training.
Training performance serves as a baseline for the best expected performance of
our appearance model.

3.2 Segmentation Results Using Global Regions

We now evaluate the performance of three versions of our appearance model. For
all three, we use two global regions for each object, defined as the object interior
and exterior within a fixed 1 cm collar region of the boundary. We represent
each region using a 25 bin equi-count histogram.

The three versions of our appearance model learn increasingly more infor-
mation during training. The Simple Global model creates a reference histogram
for each region from the first image. The image match is the sum of My dis-
tances to each reference histogram. This model can be directly compared with
the profile approach, since only the first image is supplied to both. The Mean
Global model calculates the average histogram for each region using all the other
images. In this case, the image match is the sum of M distances to each average
histogram. The last model, Gaussian Global, uses the fully trained likelihood
measure introduced in section 2.2. The image match for this model is the sum
of Mahalanobis distances in each Gaussian model. Each model independently
learns two principal directions of variation and o.

Table 1 reports volume overlap, defined as intersection over union, and av-
erage surface distance, defined as the average shortest distance of a boundary
point on one object to the boundary of the other object. Results show segmen-
tation accuracy improves with increased statistical training. Table 1 also shows
a significant improvement of the global histogram based appearance models over
the previous profile based model. Directly comparing the profile and histogram

Table 1. Segmentation results of our appearance model using global image regions.
Results are measured against manual contours, and compared against a previous profile
based method and the ideal of our shape model attained during training.

Volume Overlap Ave. Surface Dist. (mm)
Appearance Model Bladder Prostate Rectum Bladder Prostate Rectum
Training 88.6% 87.8% 82.8% 1.11 1.05 1.15
Profile 79.8% 76.0% 64.8% 2.07 2.20 2.72
Simple Global 80.7% 78.4% 67.1% 1.97 1.94 247
Mean Global 81.8% 79.4% 68.0% 1.84 1.86 2.42

Gaussian Global 84.8% 79.6% 72.1% 1.53 1.86 2.00
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based methods, Simple Global achieves better results for all three objects. In the
next section we further improve these results using local image regions.

4 Defining Local Image Regions

Next, we use the appearance model described in section 2 with local model-
relative image regions. Local regions have tighter intensity distributions than
global regions since intensities are more locally correlated. This results in an
image likelihood measure with a more clearly defined optimum, especially when
global regions consist of multiple homogeneous tissue regions. Since smaller re-
gions are summarized, however, local regions provide less accurate distribution
estimates. They also require a shape model that defines a voxel correspondence
near the object boundary.

Our dataset contains at least two examples of global region inhomogeneity.
First, the exterior bladder region consists of both prostate and fatty tissue.
The bowel can also be present, though this is not the case in this dataset. A
second example is the exterior rectum region. We only model the portion of the
rectum near the prostate, so there are two arbitrary cutoff regions with exterior
distributions matching those of the rectum’s interior.

We describe two approaches to define local regions. In section 4.1 we man-
ually partition the global interior and exterior regions. In section 4.2 we define
overlapping regions centered around many boundary points. In section 4.3 we
give results using both methods.

4.1 Partitioning Global Image Regions

Local regions can be defined by partitioning an object’s surface, and hence the
3D image volume near the surface, into local homogeneous tissue regions. Such
a partitioning can either be specified automatically, based on distribution esti-
mates from a training set (see future directions), or manually delineated using
anatomic knowledge.

In this section, we manually define several interior and exterior local regions
for the bladder, prostate, and rectum using limited anatomic knowledge. We used
several heuristics to create our manual partitions, which are shown in figure 3.
First, more exterior regions are defined since there is more localized variability
in the object exterior. For the bladder model a local exterior region is defined
near the prostate. A local region is also defined for the portion of the bladder
opposite the prostate since this region experiences the most shape variability
between images. Lastly, for the rectum model a local exterior region is defined
in each arbitrary cutoff region.

4.2 Local Image Regions

An alternative method to define local regions is to consider a set of boundary
points that each describe the center of a region. Define an interior and exterior
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(a) Interior Partitions (b) Exterior Partitions

Fig. 3. Manual surface partitions of the bladder, prostate, and rectum defining local
interior (a) and exterior (b) regions. For the bladder, prostate, and rectum we define
6, 3, and 4 interior regions, and 8, 5, and 8 exterior regions, respectively.

Table 2. Segmentation results using local image regions. The Gaussian appearance
model using the two local region methods is compared to the global region method.

Volume Overlap Ave. Surface Dist. (mm)
Appearance Model Bladder Prostate Rectum Bladder Prostate Rectum
Training 88.6% 87.8% 82.8% 1.11 1.05 1.15
Gaussian Global 84.8% 79.6% 72.1% 1.53 1.86 2.00
Gaussian Partition 83.0% 80.5% 72.1% 1.74 1.77 2.01
Gaussian Local 83.2% 80.5% 73.0% 1.67 1.78 1.95

region for each point by first finding the portion of the surface within a radius of
each point. Then, each region consists of all the voxels within a certain distance
to the boundary that have model-relative coordinates associated with the re-
gion’s corresponding surface patch. This approach can define overlapping image
regions at any scale and locality, and learning boundaries between local regions
is unnecessary.

For the bladder, prostate, and rectum we use 64, 34, and 58 boundary points,
respectively. Each region is set to a radius of 1.25 cm and the collar region is
kept at + 1 cm, as in previous results.

4.3 Results

Table 2 gives segmentation results using the Gaussian appearance model from
section 2 for both local region approaches. The Partition method refers to the
approach described in section 4.1, and the Local method refers to the approach
described in section 4.2. Both methods use 25 histogram bins and Gaussian mod-
els restricted to 2 principal directions of variation. These results show that both
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the Local and Partition methods are roughly equivalent to the Global method.
However, there is a consistent improvement by the Local method in the segmen-
tation of the rectum.

5 Conclusions

In this paper we defined a novel multiscale appearance model for deformable ob-
jects. We have shown that our histogram based appearance model outperforms a
profile based appearance model for a segmentation task when only one training
image is available. We also described a method to statistically train histogram
variation when multiple training images are available and demonstrated its im-
proved segmentation accuracy. Finally, we considered regions at different scales
and showed that local image regions have some benefits over global regions,
especially for rectum segmentation.

6 Future Directions

We only present initial segmentation results in this paper. Our next step is to
validate these findings in a more comprehensive intra-patient study of the pelvic
region. Then, we plan to consider other anatomical objects including the kidneys.

In the pelvic region, gas and bone produce outlying CT values. When there
is a significant amount of these extreme values our mapping can produce unnat-
ural interpolations. Therefore, we will investigate a technique to identify these
intensities in advance and compute a separate estimate of their variation.

As described in [11], we plan to do a multiscale optimization. Such an ap-
proach could use the three region scales described in this paper. Furthermore, we
will use geometric models to describe soft instead of hard apertures. For exam-
ple, a voxel’s contribution to a measurement could be weighted by a Gaussian,
based on its distance to the object’s boundary. Using multiscale regions and
soft apertures should smooth the segmentation objective function, resulting in
a more robust optimization.

We desire a more principled approach considering tissue composition for
defining regions in the Partition method. We hope to characterize the inten-
sity distributions of particular tissue types, to estimate the tissue mixtures over
image regions using mixture modeling, and finally to optimize the regions for
maximum homogeneity. In addition, we may train on the model-relative position
of these regions, to help capture inter-object geometric statistics.

We only considered histograms of pixel intensities in this paper. We will
extend this framework to estimate the distribution of additional features, such
as texture filter responses or Markov Random Field estimates. Although the
EMD defines a distance measure between multi-dimensional distributions, we
plan to assume the independence of these features and then apply the same
techniques described in this paper.
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Abstract. In this paper we propose a novel type of scales-spaces which
is emerging from the family of inhomogeneous pseudodifferential equa-
tions (I — TA)%U = f with 7 > 0 and scale parameter ¢ > 0. Since
they are connected to the convolution semi-group of Bessel potentials
we call the associated operators {Rf' . |0 < 7,t} either Bessel scale-space
(tr = 1), RY for short, or scaled Bessel scale-space (7 # 1). This is the
first concrete example of a family of scale-spaces that is not originating
from a PDE of parabolic type and where the Fourier transforms F(Rf )
do not have exponential form. These properties make them different
from other scale-spaces considered so far in the literature in this field.

In contrast to the a-scale-spaces the integral kernels for R}, can be
given in explicit form for any ¢,7 > 0 involving the modified Bessel
functions of third kind K, . In theoretical investigations and numerical
experiments on 1D and 2D data we compare this new scale-space with
the classical Gaussian one.

Keywords: Bessel potential, Bessel-functions, a-scale-space, convolu-
tion, semi-group, pseudodifferential operator,co-histogram.

1 Introduction

In retrospect modern scale-space theory began with the pioneering work of Taizo
Iijima [17] in the late fifties. Although his work was not noticed by the western
scientific community for decades the vivid research on scale-space methodolo-
gies has resulted in a large amount of techniques valuable for image processing
and computer vision. This is documented in numerous articles and books, see
[12,31,21,29,33] and the literature cited therein.

The Gaussian scale-space is the archetype of a linear scale-space. Its rela-
tion to linear diffusion processes was first pointed out to the image processing
community by Iijima [18].

However, scale-space properties can also be spotted in non-linear diffusion
processes, a field inspired by the path-breaking work of Perona and Malik [26].
These non-linear theories embrace anisotropic diffusion processes [33,27], mor-
phological operations [32,6,19] as well as the evolution of level curves [2,24,28,20].
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Highly non-linear, sometimes even degenerated differential equations are the
mathematical language to describe these theories [31,33,15,3,13,8].

Be that as it may, the linear setting, meaning the assumed validity of the
superposition principle, and the exploration of underlying axiomatic theory was
and is an active field of research, [4,2,33,12,22,25,34] and [10].

In this linear setting the importance of the Gaussian scale-space cannot be
overestimated, although in recent years other concrete examples of linear scale-
space concepts have received considerable attention:

- First the Poisson scale-space arising from the Laplace equation in potential
theory has been introduced by Felsberg and Sommer [11] to image process-
ing. It allows an explicit analytical integral representation with the Poisson
kernel.

- After that the so-called a-scale-spaces with « €]0, 1] have been proposed as
the continuous link between the trivial (o = 0), the Poissonian (o = %) and
the Gaussian (o = 1) scale-space. They are ruled by an pseudodifferential
equations, and unfortunately no exact integral representation formulas for
their solutions are known. See [10] for a very comprehensive exposition about
theory and history of this scale-space family.

- Very recently the relativistic scale-spaces [7] instigated by a Schroedinger
pseudodifferential equation from theoretical physics have been shown to
bridge the gap between Poisson (‘zero-mass-limit‘) and the trivial scale-
space (‘infinite-mass-limit‘). Explicit integral formulas involving kernels with
Bessel functions of the third kind have been given in [7].

All these examples have in common that they emanate from (pseudo-) differential
equations of parabolic type, such as the a—scale-spaces:

Ou = —(—A)%u

with initial condition u(x,0) = f(x).

The goal of this paper is to investigate the scale-space that arise from the
following inhomogeneous elliptic PDE involving arbitrary positive powers ¢t > 0
of the Laplacian and the identity operator I:

t N \ %
(I—A)2::<I— %) =/, (1)

i=1

with a suitable function f: IR" — IR.

The parameter ¢ should be interpreted as a smoothing parameter: The appli-
cation of an partial differential operator to a function u roughens it. Intuitively,
if w is to fulfill (1) (even in the distributional sense) it must be smooth enough
to produce f, and the larger t is the smoother the function u has to be. Hence,
solving (1) for u means in effect calculating smoother versions of f.

However, equation (1) is not an evolution equation of parabolic type. Al-
though it is not done in this article, one has the opportunity to tackle this



86 B. Burgeth, S. Didas, and J. Weickert

equation with the highly developed numerical methods for elliptic PDEs. Fur-
thermore, inhomogeneous PDEs might be the starting point for a fruitful nonlin-
ear and anisotropic theory, just as it was the case for the Gaussian scale-space.
We will examine the smoothing procedure ruled by (1), establish the associated
convolution semi-group properties by spectral methods. In contrast to the scale-
space examples mentioned above this semi-group is not of exponential type.

The associated integral representation kernels are explicitly known as Bessel
potentials, a generalisation of Riesz potentials. Hence, the properties of this
scale-space can be explored also with methods from real analysis.

The paper is structured as follows: In the following section we use the Fourier
transform a function f € L?(IR™) given by

F(F)k) = / e £() dr

n

to study (1). This will lead directly to the definition of the Bessel scale-space.
After a study of its properties we will also present scaled versions of the Bessel
scale-space. Experiments illustrating the potential and limitations of the novel
scale-spaces are described in Section 3. A summary and an outlook for ongoing
in Section 4 complete the paper.

2 Bessel Scale-Space

We recall that the action of the differential operator A is multiplication by
— 47|k|?, implying that (1) Fourier transforms into

(1+4m2k[>)za=f.

According to theory of spectral methods for PDEs this entails that formally the
solutions to (1) are computed via convolution with the integral kernel G, (-, )
which appears as the inverse Fourier transform of

1

F(Gn)(5t) = W

)

that is,
1

Go(z,t) = / - emik(e) g
W (1+ 472 [k ]2)5

This integral can be evaluated in every dimension n yielding the known explicit
formula for the Bessel kernels [23,9]

1 Kot (J2])
Nz " /3 n+t—2p(%) |;p|"T7'

I" denotes the Gamma function and K, stands for the modified Bessel function
of third kind with index v.

Gp(z,t) =
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Fig.1. Left: Comparison of the exponential and Bessel functions Ko, K1 and Ko.
Right: Examples of the Bessel kernel for n = 1 with ¢t = 1.5, 3, 6.

The Bessel functions K, can be evaluated via fast converging series expan-
sions and three-term recursive formulas. For more details see [1]. Figure 1 com-
pares the exponential function e™* with some Bessel functions. The Bessel func-
tions are exponentially decaying for large x.

Using formulas in [1] for K, one can derive explicit expressions of Bessel
kernels for special values of ¢:

1
G — — |z
n(xvn ]‘) . 7T_%2n1—1(n~2‘rl) € )

which is a continuous function, not differentiable at x = 0, and

1

] = ||
W%2n+1p(n7+3)( +z|)e )

Gn(x,n+3) =

which is in fact twice continuous differentiable in IR".

This has an interesting effect: a merely continuous function convolved with
G (z,n + k) produces only a C*~!-smoothed version. This behaviour is dif-
ferent from Gaussian, Poissonian, or relativistic scale-spaces, where the filtered
functions are even analytical for every scale parameter ¢t > 0.

Figure 2 displays the Bessel kernel for various values of ¢ and also its com-
parison with a Poisson and a Gaussian kernel.

For notational convenience we define the operator R} on L?(IR™) via the
convolution
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Fig. 2. Left: Comparison between different kernels including Bessel (7 = 1), Gaussian,
and Poisson kernel in 1D centered at the origin with ¢ = 3. Right: Comparison of the
asymptotic behaviour of the same kernels for large values of = (logarithmic scale on
y-axis).

2.1 Behaviour of G, (-,t) in the Limit ¢ | 0

According to a theorem of P. Levi [5] stating the continuity of the (inverse)
Fourier transform the relation
1

f(R?)(k):mel ift|o0

confirms that R} approximates the identity operator [ in the distributional sense
if ¢ is small. This can also be shown by methods from real analysis based on the
explicit knowledge of the Bessel potentials.

2.2 Semigroup Properties

From the theory of contraction semi-groups [16] we infer that the operator R}
determines a contraction semi-group on L?(IR") . Indeed, in view of Plancherel’s
theorem, it is enough to verify that the Fourier transforms F(R}) of the family
{R}} satisfy the conditions

L F(RG)F(f) = F(R)SF(RY)F(f) = F(RY)F(RY)F(f) for all s,¢ >0,
2. | FEBHF(S) = FROHFflle — 0 for  t— s,
3. F(Ry) = 1, expressing the fact that Ry = I, the identity ,

4. |FRHF(H)ll2 < IF(f)]l2, the contraction property .

Due to the properties of the elementary functions (Tlﬂ)t with ¢ > 0 it is not
difficult to check that the operator R} indeed fulfills these conditions.
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2.3 Regularity
We define the Sobolev spaces H*(IR"™) as in [30] (with 27k instead of k) by

H*(R") == {u € LX(R™) | (1+472[k[2)* F(u) € L2(IR”)}

for all functions in L*(IR") and s € RR.
Then it follows without difficulty that R} increases the regularity:

R} : H¥(R") — H*T'(IR™)

In this sense the operator indeed produces smoother versions 4! = R f of a
given f € L2(IR™). Summarising the analysis above we state

Proposition 2.1. 1. The families of operators {R} | t > 0} form an additive
semi-group for any fived n > 0.

2. For every t > 0 the average grey-value is preserved under the action of R}.

3. The operators R} are translational invariant.

However, it is not difficult to see that the Bessel scale-space is not scale invariant.
As already indicated before, the scale parameter ¢ plays also the role of a smooth-
ing parameter; roughly speaking, the smoothness is increased by ¢. This is not
the case for the standard linear scale spaces, where the smoothness of the filtered
signal immediately jumps to its highest level, analyticity.

2.4 Scaled Bessel Scale-Spaces

The following generalisation of the Bessel kernel is close at hand: we introduce
a scaling parameter 7 > 0 via

G, (v) = 1"GY (1)

Then we have .

(1 + 4m272|E[2)5

furthermore, all the properties of G} mentioned above carry over, essentially
verbatim, to G7 ., including semi-group, contraction and limit properties. R},
denotes the corresponding convolution operator. For 7 = 0 the operator degen-
erates to the identity, Ry, = I, while for 7 = 1 we obtain the Bessel scale-space,
R}y =R} .

Numerical examples for these scaled versions of the Bessel scale-space are
presented in the following experimental section.

F(GE) (k) =

3 Numerical Experiments

In this section we display some results of numerical experiments to visualise the
properties of the Bessel and the scaled Bessel scale-spaces. We contrast the novel
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Bessel with the Gaussian scale-space. First we take a look at the Bessel and
Gaussian scale-space in 1D. The results are captured in a 3D-plot in Fig. 3. We
have chosen a signal with discontinuities to visualise the regularising properties of
the Bessel scale-space. The differences are not dramatic, especially since the weaker
regularity of the Bessel-filtered signals is not discernable from the analyticity of the
Gaussian filtered results. In order to compare the effect of Gauss and Bessel filtering
of 2D-images we utilised so-called co-histograms [14]. Co-histograms
hy.g(m,n) are 2D-histograms encoding the frequency of ordered pairs of grey values
(m, n) of an image pair (f, g). They are constructed via the formula

hpg(k,l) = MNZZ(S fijs k) - 6(gi5:1)

=1 j=1

where 0 stands for the Kronecker symbol and M x N is the size of the images
f,g. Figure 4 depicts the co-histogram as a grey value image. Differences in the
images f and g result in asymmetry of the co-histogram and its departure from
being diagonal. At the very beginning Gauss and Bessel filtering of the office
image without noise do not yet have a strong effect (¢ = 0.1), hence the diagonal
dominant form of the co-histogram. The appearance changes with increasing
scale t, furthermore, in the limit ¢ — oo the co-histogram will tend towards one
bright spot on the diagonal marking the average grey value common to both
filter processes. For larger times there is no visible difference in the ability of
removing (Gaussian) noise between the two scale-space concepts. Only for very
small times there is a discrepancy indicated by the spread of the corresponding
co-histogram (Fig. 4, middle column, second row).

The situation is different for a binary image (last column of Fig. 4); in this
case the co-histograms indicate a clearly discernable difference between the two
types of filtering throughout the evolution processes.

We remark that fixing the parameter ¢t and using 7 as parameter also leads
to a scale-space structure, referred to as the scaled Bessel scale-space in the
previous chapter. Fig. 5 contrasts a scaled version (right column) with the non-
scaled version of the Bessel scale-space. One may notice the convergence towards
the mean value for increasing values of ¢ or 7, respectively.

4 Conclusion

The goal of this paper is to introduce the novel two-parameter family of Bessel
scale-spaces. In proposing this peculiar example we hope to convey our opinion
that not only parabolic (pseudo-)differential equations can serve as a birthplace
for scale-spaces. The underlying Bessel convolution semi-group turned out to
possess a non-exponential Fourier transform. The degree of smoothness of the
filtered data grows steadily (in terms of Sobolev exponents) for increasing scale
parameter ¢, in contrast to other common scale-spaces. Nevertheless, opposite
to the a-scale-spaces these new scale-spaces admit integral representations with
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Fig. 3. Bessel scale-space in 1D. Left column, top : Smoothing of a signal in Bessel
scale-space. Left column, middle : Smoothing of this signal in Gaussian scale-space.
Left column, bottom : Difference in signal evolution w.r.t. scale-spaces above. Note
that the scale on the z-axis has been stretched by the factor 7 in comparison with the
images above. Right column: The same with noisy signal (Gaussian noise added to the
original signal on the left).



92 B. Burgeth, S. Didas, and J. Weickert

Fig. 4. Co-histograms: Comparison of Gaussian and Bessel scale-space in 2D. Top row:

Original images. Second row: Co-histograms comparing Gauss and Bessel filtering of
the corresponding images of the first row with ¢ = 0.1. Third row: The same with
t = 10. Fourth row: The same with ¢ = 100.
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Fig. 5. Comparing non-scaled and scaled Bessel scale-spaces in 2D. Left column: Non-
scaled Bessel scale-space, 7 = 1. Left column, from top to bottom: t = 0, 10, 100, 1000.

Right column: Scaled Bessel scale-space, with fixed ¢ = 100. Right column, from top to
bottom: T =0, 0.1, 1, 10.
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explicitly known kernels. They involve modified Bessel functions K, of the third
kind and hence bear some resemblance to the relativistic scale-spaces.

Ongoing research on Bessel scale-spaces encompasses studies of variational

formulations, special features as well as non-linear extensions and their numerical
treatment.

Acknowledgements. We gratefully acknowledge partly funding by the Deut-
sche Forschungsgemeinschaft (DFG), project WE 2602/2-2.
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Abstract. Inner products of Sobolev type are extremely useful for im-
age reconstruction of images from a sparse set of a-scale space features.
The common (non)-linear reconstruction frameworks, follow an Euler La-
grange minimization. If the Lagrangian (prior) is a norm induced by an
inner product of a Hilbert space, this Euler Lagrange minimization boils
down to a simple orthogonal projection within the corresponding Hilbert
space. This basic observation has been overlooked in image analysis for
the cases where the Lagrangian equals a norm of Sobolev type, result-
ing in iterative (non-linear) numerical methods, where already an exact
solution with non-iterative linear algorithm is at hand. Therefore we
provide a general theory on linear image reconstructions and metameric
classes of images. By applying this theory we obtain visually more attrac-
tive reconstructions than the previously proposed linear methods and we
find connected curves in the metameric class of images, determined by a
fixed set of linear features, with a monotonic increase of smoothness. Al-
though the theory can be applied to any linear feature reconstruction or
principle component analysis, we mainly focus on reconstructions from
so-called topological features (such as top-points and grey-value flux) in
scale space, obtained from geometrical observations in the deep structure
of a scale space.

Keywords: Scale Space, Sobolev Spaces, Gelfand Triples, Tikhonov
Regularization, Top Point Reconstruction, Deep Structure, Flux Fea-
tures.

1 Introduction

In linear scale space theory one obtains a so-called a-scale space representation
u§ - R? x Rt — R of a grey value image image f € Ly(R?) by means of a

* The Netherlands Organization for Scientific Research is gratefully acknowledged for
financial support.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 96-111, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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holomorphic semi group generated by —(—A)*, 0 < a < 1. Such a scale space
is obtained by means of a convolution

uf(x,8) = (K¢ * f)(x),s>0,x € R,

where K = F~lw — e_s”‘””h]. These isotropic linear scale space representa-
tions follow from a list of fundamental axioms, cf.[1] and the most common cases
are « = 1 and o = % leading to respectively a diffusion system and o = 1/2 a
potential system on the upper space s > 0. In these cases the convolution kernel
equals respectively the Gaussian kernel and the Poisson kernel:

2 S

1 (B 1
Kli{x)= —— ¢ a5 and K2 (x) = . 1
*0 = Tamr W e

In a-scale space one can use all kinds of differential invariants to detect local
structure such as corners and lines. These differential invariants @ : C>°(R?) —
C>(R%) are algebraic (not necessarily linear) combinations of so-called
a-derivatives of f € Ly(R?), given by

DVf =DK%+ f) = (D"KM«+f, s>0ac(0,1,n=(n',...,n%) e N

(2)
such that they are Euclidean invariant, i.e. @ olUy; = U, o P, for all g within the
Euclidean motion group G' = R% x SO(d), where U : G — B(LLz(R%)) is given by
Ug¢(x) = ’(/}(R_l(x - b))’g = (b, R) €aG.

Notice that the a-derivatives given by (2) are bounded (and thereby well-
posed) operators on Ly (R?), which is clearly not the case for the usual derivative
operators. This statement directly follows from the Plancherel Theorem and the
fact that w — wPe=s1«*" is uniformly bounded on R for allp € N. Incased = 2 a
complete set of functionally independent differential invariants up to second or-
der is given by {u, ui—&—ui, Ugz +Uyy, umui—quyuxuy—&—uyyui, uxuyum—uiuw—k
uzumy — Uz Uylyy }. By introducing Gauge coordinates w, v, where w is along the
gradient of u = u§ and v orthogonal to it, i.e. e, (x) = ”g%u” and e, (x) = Rzey,
these differential invariants are simply expressed as {u, Uy, Uww + Upp, Uy, Uy }-
Beyond Euclidean invariance, there is affine invariance. A differential invari-
ant @ : C°(R?) — C*®(RY) is called affine invariant if U, ® = ®U,, for all
g € R? x A(d), where A(d) = {M € GL(d) : det M = 1}. In the case d = 2, we
have that every element in A(2) is a composite of a rotation, shearing and an
axis-rescaling. The respective matrix representations of these linear mappings
are given by

cosf —sinf lc A0
R9_<51n9 cos )’ SC_(Ol)’ LA_(O)\1>’ (3)

0 € [0,27),c € R and A € R. Consequently, a differential invariant which is
also invariant under (the left regular actions of) the subgroups {S. | ¢ € R}
and {Lx | A € R} is affine invariant. The affine invariants up to second or-
der are given by {u,det Hy(u), (Rx/2Vxu)" Hx(u)R;/sVu} or equivalently in
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2 U2y, . With respect to affine invariants
on u‘}“(, s) it should be noticed that they do not correspond to affine features on
the original image f, since in general for g = (A, b) and ug, (-, s) = Uy uf (-, s)
holds for all f € Ly(R?) if and only if A is orthogonal.

In this article we focus on the question:
7 Given a sparse set of linear scale space features can we obtain an approzimate
reconstruction of the original image f in a fast operational and linear method ¢ 7.

Gauge-coordinates {u, UyyUyw — u?

A FEuclidean invariant way of obtaining features from an image f is by means
of differential invariants (on u}) as described above, but they are mostly non-
linear with respect to f. Therefore we select points where certain differential
invariants vanish and compute the n-th order jet at these points, where n equals
the order of the differential invariant, which are linear features of the type given
by equality (2), so-called a-derivatives. Notice to this end that this does not
affect Euclidean invariance of the reconstruction algorithm we will present.

It is a well known problem that the construction of f from wy(-,s) for any
s > 0 fixed is extremely ill-posed, as it requires an inverse convolution of the
low-pass filter K&. By considering multiple orientations (leading to a so-called
orientation score) and proper directed wavelets one can get around this problem,
as is shown in [2], but here we will consider multiple scale representations rather
than multiple orientation representations of images. In theory an a-scale space
is analytic in (x,y, s), but again computing an image reconstruction by means
of Taylor expansion of (in)finite order from a single point in scale space is highly
ill-posed. Nevertheless, it is possible to give an approximate reconstruction of f
from a sparse set of linear features obtained by means of a-derivatives, which
should be considered as an interpolation rather than an inverse convolution. But
first we will study the topological structure of a scale space, also known as deep
structure, as it seems most reasonable that the features should at least capture
the topological structure of the scale space.

2 Deep Structure

The topological structure in a scale space and in particular the change of topo-
logical structure of u(-, s) over s > 0, reflects the hierarchical structure of objects
(like blobs) in an image. As the resolution increases extrema disappear until at
finite scale S > 0 only one extremum is left, cf.[3]. Points in scale space where a
saddle and extremum annihilate or points where an extremum and a saddle are
created are called top-points. The set of top-points is given by

{(x,5) | (det Hxu(+, s))(x) = 0 and (Vxu(-, s))(x) = 0}.

Notice that in a top point all affine differential invariants vanish.! At these
points the topological structure changes. Other interesting points in scale space

! The other way around need not be true: uy,u, = 0 and det Hu(+, s) = 0 is equivalent
t0 uw = det Hu(+, s) = 0 or tyy = uyw = 0. In the latter case the isophote curvature
and the flowline curvature vanish, i.e. the isophotes and flowlines are straight lines.



Linear Image Reconstruction from a Sparse Set of a-Scale Space Features 99

are scale space saddles?, these are exactly those points were Vyx su(x, s) = (0,0),
cf. [4]. For investigation on the stability of top-points we refer to Balmachnova
et al.[5].

Another important geometrical quantity is the grey-value flow within an «
scale space u§ of image f. This multi-scale vector field is given by

Foluf](x,s) = (£ f)(%), (4)
where f¢(x) = FHw — iwﬁw e=s1«I**](x). To this end we notice that
8 [e% o, 3
&[uf] =—(-4) uf = divFq[uy],

iy w- The
grey-value flow tells us how the grey-value particles flow within the scale space
representation and reveals the interaction between extremal paths in scale space.
We will use this flux vector field to compute so-called flux features. For the spe-
cial case of a Gaussian scale space a = 1 the grey-value flow is obtained by means
of the gradient as we have Fo—[uf](x,s) = Vyus(x,s) and f2=! = VK (x).
For the special case of a Poisson scale space a = % the grey value flow is ob-

which is easily verified in the Fourier domain: —||w||*® = iw -

tained by means of the Riesz transform F,_1[us](x,s) = Rxus(x,s) and fo ?

equals the vector-valued conjugate Poisson kernel: fo ( ) = RxK Y 2( ) =
x . By extending a scale space with its flow, one obtains a vector

0‘”1 (s2+]1x[2) 5
scale space which equals the first order jet of a Gaussian scale space if a = 1

and which equals the monogenic scale space, cf.[6], if « = 1/2.

3 Linear Image Reconstruction Schemes

In this section we will generalize the standard linear reconstruction scheme from
the usual case where the space of images is modelled as Lo(R?) to the more
general case of an arbitrary Hilbert space H. Later we consider the case where
H is a Hilbert space of Sobolev-type.

Let {1x }7_, be a set of n continuous linear functionals (features) on a Hilbert
space H, which are linearly independent. Then by the Riesz representation the-
orem there exist unique {¢x}}_; in H such that (Yx, f) = (¢¥x, f)u , for all
f € H. The values (¢, f)u, k =1,...,n are called features. Let V' be the span
of {¢x}7_,. Two images f,g € H have the same features iff f —g € V+. This
defines an equivalence relation on H and the equivalence classes are given by

[fl={9eH|g~ft=f+V".

2 As is shown in [1], there do not exist interior extrema (with respect to scale and
position) in a-scale spaces.
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Theorem 1. Inside the metameric class of images, the unique element with
minimal H-norm equals the orthogonal projection of f onto V :

Pvf= Z Pk, (5)

where the reciprocal base vectors are given by Y = Z G*afy, where Z G*FGyy =
=1

&5, with Gramm-matriz: G = [Gr;] = [(Vr, ;) m]-
Proof. By the Pythagoras theorem we have

min |g||* = min [lg — Py f + Py f||* = min ||g = Py f|* + [PV f|*  (6)
9€lf] g€lf] g€lf]

and this equals ||Py f||? only in the case g = Py f. Finally we notice that a
closed? linear subspace of a Hilbert space is again a Hilbert space and thereby
the orthogonal projection is unique. O

The special case H = Lo(R?) in Theorem 1, is a standard linear reconstruction
scheme in image analysis, see for example [7] and later [8], [9]. In image analy-
sis this reconstruction theory is usually put in a more indirect Euler-Lagrange
framework. For example in the work of Nielsen and Lillholm, cf. [7], [8], where it
is already mentioned that the prior need not be an Ly-norm and that there exist
much better priors (in the sense that one clearly obtains visually more appealing
image reconstructions), such as minimal entropy and a first order Sobolev-norm.
But they were unaware of Theorem 1 and thereby they used iterative non-linear
schemes to approximate the global minimum. In case of a minimum entropy
based prior, which is not* a norm induced by an inner product, this is plausible
(and probably the best you can get). However, in the case where the prior equals
a norm of Sobolev type the exact minimum is given by Py f. Lemma 1 shows
that if the prior is a norm on a Hilbert space this boils down to the same result
as in Theorem 1 (as it should).

Lemma 1. In the Euler Lagrange framework, the unique solution of the min-
imization of the convex positive energy E(g) = (g, g)u, under the conditions
(Vi g)m = ¢i € C (fized) for i = 1,...,n, where {1;} are linearly independent
in H ,satisfies

< DE(g), f >= ZM (i, f)a, foral f e H (7)

and is given by the orthogonal projection g = Py f, given by (5), of the original
image [ on the linear span V' of the filters ;.

3 A finite dimensional subspace is always closed, but this statement reveals how to
deal with the case n — oo.

4 A norm on a vector space V is induced by an inner product iff the parallelogram law
Ix+yl*+[x—yl*= 2(||XH2 + [ly||?) holds for all x,y € V. In this case the inner
product is given by (x,y) = 7 {IIx +y[* =[x = y[* +ilx — iy[|* —ilx +iy|*}.



Linear Image Reconstruction from a Sparse Set of a-Scale Space Features 101

Proof. The uniqueness and last part of the proof is already given by Theorem
1. With respect to the first part we only mention that the Gateaux variation of
the energy at ¢ in the direction of f is given by

E(g+ M) - E(f)

< DE(g), f >= hm S

=(g,f), forall fe H

and the Lagrange multipliers must be equal to \' = (¥, g), where {¢*}7
denotes the reciprocal basis. O

Instead of iterative schemes we use directly compute the exact solution Py f, for
the cases (recall the example in section 4.1) where the Hilbert space H equals
a space of Sobolev-type, for example HY?(R?) = {f € Lo(R?) | (Rf,Rf) =
(R?f, f) < oo}, where R = (I+72k|A|k)%, k=1,2,...,v >0, as explained in
Corollary 1. In the next chapter we will deal with some important theoretical
issues that inevitably arise when working with spaces of Sobolev type, but it
is not necessary to understand all details to understand the algorithm from a
practical point of view. At this point, if the reader is not interested in these more
theoretical aspects, we directly refer to Figures 2 and 1 and Corollaries 1, 2.

4 Gelfand Triples

Let H be a complex Hilbert space and R an unbounded, positive and selfadjoint
operator on H, for which the inverse R ™! is bounded. Note that the boundedness
of R~! implies that the domain D(R) = {f € H | Rf € H} equals D(R) =
RY(H).

Definition 1. Define the space H' as the linear space D(R) equipped with the
inner product (f,g)r = (Rf,Rg)m for all f,g € H.

Notice that H' is again a Hilbert space: Let f, be a Cauchy sequence in H'.
Then R f, is a Cauchy sequence in H. H is a Hilbert space, so Rf, — ¢ in H,
for some g € H. But then, since R™! is bounded, it follows that f, is also a
Cauchy sequence in H: ||f, — ful < IR7HIRfn — Rfmll- So fn — f in H,
for some f € H. Now R is self adjoint and therefore closed, so f € D(R) and
Rf = g. Now we have Rf, — Rf in H, so f, — fin H and f € H'.

Definition 2. Define the Hilbert space H™1 as the completion of H equipped
with the inner product (f,g)—1 = (R™1f,R1g)n

The operator R on H induces the map R : H! — H by Rf = Rf for all
f € H' = D(R). Since ||7?,f||H = ||fllr for all f € H', the map R is an
isometry. By boundedness of R, it follows that R is also surjective and hence
a unitary map.

Define R : D(R) — H~! by Rf = Rf for all f € D(R). Since |Rf|_-; =
| f|lz for all f € D(R), the map R is closable and its extension is an isometry.
Since R(D(R)) = H and H is dense in H~' the closure is also surjective, hence
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a unitary map. Write R for the closure of R. Hence the following triple (known
as Gelfand Triple) is obtained

HT (8)

[ 2

iyt

It follows by the Riesz representation theorem and the unitarity of R and R
that the space H ! is naturally isomorphic to the anti-dual space of H I under

the pairing (F, f) = (R™'F,Rf)y for all F € H-! and f € H'. Note that by
the selfadjoint-ness of R
(F.f)=(F, f)n (9)

if F e H for all f € H'. In this paper R, R and 7:?, are all denoted by the same
symbol R. From the context it is clear which operator is meant by this symbol.

4.1 Spaces of Sobolev Type

By a Theorem of John von Neumann, [10]p.200, we have that for every closed
densely defined operator A4 in a Hilbert space H the operator A*A is self adjoint
and (I + A*A) has a bounded inverse. So a particular case of a Gelfand triple
is obtained by setting R = (I + .A*A)Y/2, where A is a closed densely defined
operator. In that case we have

Example 1: Let & € N. Then it is well-known that the operator Dy = (1 +
72k AF) 2 with domain H!2(R?) is an unbounded, positive and self-adjoint op-
erator on Ly (R?) with bounded inverse. So A = y(v/—A)* and R = Dj, and we
obtain the Gelfand triple

H%?(R?) < Lo(R?) — HI %2 (R?). (11)

For a detailed discussion on these spaces, in particular v = 1, we refer to [10]1.10,
pp-56.

Remark: The Gelfand triple structure is interesting for the case that A is un-
bounded, since if A is bounded (and thereby R is bounded) we have by (10)
that :

A1 < A7 < L+ AP I3

so the norms (and the thereby induced topologies) are equivalent. Moreover, if
A is bounded the set D(R) equals H and the Riesz representant of f — (¢, f)
in H! is given by R™2¢ = (I + A*A)"1¢:

(R72¢, /)1 =R, Rf)u = (RR™'¢, f)u = (6, [)u-

Summarizing, if A is bounded the sets H' and H are equal and by the Riesz
representation theorem H is unitary equivalent with its dual H’, so operator A
only tells us how H is identified with H’.
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4.2 Trajectory Spaces

In a Hilbert Space H we consider the general evolution equatlon = Au, with
A a negative unbounded self-adjoint operator. A is the 1nﬁn1te51mal generator of
a holomorphic semi-group. Solutions u(+) : (0,00) — H of this equation are called
trajectories. Such a trajectory may or may not correspond to an ”initial condition
at s = 07 in H. The set of trajectories is considered as a space of generalized
functions. The test function space is defined to be Sy 4 = |J e**(H).
s>0

Theorem 2. Let H be a Hilbert space. Let QQ be a strongly continuous, holomor-
phic semigroup, with infinitesimal generator A < 0. Then Sg, 4 consists exactly
of those f € D(A>) such that

oo

Z 2— A% £ < oo for a certain s >0 . (12)

This is a well-known result in functional analysis and its proof can for example
be found in [11] or [1]Appendix, Thm 11. Now by taking R = e~** on H, with
bounded inverse e** we obtain the following Gelfand-triples:

Sua S HS Sy . (13)
Example: H = Ly(RY), A = A, then (R71f) = K! x f, where K! is the
Gaussian kernel, recall (1), and we obtain the Gelfand triple

SELRHY S s (14)

where Sp,giya =S = {¢p € C(RY) | Vieq sup Ix¥p(@| < 0o} is the usual

x€R

Schwarz space.®

4.3 A Linear Image Reconstruction Based on Inner Products of
Sobolev Type

By taking the space of images H! (for example H! = H%k’z(Rd) or HI =
SL,(R(a)),—(—a)) in Theorem 1 we obtain the metameric class

[f1={g € H! | (K, /)1 = (Kk,9)1, for k=1,...,n}, with ki = R %pk=1,...n
and the optimal solution within this metameric class arg mgl] lgll3;:, is given
g€

by g = Py f. Notice that (kx,g)r = (Yr, 9)L,(®2), so the metameric classes still
consist of images (within H') with the same features. But initially, the space of
images was the modeled by H = ILy(IR?) space (and not the smooth space H'),
so we want our metameric classes within Lo(R?) rather than H!. Theorem 3,
takes care of this.

® In case of the Poisson semigroup (A = —/—A) leads to the Gelfand-Shilov space
S rather than the Schwarz space, see [1].
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Theorem 3. Let f € H. Let [f] denote the metameric class of all elements
g € H such that

g~ f And (’R’_lf&Rﬁk)I = (R_lgaRﬁk)I ’ fOT’ all k = ]-a s

with ki, € H'T, i.e. Rk € H'. Then the unique solution of the minimization

n . .
problem. _min_ gl is given by g = PF'S = 3 (Re', R ) 1mi, with vt =
ge sgr~

i=1
> Giik;, where Y G*Gy; = 65, with Grj = (K, k5)1-
j=1 k=1

Proof. First notice that PZ*" is the natural extension of Py, i.e. the restriction
of P&** to H I equals Py Pgrt| g1 = Py, which directly follows by the fact that
R is self adjoint and therefore

(R, R™Yf)r = (3, f); for all f € H' and o € H'L. (15)

Without loss of generality we may assume that {x;} is an orthonormal base in
H;. Then we have g — Pg" f LPG*t, since by f ~ g and (15) it follows that

(9 — PP f, Py )r = (Re! RV f)(g, 5) — (R, RTIF) (R, RTHF) = 0.

So again Pythagoras: min = Il’llIl PELf4PE |2 = min —
gain Pythagoras: min  |lgll7 = min lg—P§"f M= min lg

P + [|PEfF we conclude that thls equals ;n ||g||1 = ||736“"tf||1 iff
g= Pe:rt ’ O

By taking the respective pairs H = Ly(R%), R = (I+7%*|A[F)? and H = Ly(R?),
R = 341" in Theorem 3 we obtain the following corollaries:

Corollary 1. Let f € Lo(R%). Let [f] denote the equivalence class of all ele-
ments g € La(R?) such that

g~ fe Wk, @) = Wk, 9)L,m®2), forallk=1,...,n

Then the unique solution of the minimization problem

. 2 . 2k k
min gl = min qg,9 2y + (g,7"|Al%g 2
QGHQ’Q(RQ),QNf || ||]HI§ 2(]1{2) QGH.’?{'Z(RQ),ng( )]LQ(R ) ( | | )]LQ(R )

18 given by g = P{E’”tf, where P& f = ((I+72k|4|k)%f€i7 (I+’72k|A|k)_%f)m,ﬁ»?(m?)"‘ii

where k* are the reciproke vectors of ky, = (I 4+ ~*F|A[F) "2y,

Important Notice that k = R 5 * 1, where R PO(x) = F Y (w — =(1+

2k |w|?#)71)(x) is the reproducmg kernel (at 0) of sz(Rz), for k > 1, see
Appendix. The reproducing kernels are needed to project Lo-linear onto linear
Sobolev-features, which is the basic reason for the succes of our approach to
feature reconstruction: The features themselves do not change, but the projection
basis is subject to a Tikhonov regularization. In this way ” the reconstructed
Lena gets rid of her smallpox 7, see fig 1.
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Corollary 2. Let f € Lo(R%). Let [f] denote the equivalence class of all ele-
ments g € La(R?) such that

g~ e Wk, flr,me) = Wk, 9)Lom2y, for allk=1,... n.
Then the unique solution of the minimization problem

o

. 2k ak
min 95 9)La(r2) T 9,57 |AI* g)L, (2 16
geSLQ(L{2)77|A‘u7ng( )2( ) kzz:l( ‘ ‘ )2( ) ( )

is given by g = PE' f, where P&t f = (e3141% k1 e=31481% g ks, where

La(R2),— Al

. _ ) pjan —2
k' are the reciproke vectors of k; = (e21417) "y = K)o # Ko x i = K& 5.

P

L2(R%) f+v*

'Y/ v f=Pyy=of
T — 7 =|Yont

f

-

Fig. 1. Tllustration of metameric class f+ V* of images with equal features. For v = 0

Py,y=1f

we have a orthogonal projection. For v > 0 this projection is orthogonal in H’fY’Q(RQ)
and thereby it is a skew projection in L2 (R?). We obtain a connected curve parametized
by v where smoothness of the projection increases with v > 0.

We are mainly interested in the case where the features are obtained by -
derivatives within the scale space image u of the original image f, i.e. ¥ (x) =
(T, D™ K¢ )(x) = D™ K¢ (x—by) for some multi-index ny, some position by, €
R? and some scale sj. In this case we can analytically compute the Grammian
matrix (and thereby analytically compute the solution g = P f):

Grj = (K, 155)S, oy a0 = (R RTZ)S, o) e = (R7108 R, 2

n s (ng+njy)
= (7o, D™ K 4 (s/2): To, DV KL (421 (r2) = (Kso;+sk+s) (b —bj) .
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Important: Here again the features are preserved and the base functions are
smoothed. But now the smoothing kernels are given by the a-kernels themselves
rather than the reproducing kernels of the isotropic Sobolev-spaces in the pre-
vious corollary. So instead of Tikhonov-regularization we smooth according to
ordinary a-scale spaces. The relation between these 2 extreme ways of smoothing
is given by the Laplace transform with respect to the scale parameter

Ls > K2)(v~2%) = 4?* REDO for all v > 0, where k = a. (17)

By interchanging the order of Laplace transformation and integration, it is not
difficult to obtain an analytic formula for the Grammian matrix in Corollary 1
(and thereby analytic formulas for the orthogonal projection) for the cases where

a=k.
|
l

Fig. 2. Reconstruction from 31 top-points of “Lena’s eye” with up to second order

features only. The upper row shows the original image and reconstructions with v =0
and v = 5. The second row shows reconstructions with v = 22, v = 50 and v = 250.
The first image in the second row shows the reconstruction with the lowest relative
La-error. For more details on evaluation we refer to our earlier work,[12],[13].

5 Flux-Features

Besides the regularizing effect of minimizing Sobolev norms there is another
advantage of using Sobolev inner products: There exist several interesting fea-
tures (such as grey-value fluxes) of images which can be constructed by means of
Sobolev inner products, but which can not be constructed in the usual framework
of Ly-inner products. For example point evaluation d,(f) = f(a) is a continuous
linear functional on H§’2(R2), k > 1. As a result (by the Riesz representation
Theorem) there exists reproducing kernels, see Appendix A, Ri’,y € H§’2(R2),
k > 1 such that da(f) = f(a) = (raRj ., f), which makes point evaluations
linear features. This can not be done within the more familiar Ly(R?) space.
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Another example of new possible linear features are so-called flux-features on
images. They are given by the linear functionals

f=1Ia(f) = / % do, f e H2(R?).
o8

where §2 is a bounded region in R?, with surface measure ;(§2) < oo with a ori-
entable piecewise smooth boundary 0f2 with outward normal n. These linear func-
tionals are continuous on Hf/z(R2) if £ > 2, which directly follows by Gauss di-
vergence theorem and Cauchy-Schwarz: |Io(f)| < U!Z Afdx‘ < u($2) ||f||H3,2(R2).

As a result there exist flux-kernels ¢ ko in H52(R?), k > 2, such that

IQ(f) = ((Zsﬂ,k,'y, f)H,lj’z(lRQ)'

The Practical Reason for Flux Features: In the previous chapters we im-
proved the top-point reconstruction by introducing spaces of Sobolev-type. The
idea was to pick a smooth element within the metameric class of images with top-
points at the same locations as the locations of the top-points of the scale space
of the original image f, where a positive parameter controls the smoothness of
this reconstruction. By increasing this parameter (7 > 0 in Corollary 1 or s > 0
in Corollary 2) this representant becomes smoother and thereby the number of
extra top points of the scale space of this representant is reduced. Nevertheless,
in practice there exist an upper bound to the parameter v, since if the repre-
sentant becomes too smooth, the contrasting areas (such as corners/edges) will
vanish, which results in so-called “edge-leaking*, cf.[12]. Therefore, we propose
to reduce the number of extra top-points in the representant by means of extra
features. Flux-features obtained by surfaces around critical paths in scale space
are highly suitable for this purpose, as they describe how grey-value particles
flow between extremal paths.

5.1 Definition and Implementation of Flux Features in Scale Space

Definition 3. Let s > 0, f € Lo(R?), with a-scale space representation uy =
K& f. Let 2 be a bounded region in R? with an orientable piecewise smooth
boundary 082 with outward normal n. Then we define the flux feature I%(f,s) =
Z [ug(z t)de
2 t=s

We notice that by means of Gauss’ divergence theorem and changing the order
of differentiation with respect to s > 0 and integration over {2 we can relate
flow-vector fields Fou§ (-, s), recall (4), to flux-features

I&(f,s) = fg Zuf(x,s) dx = rfz —(=4)*uf(x,s) dx = 3:gdiVFoé uf(x,s) dx
:a{z Fo u$(x,s) n(x) do(x),

(18)
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Recall that F; equals the gradient operator F; = V and F 1 equals the Riesz
transform F1 = R. So, in case & = 1 and in case a = 1/2 we have

I}xf,s):aéwcwx) L2(09) = [ abxs) n(0 do(), (19)

1
where q = f2 * f denotes the conjugate Poisson scale space.

Top point

Grey-value flow of grey-value particles through surface 2 around an extremal
path in scale space

Definition 4. Let 2 = {(x,5) € R? x [0,00) | 0 < 51 < 5 < 89, € 2, C
R2}, where for all s > 0, §2, is a bounded region in R?, with an orientable
piecewise smooth boundary 02 with outward normal m. Suppose the lifetime of
a grey-value particle through scale space is negatively exponentially distributed
with expectation p=t. Then the grey-value flow trough 2 is given byP

S2

15 = = [ T(5.8) 7 s (20)

S1

Notice that £2 need not be equal to £2 x (s1,52) as 2, may vary in s > 0. By
straightforward computation and the Plancherel Theorem we have

I5(f,s) = —((=A)u§ (,8), La),@2) = —(w = [lw[** 4§ (w, ), La)L,@2)
W ol f(w),w M@(w)) (B2 (14 ]@]2*) dw)
= 7 2k ’ 2k La(R*; (1+v|lw dw
= (¢%75.s }ijl;”;:;lj) Vi+GIwD)
(21)

6 In case 2, = (2, i.e. 25 does not change over scale, and sp = 0 and s1 — co we obtain

Yok = %L[s — % ](1), where £ denotes the well-known Laplace transform.
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with f € La(R?), a € (0,1] and flux-kernel (/5?2’;77 [(ﬁn ) = FHw —

=]l 15, (w)]. Notice that the substitution k = 0 in e i
e . = quality (21) yields
Vitalwn® °

I2(f,s) = (¢?2’7%,f)L2 R2) only for s > 0. In case s = 0, where u$(-,0) = f, we
may write I3(f,0) = (ng e f)Hk 2 (g2) for k > 2. For k = 0 the inner product is
not defined. It now follows that Ia’”(f) (z/JQ o’ f)Hk 2 (g2, Where the netto flux

kernel needed to compute 12" (f) is simply given by wa Ho= ﬁ f G e ds.
so

Finally we notice that qbn ki = Kk * 055, where the flux-kernel ¢3;° is given

by

s _ 9 pa . o
?L,O aSKs * 19 = (leFaKs ) * 195. (22)

The case where (2, equals an ellips: In case of the disk {2, = Bg, there
are two reasonable options, either the flux kernel is evaluated via the Fourier
domain, which yields:

DB o(x >:—ag‘p2% (2) Jo(pr)e=7™" dp,  r=|x|,

where we notice that Flg(w) = ale(Z), [|w]| = p, or by means of (18), (19). In
case o = 1 we get

,8 BKi xX—
}Q,O(y): f %do—x

89
27 2 : 2
. i —(acos ¢—y;)“—(asin —yo)
:af{cos¢(%) —I—sm¢(%) }e T deo,
0

which is easily numerically approximated Finally, we notice that the ellips-case
2 = Eg(s),a(s),a(s) = 1X € R? | ||LMS) 0(3)X||2 (a(s))?}, 0(s) € [0,27), A(s) >
0,a(s) >0, recall (3), directly follows from the disk case by means of

¢BOa,( _1 RQ() ) XERd,S>0

¢9 =FEo(s).A(s).a(s)> k(%) = A(s)

6 Conclusion

The common (non)-linear reconstruction frameworks follow an Euler Lagrange
minimization. If the Lagrangian (prior) is a norm induced by an inner product of
a Hilbert space this Euler Lagrange minimization boils down to a simple orthog-
onal projection within the corresponding Hilbert space. This basic observation
has been overlooked in image analysis for the cases where the Lagrangian equals
a norm of Sobolev type resulting in iterative (non-linear) numerical methods,
where we provide exact solutions. By means of Gelfand triples we consider two
extreme cases (standard isotropic Sobolev spaces) and trajectory spaces. Al-
though the reconstruction algorithm is slightly simpler for the trajectory space
case, best results are obtained by minimizing isotropic Sobolev norms of low
order, taking into account that in both cases smoothness of the reconstruction
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is tuned by a positive parameter. In our opinion a linear reconstruction should
at least capture the topology (deep structure) of the scale space of the original
image. Therefore we only consider linear features inspired by the deep structure
of images. Besides top-points, the well-known scale space singularities, we in-
troduce the concept of flux-features. They describe the transport of grey-value
particles between extremal paths that lead to singular points in scale space. By
including these features we provide another tool to minimize spurious top-points
in the reconstruction image.
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A The Reproducing Kernels Riﬂ of the Sobolev Spaces
H5?(R?), k > 1.

In this section we compute the reproducing kernels Riﬁ of the Sobolev spaces
H§’2(R2), k > 1. They are needed in our reconstruction algorithms to relate Lo-
features to the Sobolev features on Hﬁvz(Rz), k > 1. Due to numerical limitations
(sampling) the cases which are most practically relevant are k = 0,1, 2, 3,4. The
(isotropic) functions x — Ri’ (%), which are illustrated in figure 3 , are bounded
iff k > 1, which coincides with the fact that H§’2(R2) is a functional Hilbert space
iff £ > 1.

Fig. 3. Plots of the graphs of the functions ||x|| — R} ., (x), for k = 1,2,3,4

Theorem 4. The space Hﬁvg(Rd) is a reproducing kernel space iff k > d/2. The
reproducing kernel (i.e. the Riesz-representant of the continuous point evalua-

tion, F(a) = (R;l,k,a7F)H§=2(Rd)) is then given by

RS} (@) = Qﬂi% FHwe €iw'aW)(@

_d=2 1 T 4 23
=r "z %\({th}%(p)l_,’_,kakadp? (28)
where r = ||z — a|| > 0, p = ||w|| and satisfies the following recursion: Rfi,zk,a =

N|—=

(Rdi,r + R4, ) In case ™ d = 2 we have RﬂY Iy a(:c)

ek v,k,a e 4k v,k,a

2k i i .
= 27(172 ISE}G’O (A/é’,g—kk | ak), where aj, = {akj}?il € Q% is given by ay; = %
Jor 1 <j <k, apyr) = k% andakj = ap(j—k-1) for k+2 < j < 2k.

In particular we have R7 e1.a(T)= Ko(,y) and RA/ 2.l T) = ﬁkeio(r/y),
with r = ||z — al|

" Where we notice that .J, is a Bessel function (first kind) of order y and Ko equals
the well-known BesselK-function of order 0 and the Kelvin function keip(v) =

(Ko (e =5 v) — Ky (e%mv)) and GSE}C’O denotes a Meyer-G function.
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Abstract. In this paper, we present a novel framework to carry out
computations on tensors, i.e. symmetric positive definite matrices. We
endow the space of tensors with an affine-invariant Riemannian metric,
which leads to strong theoretical properties: The space of positive definite
symmetric matrices is replaced by a regular and geodesically complete
manifold without boundaries. Thus, tensors with non-positive eigenval-
ues are at an infinite distance of any positive definite matrix. Moreover,
the tools of differential geometry apply and we generalize to tensors nu-
merous algorithms that were reserved to vector spaces. The application
of this framework to the processing of diffusion tensor images shows
very promising results. We apply this framework to the processing of
structure tensor images and show that it could help to extract low-level
features thanks to the affine-invariance of our metric. However, the same
affine-invariance causes the whole framework to be noise sensitive and
we believe that the choice of a more adapted metric could significantly
improve the robustness of the result.

1 Introduction

Symmetric positive definite matrices, or tensors, are widely used in image pro-
cessing. They can either characterize the diffusion of water molecules as in dif-
fusion tensor imaging (DTI) [1], or reveal structural information of an image
(structure tensor) [2,3]. In this last application, tensors are used to detect sin-
gularities such as edges or corners in images. The structure tensor is classically
obtained by a Gaussian smoothing of the tensor product of the gradient, or with
a non-linear filtering as in [4], thus being naturally robust to noise. However,
noisy images require a large amount of regularization to obtain a smooth struc-
ture tensor field in order to avoid being overwhelmed by outliers in features
detection. By contrast, too much smoothing would completely wipe out small
structures in images. To address this problem, one would prefer to preserve small
structures in images by estimating structure tensors with a little smoothing and
to regularize the noisy tensor field itself. This implies to be able to filter tensor
images, and more generally to carry out computations with tensors.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 112-123, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Working with tensors is arduous since the underlying space is a manifold
that is not a vector space. While convex operations remain stable on the tensor
space (e.g. the mean of a set of tensors is a tensor), one can quickly go out of
the Euclidean boundaries with non-convex operations like a gradient descent.
A critical consequence is that matrices with null or negative eigenvalues may
appear and are problematic for most applications.

In this paper, we propose to apply a recently proposed Riemannian frame-
work for tensors to the processing of structure tensor images. The limitations of
the standard Euclidean calculus are completely overcome and the tensor space
is replaced by a manifold with a regular structure. We show that it leads to very
strong theoretical properties, such as the existence and uniqueness of the mean,
and that most of the statistical tools as well as the algorithms that were until
now reserved to vector space can be extended to tensors. The rest of the paper
is organized as follows. In Sec. 2 we summarize the Riemannian framework for
tensors. In Sec. 3, we extend the computations of classical image processing op-
erators to tensors as well as more complex operations and we provide intrinsic
numerical schemes for their implementation. In Sec. 4, we apply these tools on a
structure tensor image. In particular, we perform an anisotropic smoothing and
discuss about the potentiality of the method on this type of tensors.

2 A Riemannian Framework for Tensor Calculus

Much of the literature addresses tensor computing problems in the context of
DTTI regularization. In DTI, the Brownian motion of water is estimated by a MRI
scanner at each position of the brain. This stochastic motion is characterized by
its covariance matrix, which is called a diffusion tensor. Depending on the amount
and direction of water diffusion, the tensor can be either cigar-shaped (region
where the diffusion is restricted by oriented tissues ), or a sphere (regions with
free diffusion). As the MRI signal is corrupted with noise during acquisition, the
resulting tensor field has to be filtered. To do so, the spectral decomposition of
tensors is often exploited: [5] only processes the major eigenvector (eigenvector
corresponding to the largest eigenvalue), leading to simple computations but a
dramatical loss of information, while [6] independently regularizes the orthogonal
matrices of eigenvectors and the eigenvalues. As the spectral decomposition is not
unique, a preprocess step, where the eigenvectors are reoriented, is needed and is
not trivial. More recently, differential geometric approaches have been developed
to generalize the PCA to tensor data [7], for statistical segmentation of tensor
images [8], for computing a geometric mean and an intrinsic anisotropy index [9],
or as the basis of a full framework for Riemannian tensor calculus [10]. In this last
work, we endow the space of tensors with an affine-invariant Riemannian metric
to obtain results that are independent of the choice of the spatial coordinate
system. Differential geometry tools allow to manipulate tensors while insuring
the positive definiteness of the result. In this section, we present an overview of
the affine-invariant metric for tensors.
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2.1 An Affine-Invariant Riemannian Metric

We showed in [11] that choosing a Riemannian metric provides a powerful frame-
work to generalize statistics and other operations to manifolds. We applied this
concept to tensors and showed in [10] that it leads to interesting properties such
as the existence and uniqueness of the (geometric) mean or the existence and
uniqueness of the geodesic between two tensors. A complete description of the
features of this framework can be found in [10] and is summarized below.

Let X' be a point of the tensor space Sym? (n). The action of the linear group
GL,, on Sym7 (n) is:
VA€ GL,, Ax Y =AY AT

Let us consider the standard matrix scalar product at the tangent space at
identity 77, M:

(Wi|W2) 14 Y (WlWZT) )

where Wy and Wy are elements of 77, M. As tangent spaces are vectorial spaces,
Wi and W5 are called tangent vectors. They are simple symmetric matrix since
the tensor space is a manifold included in the space of symmetric matrices
Sym(n).

An affine-invariant metric must verify: < Wi |[Wa >5=< A* Wi|Ax Wa > axx
for all A € GL,,. This is verified in particular for A = X ~/2, which allows us to
write the scalar product at any point X from the product at 17, M:

(Wi |[Wa) s, = <2—%*W1\2—%*W2>I 1)

d

=T (2—%W12—1W22—%) (2)

Eq. 1 is an affine-invariant Riemannian metric. Actually, we only need the
invariance by the linear group to obtain an affine-invariance since the translation
is not taken into account in our applications (tensors are independent of their
position on a grid).

As a general property on Riemannian manifolds, geodesics realize a local
diffeomorphism, called the exponential map, from the tangent space at any point
27 to the manifold itself. This allows us to locally identify points of the manifold
with tangent vectors. With the invariant metric of Eq. 1, we can show that
this diffeomorphism is moreover global and is simply expressed with the matrix
exponential:

YW e Ts;M, expy (W) = £7 exp (Z‘*%WZ*%)E% (3)

expy. (W) can be seen as the point of the manifold reached by the geodesic
starting at Y| with tangent vector W in a unit time step. Conversely, we can
uniquely define the inverse mapping, the logarithmic map:

logs(A) = 5% 1og(2—%/12—%)2%. (4)
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Fig. 1. Development of the geodesic v linking X' to A onto the tangent space T, M.
The geodesics starting at X' are straight lines in T’ M and the distance along them is
conserved.

These diffeomorphisms turn any two points 3 and A of the manifold into the
tangent vector A such that the geodesic starting at Y and with tangent vector
5 A reaches the point A in a unit step (Fig. 1).

These two diffeomorphisms are the key to the numerical implementation and
generalization to manifolds of numerous algorithms that work on a vector space.
Table 1 summarizes the basic operations of vector spaces and their Riemannian
counterparts.

Geodesic marching: An important operator for solving partial differential equa-
tions (PDEs) is the gradient descent. It consists in following the opposite direc-
tion of the gradient of a criterion C' we want to minimize for a short time step
€. In the tensor case, the Euclidean gradient descent scheme X1 = Xy —eVC
could easily lead out of the boundaries of the space and non-positive matrices
may appear. The Euclidean scheme is advantageously replaced by the geodesic
marching scheme: we follow the geodesic starting at Xy, with tangent vector
—VC for a short time step: Y11 = expy, (—¢ VC). The exponential map in-
sures that we always stay on the manifold: the result is guaranteed to be positive
definite.

Table 1. Re-interpretation of the basic operations of vector spaces to Riemannian
manifolds

Operation Vector space Riemannian manifold
Subtraction YA=4-% YA =logs(A)
Addition AN=X+XA A =expy(XA)
Distance dist(3,4) = | 24| | dist(2,A) = | 24| 2
Mean value Y, =0 > logs(X:) =0
Gradient descent Yite = X1 — eVO(X)|Et4e = expy, (—eVC(Xh))
Linear (geodesic) interpolation| X(t) = X1 + ¢ X1 X (1) = expy, (t £132)
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In conclusion, the Riemannian framework gives a powerful alternative to the
standard Euclidean calculus: classical operators are easily translated to tensors
thanks to the combination of the logarithm and exponential maps and complex
algorithms can be rewritten using these two diffeomorphisms. In the next sec-
tion, we show that the classical image processing operators like gradient and
Laplacian can be adapted to the Riemannian framework without much effort.
More interestingly, we are able to achieve complex operations like anisotropic
filtering directly on tensors, which was not possible with the standard Euclidean
calculus.

3 Applications

In this section, we reinterpret various image processing operators in the Rie-
mannian framework. First, we rewrite two classical operators of image processing
(gradient and Laplacian) to tensor images, and second we describe more complex
operations like multi-linear interpolation and anisotropic filtering.

3.1 Classical Image Processing Operators

In the following, we show that the gradient and Laplacian of a tensor field are
easily expressed in our exponential chart, and we provide a practical numerical
implementation of both operators.

Spatial Gradient of a Tensor Field. Basically, for a n-dimensional vec-
tor field F(z) defined over R? the spatial gradient in an orthonormal basis
is: VE = [0,,F,...,0,,F|", where 0,,F is the directional derivative of F
in the direction x;. It can be approximated using a finite difference scheme:
0y F(2) = (Fx + ;) — F(z — 1)) /@l

For a tensor-valued image X(z), we can proceed similarly except that the
directional derivatives 0., are now tangent vectors of Ty, M. They can be
approximated like above using finite differences in our exponential chart:

0., 2(x) = (Z(@)2(a + 2:) — D) 2z —w0) ) /Clli])

= (10g50) (S + ) — logsy (S = 2))) /2l

One must be careful to take the metric at point X'(x) into account when com-
puting the norm of the gradient: ||VZ($)||22(x) = Zgl:l ||8xi2(x)||22(x). Fig. 2
shows the difference between the Euclidean and Riemannian gradients. The Eu-
clidean gradient (Fig. 2 middle) gives much more importance to tensors with
large coefficients, and consequently its norm has higher values along the bound-
aries with the ventricles (a region characterized by large tensors), and lower
values elsewhere. By contrast, the affine-invariant metric (Fig. 2 right) gives as
much importance to variations of small tensors as to variations of large matrices.
Consequently, the norm the Riemannian gradient is more regular.
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Fig. 2. Comparison of the norm of the Euclidean and Riemannian gradients of a ten-
sor image. Left: A slice of a DTI tensor image. The color codes for the major eigen-
vectors of tensors: Red: left-right oriented tensor, blue: inferior-superior oriented ten-
sor, green: posterior-anterior oriented tensor. Middle: Norm of the Euclidean gradient.
Right: Norm of the Riemannian gradient. Remark how the Riemannian norm is more
regular than the Euclidean norm.

Laplacian of a Tensor Field. For the numerical implementation of the Lapla-
cian, one needs the second order derivatives. As for the gradient, we use the
finite difference scheme to approximate the 2nd order derivative on a discrete
grid: 92 F(z) = (F(z + z;) — 2F () + F(z — ;) /|| z: ||

We proved in [10] that :

32,5(x) = (S@) D@ + ) + D@) D@ —a4) ) /i)

is a forth order approximation of the 2" order directional derivative of X(x) in
the direction ;. Finally, the manifold Laplacian (Laplace-Beltrami operator) of
a tensor field is simply: AX(z) = Y% 92 X(x).

i=1 "z,

3.2 Interpolation and Filtering of Tensor Fields

Interpolation. Interpolation is one of the most important task in image pro-
cessing. A simple operation is the interpolation between two tensors X; and Xs.
The classical Euclidean calculus gives us the formulation: X' (t) = (1—t) X1 +tX5.
With our Riemannian framework, it consists in following the geodesic joining the
two tensors: X(t) = expy, (12 X5).

For multi-linear interpolation, e.g. bi or trilinear interpolation on a regular 2D
or 3D grid, the formulation is not trivial. One has to go through the computation
of a weighted mean with classical bi- or trilinear coefficients calculated on a grid.
With the standard Euclidean framework, the weighted mean of a set of tensors
is: X = (Zfil wiXi)/ Zfil w;. In our Riemannian framework, one needs to go
back to the Frechet definition of the mean, i.e. the minimum (if it exists) of the
square distance to each tensor:
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N

= . )

X = mzln;dlst (X, %)
In the case of the tensor space provided with the affine-invariant metric, the
manifold has a non-positive curvature, so that the mean exists and is unique.
However, because of the curvature, the Frechet formulation does not have an
explicit solution. Instead, one has to minimize it through a Newton gradient
descent and the estimation of the mean at time ¢t 4 1 is given by:

N
ZiZl Wi IOgZ_‘t (Z’l) >
N
D i Wi

which consists in expressing each tensor in the tangent space at the current
estimation of the mean with the logarithmic map, then going back to the mani-
fold with the exponential map, and to reiterate the process. The existence and
uniqueness of the mean guarantees the process to converge. In practice, the con-
vergence of the iterative process is geometric and the mean value is reached
after 5 to 10 iterations. In [10], we propose an extension of several statistical
operations to tensors.

iy = eXps, <

Anisotropic Filtering. In practice, we would like to filter a tensor image within
homogeneous regions but not across the boundaries. The basic idea introduced
by [12] is to penalize the smoothing in the directions where the magnitude of
the gradient is high. This can be achieved through the minimization of the ¢-

functional: .

c(2) =5 [ (192@)s0) de. (5)

By choosing an adequate ¢-function, one can give to the regularization an
isotropic or anisotropic behavior [13]. In our experiments, we use ¢(s) =
24/1+ s?/Kk? — 2, as proposed in [5]. The main difference with a classical Eu-
clidean calculation is that we have to take the curvature into account by using
the Laplace-Beltrami operator, and by expressing directional derivatives in the
correct tangent space. After differentiation of Eq. 5, one obtains :

B (HVEHE(x)

Thanks to the numerical scheme of the gradient and Laplacian operators (Sec.
3.1 ) combined with the geodesic marching, we are able to perform a gradient
descent to minimize criterion (5):

Sinr(7) = expa) (~<VC (5i(x)) (6)

Fig. 3 shows the effect of the anisotropic regularization on a slice of DTI. The
parameters for the regularization are: £ = 0.05, ¢ = 0.1 and 100 iterations (total
diffusion time: 10). The boundaries with the ventricles are conserved while the
interior is correctly regularized. Moreover, at the top of the ventricles lies a fiber
tract delimited with cigar-shaped tensors, which are also very well preserved.
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Fig. 3. Anisotropic regularization of a slice of DTI. Parameters: x = 0.05, ¢ = 0.1,
iterations: 100 (diffusion time = 10). Left: Raw data. Right: Anisotropic filtering in the
Riemannian framework. The boundary of the ventricles (region with large tensors) is
well preserved. Remark that the left-right oriented tensors (in red) that are delineating
a fiber tract are also conserved. The color code is the same as in Fig. 2.

4 Applications to Structure Tensor Images

The structure tensor has become a useful tool for the analysis of features in
images. It is used in edges and corners detection [2], texture analysis [14,15],
filtering [16], and even medical image registration [17]. We show in this section
how to apply our previously presented Riemannian framework to process struc-
ture tensor-valued images. In particular, we perform an anisotropic smoothing
of the structure tensor field to enhance it, which could improve the quality of
features detection.

4.1 The Structure Tensor

Let I be an image defined on a domain of R?. The structure tensor is based
on the gradient of I: VI = (041, .. ., 8d)T, where each directional derivative 9;1
can be computed with a finite difference scheme or by filtering with a first order
derivative of a Gaussian. The structure tensor S, can be defined as:

Se =Gy (VIVIT)

with G, being a Gaussian of standard deviation o. The variance o controls the
smoothness of the resulting tensor field. The noisier the image is, the higher o
must be to obtain a smooth field, but small structures may be wiped out. By
contrast, smaller values of o can help to extract low level features in images, but
the resulting structure tensor image may be noisy. Consequently, one would like
to perform an anisotropic filtering of the structure tensor field obtained with a
low o, in order to regularize homogeneous regions while preserving the bound-
aries with low-level features. In the following, we first compute the Riemannian
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Fig. 4. Euclidean gradient versus Riemannian gradient. Top row: Original image (left),
norm of the Euclidean (middle) and Riemannian (right) gradients. Bottom row: Noisy
image (a Gaussian noise of variance 0.01 was added) (left), norm of the Euclidean
(middle) and Riemannian (right) gradients.

gradient of a structure tensor image and compare it to the classical Euclidean
gradient. Then, we perform an anisotropic filtering and discuss about the results.

4.2 Gradient of a Structure Tensor Image

Following the numerical scheme of Sec. 3.1, we computed the gradient norm of
a structure tensor image obtained with a o of 1.0 (Fig. 4 left is the original
image). Then, we compared it to the Euclidean gradient. We also added noise
in the original image to evaluate the robustness of both gradients. Results of
comparisons are shown in Fig. 4.

First, we can notice that with the affine-invariant metric, outliers appear
in the image background (Fig. 4 top right). This is intensified when adding
noise (Fig. 4 bottom right): we see that the background is made with artefacts
due to variations of small tensors that result from noise. Indeed, small tensors
have as much importance as large ones because of the affine-invariance of the
metric. Consequently, the Riemannian gradient of a variation of small tensors
or large tensors will be identical. By contrast, the Euclidean gradient remains
much less sensitive to tensors with small coefficients, and consequently only the
main features are revealed (Fig. 4 bottom right and left).
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Fig. 5. Anisotropic filtering of a noisy structure tensor image. Diffusion parameters:
k= 0.02, e = 0.1 and 500 iterations. Top row: From left to right: Original Euclidean
gradient, Euclidean gradient with noise, Euclidean gradient after regularization. Bot-
tom row: From left to right: Original Riemannian gradient, Riemannian gradient with
noise, Riemannian gradient after regularization.

Second, details that are not present in the Euclidean norm appear in the
Riemannian gradient: this is the case, for example, of low-contrasted edges in
the original image. This also results from the affine-invariance of the metric.

To conclude, the Riemannian framework can reveal lower structural infor-
mation such as low contrasted edges but is highly sensitive to small variation in
the tensor image, and thus suffers from a lack of robustness.

Let us now investigate how the anisotropic filtering scheme can restore the
noisy structure tensor image.

4.3 Anisotropic Filtering of a Structure Tensor Image

We applied the anisotropic filtering scheme of Sec. 3.2 on the noisy structure
tensor image of Fig. 4 bottom left. We used the following parameters: xk = 0.02,
e = 0.1 and 500 iterations (total diffusion time: 50). Results are presented in
Fig. 5.

The affine-invariance causes the variations of small tensors to be highly con-
trasted in the norm of the Riemannian gradient and thus to be preserved during
the filtering process. Figures 5 bottom illustrate this behavior: the top of the
original noisy image (middle image) is filled with artefacts that were preserved
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during the smoothing (right image). Taking the Euclidean norm (Fig. 5 top
right) removes the artefacts in the image background. Homogeneous regions are
smoother while edges are correctly conserved. However, some artefacts in the
background that were expected to disappear are still present and the strength
of most of the relevant edges is lower than in the affine-invariant case.

In conclusion, the affine-invariant metric that is well suited for DTI, or more
generally for covariance matrices, seems not to be applicable directly to structure
tensor images. The affine-invariance gives an identical role to small tensors versus
large ones. Thus, while it allows to extract low-level features, it suffers from a
lack of robustness.

However, the Riemannian framework we present in this paper is "parame-
terized” by the metric. The choice of the metric is crucial and determines the
properties of the framework. The affine-invariance does not seem to be the best
choice for structure tensor images, but a more adapted metric could significantly
improve the results.

5 Discussion

We present in this paper a full Riemannian framework with an affine-invariant
metric that allows to perform computations on tensors while insuring the re-
sult to be positive definite, which is often a critical issue as in DTI. While this
framework is perfectly adapted to the processing of tensors representing covari-
ance matrices, the affine-invariant metric does not appear to be the best suited
choice for the processing of structure tensor images. In this case, the limitation
comes from the affine-invariance which gives an identical influence to small and
large tensors. Thus, an anisotropic smoothing will preserve the artefacts that are
caused by variations of small tensors composing homogeneous regions. Beyond
this limitation, the goal of this paper is to show that the choice of a Riemannian
metric leads to a powerful framework which allows to extend classical vector
space algorithms to manifolds thanks to the tools of differential geometry. One
interesting track would be to specify what are the basic axioms that the structure
tensor needs to satisfy and to derive the corresponding metric.
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Abstract. Several image processing algorithms imitate the lateral in-
teraction of neurons in the visual striate cortex V1 to account for the
correlations along contours and lines. Here we focus on two methodolo-
gies: tensor voting by Guy and Medioni, and stochastic completion fields
by Mumford, Williams and Jacobs. The objective of this article is to com-
pare these two methods and to place them into a common mathematical
framework. As a consequence we obtain a sound stochastic foundation of
tensor voting, a new tensor voting field, and an analytic approximation
of the stochastic completion kernel.

1 Introduction

Blurring an image has the benefit of reducing noise and smoothing the data. The
major negative side effect is the loss of image features at lower scale. To maintain
contours and lines, one can resort to anisotropic or directed diffusion [7,8]. Here
one applies an anisotropic or directed diffusion kernel on isotropic image features
like luminosity. The methodologies tensor voting [1,2] and stochastic completion
fields [3,12,4] go one step further. They apply directed diffusion to directed image
features.

Tensor voting and stochastic completion fields operate in different spaces, on
different objects, with different diffusion kernels. Our objective is to find the
relations between these mathematical constructs and to compare the open as
well as the hidden assumptions of both methodologies in 2D. We begin with
the mathematical description of directed features in the theory of stochastic
completion fields. Here the directed features are points in an orientation bun-
dle. We then explain how tensors of tensor wvoting relate to a subspace of the
Fourier transformed orientation bundle. In the subsequent section we derive
the Fokker-Planck equation of the stochastic completion kernel relying only on
simple stochastic considerations and on symmetry requirements, and give an
approximate analytic solution for the stochastic completion kernel. Utilizing the
relation between tensor fields and orientation bundles, we convert the analytic
solution of the stochastic completion kernel into the corresponding tensor voting
field. A comparison of this new tensor voting field with the original voting field
postulated by Guy and Medioni will demonstrate the differences between the
two methodologies.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 124-134, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 Orientation Bundles of Directed Receptive Fields

Image features like edges, lines, contours and patterns are usually extracted from
a 2 dimensional image f(x) via linear filters ¢(x), which model the receptive
fields in biological visual systems. To ensure invariance under Euclidean trans-
formations (translations and rotations), these filters have to be applied at all
locations in an image domain {2 and in all orientations. This leads to the follow-
ing convolution that renders a response function Wy in a 3 dimensional space,
the orientation bundle ! of translations b and rotations .

WalfGliab) = [ (R b= x) fx)dx. (1)

(0]

where R ! denotes the rotation matrix in 2 dimensions. The difference between
a regular convolution and equation (1) is the kernel rotation in addition to the
kernel translation. We therefore address the transformation properties of ¥(x)
under rotation and turn to polar coordinates r and ¢ to facilitate the matter.
Note, that a Fourier transformation in ¢ decomposes the linear kernel? @(r, o)
into steerable components t, (1)e"™?.

@(7”,(,25) = Z /(Lm(r) 6im¢a (2)
with 1y, (r) = S T(r,¢) e ™ dg .

27

—T

These m-modes ), (r) are the components of W(r,¢) in irreducible, rotation-
invariant subspaces. Hence, a rotation of ¥(r, ¢) by « is achieved by multiplying
each m-component with a complex phases e™"™ ¢,

URI'X) = Blrd—a) = 3 ul)em@ — 3 cmime g ) imo,

m=—0o0 m=—0o0

The decomposition (2) of the kernel ¥ helps to rewrite equation (1) as an ordi-
nary convolution.

We [f(x)] (a,b) = 6_ima/wm(b*X)f(X)dX- 3)

m=-—00 0

With an edge or line detecting kernel ¥(x) we can now generate an orientation
bundle from any image. The best known example is probably the convolution

! The correct mathematical term should be the function space on the orientation
bundle. Points, or rather d-functions in the orientation bundle are positions with a
direction in the original image. For invertible orientation bundles, see [9].

2 We distinguish functions in polar coordinates and their counter parts in cartesian
coordinates by a ’~’. Hence, @(r, @) := ¥ (rcos ¢, rsin ).
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with the x and y-component of a Gaussian gradient filter. This example triggers
two remarks. Equation (3) is only beneficial, if one may truncate the sum at
practical lower and upper bounds for m. However, why consider an orientation
bundle with an extra a-dimension, if just a few m-modes may contain all the
necessary information? The latter objection brings us to the representation of
oriented features by tensors of rank 2.

3 Tensors

The decomposition of kernels that rotate like vectors gives rise to two com-
ponents: ¥, (x) = (¥1(x) +i¥_1(x))/2 and ¥, (x) = i(¥1(x) —iP_1(x))/2. A
Gaussian Hessian filter W4 (a), a typical line or ridge detector, rotates like a sym-
metric 2 x 2-matrix. The response A(b) = [¥(b — x)f(x)dx of such a filter
has the same rotational properties and decomposes into three m-modes A_5, Ag
and As.

A, 1-2i —1 Aga 4o
Ao | = [1 0 1] |4y ]| ,where A = <Am A“’) .4
Ay 12 —1 Ay =y Sy
which again simplifies rotations tremendously.
e—Zia A_Q
R, (’:m Axy) RY — A (5)
zy Hyy o2 A,

Medioni and Guy consider only signals of directed receptive fields or filter
kernels that rotate like symmetric, semi-positive definite 2 x 2-matrices A (or
2-rank tensors). These matrices can be interpreted as ellipses (or ellipsoids in
3D) as depicted in figure 1. The eigenvectors of A constitute the major axes

Fig. 1. shows the ellipse that represents a symmetric, semi-positive definite 2 x 2-matrix
(or tensor of rank 2). e; and ez denote the two eigenvectors of the matrix. A1 and A2
are the eigenvalues. b is the ballness measure and s = A1 — A2 is giving the stickness.
Angle « is the orientation of the ellipse with respect to the x-axis.
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of the ellipse and the positive eigenvalues A; 2 determine the length of these
axes. In tensor voting the isotropic portion of the ellipse is called ballness and
the anisotropic remainder stickness. The direction of the major axis « is the
direction of the stickness.

The characteristics of matrix A are determined by

Mo = % tr(A) + \/ i tr2(A) — det (A)
a = arccos(é) - X) = arg(Aze — Ayy + 2i4,y) ,
and the notions of tensor voting are given by
ballness b:= \s ,
stickness s:= A1 — Ao .

These tensor voting characteristics are easily expressed in m-modes.

1
ballness b := 3 (Ao —/A_o Ag) (6)
stickness s :=+/A_5 Ay (7)

1
stickness angle o := 5 arg(A4s) (8)

Obviously, traditional tensor voting only considers modes with |m| = 2 and
m = 0. These modes relate to the stickness and ballness measures and can be
obtained from an orientation bundle Wy, by performing a Fourier transforma-
tion in a.

Transformation of orientation bundle Wy, into tensor A:

T

Anb) = 5= [ €™ Wy, (769 (0, b) da ©

—T

Vice versa, one can utilize equation (3) to generate an orientation bundle from
tensor field A(b).

Transformation of tensor A into orientation bundle Wy ,:

W, [f()](ab) = 3 e Ap(b) . (10)

m=—2,0,2

Now, that we can convert tensors into orientation bundles and back, we are all
set to proceed to the oriented diffusion process.

4 Casting a Stochastic Vote

The purpose of stochastic completion fields and tensor voting is the distribution
of directional edge and line measurements along the axis of their orientation to
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fill or bridge gaps in contours and lines due to sparse data, noise, or occlusion.
Stochastic completion fields rely on an elaborate diffusion kernel that acts on an
orientation bundle and diffuses measurements Wy [f(x)] (o, b) in and along .
The diffusion kernel is derived from a stochastic model of line or edge extrapo-
lation, hence the name. In tensor voting one imitates the diffusion process via a
voting field, that casts tensor-votes around each stick or ball-measurement.

We compare these two methods by first deriving the stochastic completion
kernel and an analytic approximation thereof. Given the analytic approximation
we will generate the corresponding tensor voting field and compare Medioni’s
ad hoc fundamental voting field with the stochastic version. We thereby gain
a direct comparison between stochastic completion kernels and tensor voting
fields.

Both, tensor wvoting and stochastic completion fields are based on the as-
sumption, that directed image features are due to edges, contours or lines in
the underlying image. Starting point is therefore a model that generates the
trajectories of edges, contours or lines.

The process of extending a line or contour is not a deterministic but a stochas-
tic process in the state space of line-/edge-segments. Mandatory properties of
line-/edge-segments are position and direction. Optional properties are scale or
curvature. We limit our focus on the mandatory line-features that are already
present in the orientation bundle: position vector b and direction «. Assuming
that the process of drawing a line or contour is independent of the line-/contour-
history we end up with a Markov process in the orientation bundle. The general
form of such a stochastic process is

b(t)) _ |
O (a(t)) = a(b(t),a(t)) + B(b(t),a(t)) n(t) . (n

The trajectory (b(t), a(t)) in position and direction is parameterized by drawing
time t. The vector-valued function a(b(t), «(t)) is the drift term that describes
the deterministic part of the line evolution. Matrix-valued function B(b(t), a(t)))
binds the random vector-variable n(t) to the process, determining the coupling
and correlation of the process to a source of uncorrelated noise of mean 0, which
models the randomness in line propagation.

Due to the randomness involved, it is appropriate to investigate the proba-
bilistic measure p(b, a, t|bg, g, tg) of the trajectory, which denotes the prob-
ability of finding a line segment at time ¢ in position b with orientation «
given that at time ¢y the line was going through or started at position bg in
direction «y. Stochastic calculus[10] enables us to transcribe the Markov pro-
cess (11) into the corresponding Fokker-Planck equation (12), a partial differen-
tial equation for p(b, «, t|bg, ag, to) with initial condition p(b, a, to|bg, g, to) =
d(b —bg) d(a — ap), Dirichlet boundary condition in b and periodic boundaries
in a.

9y p(b, o, tlbg, g, to) = L(b(t), a(t)) p(b, a, t|bg, ap, to) , (12)
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with the differential operator L(b(t), a(t)) given by
L(b(t),a(t)) = — Z 9j [a(b(t), a(t))]; p(b, . t|bg, ag, to)

j={z,y,a}

+% 3" 90, |Bb(t),alt) - BT (b(t), ()| p(b,a,tlbo, ao, o) -

Ph=tey.ed D(b(1) (1))

jk

The first sum of L£(b(t),a(t)) moves the probability distribution according to
the deterministic drift term a(b(¢), a(t)). The second sum is the diffusion term
with diffusion tensor D(b(t), a(t)), which is due to the random pertubations by
n(t).

Furthermore, we add a killing term —A p(b, a, t|bg, o, to) to L(b(t), a(t)), to
model the chance that a line terminates. Again, if the probability of termination
is line history independent, the line decay needs to be exponential, which is
ensured by decay constant \.

8t p(b7 «, t‘b07 g, tO) = ‘C(b(t)7 a(t>> p(ba «, t|b07 Qq, to) - )\p(b7 «, t‘b07 g, to) 3
(13)
The differential time-translation operator e™? takes the probability
p(b, a, t|bg, ag, to) at time ¢ and renders p(b, «, t+7|bg, ag, to) at a later time ¢+
7. According to (13) we can substitute L£(b(t), a(t))—AZ into the time-translation
operator and obtain

p(b,a,t + 7|by, g, tg) = €™ EPHAMIZAD) (b o t]bg, ag, to) - (14)

We are not interested in the drawing process as such, but in the result, the
drawn line or contour. Hence, we need to integrate over time t. The Green’s

_ % _r(L(b(t),a(t))—AT) : :
operator G = [, e dr will consequently generate the marginal
p(b,a) = ftzo p(b, a, T|bg, ap, to)dr, the drawn line, given the initial probability
distribution at time tg.

oo
oo
G = /eTW*I)dT = (L— M) teTEmAD .= —(L-XD)"L. (15)
0
Instead of applying G to the initial probability §(b — bg) §(a — ag), we use G~*
as a constraint to solve for p(b, «)

G 'pb,a) = —(L—-AT)p(b,a) = 6(b—bp)d(a—a) . (16)

Operator £ is a function of drift and diffusion terms a(b(t), a(t)) and D(b(t),
a(t)). We can obtain specific drift and diffusion functions by demanding invari-
ance under translation and shift-twist-transformation in the orientation bun-
dle. These transformations are the analog of translation and rotation in the
underlying image. We ensure the invariance under translation and shift-twist-
transformation by requiring operator £ to commute with the infinitesimal gener-
ators of translation 7y, = Oy, and the shift-twist operation Sq = —x 0y +y 0z +0a.
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Setting the commutation relations® [£,7p] and [£,S,] to 0 results in a set of
ordinary differential equations for a(b(t), a(t)) and D(b(t), a(t)). The solutions
depend on 9 constants a|, a1, and aq, as well as Dy, D11, Daa, D)1, Dja,
D, and have the form

az(a(t)) = aj cos(a(t)) —ay sin(a(t))

ay(a(t)) = ar cos(a(t)) + aj sin(a(t))

ao(a(t)) = aq
Dm(a(t)) = %(DHH + Dll) + %(D”” — DLL) COS(QOé(t)) — D”J_ sin(2a(t))
Dyy(a(t)) = 5(Dyj+ Dis) + 5(Dis — Dy cos(2a(t) + Dy sin(2a(?))
Day(alt)) = Dy, cos(2a(t)) + %(DHH ~ D11 sin(2a(t))
Dyo(a(t)) = Dy cos(a(t)) — D1q sin(a(t))
Dya(a(t)) = Dia cos(a(t)) + D)o sin(a(t))
Dyo(a(t)) = Daq -

Not all constant values are admissible, meaningful, or of any consequence to
the line model. The velocity with which the stochastic line or contour is drawn
does not change its appearance. The norm of zy-projection of the drift term

can therefor be set to unit speed. \/aﬁ +a% = /a2 + a2 = 1 reduces the set of

parameters by one. The ratio between | and a, determines the initial direction
of the line with respect to a. Contours and edges progress orthogonally to their
a-aligned gradient, so that a = 0 and a; = 1. Lines, however, with their major
eigenvector of the Hessian aligned along «, comply with a =1 and a, = 0. An
angular drift a, makes the line turn. The resulting curvature of the line is Kk =

aa/y/az + aZ. Since we do not consider curvature in our model, we assume x = 0.

To ensure a smooth line, one may only introduce noise to the line direction «,
not to the line-position, which would only blur it. Thus, only D, =: 0> may be
unequal 0, and we finally arrive, with these few assumptions, at the stochastic
process considered by Jacobs, Thornber, Zweck, and Wang [4,5,6] in the theory
of completion fields.

2
Op=(L=XL)p , where (L—)T) = —cosaax—sinaay—k%ai—)\. (17)

One can solve equation (17) with several numerical methods, which unfortu-
nately are ill-suited for comparison with tensor voting, where we have an analytic
formula for the voting field. To circumvent this difficulty we consider an approx-
imation. First we rewrite (17) in cylindric coordinates r = |b|, ¢ = Z(b), and «.

sin (a — ¢) o?

Op+ =02 —X. (18)

(L=X) = —cos(a— @) O, 5 Oa

3 [A, B = AB — BA.
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The initial line or contour propagation starts with ¢ = « and it is thus safe to
assume, that |a— ¢| is small within a certain vicinity, so that we can approximate
cos (a — ¢) by 1 and sin (o — ¢) by (o — ¢). For |a| <« 7 we can also relax the
periodic boundary conditions and treat them as Dirichlet boundary conditions
at infinity. Then, inspired by [3] we obtain an analytic solution for the Green’s
function, good enough for most practical purposes.

Stochastic voting field in an orientation bundle:

V3 - (20=30)2 347 . (19)
7 (or)?

p(r,¢,a) =

The versatility of this diffusion kernel in an orientation bundle has been shown
in the applications of stochastic completion fields and the benefits of the above
analytic solution will be the subject of a forthcoming article. Here we show the
relation between (19) and the fundamental tensor voting field.

5 Voting with Tensors

With Green’s function p(r, ¢, &) we can cast scalar votes to the surrounding of
a line response in an orientation bundle. Medioni et al circumvent the construct
of an orientation bundle by casting not scalar but tensorial votes directly in an
image. Inspired by Gestalt laws, they assume that contours or lines run along
circular trajectories of constant curvature (see figure 2), that the probability
for a line decreases proportional to e=°/5" with s denoting the length of the
line, and that lines with large curvatures x are suppressed likewise by e—er’/e?,
Hence, in cylindric coordinates the resulting weight of a cocircular tensor vote
casted by a tensor with stickness « aligned along ¢ = 0 is

s24cr2 2
prv(r,¢,) o« e e , where s= gr cscg and Kk = — sing . (20)
r

For the normalization of pry(r,¢) and for the comparison with the stochas-
tic completion kernel we consider the same linear approximation as applied to
equation (18). Thus, for small |¢| we can write s = r and k = ¢/r. In this
approximation the normalized, fundamental tensor voting field is

Fundamental tensor voting field approximation:

Ve =3 (ee(2)7) i
= o " v 5 21
pro(rd) = —Yee ‘ (21)
where we added €% ¢ to encode the direction a = 2¢ of the tensorial vote in
the complex phase according to (8), so that equation (21) displays the (m = 2)-
mode of the tensor field. Hence, stickness is [ps,rv(r, ¢)| and the stickness angle

is given by arg (ps,rv(r, ¢)). .
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L T

Fig. 2. shows the cocircular line model of tensor voting. A tensor aligned along the x-
axis at the origin casts a vote at position r and polar angle ¢. The orientation « of the
tensorial vote is determined by the circular line segment that is uniquely determined
by the origin, the alignment of the original tensor along-z and voting position r. The
weight of the vote depends on the curvature k = 1/R and the length of the circular
line segment s.

6 Not all Voting Systems Are Created Equal

To relate the tensor voting field pry (r,¢) and the stochastic completion ker-
nel p(r, ¢, ), we have to bring the latter from the orientation bundle into the
image plane. To do so, we take an initial stick-tensor response, convert it to
an orientation bundle with (10), apply the stochastic completion kernel (19)
and bring the result back via equation (9). However, with this straight forward
approach we overlook a hidden step in the tensor wvoting methodology. Even
though stick-tensors exhibit an angular response of e*2*® the tensor voting field
is only applied along a single a-direction, the direction of maximum response.
This amounts to an angular thinning process in the orientation bundle of the
initial stick-tensor, which will render just two delta spike at « and o + 7. So
we only have to apply the stochastic completion kernel (19) onto the initial re-
sponse (6(a) +d(a—7))d(b) and convert the result to a tensor field via (9). The
stochastic version of a tensor voting field in its (m = 2)-mode is

Stochastic tensor voting field approximation:

oo

IR 3 _36%  re? r 7
ps(r,¢) = /p(r,gﬁ,oz)ez da = \/me 2e? T TE e TAT M0 (22)

— 00
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One can observe three differences between the stochastic and the tensor vot-
ing kernel. In radius r the decay rate is e=*" for pg and e~"°/5" for pry. The
angular width of the stochastic kernel grows with /r, whereas the width of
the tensor voting kernel increases with 7. And finally, the stochastic trajectories
are not cocircular. « is 3¢/2 and not 2¢ as required by Medioni’s model. Both
kernels are displayed in figure 3.

Fig. 3. The left shows a density plot of the stochastic completion kernel ps(r,¢) for
o =1/2 and A\ = 2 in the range of r from 0 to 1. The tensor voting kernel prv (r, ¢)
is depicted on the right with & = 1/2 and ¢ = 1/2. Note that the tensor voting kernel
widens more than the stochastic counter part. Each kernel is superimposed by of set
of trajectories along o = 2¢/3 on the left and o = 2¢ on the right side.

As a last remark we like to point out that the stochastic completion ker-
nel p(r, ¢, «) and the tensor voting fields pry (1, ¢) and pg(r, ) can be decom-
posed into m-modes to facilitate their rotation in ¢ [11]. In the case of the
stochastic tensor voting field we obtain

oo

1 _ _o2%r a2 .
ps(r7 ¢) _ Z ﬁe )\re 5~ ((m—3)°+3) ezm¢ . (23)
m=—oo

A truncation of the sum of m-modes amounts to a relaxation of the angular

thinning process in a. Having some control over the angular thinning process

may even be considered beneficial and has the advantage of a steerable voting
field.

7 Conclusion

We have shown the relation between stochastic completion fields and the tensor
voting paradigm. Starting with an arbitrary Markov process for the evolution
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of lines and edges, we have show that only a limited number of constants de-
termine a shift-twist invariant stochastic process in an orientation bundle. The
stochastic completion field falls into this category. We have given an analytic
approximation for the Green’s function of the stochastic process. Projecting the
(m = 2)-mode of the analytic Green’s function into the image plane, we gener-
ated the stochastic version of a tensor voting field. A comparison between the
conventional tensor voting field and the stochastic version has shown, that the
cocircular line model may be inappropriate. It leads to less directed voting fields.
This difference may only have a small practical impact, but we have given tensor
voting a mathematical underpinning based on stochastic assumptions.
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Abstract. The geometry of “empty” scale space is investigated. By
virtue of the proposed geometric axioms the generating PDE, the linear
isotropic heat equation, can be presented in covariant, or geometrical
form. The postulate of a metric for scale space cannot be upheld, as
it is incompatible with the generating equation. Two familiar instances
of scale spaces consistent with the geometric axioms are considered by
way of example, viz. classical, homogeneous scale space, and foveal scale
space.

Keywords: Scale space geometry, homogeneous scale space, foveal scale
space, deep structure.

1 Introduction

It is well-known that a Gaussian scale space representation of a static image f
is generated by the isotropic heat equation [1]:

@:Au (z;t) e R" x R*. (1)
ot

Under very mild conditions this PDE admits a closed-form solution, u(z;t) =
(f*¢)(w;t). The Green’s function ¢ is a normalized Gaussian of width o = v/2t.
The solution is unique and smooth with respect to (x;t) € IR™ x IRT, and
analytical with respect to = € IR” for each t € R™ [2].

The term “deep structure” (proposed by Koenderink in his seminal paper
[1]) has been introduced to distinguish genuinely multi-scale image descriptions
from conventional descriptions in which spatial methods are applied scale-wise
(“superficial structure”). Existing approaches towards the investigation of deep
structure are almost invariably of a topological nature, based on Morse theory
and singularity or catastrophe theory specifically adapted to be applicable to
the solutions of the heat equation, cf. the work by Koenderink, Damon, Florack,
and Kuijper [3,4,5,6,7,8]. Here I propose to investigate deep structure from a
geometric vantage point. This is a relatively unexplored research direction.
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Eberly was one of the first to address the issue of geometry of “empty” scale
space, i.e. the geometry of the (x,t)-domain regardless of the particular image
realization, by postulating a Riemannian structure [9,10], cf. the appendix for a
summary. This type of geometry is problematic, however. One conceptual prob-
lem is that the metric proposed by Eberly is not unambiguously defined, as
it depends on an essentially arbitrary constant p > 0. As a result, distances in
scale space are essentially arbitrary as well, and one might wonder why one would
want to introduce a distance concept in the first place. Although one could fix the
value of p once and for all in a heuristic, task dependent way, cf. Van Wijk and
Nuij’s application [11], a more serious conceptual problem remains: If scale space
were indeed a metric space, the PDE of Eq. (1) should admit a covariant formu-
lation in terms of covariant derivatives (or affine connection) compatible with
the metric. (Compatibility entails that the metric should be “covariantly con-
stant”. Details and proofs can be found in Misner, Thorne and Wheeler [12].) Put
differently, it should be possible to reformulate Eq. (1) in a geometrically mean-
ingful way. No such formulation exists, however [12]. Heuristically this can be
appreciated by noticing that the Laplace-Beltrami operator (i.e. the Laplacean
in a general metric space) induced by any (nonsingular) metric always involves
second order scale derivatives, which do not occur in the generating equation.

Below I propose a scale space geometry compatible with Eq. (1). The analogy
with heat diffusion suggests a parallel with classical spacetime, with time and
scale formally identified. Classical spacetime has been studied from a geometrical
point of view by Cartan [13], but not until the geometry of relativistic space-
time had been established. Indeed, classical spacetime geometry is more intricate
than its relativistic counterpart. Spivak’s account [14] is a valuable resource for
readers with a mathematical inclination. In his monograph Koenderink explains
the significance of basic geometrical concepts, such as “vectors”, “covectors”,
“multivectors”, “multiforms”, “metrics” and “covariant derivatives”, via intu-
itive explanations and illustrations [15]. For the epistemological formulation I
have based myself on this, and on retrospective accounts of Cartan’s early work
by Friedman [16], Glymour [17], and Misner, Thorne and Wheeler [12].

The motivation for considering empty scale space geometry is the scientific
interest in image induced geometries inspired by specific scalar, color, or tensor
image processing tasks, cf. the work by Kimmel, Sochen, Malladi, Lenglet, De-
riche, and Faugeras, a.o. [18,19,20,21]. The PDE approach by Weickert is in the
same spirit [22,23], as are to some extent most of the PDE approaches in image
processing [24]. It is a natural assertion that if one gradually weakens the cou-
pling of multiscale geometry and image structure, the geometry of empty scale
space is the skeleton that should remain in the limit. If one wants to benefit
from the potential power of perturbative techniques for analysing image induced
geometries (cf. Feynman diagrammatic techniques in field theories, approxima-
tions in general relativity based on weak gravitational sources, or perturbative
approaches in the theory of nonlinar PDEs), one needs to understand the “clas-
sical” limit of vanishing coupling strength.
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An additional motivation is that the analysis of geometric axioms of linear
scale space, once these have been synthetically established, may reveal hitherto
unknown and potentially interesting instances of multiscale image representa-
tions.

2 Theory

Let M denote the scale space continuum. I postulate the following geometrical
objects on M, respectively its tangent and cotangent spaces V.€ TM and V* €
T*M (at any implicitly defined point in scale space): (i) an affine connection D,
whose Riemann-Christoffel curvature tensor is R, acting on V* xVxVxV, (ii)
a covector field w € V*, (iii) a symmetric tensor field h acting on V*xV*, and
(iv) a vector field v € V. These are subject to the following constraints:

R=0 (2)
Dyw =0 (3)
Dyh =0 (4)

h(w, &) =0 (5)
Dyv =0 (6)
wv)=1 (7)

for all x € V and £ € V*. Alternatively, in terms of their components relative to
a coordinate basis (summation convention applies):

R =0 (8)

wi; =0 (9)

hij;k =0 (10>

h¥w; =0 (11)

Vi;j =0 (12)

wivt =1 (13)

A semicolon preceding an index ¢ indicates covariant differentiation with respect
to the coordinate z*, i = 0,...,n. Index value 0 refers to scale, index values in
the range 1, ..., n denote spatial components. Recall that the components of the

affine connection are given by the symbols Fkij:

0 e 0
The components of the Riemann-Christoffel curvature tensor can be expressed
in terms of the symbols Fkij and their first order partial derivatives:
8Fijl 8Fijk

ozk ozl

Rijkl = + ijlFimk — ijkl“iml. (15)
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. —k o
Recall that if Fkl-j and I ;; are the components of the affine connection in z*,
respectively y* coordinates, then

—k oy* ozt ™ oy* 0%z
I'ij=————"I"m+ 757"
dzx™ Oy* Oyl dz™ Oy*oy’

Affine transformations apparently induce homogeneous transformations. Thus
any two “inertial” systems (in which, by definition, the components vanish iden-
tically) are related by such a transformation.

Egs. (2-7), respectively Eqgs. (8-13), establish the geometry of empty scale
space; no image is involved at this stage. It should be appreciated that these
axioms are, to a large extent, synthetical by nature. They can only be justified
in retrospection by their consistency with (at least) established linear scale space
theory, notably by their capability to geometrize the generating PDE, Eq. (1). In
the next few sections I briefly discuss the intuitional significance of the geometric
axioms introduced above, without claiming rigor. It is well beyond the scope
of this brief treatise to be self-contained with respect to the geometric jargon
employed. The interested reader is referred to the geometry literature, loc. cit.,
and the references therein.

(16)

2.1 Flat Scale-Space

Eq. (2), or Eq. (8), expresses the fact that scale space is flat, i.e. has a flat
connection. It can be shown that this is equivalent to the existence of a (local)
coordinate chart in scale space such that the components Fkij of the connection
vanish identically. I will refer to such coordinates as “canonical coordinates”.

The reason for choosing scale space to be flat is the common practice to
describe it in terms of a single coordinate system, usually Cartesian spatial co-
ordinates and logarithmic scale. As noted above this implies a flat geometry. In
this paper I will not elaborate on curved geometries for empty scale space, but
I stress that flatness is a choice made merely for the sake of simplicity. Intrin-
sic curvature of the scale space manifold is a possibility to be investigated. Of
course, a non-vanishing intrinsic curvature will have to be consistent with one’s
assumptions about the scale space domain, such as homogeneity and/or isotropy.
(The nature of intrinsic curvature induced by Eberly’s metric is consistent in this
respect.)

2.2 Absolute Scale

The evolution parameter ¢ in Eq. (1) is a measure of scale in the sense of inverse
resolution at which the image is resolved. One can formally identify scale in scale
space theory with time in classical spacetime physics, e.g. by reinterpreting u as
a temperature function, with initial distribution f, subject to heat diffusion in a
homogeneous, isotropic medium. Thus the notion of “absolute time” in classical
physics formally corresponds to absolute scale in the present context.

Absolute scale is brought in via the unit scale covector w acting on the tangent
spaces of the scale space manifold. The covector field w is needed in order to
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subdivide the (n 4 1)-dimensional tangent spaces V so as to account for the
special role of the scale dimension. A vector x € V is called scalelike if w(x) # 0,
otherwise it is spacelike. This induces a stratification of scale space into spatial
slices labelled by their corresponding scale parameter.

Eq. (3), or Eq. (9), states that the covector field w is “covariantly constant”,
and thus compatible with the flat connection. I will henceforth consider only the
case of a closed 1-form

w=dQ(t) with Q'(¢t) > 0 for all ¢ > 0. (17)

A legitimate choice of scale parametrization is Q(t) = ¢, the scalar field that
measures absolute scale corresponding to the evolution time ¢ in Eq. (1) up to
an arbitrary offset. The arbitrariness of the offset is removed by considering the
differential form d€Q(t) instead of Q(t) itself. Below we will consider other (in
some sense more natural) choices of scale parametrization.

2.3 Absolute Space

If we wish to be able to tell whether two fiducial markers in scale space are “at
the same place” we need to distinguish between spatial and scale directions, and
to compare relative spatial positions despite scale differences (absolute space).
This can be done by introducing a family of non-intersecting geodesics that
intersect each fixed-scale plane transversally. If each point is assigned a unique
geodesic we can say that the two markers are indeed at the same place just in
case they lie on the same geodesic.

Dual to the unit scale covector w € V* is the unit scale vector v € V defined
by Eq. (7), or Eq. (13). It is a scalelike vector (recall Section 2.2) tangent to a
geodesic at every point of the scale space manifold. This follows from Eq. (6),
or Eq. (12). Eq. (17) implies that

1 0
V= IR (18)

Spacelike vectors can be obtained by projection onto the n-dimensional spacelike
subspace of V: if x € V is any vector, then x — w(x)v is spacelike. Likewise we
may say that a covector £ € V* is scalelike if £(v) # 0, otherwise it is spacelike.
In particular, the covector £ — &(v)w is spacelike.

2.4 Euclidean Space

We need a principle to derive a Euclidean metric for each n-dimensional fixed-
scale plane in (n + 1)-dimensional scale space. As Friedman points out, it is
better to proceed via a detour, and consider a symmetric bilinear operator h
on the cotangent space, i.e. acting on V* x V* instead of a metric-like object
on Vx V. This is the operator h defined through Eqgs. (4-5), or Egs. (10-11).
The first of these equations expresses compatibility of the flat connection with
the Euclidean spatial metric defined within each fixed-scale plane (a replica of
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Euclidean n-space). The second one shows that h is singular in the sense that it
effectively operates on the spacelike components of its arguments.

To see how a genuine metric on the spacelike subspaces of the tangent space
arises, consider the operator

b:V*—>V0CV:ar—>bad§fh(a, ).
(In tensor component notation one refers to this operation as “index raising”.)
It converts an arbitrary covector into a vector, but note that it is many-to-one
as a result of the singular nature of h: if o’ = a 4 kw for some x € IR, then
ba’ = ba, i.e. the b-operator discards any scalelike component, bw = 0 € V. The
n-dimensional spacelike subspace of V is denoted by V.
A metric g : Vo x Vg can now be defined as follows:

g:VOXVO — IR (XOaYO) Hh(fan)a (19)

in which x¢ = b€ and yo = bn. The metric makes sense only on spacelike vectors,
since w(b€) = 0 for all £ € V*. This identity ensures that although the definition
is ambiguous with respect to the choices of ¢ and 7, no confusion is likely to
arise.

There is a kind of reverse to the b operator, but it is only defined between
the spacelike subspaces of V and V* (“index lowering” ):

* * ef
f: Vo — Vg CV :XO»—>ﬁX0d:g(Xo,.).

Note that b o f = id (Vo — V), the identity map on Vj, whereas § ob =
m(V* — V{)), the projection onto the spatial subspace of V*.

2.5 Homogeneous Scale Space Images

With the help of the previous geometrical concepts it is possible to write the
PDE for a scale space image, Eq. (1), into covariant form:

Dyu = divVu, (20)

in which Dyu = vu = du(v), divx denotes the scale space divergence of the
vector x € V, and Vu = bdu, i.e. the spatial gradient, a spacelike vector. Note
that we do need both the unit scale vector v dual to the unit scale covector w
so as to obtain a scale (or rather, scalelike) derivative on the left hand side of
Eq. (20), as well as the singular “dual metric” h so as to prevent a second order
scale derivative from showing up on the right hand side. Since x € Vg implies
divx € Vy, a spatial gradient allows us to construct a spatial Laplacean, exactly
as required.

In terms of an arbitrary coordinate system we have (a colon/semicolon pre-
ceding a subscript denotes a partial/covariant derivative w.r.t. the corresponding
coordinate, respectively):

ViU;i = hiju;ij . (21)
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Alternatively,
. 1 1.
viu = llgll~* (Jlgll* huy) (22)
in which ||g|]| = detg, the determinant of the spatial metric induced by h as
defined by Eq. (19).
If we use Cartesian spatial coordinates and logarithmic scale as canonical
coordinates, with
0
V=5 and w=dr, (23)
with scale parametrization o = V2t = €7 (i.e. Q'(t) = 1/(2t), recall Eq. (17)),
and if we set the spatial metric to be Euclidean, say

B — 011 201><n (24)
On><1 (<) In><n 0<i,j<n ’
then Egs. (21-22) take the familiar form of Eq. (1):
% = o?Au, (25)

in which the Laplacean assumes the standard form as a sum of pure second order
spatial derivatives.
Eberly’s metric corresponds to a dual metric tensor given by

hil — |:p2 O15n (26)

Ot 0L 0<i,j<n

The non-vanishing scale component induces a second order scale derivative in
the Laplace-Beltrami operator in whatever coordinate system, e.g. in canonical
coordinates we obtain

ou 0%u
oy =P gz T A, @)
Consistency with Eq. (1) requires that we take the singular limit p — 0.

2.6 Foveal Scale Space Images

The field equations Eqs. (2-7), or (8-13), admit nontrivial solutions if we adopt
a different choice of canonical coordinates. A relevant case is that of a foveal
system, whereby homogeneity is dropped in return for the ability to sample a
small region of interest around some preferred point with enhanced resolution,
i.e. a fovea. For simplicity I consider the case of n = 2 spatial dimensions.

Let us consider Cartesian spatial coordinates (z,y) € IR? and absolute scale
o € R", and circumvent the difficulties of non-Riemannian geometry by postu-
lating a regularized (dual) metric of the form

L 0
[6202 0 0 -| €202
ho~ 0 24y? 0 or hij~| 0 s 0
[ 0 0 24 2J ety
T Y locij<a 0 1

2 2
7+ Y d o< j<o
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with ¢ > 0 constant. Then we can use the well-known result that there exists
a unique connection compatible with the metric, or, equivalently, with the dual
metric, i.e. with Eq. (4) or Eq. (10), viz.

Ohs e Ohs.
Fkij = 1hkl ( L % ”> . (28)

2°¢ \ Ozt ori  Oxl

A straightforward computation yields

F(?o = *%
Ity = 2 _T_ Y2
R
I'fy = 72 i/_ Y2
x
Th= s
L
=
2 T
21 22 ¥ o2
=t

and all other I ;k vanish. Notice that none of these depend on ¢, so these sym-
bols are consistent with the non-Riemannian limit ¢ — 0 (but unlike with the
regularized case not necessarily unique). Apparently the coordinates (z,y, o) are
not canonical coordinates. Canonical coordinates can be obtained by setting the
left hand side of Eq. (16) equal to zero. Let us identify (z°, 2%, 2%)= (0, z, y) and
(y°, yt, y*)=(, p, ¢), such that

(o,2,y) = (e7,e” cos p, e’ sin @) . (29)

The corresponding Jacobian matrices, expressed in x* coordinates (i and j are
row and column index respectively), are

! 0 0
O gzov ' vy o _® Y
- = — T i - =
7 ’ y espectively = 21 P4
YT Jo<ij<2 0 y i

S a2 4 y? x? 4y 0<i,j<2
(30)
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Furthermore
(92£E0 c00 02$1 00 0 32162 00 0
— =1000 , — =10z —y and — = 0y z
Jdy' 0y 000 y' 0yl 0 Oyt oy 0
0<i <2 Y ocigeo T 7Y ocig<o

(31)
With the help of these matrices, a tedious but straightforward computation

shows that, indeed, all Tkij in Eq. (16) vanish identically. Thus (7, p,$) are
canonical coordinates. These coincide with the familiar logarithmic scale pa-
rameter, respectively the log-polar spatial coordinates normally used to describe
human cortical magnification due to foveation. This same result, by the way, can
be obtained by an alternative method based on a spatial metric transform [25].

A subtle complication that has been glossed over here is the singularity at
(z,y) = (0,0). For this case it is tacitly understood that Eqs. (2-7) or Eqgs. (8-13)
hold almost everywhere.

3 Summary and Conclusion

Scale-space cannot be endowed with a Riemannian metric. Its geometry is akin
to Newtonian spacetime geometry as described by Cartan [13], with scale and
time formally identified.

Various scale space theories fit naturally in the geometric framework of this
paper, such as the standard formulation of homogeneous scale space, and the
foveal scale space incorporating the inhomogeneous retinocortical mapping re-
sulting from eccentricity dependent visual receptive field sizes (“log-polar scale
space”). These scale space instances are singled out by postulating canonical
coordinatisations consistent with the proposed geometric axioms. In practice
canonical coordinates are the natural ones to use for discrete sampling on a
regular grid. This depends on application as demonstrated.
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A Eberly’s Riemannian Scale-Space

Eberly [9,10] proposed to endow scale space with a Riemannian geometry. In
this case the geometric object of interest is the scale space metric tensor, G.
It is well known that there exists a unique affine connection compatible with a
Riemannian metric. The Riemann-Christoffel curvature tensor thus follows from
the metric.

More specifically, the metric proposed by Eberly depends on a parameter
p > 0 that weighs the relative importance of spatial and scale measurements.
The metric is given by

n

1 L |
G=1; (kzldx ® dx +2p2tdt®dt> ,

inducing a constant negative Riemannian curvature K = —p?. Riemannian cur-

vature is defined for two independent 2-surface tangent vectors a,b € V as

R(ta,b,a,b)
(a-a)(b-b)—(a-b)2’

K(a,b) =

in which #x = G(x, . ). Note that K(a,b) remains the same if a and b are replaced
by linear combinations.

The Riemannian geometry corresponding to the case K = —1 is known as hy-
perbolic geometry. For details the reader is referred to existing literature [26,27].
For application in the context of linear scale space theory, cf. Eberly’s accounts
[9,10].
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Abstract. A maximum likelihood local scale estimation principle is pre-
sented. An actual implementation of the estimation principle uses second
order moments of multiple measurements at a fixed location in the im-
age. These measurements consist of Gaussian derivatives possibly taken
at several scales and/or having different derivative orders.

Although the principle is applicable to a wide variety of image models,
the main focus here is on the Brownian model and its use for scale
selection in natural images. Furthermore, in the examples provided, the
simplifying assumption is made that the behavior of the measurements
is completely characterized by all moments up to second order.

1 Introduction

The problem of scale estimation, or selection, is considered from a probabilis-
tic perspective. For a given image a local scale estimation principle based on
maximum likelihood is presented.

The basic idea is that, assuming a particular image model, an expression
for the second order moments of measurements in an image can be derived for
every scale. Such measurements can consist of, for example, a certain n-jet at a
location or intensity measurements at several scales. Given an actual image and
assuming that it is a realization of this image model, the local likelihood can be
determined for every scale. The scale at which the likelihood becomes maximal
is then taken to be the local scale at this point.

In what follows, a general maximum likelihood approach to this problem is
formalized. Subsequently, assuming that the local image measurements consist
of Gaussian filters, or derivatives thereof, a general expression for the second
order moments under a 2-dimensional Brownian image model is given and, in
addition, it is assumed that the filter responses can be described adequately by
means of knowledge about the central moments of second order.

Following this formulation of the Brownian scale selection principle, two spe-
cific cases are illustrated more extensively, i.e., the case where scale is to be
estimated from the n-jet and the case where a local estimation is based on a

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 146156, 2005.
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Gaussian filtering over several scales. Some illustrative examples on artificial
Brownian images are provided.

Finally, the relation of the scale estimation principle with other scale selection
mechanisms is shortly discussed.

2 Maximum Likelihood Scale Estimation

Let F}, F2 ... F* be a collection of k filters at a location z. Often, these filters
are linear and typically assume the form of an inner product, i.e., for every
i € {1,...,k}, there is a function fi defined on the domain of images such that

FL] = (L, f,)

for an image L. F, := (F}, F2,...FF)' ie., the k-dimensional vector of mea-
surement apertures.

Given a particular image model for every scale s, a k-dimensional distribution
ps of the filter responses coming from F} can be determined. The maximum
likelihood estimate for the scale at a specific location x, denoted by §(z), is then
given by

5(z) = argmax ps(F:[L]),
s€(0,00)
where the image L is assumed to be a realization of the image model under
consideration and F,[L] is the vector with filter responses at the location x in
the image L.

3 Brownian Image Model

The specific 2-dimensional model that is considered in more detail is the Brow-
nian image model [1] (see also [2]). This model is the least committed, scale
invariant image model that adequately represents the first and second order
structure in natural images.

Using this model, restricting the types of measurement types to Gaussian
filters and their derivatives, and making the simplifying assumption that the
measurement behavior is fully specified by its second order structure, a more
explicit expression of local likelihood over scale is given.

For a zero-mean Brownian model at scale s—having zero-scale power spec-
trum f3/||w]|?, one can derive an analytic expression for the second central mo-
ment C77 (s) (i.e., the covariance) of the responses of the Gaussian derivative
filters nglnl and anm at a position z. In this, min; and msns indicate the
order of derivation for both filters.

In [1] a special instance of this covariance is derived. In the case considered
there, one has that ¢ = 7 and s = 0, and the covariance is given by

Bmln!
2rgmAn2mEn(p 4 m)21nl’

m

ce _(_1) ;"’+m2+n2
mn
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if both m = my +my and n = n; + ny are even. Otherwise, C7 ., = 0. From the
derivation in [1], it then readily follows that in our case, if both m = my + mo
and n = nj; + no are even, the covariance is given by

Bm!n!

2 S m+n
21 (\/ G + 5 + 82 2mAn(n 4 m) 515!

and again, C97 (s) equals zero otherwise. See [2] for more details.

A problem with the forgoing analytic expression for the covariance is that
the parameter 3 is not known a priori. The influence of this parameter on the
eventual maximum likelihood estimation of the scale, is related to changing
image intensities by a certain multiplicative factor, and it can have a considerable
impact. Our scale estimate should, of course, be invariant under intensity scaling
and, therefore, intensities should be normalized in an explicit or implicit manner.
Our choice is to take care of this implicitly by normalizing the covariance matrix
used in the experiments: After determining the initial entries of the covariance
matrix, say C'(s), the final matrix C(s) is a scaled version of C’(s) such that
det C(s) =1, i.e.,

Cor(s) = (—1) " Fmatns

b

C'(s)
t/det C'(s)

where k is the number of filter outputs based on which the estimation takes place.
It should be noted that this normalization also has an effect on the dependence
of Con s.

Because the scale estimation is based on (up to) second order structure and all
zeroth orders equal zero, and because det C(s) = 1 for all s € (0, 00), determining
the maximum likely scale boils down to taking the scale which gives the smallest
Mahalanobis distance F,[L]*C~1F,[L] for a feature vector F,[L], i.e., for the
maximum likely scale § at position x, it holds that

C(s) =

3(z) = argmin F,[L]*C!(s) F,.[L] .
s€(0,00)

The scale estimations performed in the next section are based on this expression.

4 Illustrative Examples

This section chiefly provides a pictorial (over)view of the performance of the
proposed scale selection procedure. For this purpose, three artificial noise images
are generated (see Figure 1), all derived from the same initial, i.i.d., 256 x 256,
Gaussian noise image. The first one is a Brownian image observed at scale s = 8.
A Brownian image is a Gaussian random function for which the increments
B(x + Azx) — B(x) are independently, identically, and normally distributed with
a variance proportional to the length of Ax.

The second one is a Brownian image observed at a scale that is varying in
the z-coordinate: At the left and right border the scale is 2, while the scale
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Fig. 1. On the left is the Brownian image observed at scale 8. The middle figure depicts
the space-varying Brownian image. On the right is the image obtained by observing
Gaussian i.i.d. noise at scale 8.
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Fig. 2. Scale estimation based on the 2-jet at scale 4. The mean and standard deviation
of the estimates for the constant Brownian image (on the left) are 10.4 and 10.1,
respectively.

in the middle is /22 + 322 ~ 32.1; the measurement scale follows a Gaussian
profile along the z-direction. The third one, is the initial Gaussian noise image
but then, like the Brownian image, observed at scale 8.

On these three images, local scale estimations are performed using nine differ-
ent feature sets (behind the feature description, in parenthesis, is the number of
filters and the figure in which the corresponding image containing the estimates
is displayed):
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Fig. 3. Scale estimation based on the 3-jet at scale 4. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 8.6 and 3.5,
respectively.

r\J

1. the 2-jet at scale 4 (5 dimensions, Figure 2),
2. the 3-jet at scale 4 (9 dimensions, Figure 3),
3. the 4-jet at scale 2 (14 dimensions, Figure 4),
4. the 4-jet at scale 4 (14 dimensions, Figure 5),
5. the 4-jet at scale 8 (14 dimensions, Figure 6),
6. the 4-jet at scale 16 (14 dimensions, Figure 7),
7. the 5-jet at scale 4 (20 dimensions, Figure 8),
8. three 2-jets at scales 2, 4, and 8 (15 dimensions, Figure 9),
9. three 2-jets at scales 4, 8, and 16 (15 dimensions, Figure 10).

We note that in our setting an n-jet does not include the zeroth order measure-
ment, because it does not contain any information about the image structure
necessary to perform an adequate scale estimation.

The Figures 2 to 10 show the outcome of the scale estimation procedure on
all three images in Figure 1 based on the nine different filter collections. The
lighter the color that is displayed, the larger the estimated scale (with white the
largest scale and black the smallest). In every figure, colors in the three images
are scaled relative to each other. In the caption, the mean and the standard
deviation of the estimated scales for the constant scale Brownian image is given.

Directly below every scale estimate image is a 1-dimensional plot that gives
the average of the estimated scale in the y-direction in the image directly above
it. The thin black lines give an indication of the variance around the mean and
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Fig. 4. Scale estimation based on the 4-jet at scale 2. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 8.3 and 1.3,
respectively.
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Fig. 5. Scale estimation based on the 4-jet at scale 4. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 8.4 and 1.5,
respectively.
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Fig. 6. Scale estimation based on the 4-jet at scale 8. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 8.5 and 2.3,
respectively.
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Fig. 7. Scale estimation based on the 4-jet at scale 16. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 7.9 and 5.0,
respectively.
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Fig. 8. Scale estimation based on the 5-jet at scale 4. The mean and standard devi-
ation of the estimates for the constant Brownian image (on the left) are 8.3 and 0.9,
respectively.

32 =1

Fig. 9. Scale estimation based on the 2-jets at scales 2, 4, and 8. The mean and standard
deviation of the estimates for the constant Brownian image (on the left) are 8.4 and
0.8, respectively.



154 M. Loog, K.S. Pedersen, and B. Markussen

RV anea Y N N

8
N e U A NI g 2 //V\ ]

Fig. 10. Scale estimation based on the 2-jets at scale 4, 8, and 16. The mean and
standard deviation of the estimates for the constant Brownian image (on the left) are
8.5 and 1.3, respectively.

are plotted at twice the standard deviation from the mean. For comparison, the
real observation scale is shown in the same plot in red/gray.

From Figures 4 to 7, and Figures 9 and 10, one of the first observations
that can be made is that increasing the scale leads to increased variance of the
scale estimate. This behavior may be explained by the fact that the (co)variance
for higher-order derivatives for increasing scale decreases rapidly and therefore
measurement errors or instabilities in these observations have a large impact on
the final estimate (note that the inverse of the covariance matrix C is used in
calculating the Mahalanobis distance).

Although not apparent from the experiments, it is also to be expected that
for very small scale, say around the inner scale, filter outputs are so unreliable
that scale estimates will break down, resulting in a large variance.

From Figures 2, 3, 5, and 8, among others, it is clear that the number of
filters used in the estimations has a large influence: The more filters that are
used the more accurate the estimates. Of course, due to, for example, numeri-
cal limitations, this increase of precision will only be observed up to a certain
maximum number of features. One weakness of the estimation procedure is that
the inverse of the analytical covariance matrix is needed and inverting it may
become unstable at a certain point. However, considering the special structure
of the matrix, it may turn out to be possible to give an analytic expression for
the inverse as well.

Generally, the average scale estimate for the constant Brownian image is
quite close to the actual scale of the underlying process. Remarkably, though, is
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that it is more often overestimated than underestimated. This is partly because
the inner scale does not appear in the expression for the analytic covariance.
However, it is hard to judge, based on the illustrations presented, whether or
not the consistent overestimation can be explained completely by this.

For the blurred Gaussian image the mean scale seems slightly bit more vari-
able than for the Brownian image, and the variance might be a bit lower on
average. What is most notable, however, is that the actual observation scale is
rather consistently underestimated. A simple explanation for this may be that,
although the constant Brownian and the constant Gaussian have the same scale,
a Brownian image is intrinsically more blurred, and as such at a higher scale,
than a Gaussian noise image. The reason for this is that the power spectrum of
Brownian noise drops of like 1/f2, while the spectrum for Gaussian noise is flat.

Severe underestimation of the scale is also an issue for all of the filter choices
in the Brownian image with spatially varying scale. Here part of the problem
is that the size of the filters, based on which the estimation is carried out, is
relatively large compared to the part of the image in which it actually takes
on a particular scale. E.g. the smaller the scale used to compute the several
4-jets is the higher the peak in the y-averaged estimate. This part in the image,
having largest scale, is for one part underestimated, because surrounding image
parts are of lower scale. The scale 2 parts, for example, are relatively large and
flat, and, indeed, the scale is predicted quite adequately in these areas. What
we cannot explain is why the underestimation takes such severe form. Possibly,
there is a bias towards small scale structures originating from the estimation
process.

5 Discussion and Conclusions

A general local scale estimation procedure employing feature-based maximum
likelihood estimation has been proposed and demonstrated to work quite well
in certain settings for particular collections of filters. The specific instance of
the general framework we considered provides an estimate of the local scale
assuming the image to be from an underlying Brownian image model at a specific
scale. Here, only artificial images have been experimented with and the actual
performance, and interpretation of the outcome, on, for example, natural images
has not been studied yet and is considered for future research.

A well-known, methodology for scale selection, which can be considered to be
directly related to scale estimation, has been proposed by Lindeberg [3]. In [4],
a similar selection scheme based on a fractional Brownian image model drew the
connection between the fraction parameter and the intrinsic scale of the feature
to be detected. Majer’s dissertation [5] provides a very general scale selection
framework based on a stochastic mechanism.

One of the most notable differences between the previous schemes and the
scheme proposed here is that, in principle, the former are employed in combina-
tion with a specific feature detection task, whereas the current approach allows
for a scale estimate irrespective of actual features to be detected. Therefore the
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scheme proposed here could be considered a way to obtain a local estimate of
the intrinsic scale of the image. Especially References [4] and [5] could pro-
vide valuable clues on how to relate task-dependent and generic scale estimation
schemes.

An interesting related remark, suggested in part by an appraiser of some of
our preliminary work done on this subject, is that an approach similar to the
one presented here might be directly applicable to generic feature detection. The
basic underlying idea is that one could look at the actual likelihood at every po-
sition and find the positions in which the likelihood is small. The low likelihood
indicates that the features measured do not fit the global underlying model well
and therefore indicates a point of interest. Further considerations may, more di-
rectly, relate particular choices for such likelihood schemes to some of the known
scale selection schemes. It would be interesting to see under what assumptions
for the maximum likelihood model, it is possible to mimic the feature specific
scale selection methods of Lindeberg [3].

Finally, although their focus is on determining a global estimate, a somewhat
related approach to scale estimation may be found in [6]. In this, the authors
derive a closed-form maximum likelihood estimate of scale for a broad class of
Markov random field models. It is not directly clear how this relates to our jet-
based estimation principle, however the global scale estimate in [6] should have
a direct interpretation in terms of an averaging over certain local estimates such
as can be determined in our framework.
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Abstract. We first describe two stochastic algorithms which build trees
in high dimensional Euclidean spaces with some adaptation to the ge-
ometry of a chosen target subset. The second one produces search trees
and is used to approximately identify in real time the pose of a polyhe-
dron from its external contour. A search tree is first grown in a space
of shapes of plane curves which are a set of precomputed polygonal out-
lines of the polyhedron. The tree is then used to find in real time a best
match to the outline of the polyhedron in the current pose. Analyzing
the deformation of the curves along the tree thus built, shows progressive
differentiation from a simple convex root shape to the various possible
external contours, and the tree organizes the complex set of shapes into
a more comprehensible object.

1 Introduction

For many years Biology has mostly imported its models from human Technol-
ogy, but as it addresses more complex problems, Technology borrows more of its
solutions from Biological organisms. The tree algorithms we present here were
first studied as abstractions or models of some biological phenomena like angio-
genesis or artificial neural networks [3]. As such they have a more concrete and
geometric flavor than the usual tree structures used in computer science. We
now test their possible technological utility applying them to a classical Vision
problem with important industrial and medical applications. The problem is to
find the pose of a known polyhedron from the outline of its apparent contour. It
is motivated by such fields as Robotics, Computer Assisted Surgery, Augmented
Reality, and all sorts of tracking and recognition problems. Of course a lot of
work has already been done in this area and, considering that the algorithms
described are members of a family only starting to be studied, we shall only test
the relevance of the approach and emphasize the versatility of the algorithm,
which can be readily adapted to other problems. These trees also have aspects
relating to shape description and the multi-resolution paradigm that might be
of interest to the participants of this conference. We shall first describe the al-
gorithms as a way to build geometric objects which grow like vessels toward an
organ or tumor in familiar spaces, then turn to trees in spaces of shapes of plane
curves, then address the vision problem and how to implement a solution, and
finally comment on some multi-resolution aspects of the tree built.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 157-168, 2005.
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2 Adaptive Trees

For the moment we shall describe the tree algorithms in a Euclidean space,
like IR™, and will generalize only when needed for shape spaces. To explain our
vocabulary, we can think of them as growing a vascular branching network from
a seed toward a subset called the target, which stands like an organ or tumor
to be reached in all of its parts. The tree algorithms start from a point (we
call it the seed, it can also be a finite set of points) in a Euclidean space and
grows a tree toward a subset (we call it the target), in the same space. It is a
stochastic algorithm where points are repeatedly drawn from the target with a
given probability distribution. We use uniform distributions on regular targets,
but one can also start from a probability distribution in IR™ and define the
target as the support of it. The initial state of the tree is the seed, and each
step adds a single point to the tree (we call this operation : accretion), with
some connectivity data which gives it the structure of a tree. It is convenient to
describe two variants of the algorithm.

2.1 First Algorithm

Start with a finite set Ry as the initial network.
The rules for accretion in the first algorithm are, at the i-th step, after a
point a; has been randomly draw from the target:

1. Find the point b; of the tree R;_1 closest to a;,

2. Build the point for accretion as the barycenter b; = e.a; + (1 — €).b; , with
a small positive € so that the accretion will take place close to the network (we
fix € from the beginning, and the algorithm is not very sensitive to it).

3. Set R; = R;—1 U{b}}. We say that accretion of b, took place at b;. The
points b} and b; are declared to be neighbors.

This first set of rules leads to adaptive branching of the tree and some con-
vergence properties of the tree toward general target sets have already been
proved [5], namely that any neighborhood of a target point will in probability
be eventually entered by the network (uniformly if the target is compact).

To understand why branching occurs, observe (fig. 1) that when the network
gets close enough to the target, the target is seen from some points of the network
with an angle exceeding /2. It is then possible to accrete successively two points
on the same point of the network, leading to branching (other cases are possible).
The phenomenon of abortive bifurcations also occurs: observe on figure 1 that
the first branching follows some small “spines” or “thorns” on the network. These
spines are really branchings, but they were followed by some competition among
the two branches, leading to the death of one of them, i.e., the other branch
grew enough to be closer to any point of the target than any point of the first
branch, thus irreversibly inhibiting the growth of it. That phenomenon has been
analyzed in [5]: such competition leads to unstable “abortive” branchings when
far enough from the target, but branching becomes stable when closer to the
target, leaving both branches alive. The repetition of changes in the structure
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Fig. 1. Growing a tree to a line segment and a circle with the first algorithm. Abortive
branchings can be observed.

of the dynamical systems governing the evolution of branches can be related to
R.Thom’s notion of a generalized catastrophe [12] to describe adaptive branching
morphologies.

The behavior of the network toward complex or multiple targets is somewhat
reminiscent of our vascular metaphor, as shown (fig. 1), showing convergence of
the network to the target.

The complexity of the algorithm depends heavily on the search for a clos-
est point at step 1 of the algorithm. At any time most points in the network
are inactive since for any point of the target there is a point in the network
which is closer than them. Such inactivation is irreversible, and a garbage col-
lection, removing inactive points from the list of points to be tested, is highly
desirable when possible. However such pruning algorithms require simple target
geometries, which hinders pratical performance in the general case.

The dependence of the complexity on the dimension of the ambient space
involves only computing the distance, so the algorithm can easily be run toward
targets in high dimensional spaces (e.g., IR?*°, as in the case of plane curves).

2.2 Second Algorithm

In order to get a tree which can be used for searches, and also to improve
performance by enabling a fast search for nearest points in the network, we
modify the set of rules, adding a rule to be used at branching steps. This rule
irreversibly assigns a portion of the target to each of the future subtrees arising
from the bifurcation, thus preventing abortive branchings and speeding up the
search for a closest point at each step of the algorithm.

Rules. During the evolution, the space will be divided into more and more
disjoint regions, starting with the whole space as a single region, and a region
will be split when some branching occurs in it (the bird eye’s view of fig.2 shows
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the nesting of regions). Each region will have its own seed and sub-target when
created, and it will grow a network of its own. We take as a rule (Rule 0) that
the intersection of the target and a region is that region’s sub-target.

For a network, we shall call tips the points which have one neighbor, and
branching points the points which have three neighbors. The seed is considered
to have a neighbor from the start, even if that neighbor is not part of the region
network; thus the seed is a tip before any accretion and becomes a branching
point when two points are accreted to it.

At any time the total network is the union of all these regions’networks and
of some archived points to keep a global tree starting from the first seed.

The rules for region splitting and network growing are now stated.

1. Start with the space as the only region, a single point as its seed, and the
target as its sub-target.

Repeat:

2. Draw a random point from the target, determine to which region it belongs
(call D that region).

3. Perform accretion on the network of D, according to the rules of the first
algorithm.

4 Splitting rule: If branching occurs in D’s network, that is if the accretion
did not take place at the last point accreted in D, thus creating a branching
point (with the special rules mentioned for the seed), then keep the two points
accreted on the branching point, call them s; and so. Archive the points between
the seed and the branching point and discard the others. Split D into D; and
D5 with D; defined as the subset of points of D which are closer to s; than to
so, and Dy being the subset of points of D which are closer to sy than to s;.
Make s1 the seed of Dy and so the seed of Dy. The sub-target is split according
to rule 0.

There should be some rule, deterministic or stochastic, for ties in distance
comparisons. However some settings make such rules unnecessary, e.g., assuming
that the intersection of the target with any hyperplane has null measure (such
hypothesis can be supported by genericity arguments for some cases of manifolds
with uniform probability). We shall make that assumption and disregard ties as
almost surely absent. Rules for stopping the process are up to the user, e.g.,
number of points accreted, or number of regions, or some quantitative criterion
related to the distance from the network to the target.

This algorithm is very efficient even on complex targets. The search at step
2 uses a binary search tree which in our experiments had satisfactory balancing.
The rest of the search is done in the region’s network which has small size. We
maintain two trees. The binary search tree to rapidly locate a target point only
stores the seeds of the regions (or pointers to them). Another tree stores the first
seed and all the accreted points; it is used for the final parts of searches and also
serves as an archive of the whole network.

Experimental Behavior. Experiments with this second algorithm show be-
haviors similar to the first one on many targets. Compare for instance figure 1
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Fig. 2. From a seed not in the target’s plane, evolution toward a square target with
the second algorithm. What is shown is the projection of the network onto the target’s
plane. Notice the nesting of regions and the linear separatrices.

and figure 3 obtained for the same target with the two algorithms. Some differ-
ences must however be noticed. There are no abortive branchings for the second
algorithm, which is one of its built-in properties, since branching leads to some
irreversible splitting of the target and to no further competition between the
networks of the corresponding subregions. Also the angle of the first branching
is smaller with the second algorithm since no abortive bifurcation delays it. In
this way the first algorithm adapts better to the target, producing a shorter
network. The difference can be more dramatic for very uneven probability mea-
sures with light weighted portions of the target that manifest themselves late:
late targets can access the closest part of the grown net with the first algorithm,
whereas with the second one they have to address the current set of subnetwork,
a possibly sub-optimal behavior.

Some target geometries are definitely bad for the second algorithm (fig. 4).
When some parts of the target are "hidden” by other ones, the network needs to
get very close to some target parts in order to reach other ones, and this produces
region splitting adapted to some parts but not desirable for other parts, and still
irreversible. This leads to the parallel growing of many branches, clearly an
undesirable behavior. The first algorithm, on the contrary, can restart a network
to a further target from a single tip. That difficult situation is only attenuated
when parts of the targets are not strictly hidden by other one. In figure 5 we
use the same projection representation as in figure 2. The target is made of two
equal circles and a line segment lying in IR?, with a seed in IR? not contained in
the target’s plane. Observe that the network toward the circle on the left side is
perturbed by the separatrices caused by the nearby line segment.
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Fig. 4. Second algorithm, with two target segments: traversing the first part of the
target sets up irreversible corridors constraining the adaptation to the second part

Fig. 5. From a seed not in the target’s plane, evolution toward two circles and a segment
(projection of the network on the target’s plane). Approaching the segment interferes
with the evolution toward the circle besides it.
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Theoretical Considerations. The convergence results obtained for the first
algorithm do not apply to the second one, and some of the experimental cases
we showed should make us careful. Here we only outline our present directions
of research. It must first be kept in mind that many variants of these algorithms
exist, and that exploring them could be as rewarding as concentrating on a
single particular one. For instance, it is easy to change the splitting rule so as
to replace the separating hyperplane by one which splits the target better in
some cases (we tried one that bisects the angle between the accreted points; this
can be achieved by modifying the two seed points and still keeping the rest of
the algorithm unaltered). One can also delay the splitting while collecting some
rough statistics on the points drawn.

In the direction of some convergence results, we shall distinguish two kinds of
problems. Proving convergence results with finite (meaning: not infinitesimal) e
leads to probability questions. For instance one can use the theory of branching
processes to study situations like figure 4. On the other hand, one can study the
limit of the process when e tends to 0, possibly with some restrictions on the
target, such as being contained in a hyperplane which does not contain the seed.
Still being relevant to the behavior of algorithms, questions of that second type
rely more on deterministic and geometric tools, and explicit deterministic limit
processes can be found for some targets.

3 Growing Search Trees in Spaces of Curve Shapes

In order to retrieve the pose of a known polyhedron from the shape of its external
contour, we need to search a a set of shapes of plane curves for that one closest
to the shape of a given contour. We are thus going to grow a search tree using
the second algorithm in a set of curve shapes. The formalism of section 2 has
to be slightly modified, but we do it in a way that also permits growing a tree
according to algorithm 1, and keep the formal convergence results in that case.

We are really interested in comparing shapes, i.e., we identify all polygonal
plane curves which differ only by a plane displacement (rotation and translation).
A shape is a set of such equivalent curves, even if it can be coded by one of its
representative curves. Shape spaces have been studied by statisticians [2]. In
order to extend our algorithms to it, the set of shapes needs a distance and an
equivalent of our barycenter construction.

3.1 Computing the Distance

Two curve shapes ¢1, ¢o being given each by a representative curve (C7 and Cs),
we compute a distance d(cy,c2). Each curve C; (i € {1,2}) is parameterized,
i.e., it is given by a continuous mapping o; : S — IR? (assumed to be bijective)
where S! is the unit circle, and we assume that the parameter is proportional
to the curvilinear abscissa measured from o;(0). For any phase ¢ € [0, 27] and
any plane displacement T' we can compute the quantity dg r(o1,02) equal to
the square root of the average of || T (ca(t + ¢)) — o1 (t)||* over t € [0, 27] (where
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the norm is the Euclidean norm in IR?). We take as the distance d(c1,c2) the
minimum of dg (01, 02) over all possible values of T' and all possible values of ¢.
Practically, the average is approximated using sampling, only a finite number of
values of ¢ are tried, and there are classical formulas from Procrustes’s methods
[7](using singular value decomposition) to find directly the minima over T'.

3.2 Computing a Shape for Accretion

Once a target shape a has been randomly drawn and the closest network shape
b has been found (in the relevant region if we apply the second algorithm), we
need to compute the shape to be accreted. Any member of its class is adequate.
We note e.a + (1 — €).b the shape we are to find. We might want the following
property to be enforced:

d(a,e.a+ (1 —€).0) = (1 — €).d(a,b)

the reason being that this permits to use with no modification the proof of the
convergence theorem in the case of the first algorithm and obtain a similar result
for a tree in the space of curve shapes (there is however some latitude to still
get convergence with an approximate relation). An approximate solution is the
following: After we computed the distance between a shape a in the target and
a shape b in the network, these shapes being represented by the parameterized
curves A and B respectlvely (with associated mappings o4 and o), we know
the special qb and 7' which permit to reach the minimum of dy (02, 01) (here
we prefer that order, even if it gives the same value to the distance). In other
words, we know how to position two curves representing the two shapes and how
to build a bijection between them for a best match. We just interpolate the curves
in these positions using the given bijection, to get a curve C' parameterized by:

oc:t—eT(oa(t+¢)+ (1—e).op(t)

With these two modifications, we can apply either the first algorithm or the
second one to grow trees in spaces of curve shapes. For the Vision problem we
need a search tree and thus only use algorithm 2.

4 Application: Pose Identification from Outline of
Polyhedra

We now test our second algorithm on a Vision problem. To cite [8] : “One of
the classic problems in model-based vision is the estimation of the pose (i.e.,
the location and orientation) of a 3D object with respect to a scene described
by sensory data (2D images or 3D range data)”. In Medical Imaging and Com-
puter Assisted Surgery for instance, anatomy-based registration tasks have to
solve instances of that problem. Much work has of course been done in that field.
Most of the early methods have used some iterative minimization of a functional,
with good final results in terms of precision but with problems to find a good
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initial position and avoid local minima. This is where several methods can co-
operate, and tree based methods, many of them using Breiman’s Classification
ad Regression Trees [1], are getting popular [10] [9]. We must also mention the
vast topic of neural networks, among which Kohonen’s Self Organizing Maps [6]
where used for the identification of articulated models [11], an extension of the
pose identification problem. As an apology for the algorithm we present, let us
notice that most of the mentioned methods need either a lot of preprocessing, or
the choice of several critical parameters, functionals, criteria, and often combine
several methods or classifiers.

Here we take as our only data the outline of the polyhedron seen with an un-
known pose. The method extends to a smooth surface. Scene analysis often uses
other clues such as lighting and texture, but some X-Ray based registration prob-
lems have comparable restricted input [8], using like in standard radiographic
interpretation the singular curves of the projection of smooth contrast surfaces
along the X-rays [4], or only part of them. Our data are simulated, i.e., com-
puted from a model of the scene. We first choose a polyhedron (here a randomly
perturbed piece of a discretized solid torus). That polyhedron now being per-
fectly known, we can compute, for each pose of it, the curve of the outline of its
projection on a fixed plane (we take an orthogonal projection), which figures its
external contour as seen by a remote observer. We only keep the outline to get a
single curve whatever the pose. The problem is: given an outline curve, retrieve a
pose of the polyhedron (at least one of them if there are several solutions) which
gives the same (or nearly the same) outline curve on the specified projection.

We take as our target the set of outlines possibly observed for the given
polyhedron. It is a small subset of the set of all the possible curve shapes which
we take as the ambient space. Each shape is stored by a member curve. To grow
a search tree according to the second algorithm, we randomly draw rotations of
the polyhedron around its center of mass, and for each of them we compute the
outline, getting a point of the target. The density on the target is thus induced
from a uniform probability measure on the set of rotation matrices. We set the
seed equal to an ellipse and grow the tree from it, using the accretion rules already
described. For each point of the network we keep, besides its representative curve,
a record of the rotation matrix which produced the target curve involved in its
accretion. The seed and representative curves of the tree are stored as polygons
with a fixed number of vertices large enough to compute the distance accurately
and to permit adaptation to the curves of the target. That tree is computed
offline and stored to be used later in the demonstration part.

To test the ability of the search tree, we use a window and mouse and in-
teractively control the position of an instance of the polyhedron. Each time the
pose changes (we achieve real time) the outline is computed and sent to an
independent part of the program which searches the tree already stored. That
search produces the curve representing the shape which fits best the shape of
the outline curve, together with the angle of the plane rotation used for the fit.
Composing that plane rotation with the 3D rotation matrix stored with the best
fitting curve gives a rotation matrix estimating the pose to be found. The poly-
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Fig. 6. The binary tree grown on outline curves of a polyhedron (inner nodes only),
represented with some overlap. The curves correspond to branching points of the tree
grown with the second algorithm.

hedron is simultaneously displayed with that estimated pose in a second window
for visual assessment. A third window displays the outline curve and the fitted
tree curve to further evaluate the method. On a portable computer (Pentium
M, 1.8 GHz), five minutes permitted to grow a tree (fig. 6) with 430 leaves (av-
erage height : 10.05), after 5000 accretions (e = 0.07, 100 vertices per curve).
That tree can then be used to recognize approximately, in real time, the poses
of the same polyhedron from the outlines of its projections, as demonstrable in
an interactive presentation. Allowing longer growing times leads to larger trees
and better precision.

5 Relations to Multi-resolution Methods

The shapes of the curves corresponding to the points used for accretions can
be monitored as the tree grows. The shapes can be seen (fig. 6 and fig. 7) to
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Fig. 7. First layers of the tree grown on outline curves of a polyhedron. The curves
correspond to branching points of the tree. Observe the progressive shape differentiation
from the root to the leaves.

progressively differentiate, starting from shapes close to that of the seed, toward
the various possible shapes in the target, i.e., the different possible outline shapes
of the polyhedron. These transformations look as a kind of reverse blurring and
call for a comparison with deep structure methods and other multi-resolution
procedures.

Shape differentiation of curves is observed for both algorithms but compar-
isons with blurring are probably easier with the second one. Going from the root
to one of the leaves, the evolution of the curve associated to the points of that
path in the tree is approximated (in the limit of a small epsilon) by the effect of
a vector field along the curve, averaging at each point of the curve the displace-
ment needed to reach the corresponding point on different curves of the target
once matched to it. After each branching, the set of curves averaged to build the
field along the current curve is split: it is the subset of the target to which the
current curve is assigned. Such averages on smaller and smaller disjoint sets be-
come more diverse with their respective sub-targets getting more homogeneous.
This leads to better matching and to the differentiation of the curves. The re-
verse path can thus be compared to a combination of interpolation (involving
the target) and some repeated local averaging on the target.

Applying these ideas to Image Analysis is a challenging program which can
involve different levels of complexity. A single image can be taken as a target to
build a tree towards it (a small e making the tree more deterministic), but trees
can also target directly volumetric data or more general sets of images.

6 Conclusions and Prospects

An algorithm derived from abstract biological modeling (branching in general
spaces) could be used to address a concrete problem with very few changes.
Its modest performance in this first application has to be balanced with the
generality of it, since the only parts of the code specific to the problem addressed
were the distance function and the interpolation procedure. The same algorithm
permits so search a set of smooth curves like the sectional curves of a complex
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bone through all its intersecting planes [5]. There are also very few parameters
to choose as the results are not very sensitive to e. Its low complexity might
make it or variants of it candidates for quick data exploration, dimensionality
reduction, or visualization, e.g., in the processing of genomic or biometric data.
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Exploiting Deep Structure*
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Abstract. Blurring an image with a Gaussian of width ¢ and consid-
ering o as an extra dimension, extends the image to an Gaussian scale
space (GSS) image. In this GSS-image the iso-intensity manifolds behave
in an nicely pre-determined manner. As a result of that, the GSS-image
directly generates a hierarchy in the form of a binary ordered rooted tree,
that can be used for segmentation, indexing, recognition and retrieval.
Understanding the geometry of the manifolds allows fast methods to de-
rive the hierarchy. In this paper we discuss the relevant geometric prop-
erties of GSS images, as well as their implications for algorithms used
for the tree extraction. Examples show the applicability and increased
speed of the proposed method compared to traditional ones.

1 Introduction

When images are considered, they are always considered at some scale. Often
the focus is on single pixels - the so-called inner scale - in case of enhancement.
However, at the same time also intermediate structures - scales - are relevant,
since it is important to know if either noise or ’relevant data’ is enhanced. This
simple example illustrates the need of multi-scale image processing.

Since there exists a huge pile of possible multi-scale methods, it makes sense
to restrict to those that have a firm mathematical and reasonable axiomatic basis.
In the first group so-called test-functions are found, that transfer the discrete
data into the continuous domain [16]. In the latter group we prefer those axioms
stating that 'we know nothing of the image’ [5]. At the intersection of both, one
finds the well-known Gaussian filter.

When an image is blurred with a Gaussian filter, the scale (the width, or
variance of the filter) needs to be chosen. The Gaussian scale space paradigm
[2,6] states in contrast that no scale should be chosen in advance. The (n)—
dimensional image is thus extended to an (n + 1)—dimensional Gaussian scale
space (GSS) image.

Many results on the deep structure - the complete structure - of GSS im-
ages are reported, albeit that most results describe local situations, like neigh-
bourhoods of point-events like so-called catastrophe points [1] or saddle points
[3,10,11].

* This work is part of the DSSCV project supported by the IST Pro-
gramme of the FEuropean Union (IST-2001-35443). WWW home page:
http://www.itu.dk/Internet/sw1953.asp

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 169-180, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Recently, novel results were reported in the use of GSS images. They contain
a hierarchical structure that can be used for a so-called pre-segmentation [11],
a topological segmentation of the image based on its extrema. Furthermore, a
binary ordered rooted tree can be extracted that represents the hierarchy [12].
A drawback of the extraction procedure as described in these papers, is their
need for (n + 1)—D region extraction. Since GSS images can be complicated,
the procedure is computationally expensive. Currently, these methods are in the
state of evaluating their relevance with respect to image indexing and retrieval,
as presented in [7].

In this paper we discuss the global geometrical structure of GSS images,
bridging the local events and the hierarchical tree structure and yielding a faster
method to derive the latter based on the former, using the geometry of iso-
manifolds in the GSS image.

2 Background

In this section we briefly review Gaussian scale space, its deep structure and the
hierarchy in the GSS image. For more details we refer to the literature mentioned
in this section.

2.1 Scale Space

Let L(x) be an image with x an n-dimensional spatial variable (point) and L
the intensity measured at the point. In order to transfer the discrete image to
the continuous domain, so-called test functions [16] are needed. Among those
functions, we choose that one that satisfies the constraints that it has no pre-
ferred orientation, size, location, and no memory. Finally, the function needs to
be separable for computational purposes [5]. As a result, one ends up with the
Gaussian filter [6,14]. Consequently, the Gaussian scale space image L(x;t) is
defined as the convolution of L with a Gaussian:

1 _Ix—y|?
e At
R V4wt

As one can verify, the Gaussian scale space image satisfies the diffusion equa-
tion: O;L(x;t) = AL(x;t) and lim; o L(x;¢) = L(x). This is the result of an
other axiom: causality, as suggested by Koenderink [9]. It boils down from the
assumption that moving upwards in the GSS image no spurious details are cre-
ated, and thus implies that no new level lines are created. However, it is possible
that locally an extremum and a saddle are pair-wise created [1].

Generally, when blurring, structure disappears due to the pair-wise annihila-
tion of a pair of critical points. This concept automatically leads to the definition
of critical curves: one-dimensional strings through the GSS image that satisfy
V. L(x;t;) = 0 for each fixed t;. Note that this is just a formal definition linking
critical points over scale. The linking respects the type of critical point (max-
imum, saddle, minimum), and, as Damon showed [1], at so-called catastrophe

L(x;t) = Ly) dy
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points a saddle part and a extremum part meet. These points are the local
extrema of the critical curve with respect to scale in the GSS image.

The critical points of the GSS image itself are always (scale space) saddle
points [3,10,11]. At these points the spatial and the scale derivative are zero.
The latter implies that the Laplacian is zero, given the diffusion equation.

2.2 Hierarchy

The concept of scale space saddles takes a prominent place in the hierarchical
structure proposed by Kuijper and Florack [11,12]. Two distinct iso-manifolds
(manifolds with the same intensity throughout the GSS image) are connected at
these saddles. Each critical curve can be related to a manifold, vice versa, and
each annihilating extremum can be related to a scale space saddle. So the saddle
relates two different critical curves, while both curves have a different maximal
scale location (the annihilation point). The first disappearing curve causes its
related manifold to be called critical.

In [11] a difference in the hierarchy based on the scale location of the disap-
pearance of a critical curve related to the critical manifold is advocated, whereas
in [12] the focus is changed to the location of the scale space saddle in the GSS
image. The manifold that was nameless is called dual in that paper. An example
is given in Figure 1. The left image shows two manifolds joining at the scale space
saddle. The critical curve through it also intersects the right manifold. At the top
of the curve an annihilation takes place involving the saddle part (left, through
the scale space saddle) and an extremum part (right, intersecting the manifold
at its top). Therefore, the right manifolds is called critical. Consequently, the
left manifold is called dual. Note that this manifold is also intersected at the
top by an (other) critical curve. The right image shows the corresponding tree
structure. The scale space saddle SSS is a node with two children: the critical
curve determined by critical manifold, edge C' and the critical curve determined
by the dual manifold, edge D. The edge to its parent P is formed by the critical
curve determined by dual manifold. The parent is either the root, or another
scale space saddle. In the latter case is the edge either labeled C or D.

3 Geometry

In this section we describe the global structure of iso-manifolds in GSS and relate
it to the scale space saddles, as well as the hierarchical structure. We will focus
on 2D images and 3D GSS images for visualization purposes, but the results
hold in arbitrary dimension.

3.1 Manifolds

From the definition of a GSS image itself it is clear that ’all things blur away’.
As proven by Loog et al. [15], if the image is padded with zeros (it has infinite
support), all critical points stay within the original image (the hull), while at
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SSS

Fig.1. a) A critical and a dual manifold joined at a scale space saddle. b) Building
block of the tree structure.

some scale only one extremum remains. Theoretically, at infinite scale all in-
tensities have spread out equally over the image with infinite support, i.e. the
average intensity converges to zero. The importance of this result is that there
is a scale at which there is only one extremum left in the blurred image.

At this scale in the blurred image, the isophotes form closed curves that can
be traced downwards, while the single point forming the extremum forms the
top of a dome-shape. What is within this dome cannot be reached given this
blurred image [9)].

Alternatively, given an arbitrary n — D iso-manifold in the (n 4+ 1) — D GSS
image, if it intersects an extremum it must intersect it at the top of a local
dome (the maximal scale at which the manifold locally exists). Obviously, the
manifold can have multiple local tops, although they are located at different
scales - just like an arbitrary 1D function generically has extrema with different
values. Furthermore, in the GSS image there is exactly one global top: at that
scale the manifold is reduced to an extremum and when scale is increased the
manifold disappears.

Consequently, in the GSS image all iso-manifolds are only open at the original
image. So for n = 2, all 1 — D isophotes in the original 2 — D image converge
at some scale to circles and disappear when increasing scale. Note that this
does not have to happen immediately, as pointed out by Lifshitz and Pizer [13].
They reported the change in curves from non-intersecting to intersecting. This is
due to the global structure of iso-manifolds in the neighbourhood of scale space
saddles, as will be shown in the next section.

Finally - but perhaps most important, it should be noted that the causal-
ity principle states the there are no new level lines - isophotes created when
increasing scale. This implies that in the GSS image it is impossible that an iso-
manifold is completely closed (i.e. closed from below). It must have an open end
towards the original image. As a result, each isophote at some scale is present
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in the original image and the critical points in the GSS image are saddle points.
So it remains to investigate the global structure of iso-manifolds through these
points.

3.2 Saddles

At spatial saddle points, generically two parts of a manifold are joined or split
[3]. For example, one can think of a pair of trousers (join) or the two humps of
a camel (split). More special are the scale space saddle, at which two parts have
one contact in one point - at least locally [11].

However, only local information of the scale space saddle environment is
insufficient: The two parts having contact may be indeed two iso-manifolds that
do not share any other common point(s), but they may as well be one and the
same manifold. If the latter case applied, the saddle is called 'void” according to
[11]. This paper gives a closed definition to distinguish between the two cases,
essential to build the hierarchy.

3.3 Contact at Saddles

The first item to be addressed is the contact at a scale space saddle. It is com-
monly said that two manifolds are touching, but this might give the wrong
impression. Since the scale space saddle is also a spatial saddle, the isophote
in the blurred image through the (scale space) saddle is self-intersecting. This
intersection is transversal - there is a non-zero angle between the crossing parts.
The two parts bounded by the isophote have a peak and are not isomorphic to a
circle. So instead of two spheres touching at the scale space saddle, there are two
peaks joined at a single point, see Figure la. The manifolds with a small differ-
ence in intensity divide in two cases. The first case yields (locally) two manifolds
that do not (locally) intersect. The second case consists of one manifold that is
tunnel-shaped around the scale space saddle.

3.4 Global Structure at Saddles

The second item to take into account is the types of critical curves involved.
When two distinct manifolds are considered, there are two critical curves that
intersect the manifolds at their tops. These critical curves can be either of the
same type (both containing either minima or maxima), or of different type (one
containing a minimum and one containing a maximum). Visualization of both
types can be made easier when regarding the blurred image and the isophote
through the (scale space) saddle.

Type 1: same types of critical points. If both curves have the same type, the
(scale space) saddle is placed ’in between’ both extrema: a ‘common’ eight-figure
appears. In the GSS image the two iso-intensity manifolds are two juxtaposed
peaky kissing domes, the result of two locally dome-like shapes approaching each
other, see Figure 2a.
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Type 2: different types of critical points. In case of an scale space saddle
joining a maximum and a minimum curve, on extremum, say the minimum, is
placed in between the saddle and the other extremum (thus being the maximum).
This relates to a wrapped eight-figure, where one part lies inside the other. In
the GSS image the minimum-related part of the manifold kisses the outside part
of the maximum-related part of the manifold, see Figure 2b.

Fig. 2. a) Extrema are of the same type: two juxtaposed domes. b) Extrema are of
different types: one dome inside the other. ¢) What will be the geometry of the dual

and critical manifolds?

4 Avoiding 3D Region Growing

Once having obtained the critical curves, the scale space saddles and their rela-
tions, there are two major time—consuming things to do (see also Figure 2c).

Firstly, it needs to be determined how the manifolds are shaped at the original
image. This is non-trivial, since the manifold may be ’trousers-like’; giving rise to
(at least) two distinct isophotes in the original image. So a global investigation is
needed to find the correct form of the dual manifold. This is depicted in Figure
3. The left images show an intersection of the GSS image in the (x,t) plane,
with z such that the two scale space saddles (the dots) are in the intersection
plane. The continuous curves show the dual and critical manifolds (with D and
C labels), the dashed curves represents the critical curves (with extremum e and
saddle s branches), and the horizontal dashed line is the image at a scale with a
scale space saddle (on s2). The resulting tree structures are shown on the right.
Both scaled images contain regions around the extrema eq, es, and e3. The latter
is part of the critical manifold, but for the dual manifold one can see that the
top row image has only ey as dual part, while the bottom row image has also
the e; as part of the dual manifold.

Secondly, it needs to be determined what the top of the dual manifold is, or,
in another way, to which other critical curve the saddle is related. This is essential
for the linking in the tree. In [12] the authors propose a 3D-region growing with
the scale space saddle as seed point. This clearly solves the problem, but the
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Fig. 3. Two scenarios with the same image thresholded at the intensity of the scale
space saddle. See text for details.

shape of manifolds may make this a very time-consuming method. We propose
a different method to overcome these problems.

4.1 Top-Finding

To find the top of the dual manifold, it suffices in most cases to find the extrema
in the blurred image that are encapsulated by the isophote through the (scale
space) saddle. Since the saddle is connected to one extremum in a critical curve,
it is clear which of the two areas contribute to the inner part critical manifold.
Taking the other part, one finds at least one extremum. If there are multiple
extrema, then their intensities along the critical curve are known. So also the
intensity of the scale space saddle is located on at least some of these curves.
Then it suffices to take the extremum with that intensity that has the highest
scale value, i.e. the one located highest in scale. This is the top of the dual dome
and the extremum belongs to the critical curve related to that related to the
critical manifold. This is the case in Figure 3, top row. The isophote contains
the extrema es and es. Since the first one vanishes with branch sy (containing
the scale space saddle), it is part of the critical manifold. The latter extremum
has an intensity equal to that of the scale space saddle, where it intersects the
dual manifold.

It may happen that the curve doesn’t contain the intensity. Then it is involved
in a second scale space saddle elsewhere. Then the same procedure is taken
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for this extremum and the curves link to the dual manifold determined by the
last scale space saddle This is the case in Figure 3, bottom row. The isophote
contains (again) the extrema ez and es. Since the first one vanishes with branch
s2 (containing the scale space saddle), it is part of the critical manifold. The latter
extremum doesn’t have an intensity equal to that of the scale space saddle, but
vanishes before it can intersect the manifold determined by the intensity of the
scale space saddle. It therefore is a critical manifold, linked by its scale space
saddle to extremum branch e;, being the dual part. Therefore also ez is to be
linked to this branch. Branch e; intersects both manifolds given byes and es.
The ordering follows by the intensities of these manifolds.

This is sufficient to derive the tree structure, since critical curves can only es-
cape manifolds through their tops. To find the segments (bounded by isophotes)
in the image related to each critical and dual manifold, one needs to follow the
next procedure.

4.2 Region Shrinking / Sub-tree Selections

Given the root of the tree (the remaining extremum in the GSS image), one also
has its intensity. Since this forms the top of some dome in the GSS image that
has an open end at the original image, one can just trace from the boundary
of the original image padded with zeros (containing being thus the ’isophote’
with value zero) inwardly until the desired intensity is reached. Note that this
cannot cause the isophote to be spilt, since all extrema but the remaining one
are located within this region!.

While going down in scale, one finds at one moment the first node, the scale
space saddle at which a critical manifold was connected to the remaining ex-
tremum. This relates to shrinking the isophote in the original image to the first
isophote(s) with the intensity of the scale space saddle. This time, splitting of
isophotes in the dual part is possible due to the ’trousers’ event. In the critical
manifold part, there is exactly one isophote. Obviously, inside the isophote an-
other isophote with the same intensity may occur due to the presence of other
extrema.

The simple procedure is justified by the causality principle, regarded down-
wardly in scale: no level lines (isophotes) disappear.

From the tree point of view, this is just selecting the left sub-tree at a node
being the dual manifold, and the right sub-tree as the critical manifold. Return-
ing to Figure 3 again, the top row tree simply gives for es the region around e;
as dual and the regions around es and eg as critical, since the top node defines
the left and right sub-trees. For eg it is just ey as dual and eg as critical. The
bottom row tree gives a different result. Now for es, €1 is the dual part and es
the critical part, while for es the dual part is obtained by e; and es.

! We consider generic images, so binary images are excluded. All non-generic images
can be made generic by adding infinitesimal perturbations.
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5 Examples

In this section we elaborate on the presented method based on the images given
in Figure 4. The blob image is obtained by adding up four Gaussian blobs with

Fig. 4. Testimages a) artificail blob image with labels on critical points. b) MR image
c) MR image at scale 8.37 with labels on critical points.

different intensities. In this way numerical calculations can be verified analyt-
ically. For computation, the function is sampled into a 81281 image with 80
scales logarithmically sampled. The MR image has dimensions 217x181. Since it
contains over 4000 critical points, as starting image the one at scale 8.37, shown
in Figure 4c, is taken. For this image 89 scales are computed. These images
were also used in [12], but that paper provides the dual and critical manifolds
obtained by the 3D region growing method.

For the blob image the critical curves and the image thresholded at the
intensity of the scale space saddles are shown in Figure 5. To verify the final
results, Figure 6 shows the manifolds through the scales space saddles.

Comparing both figures, it is clear that the image at the scale of the scale
space saddle (Figure 5) doesn’t contain sufficient information. For extremum ey
the extrema es, e4, and e5 are in the dual part (b), while for extremum es only
ey is in the dual part (c) - while there is a part of e5 visible. For e5 both es and
eq are in the dual part (d) - and es isn’t even present anymore at this scale. This
is not obvious at all from Figure 5, but it is clear given the complete manifolds
(Figure 6) .

However, the top-finding procedure returns e, as critical curve intersecting
the dual manifold at the top in all cases. Next, when building the tree, the scale
space saddles are ordered in their intensities. Tracing downwardly from the root,
firstly the extremum e; is found generating a critical manifold. Note that this
is a situation of different types of extrema (Figure 2b). Secondly, es is split off,
next es, and finally es.

The region shrinking procedure then finds the sequence shown in the top
row of Figure 7. Here black regions denote the parts belonging to the critical
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P

Fig. 5. Successive scale space saddles as scale increases with the intensity threshold at
the intensity of the scale space saddle. a) e; b) ez ¢) es d) es.

Y3

Fig. 6. Manifolds in GSS with the intensities of the scale space saddles, sorted on the
intensities of the scale space saddles. a) e1 b) ez ¢) e5 d) es.

m . . l l n €7 €58¢ €4€1€3 €2

Fig. 7. Regions and trees for the blob (top row) and MR image (bottom) found by the
shrinking / sub-tree search method. Black: critical, White: Dual.

manifold, while white regions denote the parts belonging to the dual manifold.
Firstly the minimum e; is found (top left): a black region within the white (the
wrapped eight figure). Secondly, within the white regions the shrinking takes
place and ey is found as critical (top right), while the parts around the other
maxima are part of the dual manifold. These two images still relate to the top
rows of the Figures 5 and 6.

The next one that is found is extremum e5 (bottom left) with es and ey as
part of the duals. Although this is clear from Figure 6 bottom left, it contradicts
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the intuition suggested by Figure 5 bottom right. This again warns that scale
space is not trivial at all.

Note that these results are identical to the “ground truth” as given in [12].
This holds also for the MR image results, the bottom row of Figure 7. Here
the images are derived from the sub-tree search. For example, the first image
obtained C(e;) as the union of regions around eq, e2, and es, and D(eq) as the
union of regions around ey, €5, eg, and ez, since the scale space saddle related
to e; is the top node in the tree (see also [12]). This scale space saddle is of type
2, combining different types of critical points.

The main computational gain is given in Table 1. Although the running times
are given for non-optimized code, the differences are clear.

Table 1. Running times of the 2D and 3D region grow algorithms in seconds

blobs MRI
extremum| 1 2 3 5 4 6 5 3 1 2
2D 0.470 | 0.311 [ 0.280 | 0.291 || 1.021 | 0.601 | 0.551 |0.721 | 0.371 |0.721
3D 54.178(61.729|37.614(54.999(|12360.1|649.183|731.281|354.98|238.694|522.01

6 Summary and Conclusions

In this paper we discussed the geometry of manifolds in Gaussian scale space im-
ages. We clarified the local behaviour at the scale space saddles and distinguished
between two essentially different kinds of interactions of manifolds at scale space
saddles. Furthermore we showed what the global structure of manifolds in GSS
images looks like and how it can be used.

This links the known local events in Gaussian scale space with the global
hierarchy and segmentation method proposed in [11,12]. This method relies on
an (n+ 1)—dimensional region growing procedure to find relevant structures (i.e.
the geometry of certain manifolds) and can be heavily time consuming.

Using the presented investigation of the geometry of GSS images, a region
growing algorithm in the full GSS image in order to find the tree structure,
can be avoided. It suffices to do a region growing on the scaled image only, in
combination with a linear search along critical curves to find the hierarchy tree.
Furthermore, a locally (n — 1)—dimensional manifold shrinking in the original
image, or (equivalently) a sub-tree search and region expanding around the found
leaves, suffices to derive the segmentation of the image.

The presented examples showed the much faster running times to derive the
tree structures and segmentations. Therefore the algorithms get a significantly
less complexity, enabling faster use in image recognition and comparison as pre-
sented in e.g. [7].
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Abstract. This paper clarifies the nature of hierarchical relationships
among singularities in the Gaussian scale-space. The hierarchy of the
singular points is essentially provided by ‘stationary curves’ and flux
curves of ‘figure field’. They are defined, respectively, as the trajectories
of stationary points across scale, and as the gradient field of the scale-
space image at fixed scale. The figure field also reveals an important fact
that a stationary point at infinity is involved in catastrophe events of
local minimum points. These mathematical properties define the scale-
space hierarchy, which is qualitatively described as a tree.

1 Introduction

The aim of this paper is to clarify the hierarchical structure of image by math-
ematical statements in scale space. The scale space treats images at all levels
of resolution, simultaneously. The resolution of the image governs accuracy and
cost of quantitative estimations in the computer vision, such as motion detec-
tion, reconstruction of objects, etc. Therefore, we require a priori knowledge of
necessary and sufficient resolution to employ the quantitative estimations. In
other words, the scale selection problem is inevitable.

The scale-space hierarchy is one of the important qualitative properties of
image, which provides us with hierarchical approach to the scale selection prob-
lem. We focus on the hierarchical structure implied by the Gaussian scale-space
in this paper. We firstly review the Gaussian scale-space theory to present the
importance of some concepts: stationary curves, figure field, and a local mini-
mum point at infinity. Secondly, we propose the scale-space tree which describes
non-heuristic hierarchical structure of image. We also present temporal segmen-
tation of motion image as a potential application of the proposed scale-space
tree.

2 Theory

2.1 Gaussian Scale-Space

The Gaussian scale-space analysis of images goes back to Iijima [1,2,3,4,5],
who introduced the Gaussian convolution as the fundamental transformation
of images based on the following axioms: (i) nonnegative intensity, (ii) linearity,
(iii) scale invariance and closedness under affine transformations, (iv) semigroup

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 181-192, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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property, and (v) rotational invariance. In 1983, Witkin published a paper on
scale-space filtering, and pointed out the importance of the Gaussian filtering in
image processing [6].

We define the Gaussian scale-space image as follows.

Definition 1. The Gaussian scale-space image f(x,7), (x,7) € (RN,K+), 18
the convolution of the N-dimensional original image f(x) > 0 with the isotropic

Gaussian kernel G(x,T):
! |
— exp ( i ) . (1)

T

fle,7) =G+ f, Gx,7)=

—N
Here R denotes N-dimensional extended real space, which includes a point at
nfinity.

Note that the Gaussian scale-space is defined in compactified real scale-space in
this paper. The point at infinity plays an important role in deriving consistent
scale-space hierarchy.

In 1984, Koenderink suggested the mathematical equivalence between the
Gaussian filtering and the linear diffusion equation, or the partial differential
equation of the parabolic type [7].

Proposition 1. The Gaussian scale-space image f(x,T) satisfies the linear dif-
fusion equation

0. = Af. (2)

In advance of the above arguments, Iijima derived the linear diffusion equa-
tion from physical principles regarding the scale-space image f(x, ) as an energy
density distribution [3]. On the analogy of the energy density flow, Iijima defined
the figure field or the vector field of the figure flow.

Definition 2. The figure field F' is defined as the negative of the spatial gradient
vector field of the scale-space image:

F=—Vf(z,1). (3)

Definition 3. The figure flow curve is the directional flux curve of the figure
field.

Since the figure field is considered as the current density flow of image intensity,
the figure field satisfies the continuity equation.

Proposition 2. The figure field F satisfies the following differential equation.
O-f+V'F=0. (4)
Proof. Equation (4) is directly obtained from (2) and (3). |

The following proposition is the conservation law of image intensity.
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Proposition 3. Let S C RV denote a simple closed supersurface which en-
circles an arbitrary volume V. C R". The net outward flux of the figure field

crossing S is the rate of total loss of image intensity in V with respect to the
scale.

Proof. Set m to be the unit normal vector to S. From (2), (3) and the Gauss
theorem, the net outward flux is calculated as

/SFTndS:f/SVandS:f/VVTVde: faT/Vde. (5)

The last notation in (5) states the derivative of total loss of image intensity in
V' with respect to the scale 7. a

Equation (5) is the integral form equivalent to (4).

2.2 Stationary Points

A remarkable feature of the image at fixed scale is a set of stationary points of
f(x, 7). The stationary points are defined as follows.

Definition 4. The stationary points are defined as the points where the spatial
gradient vanishes:

{e | Vf(x,T) =0} (6)

The stationary points of N-dimensional (N > 1) scale-space images are classified
into three types; local maximum points, local minimum points and saddle points.
At the regular points where the determinant of the Hessian matrix of f(x,7)
is non-zero, the types of stationary points can be discriminated by the second
derivative of f(x,7), that is, the second derivative test. Since the directional
derivative of f(z,7) in the direction of a unit vector n is calculated as

dof =n'V, (7)
the second directional derivative of f(x,7) can be written in the quadratic form,
Zf=n'V(n'Vf)=n'Hn, (8)

where H = VV ' f is the Hessian matrix. Equation (8) implies that the maxi-
mum and minimum values of the second directional derivative d2 f are the max-
imum and minimum eigenvalues Apax and Ay, of H, respectively.

>\min S drzy,f S >\max~ (9)

The eigenvalues of H and corresponding eigenvectors are called the principal
curvatures and the principal directions, respectively. The principal curvatures are
obtained by the second directional derivation in the principal directions. The
function f(x,7) is said to be convex if the second directional derivative d2 f is
positive for any direction of m. Analogously, f(z, 7) is concave for negative d2 f.
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The local maximum (minimum) points are the stationary points at the concave
(convex) points. That is, Apin > 0 at the local minimum points and Apax < 0
at the local maximum points. The other stationary points are classified as the
saddle points.

Since the scale-space image f(x,7) is a superposition of the Gaussian func-
tion, the local maxima and minima are representatives of dominant parts of
bright objects and cavities in the image, respectively. In the sense of the cur-
rent density flow of image intensity, the local maxima and local minima are
sources and drains of the flow, respectively. The local maxima and local min-
ima are start-points and end-points of the figure flow curves. It is trivial that
F = -V f # 0 at any point x in the vicinity of an extremum, and we can draw
a figure flow curve which passes through the point @ in the direction of F' unless
x is the extremum itself.

We also recognise the existence of a stationary point at infinity.

Proposition 4. A point at infinity is a local minimum.

We can visualise the point at infinity with the stereographic projection. Fig-
ure 1 illustrates the one-to-one correspondence between the space & and the
Riemann sphere under the stereographic projection. We see that any small dis-
placement from the point at infinity (the pole N) increases the image intensity
at corresponding point in the image. The local minimum point at infinity can
be regarded as a representative of the dark background of the positive image.
Since the scale-space image f(x, 7) is positive, the point at infinity is a drain of
the figure flow from the whole region of the image.

Fig. 1. Stereographic projection onto the Riemann sphere. The pole N corresponds to
the point at infinity, which can be regarded as a local minimum point.

The saddle points appear on ridge-like and trough-like structures in two-
dimensional images. According to the sign of the Laplacian Af(x,7), we can
distinguish the saddle points as the ridge-like (Af < 0), trough-like (Af > 0),
and balanced saddle (Af = 0) [11]. The balanced-saddle is also known as scale-
space saddle [12].

2.3 Stationary Curves

The stationary curves are of great importance to the investigation of the scale-
space hierarchy.
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Definition 5. The stationary curves are the trajectories of stationary points in
the scale space.

The stationary curves are also classified as local maximum curves, saddle curves,
and local minimum curves according to the second directional derivation in the
same fashion as the classification of stationary points.

One of the local maximum curves is connected to the one remaining local
maximum point at the coarsest scale. We call this local maximum curve “trunk
curve”. It is also notable that the local minimum point at infinity resides at any
scale. That is, the collection of local minimum points at infinity can be regarded
as the local minimum curve at infinity.

Generally, the sign of the Laplacian depends on the sum of eigenvalues of the
Hessian matrix.

Af =trH =tr(VAV") = Z i, (10)

where V' is the square matrix whose column vectors are eigenvectors of H, and A
is the diagonal matrix of eigenvalues \;. Since the sum of the eigenvalues is nega-
tive (positive) at the local maximum (minimum) points, the image intensities on
the local maximum (minimum) curves decrease (increase) with increasing scale.
By the same token, the image intensities on the saddle curves with negative (pos-
itive) Laplacian decrease (increase) with increasing scale. For two-dimensional
images, the image intensities on the saddle curves composed of the ridge-like
(trough-like) saddle points decrease (increase) with increasing scale.

The stationary curve is described as a one-dimensional manifold x(7) in
the scale space. Zhao and Iijima [8] showed that the stationary curves are the
solutions to the system of differential equations.

Proposition 5. The stationary curves are the solutions to the equation
Hx =-VAf, (11)
where the dot indicates ordinary differentiation with respect to scale T.

Proof. From the total differential equation of f(x,7) at the stationary points
{z(7)|Vf = 0}, we have

Hx+Vo,f=0. (12)
Substituting (2) into (12), we can derive (11). O

The endpoints of the stationary curves are the singular points where det H =
[I; Ai = 0, that is, at least one of the eigenvalues is zero. This property implies
that the local maximum/minimum curve and saddle curve share the singular
point as their endpoint. Note that the stationary points necessarily have the
Laplacian A f with a same sign at the singular point.

Proposition 6. The mazimum (minimum) curve and the saddle curve with
negative (positive) Laplacian can share a singular point as their endpoint.

This property was suggested by Griffin et al. [11] for two-dimensional images; a
ridge-like saddle point cannot annihilate with a minimum point, and a trough-
like saddle point cannot annihilate with a maximum point.
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3 Hierarchy

In this section, we consider connectivity of the stationary points across scale
and at fixed scale. We firstly discuss that the stationary curves imply the hi-
erarchical relationships across scale. The stationary curves, however, does not
completely clarify the scale-space hierarchy. Therefore, it is essential to study
the connectivity at fixed scale. We show that the annihilation point is connected
to a nonsingular stationary point at the annihilation scale. Such a nonsingular
point can be found by tracing a unique figure flow curve from the annihilation
point in zero principal curvature direction. Secondly, we introduce the local min-
imum point at infinity in order to define consistently the scale-space hierarchy.
Finally, we propose the scale-space tree which explicitly describes the hierarchy.

3.1 Connectivity Across Scale

As the scale parameter increases, the image is simplified and the features of the
image are reduced. The number of stationary points in the diffused image f(x, 1)
decreases when the different types of stationary points meet and annihilated at
the singular point, and only one maximum point remains at the coarsest scale.

The behaviour of stationary points is described as the stationary curves in the
scale space. Since the saddle points are always involved in the annihilations and
creations of the stationary points [11,12], the different types of stationary curves
share the singular point as their endpoint. Some singular points are connected
by the stationary curves to the other singular points in higher scale. Therefore,
the stationary curves imply the hierarchical relationships among singular points
across scale.

In order to express this implicit hierarchy as a tree, we regard the singular
points as nodes of the tree. The leaves of the tree are the stationary points at
the finest scale. The branches of the tree represent the connections between the
stationary points and singular points. However, the singular point at which the
stationary points are annihilated does not always have the connection by the
stationary curve to the singular point in higher scale.

3.2 Connectivity at Fixed Scale

In the previous section, we introduce the equation of stationary curve. Equa-
tion (11) gives the instantaneous velocity of the stationary points in the space
with respect to the scale. Transforming the coordinates into the principal axis
coordinates of H, we obtain from (11)

p(r) = —AT'V,Af, (13)

where p(7) = VTiL'(T), and V,, = V 'V is the gradient operator in the principal
axis coordinates.

Equation (13) shows that the third derivatives are weighted by the reciprocal
eigenvalues of H. Recall that we have the zero eigenvalue at the singular point.
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This indicates that the velocity component corresponding to the zero principal
curvature becomes infinite at the singular point. In other words, the velocity of
the stationary point is infinite in the direction of the zero principal curvature at
the annihilation scale.

It has been shown that Fold catastrophes describe generic annihilation events
[14,15,16]. In the principal axis coordinates, the annihilation event is modelled

as
N

f.7) =p} +6p1i7 + > vilpi +27). (14)
i=2

where ZZI\LQ ~vi # 0 and Vv; # 0. For N-dimensional (N > 1) images, it suffices
to consider the events in two-dimensional case

f(p1,p2,7) = p} + 6p17 + (p3 + 27). (15)

This model of scale-space image f(p1,p2,7) has a local maximum point and a
saddle point if 7 < 0 and v < 0. These two stationary points meet at the origin
at 7 = 0. The parameterised stationary curves are obtained from (13) and (15)
as

p(r) = (£V-27,0)", (16)

where the upper and lower signs correspond to the saddle curve and local max-
imum curve, respectively. The principal curvatures (Aj, A2) are (v/—27,27) on
the saddle curve and (—+/—27,27v) on the local maximum curve. Therefore, the
zero principal curvature direction at the annihilation scale 7 = 0 is in the p;-axis.

Another significant aspect of the annihilation event is evolution of the figure
field. Noting that V, = V'V, it follows from (3) and (15) that

F = —(3p} +67,2vp2) . (17)

A family of figure flow curves p; = C/(py) is derived from the differential equation,

dp2 ap2f
2 Zped 18
dpl 8plf ( )
The solution to (18) for f(p1,p2,7) is
e kv
APV =T (r <0)
nVE
_ 2
p2 = Aexp | —— 7T=0 (19)
p ( 3p1) (r=0)

2y -1 P >
Aex tan” " — | (>0
P <3\/27’ V2T ( )

Figure 2 plots the figure flow curves before (7 < 0), after (7 > 0), and at
(7 = 0) the annihilation event of the local maximum point M and the saddle
point S. The annihilation point P is called a shoe point because of the shape of
the surface [11,13]. The shoe point has outward figure flow curves, but only one
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Fig. 2. Surface plot of f(p1,p2) and corresponding figure flow curves (a) before, (b) at,
and (c) after the Fold catastrophe event

inward figure flow curve is found. Here we call it “anti-directional figure flow
curve”. We clearly see that the anti-directional figure flow curve coincides with
the zero principal curvature direction, that is, p;-axis.

Let us observe the anti-directional figure flow curve in a global region of
image at the annihilation scale. Figure 3(a) illustrates the annihilation of local
maximum and saddle. The anti-directional figure flow curve reaches the shoe
point P along the “instep” of the shoe. The anti-directional figure flow curve
connects the shoe point P to another maximum point Q as the source of the
flow. Therefore, the maximum point Q can be considered as the parent node of
the annihilation point P. Since the ridge-like saddle point appears between the
local maximum points, the anti-directional figure flow curve always connects the
annihilation point of one local maximum to the other local maximum.

3.3 Connectivity to the Point at Infinity

The generic annihilation events of local minimum point and the saddle point can
be also described as the Fold catastrophes when we take v > 0 in (15). It can
be deduced that the stationary point as the parent of annihilation point of the
local minimum and trough-like saddle is always the minimum point.

However, we cannot always identify the stationary point as the parent of
annihilation point in the finite domain of image. Figure 3(b) shows such a case
of the annihilation event. The annihilation point P in Fig. 3(b) has inward figure
flow curves, but only one outward figure flow curve is found as the anti-directional
figure flow curve. The outward figure flow curve reaches the boundary of the
region of image.
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-

Fig. 3. Figure flow around annihilation points. (a) The shoe point. The anti-directional
figure flow (solid line) penetrates into the shoe point P, which leads to a maximum point
Q as the source of the flow. (b) An annihilation point P of a local minimum point and
a saddle point. The anti-directional figure flow (solid curve) from P does not have a
drain in the region.

This example suggests that the annihilation point like this case is linked to a
drain of whole image intensity, that is, a local minimum point at infinity. Since
the image f(x,7) is defined in the infinite domain, all of the outward figure flow
curves from the whole region of the image, including the anti-directional figure
flow curve, are considered to converge at the local minimum point at infinity.

Furthermore, we presume that the local minimum point at infinity is annihi-
lated with one remaining maximum point at infinite scale. At the infinite scale,
the scale-space image f(x, ) is completely flat and no stationary point is found.
This concept allows us to connect the remaining maximum curve to the local
minimum curve at infinity.

Consequently, the annihilation points of the maximum points are linked to
the other local maximum points via anti-directional figure flow curves at the
annihilation scales. The annihilation points of the minimum points are linked
to the other local minimum points including a local minimum point at infinity.
When we observe the stationary point with decreasing scale from the coarsest
scale, a first local minimum point is generically linked to the local minimum
point at infinity.

3.4 Scale-Space Tree

The hierarchical relationships among the annihilation points are described as a
tree. The root of the tree is a virtual annihilation point of the local minimum
point at infinity and the remaining maximum point at infinite scale. The nodes
of the tree are annihilation points. Stationary points which are connected to the
annihilation points by the anti-directional figure flow curves are also selected as
the nodes of the tree. Some nodes may be the points at infinity. The leaves of the
tree are the stationary points at the finest scale, including the local minimum
point at infinity. The branches indicate the connections between the nodes by
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the stationary curves across scale and the anti-directional figure flow curves at
fixed scale. Thus, the figure field and stationary curves define the scale-space
hierarchy.

4 Application

We demonstrate the classification of two-dimensional images, using a rotating
box sequence [17]. The sequence consists of 29 frame images, in which the box
with rectangular faces rotates from left to right. Since the frame images display
the dark box in bright background, we analyse negative images of the original
frame images. The scale-space tree is constructed for each frame image. Note
that we omit some branches which do not concern any topological changes of
the tree throughout the sequence.

Fig. 4. Groups of images and corresponding scale-space trees of rotating box. The first
row: the 1st to 11th frames, the second row: the 12th to 19th frames, the third row: the
20th and 21st frames, and the fourth row: the 22nd to 29th frames. The open circle,
filled circle and crossed circle indicate local maximum, local minimum, and saddle
point. Inf. indicates the local minimum at infinity.
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scale

Fig. 5. Switch of the trunk curve between the 21st and 22nd frames. The stationary
curves are plotted in (z,y, 7) scale space, where O indicates the top-left of the image.

Figure 4 shows the frame images and resulting scale-space trees. The im-
age sequence is segmented into four groups of frames according to three major
transitions of the tree observed in coarse scale. In the first transition, nodes of
the annihilation points of extrema R corresponding to the right face of the box
disappear from the tree at 11th frame. Instead, a new local minimum F, T and
a local maximum F2 uprise in the front face and top face of the box. A local
minimum L representing dark pieces in the left face appears in the second tran-
sition at 20th frame. The front face of the box is dominant in the 12th to 19th
frame images. The third transition is a switch of local maximum curves between
the 21st and 22nd frames. The trunk curve switches the connection from the
local maximum point in the front face to that in the left face, see Fig. 5. This
indicates the shift of weight center of image intensity due to the appearance of
the left face.

As a result, temporal segmentation of the motion image of the rotating box
is achieved based on the scale-space hierarchy. In this experiment, several lev-
els of scale-space tree are enough to detect the critical frames of the appear-
ance/disappearance of faces, and the transition of dominant part of the box in
the motion image.

5 Conclusions

We showed that the stationary curves across scale and the figure field at fixed
scale define the scale-space hierarchy. The scale-space tree has two types of
nodes: the annihilation points and additional local extrema. The local extrema
selected as the nodes are linked to the annihilation points by the anti-directional
figure flow curves, of which directions coincide with the zero principal curvature
directions at the annihilation points. A local minimum point at infinity can be
involved in the annihilation events of local minimum point. The point at infinity
is connected to a remaining maximum point at infinite scale.

The scale-space tree is a powerful tool to classify the images. We demon-
strated temporal segmentation of motion image as a potential application. The
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sequence of images is segmented into groups based on the hierarchical struc-
tures of frame images. This temporal segmentation scheme is non-heuristic, non-
model-based, and is performed without any quantitative estimation such as edge
extraction, motion estimation, etc.
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Computing 3D Symmetry Sets; A Case Study™*
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Abstract. In this paper we discuss the implementation of methods to
derive 3D Symmetry Sets, given a parameterized shape, as well as an
unorganized point cloud. It presents a geometric method to derive the
Symmetry Set, that is an extension of the one given in [6]. Although the
mathematics is a simple extension of the 2D case, the visualization, nu-
merical computations and their stability are much more complicated. An
example is given by means of an ellipsoid. In this example the Symmetry
Set can be computed exactly and results can be compared to the ground
truth.

1 Introduction

Although there has been no publication on 3D Symmetry Sets (yet), there has
been published quite a lot of work on deriving and presenting the Medial Axis in
3D. Most of the geometrical approaches that incorporate knowledge of possible
and allowed transitions is due to Leymarie proposing a method to derive the
Medial Axis in 3D [8,7,9], as well as Kimia and Giblin, who give a formal classi-
fication of the Medial Axis points [3] and transitions [2] Also Voronoi diagrams
to detect the skeleton, in combination with ridges for additional information,
have been reported [4].

In this work we consider shapes in 3D. These shapes are considered to be
closed 2D manifolds that allow a parameterization for the purpose of computing
the Symmetry Set by the standard definition introduced by Bruce, Giblin and
Gibson [1].

Let L(z,y,z) = 0 define implicitly a shape. Then its Gaussian surface cur-
vature K and Mean surface curvature H (Koenderink, [5], p. 515) are given
by
L2LyyLe:+L2LaaloctL2hosLyy

(LZ+L2+L2)2
L2(Lyy4 Lo )+ L (L Lo )+ L2 (Law+ L)
2(L2+L2+L2)%

K =
H:

and the minimal and maximal curvatures follow from

Fmaz = H +VH? — K
FBmin = H —vVH? — K
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At umbilic points [10] , the two principal curvatures coincide and H? = K.
These points are generically isolated points. Also both evolutes intersect at these
points. All other intersections of the two evolutes are due to different points of
the shape.

On the shape, ridges can be identified, defined as those points with locally
extremal curvature in one principal direction.

Since there are two distinct curvatures, we can assign to each point the points
S + N /Emin and 8 + N /Kmaz, where A is the unit normal vector. They define
two evolutes, representing the maximal and the minimal curvatures.

2 Ellipsoid

Since 3D Medial Axes are hard to compute and visualize, the forecast for these
tasks on the Symmetry Set is bad. In order to get at least the visualization as
clear as possible, we investigate a simple shape that allows an exact computation,
viz. an ellipsoid. Although it is still very artificial, it is the first shape (next
to the ”degenerated sphere) that gives a non-trivial Symmetry Set. In (z,y, 2)
coordinates, define a generic ellipsoid by

L(z,y,z) = x—+— z =1,

with a > b > ¢ > 0. The ellipsoid had its endpoints at +(a,0,0), +(0,b,0), and
+(0,0,¢). An example with (a, b, c) = (6,3,2) is given in Figure 1.

The ridges of the ellipsoid occur at x = 0, y = 0, and z = 0. In Figure 1 they
are visible as the curves. They intersect pair wise at the poles (bright blobs).
Note that the apparently triple intersection is due to projection.

Fig.1. An ellipsoid with ridges and special points (see text)
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Fig.2. The evolutes for the ellipsoid. From left to right: depending on the maximal
curvature, the minimal curvature, and both (intersecting) evolutes.

The ellipsoid has four umbilic points [10] at (+a cos ¢, 0, csin ¢) with ¢ the
solutions of a?sin® ¢ + ¢ cos? ¢ = b%. In Figure 1 they are visible as the dark
blobs.

Its Gaussian surface curvature K, Mean surface curvature H, and the mini-
mal and maximal curvatures follow directly from the previous section.

So to each point we can assign the points S + N /kmin and S + N'/kmaz,
defining two evolutes. They are shown in Figure 2. Note that they intersect, as
shown in the right plot. The umbilic points lie on the intersection curves.

2.1 Implicit Surface: (x,y,2) Data

In the remainder, let @ = 6,b = 3,¢ = 2. Then N(x,y,2) = (z,4y,92)(2® +
16y? + 8122)~1/2 and locations of the SS are found at (x,y,z) — . Since the
shape is symmetric, the locations are at the z = 0, y = 0, and z = 0 ovoids.

Then for r the values ry—o = (22 + 16y* 4+ 8122)1/2 ry_g = 2(2? + 16y +
812%)12 and r,—g = %(xQ +16y? +812%)/2 are found, with the SS ovoids p,—o,
py—o, and p._o.

The first ovoid, py—o = (0, —3y, —8z), is given by (16y)? + (92)? = (144)2,
with its extremal positions £(0,9,0) and +(0,0, 16)

The second one, py—o = (3z/4,0, —52/4), is given by (5z)%+(92)? = (45/2)2,
with its extremal positions £(£,0,0) and £(0,0, 2)

The third one, p.—o = (82/9,5y/9,0), is given by (5z)% + (16y)? = (80/3)?,
with its extremal positions £(1£,0,0) and +(0, 2,0).

This is visualized in Figure 3. The left image shows the ovoids. The bright
point mark the positions of the pole-related points, while the dark points the
umbilic related point represent. The lines are due to the ridges forming the
boundaries of the ovoids - the A3 curves- and the intersections of ovoids - A%/A?
lines. The origin is an A%/A?2/A? point, while the intersection with the A3 curves
result in A; As points. They are also shown in the middle image. The right image
shows a close-up, where it can be seen that the umbilic related points are indeed
on the curves. The umbilic points are found to be at ¢ = = arccos(j:%\/g), at

the points (£2/6,0,£11/10).
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Fig. 3. Left: symmetry set ovoids with special points and curves. Middle: The special
curves and special points. Right: Close-up of the symmetry set ovoids with special
points and curves.

The evolutes intersect at the umbilic point. They also form the boundary of
the Symmetry Set ovoids in the cusp-curves (just as the 2D Symmetry Set is
bounded in the cusp-point of the evolute). At the umbilic point the two evolutes
interchange their task in bounding the Symmetry Set ovoid that intersects the
shape with its boundary. The other two ovoids have boundaries either completely
inside (in this case the Medial Axis ovoid), or completely outside the shape.

In this simple case the pre-symmetry set can be computed exactly, and
is given by the sets of points (z,y,2) combined with (—z,y, 2),(x, —y, z), and
(x,y,—2).

2.2 Parameterisation - s,t Data

A parameterisation of L(x,y,t) is given by (6sin s cost, 3 cos s cost,2sint), with
s € [-m,7m[ and t € [-F, %[ The extremal positions are obtained for (s,t) =
((5,—%),(s,%5),(0,0),(m,0),(5,0)), (—%5,0) which relate to (z,y, z) = ((0,0, -2),
(0,0,2),(0,3,0),(0,-3,0),(6,0,0), (—6,0,0)), respectively.

Note that for £ = =7 the two poles are obtained. There all s values coincide.
Ridge lines - As curves of the SS - are found on the boundary of each ellipse.
The symmetry set ovoids are given by

Pa—o = (0, =3y, —82), so (x,y,z) = (0, —9 cos s cost, —16 sint),

py=0 = (32/4,0,-5z/4), so (z,y,z) = ($sinscost,0,—2sint), and

pa—0 = (82/9,5y/9,0), so (x,y,2) = (¥ sinscost, 3 cosscost,0).

The curvatures along the ridges are shown in Figure 4. The intersection
of the two curvatures in the middle graph is due to the umbilic points. The
curvatures coincide for (s,t) = (£4m, +arccos(£21/6). These D points are
on the boundary of py—¢. They do not affect the ellipse, although the minimal
curvature (bounding the Symmetry Set) has a non-differential point there.
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Fig. 4. Curvatures along ridges. a) xt =0, b) y =0, ¢) z = 0.

2.3 Pre-symmetry Set Surfaces

For the pre-Symmetry Set we find the sets

(Sa t,—s, t) (fOI‘ (1'7 Y, Z) = (_1'7 Y, Z))a

(Sat7 ”7T - SHTHt) (for (xaya Z) = (SL’, -Y, Z))’ and

(Sa l,s, _t) (fOI‘ (1'7 Y, Z) = (xa Y, _Z))

The axes of symmetry in the pre-symmetry set are, respectively,

s=0,mie. (z,y,2) = (0,£3 cost,2sint), the ridge in the x = 0 ovoid,

s ==+m/21e. (x,y,2) = (£6cost,0,2sint), the ridge in the y = 0 ovoid, and

t=01ie. (z,y,2z) = (6sins,3coss,0), the ridge in the z = 0 ovoid.

Therefore the ridge lines in the pre-Symmetry Set are formed by the curves
(0,t,0,t), (m,t,m, t), (7/2,t,7/2,t), (—7/2,t, —7/2,t), and (s,0,s,0).

Intersections take place at (s,t,—s,t) = (s,t,s,—t),s0 s = 0,7 and t = 0 due
to boundary conditions of s and t. Therefore intersections occur at (s,t) = (0,0),
ie. (z,y,t) = (0,3,0), and (s,t) = (m,0), i.e. (z,y,t) = (0,—3,0). This implies
that they occur at the extremal points on the y-axis. This intersection implies
(—z,9,2) = (z,y,—2), so (z,y,z) = (0,y,z] is expected, with y = +£3: the
intersection of the two ridges in the x = 0 and z = 0 ovoids.

(s,t,s,—t) = (s,t,||m — s||x,t), S0 8§ = £7/2 and t = 0. Then (s,t) =
(—7/2,0), ie. (x,y,t) = (—6,0,0), and (s,t) = (7/2,0), i.e. (x,y,t) = (6,0,0).
This implies that they occur at the extremal points on the x-axis.

(s,t,—s,t) = (s,t, |7 — $||x,t), so t = £x/2. Then (s,t) = (s,—7/2), i.e.
(z,y,t) = (0,0,-2), and (s,t) = (s,7/2), i.e. (z,y,t) = (0,0,2). This implies
that they occur at the extremal points on the z-axis, the poles.

Therefore, intersections of the pre-symmetry set surfaces occur at the ex-
tremal values of the ellipsoid.

3 Computation

In the following sections we present three different ways to compute the 3D
symmetry set of the ellipsoid. The 3D symmetry set is defined similarly to the
2D case: the closure of centers of spheres tangent to the shape at at least two
points. The radius r and the center of the sphere are given by

pi —rN; = Dj + T“Nj (1)
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3.1 Exact Computation

For the exact computation, we take the parameterised ellipsoid and get a set of
data points by choosing s = 55 +i{5, ¢ =0,1,...,19, and t = =5 + 5 + j35,
j=0,1,...,19. So there are 20 x 20 data points, see Figure 5a. Note that the
poles and ridges are not taken into the parameterisation.

Fig.5. a) Selected points. b) Symmetry Set.

Next, the pre-SS is constructed by choosing the sets (s,t, —s,t), (s, t, |7 —
||z, t), and (s,t,s,—t). The corresponding SS is derived from the 3D extension
of the 2D algorithm presented in [6]. It solves equation 1 exactly by construction
of the pre-SS.

The results are shown in Figure 5b. The separate ovoids are visualized in
Figure 6.

Fig. 6. 3 distinct ovoids of the Symmetry Set

As a check of the correctness of the solution, we verify that the minimum
absolute value of each triple (x,y,z) that is found as an SS point, is ”close
enough” to zero: note that the SS points form filled ellipses in the x =0, y = 0,
or z = 0 ovoids. This graph is shown in Figure 7. It is within machine precision,
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Fig. 7. Minimum absolute value of each SS triple (z,y, z), ideally equal to zero

O(1071%). Note that 600 points (200 in each ovoid) are found. The algorithm
generates 3 x 20 x 20 = 1200 points, but half of them occur double due to
symmetry.

3.2 Extension of the 2D Zero-Crossings Algorithm

If the pre-SS needs to be computed from the data points and their normal
vectors, similar equations hold as in the 2D case for the zero-crossings algorithm
if the shape is (s,t)-parameterized and p; is short notation for p(s1,t;):

(p1*p2)-(NiZ|ZNj):O (2)
(pl —p2).(N; x Nj) =0

The second constraint is new in 3D and rises from the fact that the line
(N; x Nj) is the intersection of the two normal ovoids. This line is given by
(Nlez2 - NyZNzla *leNz2 + NJ}2N217 leNyZ - NIQNyl)-

As in the 2D case, the Anti Symmetry Set points should be removed from
this set. These points satisfy the fact that their tangent planes are parallel.
Equivalently, the normal vectors are aligned. Consequently, the normal at the
first point is perpendicular to the tangent plane at the second plane. This plane
is computed as follows. Let v1 = N1 = (a, b, ¢). Then two vectors are sought that
satisfy v1.v9 = 0, v1.v3 = 0, and ve.v3 = 0. One combination satisfying these
constraints is the set vy = (—2bc, ac,ab) and v3 = (ab? — ac?, —a?b — 2bc?, a’c +
20%¢).

So the ASS is found as the intersection of the solutions of

(Nz1, Ny1, Nz1).(2Ny2Nz2, Nea N2, Noa Ny2) = 0
(Na1, Ny1, N21).(No2 N2y — NaaNZy, — N2, Nyz — 2Nya N2, N2, Noo + 2N25 N2a) = 0
3)
Note that the pre-SS space is a 4D space. The zero-crossings are obtained by

taking changes in the signs of the equations above in all four directions.

Calculation of the pre-SS and SS. To compute the pre-SS, one should be
careful. If the data is constructed as in the previous section, one enters exact
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Fig. 8. a) Selected points. b) Symmetry Set.

solutions of the positions of zero-crossings. This is non-generic in general, and
the algorithm, detecting only full sign-changes, will fail to find these points. So
additional infinitesimal noise should be added to generate a generic parameter-
ized point cloud. Noise is taken in the order of O(107°) and affects both the
positions - so points may be slightly off-ellipse, and normal vectorss - so they
are not calculated at the right position and do not have exactly unit length. The
point cloud, Figure 8a, looks similar to the unperturbed cloud.

In this case with 400 data points computational time is reaching the limits
of being acceptable. It takes the algorithm 8.4 seconds to find 24216 points for
the first zero-crossing, and 11.4 seconds to find 55556 points for the second zero-
crossing, yielding 8210 points on the intersection. Next, it takes 7.4 seconds to
find 73359 points for the first ASS zero-crossing, and 11.2 seconds to find 63226
points for the second ASS zero-crossing, yielding 30104 ASS points as intersec-
tion. The complement of both intersection results gives 5438 SS-solutions, but
since the pre-SS is symmetric, in total 2719 SS-points are found. The resulting
symmetry set is shown in Figure 8b.

Next, the points in the three ovoids are shown in Figure 9. This is a view of
the SS along each of the three axes, while the plot area is restricted to (—.1,.1).

Fig. 9. 3 distinct ovoids of the Symmetry Set
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Fig.10. Minimum absolute value (unsorted and sorted) of each SS triple (z,y, z),
ideally equal to zero

As one can see there are some outliers. This is verified by the minimum
absolute value of each triple (x,y, z) that is found as an SS point. These minimal
values-graph is shown in Figure 10. The left image indicates some symmetry that
is indeed present due to the algorithm

The largest value is caused by the point (—2.16, —1.62, —2.74). It resembles
to points at p; = (—4.94,1.26,.7653) and py = (—3.92,1.96, 7654). Apparently,
their z values are close. We have ||p; — po|| = 1.24, ||[N1 — No|| = 0.257, || Ny +
No|| = 1.98, | N7 x Na| = .255. For the two zero-crossing values we find values
(p1 — p2).(N1 + N2) = .02 and (p; — p2).(N1 x N3) = .13, normalized they are
.007 and .43, respectively. Apparently they are found of zero crossings, but due
to the relatively flatness of the shape their positions cause a large error in the
position.

Outliers. Lets look into ASS points more detailed. Consider the tangent circle
for a point p1 = (z, y, z) with corresponding normal Ny = (N, N, N.). We have
as SS point, say, p2 = (—z,y, z) with corresponding normal Ny = (=N, Ny, N,),
and as an ASS point, say, ps = (—z, —y, z) with corresponding normal N3 =
(=Ng, —Ny, N).

Now p1 — p2 = (22,0,0), N1 — N2 = (2N,,0,0), N1 + Na = (0,2N,, 2N,),
N1 X N2 = (O, 72NzNy, 2Nny) So (p1 7p2).(N1 +N2) =0 and (pl 7p2).(N1 X
N3) =0.

Also P1 — Pp3 = (21},2:[/,0), N1 - N3 - (2N$,2Ny,0), N1 + N3 - (O,O,QNZ),
N1 X N3 = (2]\@]\727 —QNJNZ,O) So (pl —p3).(N1 +N3) =0 and (pl —p3).(N1 X
N3) = 4N, (zN, — yN,) which may become (close to) zero for certain combi-
nations of points, especially when two points are nearby. If this is the case, the
two normal vectors are almost pointing into the same direction and the norm of
their sum is close to 2, and subtracting yields almost 0. So as an extra check one
can remove these point combinations.

So, experiment 1: require that ||[N; — Na|| > ¢ > 0. For e = .25, 1926 SS
points are left. However, the point mentioned above is still part of the SS. For
€ = .5, 2912 SS points are left. The maximal minimum values are significantly
lower. See Figure 11a,b.
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Fig.11. a) min norm constraint. b) Idem, sorted. ¢) max norm constraint. d) Idem,
sorted.

Experiment 2: require that || Ny + Na|| < € < 2. For ¢ = 1.98 1906 SS points
are left. Also in this case, the point mentioned above is still part of the SS.
For ¢ = 1.95 3066 SS points are left. The maximal minimum values are again
significantly lower. See Figure 11c,d.

Apparently subtracting is less sensitive. Furthermore, setting this norm seems
to affect the large SS-ellipse. This makes sense, since it depends on the parts of
the shape that are most flat, requires longest radii and have (thus) normal vectors
that are close to each other.

Another constraint may be requiring that the normalised inner product val-
ues of the vectors found as zero-crossings, is small. Set it to .2 for both, in
combination with ||[N; — Naf| > .5, gives 994 points with maximum minimal
error value .55. This opens possibilities to the next approach.

3.3 Symmetry Sets from Point Clouds

Apparently, the parameterisation causes problems, especially at the north and
south poles, but also at points in flat regions. To overcome these problems, extra
constraints can be added. What one does in that case, is not looking for zero-
crossings explicitly, but pairs of points that are close enough to be considered as
zero crossings. As zero-crossings require a parameterization, the ”close enough
approach can be considered as parameterless.

It is therefore worth the effort to investigate what these constraints would do
on a random point set. That is, given an arbitrary set of points p; on the ellipse
with unit normal vectors IV;, select each combination satisfying

(p1 —p2). (N1 + Na) < 01
(p1 — p2).(N1 X N2) < 62 (4)
INy — No|| > €

and define this set as the Symmetry Set.

This approach has been taken in the following. A random point set on the
ellipsoid is taken in the (x,y, z) space, see Figure 12. A selection in the (s,t)
space yields a similar cloud, although more points are close to the north and
south poles. One can see that the large ovoid is least detailed, as expected. Since
the normal vectors are known by definition, regularization is not needed and the
Symmetry Set can be computed directly. With 1000 points, 10191 Symmetry Set
points are found in 150 seconds. Limiting to 500 points, 2573 points are found
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Fig.12. a) Randomly selected points. b) Symmetry Set.

in 37 seconds. For the latter we set §; = .1, 6 = .75, and € = 1.95, yielding 1599
points.

The deviation from the ovoids is in the order of the previous calculations, see
Figure 13. Of course, more tuning of the parameters 1, d2, and € may improve
the performance.

Fig. 13. Minimum absolute value of each SS triple - random point cloud

4 Conclusions and Perspectives

For shapes in 3D, the Symmetry Set can be computed using a simple extension of
the approach taken in the 2D case. Although this is an almost trivial extension,
numerical problems arise earlier than in the 2D case. Since the algorithms imply
computation of the pre-Symmetry Set, the complexity of the algorithm prohibits
large data sets. A refinement of the shape in adding more data points is therefore
not possible.

The zero crossings method used requires a parameterisation. Since additional
parameters / thresholds are needed to avoid numerical instabilities, the param-
eterization may as well be ignored and the method works on unordered point
clouds. In the example given the normal vectors were known a priori, but if they
need to be estimated by means of some kind of regularisation, (large) errors may
be introduced. This needs more experiments.
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Next, the visualization of the Symmetry Set in 3D is hard. It cannot be
avoided by using the pre-Symmetry Set, since this set lives in a 4D space, albeit
that the set itself contains only 2D manifolds. The use of this set and some of
the mathematical properties may reveal interesting and useful starting points.
For instance, in 2D curves in the pre-SS do not intersect, while in 3D they do.

References

1. J. W. Bruce, P. J. Giblin, and C. Gibson. Symmetry sets. Proceedings of the Royal
Society of Edinburgh, 101(A):163-186, 1985.

2. P. J. Giblin and B. B. Kimia. Transitions of the 3D medial axis under a one-
parameter family of deformations. In Proceedings of the 7th European Conference
on Computer Vision (2002), pages 718734, 2002. LNCS 2351.

3. P. J. Giblin and B. B. Kimia. A formal classification of the 3D medial axis points
and their local geometry. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 26(2):238-251, 2004.

4. M. Hisada, A. G. Belyaev, and T. L. Kunii. Towards a singularity-based shape
language: ridges, ravines, and skeletons for polygonal surfaces. Soft Computing,
7(1):45-52, 2002.

5. J. J. Koenderink. Solid Shape. MIT Press, Cambridge, Massachusetts, 1990.

6. A. Kuijper, O.F. Olsen, P.J. Giblin, Ph. Bille, and M. Nielsen. From a 2D shape
to a string structure using the symmetry set. In Proceedings of the 8th European
Conference on Computer Vision - ECCV 2004, Part II (Prague, Czech Republic,
May 11-14, 2004), volume II, pages 313-326, 2004. LNCS 3022.

7. F. Leymarie. 3D Shape Representation via Shock Flows. PhD thesis, Division of
Enginering., Brown University, Providence, RI, 02912, 2003.

8. F. Leymarie and B.B. Kimia. The shock scaffold for representing 3D shapes. In
Proceedings International Workshop on Visual Form, volume 2059, pages 216228,
2001. LNCS 2059.

9. F. Leymarie and B.B. Kimia. Computation of the shock scaffold for unorganized
point clouds in 3D. In Proceedings IEEE Computer Society Conference on Com-
puter Vision and Pattern Recognition (CVPR’03), volume 1, pages 821-827, 2003.

10. Tan Porteous. Geometric Differentiation - for the intelligence of curves and sur-
faces. Cambridge University Press, Cambridge, UK, 1994. 301 pages.



Irradiation Orientation from Obliquely Viewed
Texture

Sylvia C. Pont and Jan J. Koenderink
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Abstract. We studied image texture due to the shading of corrugated
(3D textured) surfaces, which are Lambertian on the micro scale. Our
theory applies to physically canonical cases of isotropic Gaussian random
surfaces, under collimated illumination. In this investigation we analyze
effects of oblique viewing, extending our theory which applied to normal
viewing conditions only [5]. The theory for normal views predicts the
structure tensors from either the gradient or the Hessian of the image
intensity and allows for inferences of the orientation of irradiation of the
surface. Even for surfaces that are not at all Gaussian, the BRDF [10] far
from Lambertian, with vignetting and multiple scattering present, such
inferences of the orientation of irradiation were accurate up to a few de-
grees. In this paper we derive predictions for oblique viewing conditions,
for which the inferences of the irradiation orientation will deviate from
the veridical value in a systematic manner, depending on the viewing
and illumination directions. Theoretical predictions are compared with
empirical data, for rendered and for real rough surfaces, and found to be
in good agreement. We discuss issues of scale selection and robustness.

1 Introduction

In this paper, we present a practical result of application of first/second order
scale space theory. In images of natural scenes, image texture due to the illu-
mination of rough (three-dimensionally corrugated) surfaces provides us with
cues about the illumination [2,4,8]. We showed that for frontally viewed rough
surfaces, the second order image intensity structure of the texture (a statistical
description) depends directly on the tangential component of the light vector
[5]. We were able to infer the orientation of the irradiation of the surface on the
basis of the structure tensors from either the gradient or the Hessian of the image
intensity. Interestingly, human observer performance was similar to the results
of our computer vision algorithm [6]. This theory was based on rather restrictive
assumptions (locally Lambertian [7] isotropic random Gaussian surfaces under
collimated illumination in normal view) and effects of shadowing, occlusions, and
multiple scattering were neglected. Still, for textures from the Curet database
[3], irradiation orientations were recovered empirically with an accuracy of a few
degrees. In this paper, we extend our theory with oblique viewing conditions,
and we test our theory for Gaussian surfaces.

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 205-210, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 Theory

For an in-depth treatment of the statistics of the illuminance distribution for
stationary, isotropic, random Gaussian surfaces with shallow relief, Lambertian
reflectance [7] and constant albedo, illuminated obliquely with a collimated beam
of radiation, and viewed frontally, see [5]. Consider a collimated beam from
the direction j = cos¥(cos pex + sinpey) + sinve,, where e, = n the local
surface normal whereas e y span the tangent plane. Because we assume isotropic
corrugations the direction of ex has to be assigned arbitrarily. Derivation of the
squared gradient and Hessian, applying the theories of Longuet-Higgins [9] and
of Berry and Hannay [1], leads to the fact that both the squared gradient Go
and the Hessian Hy are equal to the symmetric matrix

M. .
g Mon o 2'—&— cos 2¢p sin 2¢ ,
8 sin 2¢ 2 —cos2¢

with n = 2 for G and n = 3 for Ha. The factor of proportionality depends upon
the particular circular moments Ms,, that characterize the surface texture, i.e.,
on the particular autocorrelation function of the heights. The angular depen-
dence itself is quite independent of the circular moments. The eigenvectors of S
are {cos p,sin ¢} (it points in (or away from) the direction of illumination) with
eigenvalue 3 and {cos(¢ + 7/2),sin(¢ + 7/2)} with eigenvalue 1. The confidence
is ¢ = (A\f — A\3)/(A\} + \3) = 0.8, indicating a rather strong orientational bias.

If the surfaces are viewed from an oblique angle instead of frontally, the 3D
texture will be affected by foreshortening and local occlusions. We study the
effect of foreshortening theoretically; effects of local occlusions will be studied
empirically in future research, but will be neglected in our theoretical shallow
relief approach. Let ¢ denote the azimuth of the direction of illumination in
the unforeshortened view. Assume that the X-direction suffers a perspective
foreshortening by a factor cos u (viewing angle 1). Then each differentiation by
x scales the matrix element by cos . Thus the average Hessian becomes:

M- 2 si
M= Mon 2 (2 + cos 2¢)/ cos? pu sin 2/ cos p 7
8 sin 2/ cos i 2 — cos2¢

If we apply our algorithm straightforward and estimate the irradiance orien-
tation on the basis of the structure tensors from either the gradient or the Hessian
of the image intensity we will find an ”estimated orientation of incidence”:

cosp 1 2 4 cos2¢p
=1 t -2 2 —_—
¥ =1/ arctan( 2 sin2ap( Teosspt cos?
—12 2
2 2¢p tan? p)?
Vo 2 o+ cos2ptan ),

from the eigenvectors of M (¢ reduces to ¢ for p = 0). The confidence can
be estimated from the eigenvalues of M, following the definition of ¢ as shown
above. The resulting formula is rather unwieldy and therefore not shown.
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3 Predictions and Test

Figure 1 shows graphs of predictions of uncorrected estimates of the irradiance
orientation (left) and the corresponding confidence levels (right), as a function of
the viewing angle u, for actual irradiance orientations ¢ = —90°, —85°, ...,90°.
It is clear that if our original algorithm would be applied without accounting
for oblique viewing angles, the results will generally deviate from the veridical
irradiation orientation and from the confidence level 0.8. The orientation devi-
ations are larger for more oblique viewing directions and for larger differences
between the foreshortening direction and the actual irradiance orientation. The
confidence shows “false” high levels which can be as large as 1. The solution

behaves critically around 55°. For angles smaller than 55° we expect that the

Fig. 1. Top: Graphs of the uncorrected predictions of irradiance orientation estimates
(left) and the corresponding confidence levels (right), as a function of the viewing an-
gle p, for actual irradiance orientations ¢ = —90°, —85°, ..., 90°. Bottom: Photographs
of Gaussian surfaces which were illuminated from angles of 0°,30°,60°,90° (top to
bottom) and foreshortened for angles of p = 0°,15°,...,75° (left to right). The orien-
tations of the bars represent predictions 1 (in black) and calculations on the basis of
the Hessian (in grey). The bar lengths were scaled according to the confidence level.
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Fig. 2. An illustration of the issue of scale selection with regard to 3D resolution or
shape. The photograph shows textures at two different scales: the macro scale of the
balls and the meso scale of the rough finish of the balls. The illumination came from
the left. If we choose a scale for the differential operator which is just smaller than
the dimensions of the balls and which is much larger than the dimensions of the rough
finish of the balls, we find irradiance orientation estimates in accordance with the global
irradiance orientation (above right). If we choose the width of the differential operator
to be smaller than the dimensions of the roughness on the balls, we find that the
irradiance orientation estimates represent the illuminance flow over the balls. Those
flow patterns radiate out from the point at which the illumination hits the surface
head-on.
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orientation estimates can be corrected, using estimates of p. For viewing an-
gles larger than 55° there are no unique solutions on the basis of orientation
only.

Figure 1 shows Gaussian textures, illuminated from angles of 0°,30°, 60°, 90°
(top to bottom) and foreshortened for angles of = 0°,15°, ..., 75° (left to right).
The orientations of the black and grey bars show predictions v and calculations
on the basis of the Hessian. The bar lengths were scaled according to the confi-
dence level. It is clear that the predictions and the data are in good agreement.
The scales of the Gaussian derivatives and of the area over which the averaging
was done were selected according to the following procedure. The scale of the
Gaussian derivative was selected to be similar to or smaller than the width of
the smallest dipole structures in the textures. This resulted in a small range of
numbers for the first scale. Next, we ran our algorithm for several values of the
averaging /blurring kernel, resulting in several sets of estimates for the orienta-
tions and confidence levels. The data for the globally flat surfaces in Figure 1,
were selected from those sets on the basis of maximalization of the median con-
fidence level. Typically the choice of the width of the averaging/blurring kernel
for the local estimates would depend on the “shape” or, in other words, 3D
resolution; for an illustration see Figure 2. For the Gaussian textures in Fig-
ure 1 the complete data set showed that results were robust if the scale of the
Gaussian derivative was smaller than the smallest dipole structures. However,
if the derivative scale was just slightly larger, the images in the second last
column and last rows the estimates depended very much on scale choice. In
other words, estimates showed critical behavior around the singular point at
1= 55°.

4 Discussion

The issue of scale selection needs further investigation, with special attention to
the presence of multiple scales in foreshortened 3D textures. Currently we are
testing our theory for real textures and we are investigating to what extent the
effects of oblique viewing can be corrected for, using estimates of local surface
orientation from texture. Finally, these studies will provide insight into the 3D
texture gradients over 3D objects (illuminance flow [11] over solid, rough ob-
jects). These 3D texture gradients provide cues, which are complementary to
shading cues, for shape and light field estimates.
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Using Top-Points as Interest Points for Image Matching
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Abstract. We consider the use of so-called top-points for object retrieval. These
points are based on scale-space and catastrophe theory, and are invariant under
gray value scaling and offset as well as scale-Euclidean transformations. The dif-
ferential properties and noise characteristics of these points are mathematically
well understood. It is possible to retrieve the exact location of a top-point from
any coarse estimation through a closed-form vector equation which only depends
on local derivatives in the estimated point. All these properties make top-points
highly suitable as anchor points for invariant matching schemes. In a set of ex-
amples we show the excellent performance of top-points in an object retrieval
task.

1 Introduction

Local invariant features are useful for finding corresponding points between images
when they are calculated at invariant interest points. The most popular interest points
are Harris points [7], extrema in the normalized scale-space of the Laplacian of the
image [10,11] or a combination of both [13]. For an overview of different interest points
the reader is referred to [15].

We propose a novel, highly invariant type of interest point, based on scale-space and
catastrophe theory. The mathematical properties and behavior of these so-called top-
points are well understood. These interest points are invariant under gray value scaling
and offset as well as arbitrary scale-Euclidean transformations. The noise behavior of
top-points can be described in closed-form, which enables us to accurately predict the
stability of the points. For tasks like matching or retrieval it is of decisive importance to
take into account the (in)stability of the descriptive data.

For matching it is important that a set of distinctive local invariant features is avail-
able in the interest points. An overview of invariant features is given in [12]. The choice
of invariant features taken in the top-points is free. Because of their simple and mathe-
matically nice nature we have chosen to use a complete set of differential invariants up
to third order [5,6] as invariant features. A similarity measure between these invariant
feature vectors based on the noise behavior of the differential invariants is proposed.

A small set of examples will demonstrate the potential of our interest points.

* The Dutch Organization for Scientific Research (NWO) is gratefully acknowledged for finan-
cial support.
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2 Interest Points

We present an algorithm for finding interest points in Gaussian scale-space. As input we
may use the original image, but we may also choose to use its Laplacian, or any other
linear differential entity. The input for our algorithm will be referred to as f(z, y).

2.1 Scale Space Approach

To find interest points that are invariant to zooming we have to observe the input func-
tion at all possible scales. Particularly suitable for calculating the scale space represen-
tation of the image (or any other linear differential entity of the image) is the Gaussian
kernel [9]

bo(@,y) = 5z 3T, (1)
The input function can now be calculated at any scale by convolution with the Gaussian
u(@,y,0) = (¢ * [) (2, 9)- 2

Derivatives of the input function can be calculated at any scale by
Du(x,y,0) = (Dds * [) (x,y), 3

where D is any linear derivative operator with constant coefficients.

2.2 Catastrophe Theory

Critical points are points at any fixed scale at which the gradient vanishes. Catastrophe
theory studies how such points change as certain control parameters change, in our case
scale.

In the case of a generic 2D input function the catastrophes occurring in Gaussian
scale space are creations and annihilations of critical points with opposite Hessian sig-
nature [2,4], i.e. extrema and saddles. The movement of critical points through scale
induces critical paths. Each path consists of one (or multiple) saddle branch(es) and
extremum branch(es). The point at which a creation or annihilation occurs is often re-
ferred to as a top-point'. A typical set of critical paths and top-points of an image is
shown in Fig. 1. In a top-point the determinant of the Hessian of the input function
becomes zero. If u denotes the image, a top-point is thus defined as a point for which

Uy =0,
uy —0, )

2 _
UpgUyy — Uy, = 0.

The extrema of the normalized Laplacean scale space as introduced by Lindeberg
[10], and used by Lowe [11] in his matching scheme, lie on the critical paths of the
Laplacean image. Multiple of such extrema may exist on the extremum branch of a
critical path, whereas there is only one top-point per annihilating extremum/saddle pair,
Fig. 2a.

! This misnomer is reminiscent of the 1D case [8], in which only annihilations occur generically,
so that a top-point is only found at the top of a critical path.
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Fig. 1. Selection of critical paths and top-points of a magazine cover image

2.3 Invariance

Interest points are called invariant to transformation if they are preserved by the trans-
formation. From their definition (4), it is apparent that top-points are invariant under
gray value scaling and offset.
Suppose G is some group of affine spatial transformations, which acts on the func-
tion u as follows:
w(z,9,0) = au(x,y,0) + b, (5)

HE-IHEAE

and in which a and b depend on the parameters a;;, b;. A top-point of w is invariant
under G, since, in corresponding points,

where

Ug = a11Uy + A12Uy,

Ug = a21Uy + 22Uy, (6)
<7 2 _ 3 232 2

UzzUgy — Uzg = @ (a11a22 — af)* (Uzaliyy — uacy)7

recall (4). This shows that top-points and critical paths are invariant under rigid trans-
formations and zooming (i.e. the scale-Euclidean group).

2.4 Detection Versus Localization

Critical paths are detected by following critical points through scale. Top-points are
found as local maxima or minima in scale on the critical paths.

The detection of top-points does not have to be exact, since, given an adequate initial
guess, it is possible to refine their position such that (4) holds to any desired precision
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by a perturbative technique proposed by Florack and Kuijper [4]. This allows one to use
a less accurate but fast detection algorithm.

2.5 Stability

The stability of a top-point can be expressed in terms of the variances of spatial and
scale displacements induced by additive noise. Since top-points are generic entities in
scale space, they cannot vanish or appear when the image is only slightly perturbed.
We assume that the noise variance is “sufficiently small” in the sense that the induced
dislocation of a top-point can be investigated by means of a perturbative approach.
Given this assumption it can be shown that the displacement depends on derivatives
up to fourth order evaluated at the top-point, and on the noise variance. For detailed
formulas (and experimental verifications) the reader is referred to [1].

The advantage of this approach is that variances of scale space displacements can be
predicted theoretically and in analytically closed-form on the basis of the local differ-
ential structure at a given top-point, cf. Fig. 2b for an illustration. The ability to predict
the motion of top-points under noise is valuable when matching noisy data (e.g. one
may want to disregard highly unstable top-points altogether).

(@ (b)

Fig.2. a. A set of critical paths with corresponding top-points (topmost bullets), and extrema of
the normalized Laplacian (remaining bullets). b. The ellipses capture the variances of the scale
space displacement of each top-point under additive noise of known variance.

2.6 Repeatability

Schmid et al. [15] introduced the so-called repeatability criterion to evaluate the stability
and accuracy of interest points and interest point detectors. The repeatability score for
a given pair of images is computed as the ratio between the number of point-to-point
correspondences and the minimum number of interest points detected in the images.
The perturbative technique proposed by Florack and Kuijper [4] mentioned in
Sec. 2.4 is used to find a vector in each top-point of the unperturbed image, that points



Using Top-Points as Interest Points for Image Matching 215

to the location of a top-point in the perturbed image. If this vector moves the top-point
less than a distance of e pixels we mark the point as a repeatable point (typically we set
€ ~ 2 pixels).

Experiments show the repeatability of top-points under image rotation (Fig. 3a) and
additive Gaussian noise (Fig. 3b). Image rotation causes some top-points to be lost
or created due to the resampling of the image. In the Gaussian noise experiment we
demonstrate that by using the stability variances described in Sec. 2.5 the repeatability
of the top-points can be increased. The top-points are ordered on their stability vari-
ances. From this list 100%, 66% and 50% of the most stable top-points are selected
for the repeatability experiment respectively. From Fig. 3b it is apparent that discarding
instable points increases the repeatability significantly. The high repeatability rate of
the top-points enables us to match images under any angle of rotation and under high
levels of noise.

repeatability % repeatability %
100 n 100 w-m-w_ g
95 ——— 100%
80

920
60

85

40
80 — - 50%

75 —a--3px 20

rotation
20 40 60 80 100 120 140 0.02 004 006 008 01 012 0.14

(a) (b)

noise %

Fig. 3. a. The repeatability of top-points under image rotation, for distances e=1, 2 and 3 pixels
respectively. b. The repeatability of top-points under additive Gaussian noise, for 100%, 66% and
50% of the most stable top-points respectively (e = 2 pixels).

3 Matching Using Top-Points

For matching it is important that a set of distinctive local invariant features is available
in the interest points. It is possible to use any set of invariant features in the top-points.
Mikolajcyck and Schmid [12] give an overview of a number of such local descriptors.

3.1 Local Invariant Features

For our experiments we have used a complete set of differential invariants up to third
order. The complete sets proposed by Florack et al. [6] are invariant to rigid transfor-
mations. By suitable scaling and normalization we obtain invariance to spatial zooming
and intensity scaling as well, but the resulting system has the property that most low
order invariants vanish identically at the top-points of the original (zeroth order) image,
and thus do not qualify as distinctive features. Thus when considering top-points of the
original image other distinctive features will have to be used. In [14] the embedding of
a graph connecting top-points is used as a descriptor. This proved to be a suitable way
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of describing the global relationship between top-points of the original image. In this
paper we use the image Laplacian as input function for our top-point detector. For this
case the non-trivial, scaled and normalized differential invariants up to third order are
collected into the column vector given by(7), in which summation convention applies:

o/ uiu;/u
owi; [ \/Uju;
Uzuijuij/ukuk
Uuiuijuj/(ukuk)wz
o2 ugjpusugug/ (upug)?
o2 eijujrititugpuy/ (U tm)?

(N

Here ¢;; is the completely antisymmetric epsilon tensor, normalized such that €15 =
1. Note that the derivatives are extracted from the original, zeroth order image, but
evaluated at the location of the top-points of the image Laplacian. This is, in particular,
why the gradient magnitude in the denominator poses no difficulties, as it is generically
nonzero at a top-point.

The resulting scheme (interest point plus differential feature vector) guarantees
manifest invariance under the scale-Euclidean spatial transformation group, and under
linear grey value rescalings.

4 Similarity Measure in the Feature Space

To investigate the stability of the feature vectors we use the same approach as described
in Sec. 2.5 for the stability of top-points. This results in the covariance matrix X' of
which the elements depend on derivatives in the interest point up to third order. The
uncertainty of the feature vector xg can be modeled as a normal distribution with density
function (8) (where n = 6).

1 1
exp[f—(xfxo)TE;ol(x —X0)] (8)

X;Xg) =
PLXiX0) = = T 2

We define our measure of similarity d between interest points Xy and x; as 1—the
probability for point xg to be inside the iso-probability contour of the density function
going through x;. This is schematically demonstrated in Fig. 4a.

r(R?/2,%)

I'(3)

The radius of the iso-probability contour and the region inside the contour are given by
R? = (x1 —x0)" U} (x1 —x0) and 2 = {y | (y —x0)" T} (¥ —x0) < R?} respec-
tively. I'(z,n) is the incomplete gamma function given by I'(z,n) = fOT' e Yyn~ldy
and the Euler gamma function I'(n) = I'(co, n).

Similarity measure d always yields a number between 0 and 1, where 0 is not similar
and 1 is very similar. This allows us to use a well defined threshold on the similarity
of interest points, in order to decrease complexity of the matching algorithm without
losing valuable data, as will be demonstrated in Sec. 5.

d(x0,x1) =1 — /Qp(y;xO)dy = )
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Fig. 4. a. Schematic 2D representation of the probability density function around interest point
X0 and the iso-probability contour going through x;. b. Similarities d for corresponding inter-
est points. Two clusters with the same angles Ao can be identified. Mismatched points have a
similarity measure close to 0.

5 Matching

In our examples we consider an object-scene retrieval problem in which the scene may
contain rotated, scaled, and occluded versions of a query object. This implies that we
have a set of interest points and features belonging to the query object and a set belong-
ing to the scene from which we try to retrieve the object.

Apart from the invariant feature vector we store the location (x, y, o) and the gra-
dient angle 6 of each interest point. For each interest point of the object we find a
corresponding interest point in the scene. Correspondence is obtained by finding the in-
terest point with maximal similarity d (9), between their feature vectors. For each pair
of corresponding object and scene interest points we calculate the difference in gradient
angle (A0 = Oycene — Oobject) and logarithmic scale (AT = Tycene — Tobjects With 7 oc In ).
Thus every pair of corresponding interest points yields a coordinate pair (A6, A7).

A scatter plot of all these pairs reveals clusters, as shown in Fig. 5a for an object-
scene matching experiment where the scene contains two instances of the object with
different rotation angles and zooming factors. Figure 4b shows the similarity measures
for corresponding interest points. Two clusters of points with the same difference in
angles Af can be identified. Corresponding points that do not have the correct angles
(mismatched points) have a similarity measure close to 0. By applying a threshold on
the similarity of d > 0.1 (the threshold value is not very critical) the clusters are cleaned
up significantly (Fig. 5b), facilitating the clustering step of the algorithm.

The mean of each cluster yields a particular rotation and zooming needed to map
the query object to a corresponding object in the scene.

We have used a shared-nearest-neighbor (SNN) approach to solve the clustering
problem [3], but the bin-based approach as suggested by Lowe [11] can also be used
for this task. By using the SNN approach the clusters with the highest densities are
identified.
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Fig. 5. a. Cluster of the differences in angles and scales (A0, At) of corresponding interest
points. b. Same as in a. but now corresponding points with similarity measure d < 0.1 are
discarded.

After clustering, the coordinate triple (z, y, o) of each scene interest point belonging
to a cluster is rotated and scaled according to the cluster’s mean (A6, A7), so that the
transformed triple (x4, y:, 0¢) matches the corresponding interest point in the query
object:

Tt - cos@ — sin_A_9 0 T
ye | =e?7 | sin A6 cosAG 0 vl (10)
Ot 0 0 1 o

Note that this step is independent of where the object is in the scene. After this
step the difference in spatial positions of the query object’s interest points and those
in the clustered scene are calculated. One obtains a coordinate pair (Az, Ay) for each
object/scene pair in the cluster. These coordinate pairs can be clustered in the same way
as before, giving us the translation(s) of the object(s) in the scene. With this final step we
have identified the location of the object in the scene. In particular we can now transform
the outline of the query object according to the mean parameters (Af, A7, Az, Ay),
and project it onto the scene image.

The complete matching algorithm is summarized in algorithm 1.

Algorithm 1 Object retrieval algorithm

Detect the critical paths.

: Extract the approximate locations of the top-points from the critical paths.

Refine the location of the top-points.

: Calculate the feature vectors for the top-points.

: Form pairs of corresponding object and scene top-points.

. Cluster (A0, A1) to solve for rotation and scaling.

: Rotate and scale the scene top-points to match the object points.

: Cluster (Az, Ay) to solve for translation.

Transform the outline of the query object by (A, Ar, Az, Ay) and project it onto the scene.

O 0N AW —
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6 Retrieval Examples

We have included some examples of an object retrieval task. We have a set of magazine
covers (of size 200 x 140 pixels) and a scene (of size 400 x 350 pixels) containing a
number of the magazines, distributed, rotated, scaled, and occluded.

The task is to retrieve a magazine from the scene image. For the query images we
find approximately 500 top-points per query image (which may be pre-computed off-
line). For the scene image we find approximately 3000 top-points.

Fig. 6. Matching interest points (white) of a query object and a scene containing two rotated,
scaled and occluded versions of the object. Interest points that do not match are shown in grey.

Table 1. Transformation error. a, b and c represent the magazine covers in the left column of Fig.
7 respectively. The second column shows the number of matched interest points for each object
in the scene. The third column shows the error made in rotation (degrees), zooming (factor) and
translation (pixels).

Size Error in (A6, e Az, Ay)
a| 218,58 {0.1,0.005,0.1, 0.2}, 10.5.0.001, 0.4, 0.5]
b. 21 {0.06, 0.002,0.01, 0.8}
c. 175, 15 {0.005, 0.005,0.05, 0.5},  {0.006, 0.006, 0.2, 0.4}
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We follow algorithm 1 and match the top-points of query magazine covers to the
top-points in the scene. Such a match is demonstrated in Fig. 6.

Correct matches are found for all the magazine covers in the scene, even for the
highly occluded ones. In Fig. 7 three retrieval tasks are demonstrated. The amount of
correctly matched points and the errors made in the retrieved transformations compared

to the ground truth are shown in Table 1.
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Fig.7. Combined results of matches to the query objects in the left column. Note that even the
highly occluded magazine at the bottom is retrieved correctly.

The examples show that the interest points and features are indeed invariant under
rotation and scaling, and that the algorithm is able to handle severe occlusions (in the
example relative occlusions up to approximately 85% pose no difficulties).

Since our interest points are found in scale-space, the algorithm can also handle
different kinds of grey-tone renderings of the image. We demonstrate this by using
a coarse-grained dithering on the scene image. Even under these circumstances the
algorithm was able to correctly retrieve the magazine covers by matching coarse scale
interest points. An example of this is shown in Fig. 8.
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Fig. 8. Successful retrieval of an object in a coarsely dithered scene image

7 Summary and Conclusions

We have introduced top-points as highly invariant interest points that are suitable for
image matching. Top-points are versatile as they can be calculated for every generic
function of the image.

We have pointed out that top-points are invariant under scale-Euclidean transfor-
mations as well as under gray value scaling and offset. The sensitivity of top-points
to additive noise can be predicted analytically, which is useful when matching noisy
images. Top-point localization does not have to be very accurate, since it is possible to
refine its position using local differential image structure. This enables fast detection,
without losing the exact location of the top-point.

As features for our interest points we use a feature vector consisting of only six nor-
malized and scaled differential invariants. We have also introduced a similarity mea-
sure based on the noise behavior of our feature vectors. Thresholding on this simi-
larity measure facilitates the clustering significantly. The conducted experiments show
excellent performance with very little error in the localization of the objects in the
scene.



222 B. Platel et al.

Acknowledgement

This work is part of the DSSCV project supported by the IST Programme of the European Union
(IST-2001-35443). We would like to thank M. Egmont-Petersen for his help on the clustering
algorithm.

References

1. E. Balmachnova, L.M.J. Florack, B. Platel, FM.W. Kanters, and B.M. ter Haar Romeny.
Stability of top-points in scale space. In Proceedings of the 5th international conference on
Scale Space Methods in Computer Vision (Germany, April 2005), pages 62-72.

2. J. Damon. Local Morse theory for solutions to the heat equation and Gaussian blurring.
Journal of Differential Equations, 115(2):368-401, January 1995.

3. L. Ertoz, M. Steinbach, and V Kumar. Finding clusters of different sizes, shapes, and densi-
ties in noisy, high dimensional data. In Proc. of SIAM DMO03 (2003).

4. L. Florack and A. Kuijper. The topological structure of scale-space images. Journal of
Mathematical Imaging and Vision, 12(1):65-79, February 2000.

5. L. M. J. Florack, B. M. ter Haar Romeny, J. J. Koenderink, and M. A. Viergever. Scale and
the differential structure of images. 10(6):376-388, July/August 1992.

6. L. M. J. Florack, B. M. ter Haar Romeny, J. J. Koenderink, and M. A. Viergever. Cartesian
differential invariants in scale-space. Journal of Mathematical Imaging and Vision, 3(4):327—
348, November 1993.

7. C. Harris and M Stephens. A combined corner and edge detector. In Proc. 4th Alvey Vision
Conf., pages 189-192, 1988.

8. P.Johansen, S. Skelboe, K. Grue, and J. D. Andersen. Representing signals by their top points
in scale-space. In Proceedings of the 8th International Conference on Pattern Recognition
(Paris, France, October 1986), pages 215-217. IEEE Computer Society Press, 1986.

9. J.J. Koenderink. The structure of images. Biological Cybernetics, 50:363-370, 1984.

10. T. Lindeberg. Scale-space theory: A basic tool for analysing structures at different scales. J.
of Applied Statistics, 21(2):224-270, 1994.

11. David G. Lowe. Distinctive image features from scale-invariant keypoints. Int. J. Comput.
Vision, 60(2):91-110, 2004.

12. Krystian Mikolajczyk and Cordelia Schmid. A performance evaluation of local descriptors.
Submitted to PAMI, 2004.

13. Krystian Mikolajczyk and Cordelia Schmid. Scale and affine invariant interest point detec-
tors. International Journal of Computer Vision, 60(1):63-86, 2004.

14. B. Platel, M. Fatih Demirci, A. Shokoufandeh, L.M.J. Florack EM.W. Kanters, and S.J.
Dickinson. Discrete representation of top points via scale space tessellation. In Proceedings
of the 5th international conference on Scale Space Methods in Computer Vision (Germany,
April 2005).

15. Cordelia Schmid, Roger Mohr, and Christian Bauckhage. Evaluation of interest point detec-
tors. Int. J. Comput. Vision, 37(2):151-172, 2000.



Transitions of Multi-scale Singularity Trees

Kerawit Somchaipeng!:2, Jon Sporring?,
Sven Kreiborg!, and Peter Johansen?

1 3D-Lab, School of Dentistry, Dept. of Pediatric Dentistry,
University of Copenhagen, Ngrre Alle 20, DK-2200,
Copenhagen N, Denmark
2 Dept. of Computer Science, University of Copenhagen,
Universitetsparken 1, DK-2100,

Copenhagen N, Denmark

Abstract. Multi-Scale Singularity Trees(MSSTs) [10] are multi-scale
image descriptors aimed at representing the deep structures of images.
Changes in images are directly translated to changes in the deep struc-
tures; therefore transitions in MSSTs. Because MSSTs can be used to
represent the deep structure of images efficiently, it is important to
investigate and understand their transitions and impacts. We present
four kinds of MSST transitions and discuss the potential advantages of
Saddle-Based MSSTs over Extrema-Based MSSTs. The study of MSST
transitions presented in this paper is an important step towards the
development of the image matching and indexing algorithms based on
MSSTs.

1 Introduction

In scale-space theory [3,13,4], the relations between image structures at differ-
ent scales is referred to as the deep structure [4,6]. Based on the scale-space
theory and the singularity theory [12,2], the Extrema-Based and Saddle-Based
Multi-Scale Singularity Trees(MSSTs) [10] representing the deep structure of
images are constructed. Since MSSTs can be used to efficiently represent the
deep structures of images, the investigation of their transitions as the images are
smoothly changed is both theoretically interesting and crucially important for
the development of algorithms based on MSSTs. In that way, different images
can be related to each other through a series of transitions.

In this paper, we investigate the transitions of MSSTs by observing the
changes of critical paths in scale-space images as the images are smoothly
changed. Transitions of MSST are then derived and presented together with
illustrative examples. Four kinds of transitions are presented, i.e. change of
catastrophe-extremum/saddle position, change of catastrophe-catastrophe re-
lation, change of catastrophe ordering, and change of extremum-catastrophe
connection. We present each transition and discuss its impacts using a sim-
ple example. The potential advantages of the Saddle-Based MSSTs over the
Extrema-Based MSSTs are also discussed and illustratively presented. Similar

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 223-233, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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study of the transitions of the Pre-Symmetry Set has also done by one of our
European Project partners [5].

2 Gaussian Scale-Space

The N+1 dimensional Gaussian scale-space, L : RN*! — R, of an N dimensional
image, I : RN — R, is an ordered stack of images, where each image is a blurred
version of the former [3,13,4]. The blurring is performed according to the diffusion
equation,

oL =V’L, (1)

where 0;L is the first partial-derivative of the image in the scale direction ¢, and
V? is the spatial Laplacian operator, which in two dimensions reads 92 + 873.
The Gaussian kernel is the Green’s function of the heat diffusion equation, i.e.

L(:t) = I() @ g(51), @)
git) = e/ 3)
(4mt)N/2

where L(-,t) is the image at scale ¢, I(-) is the original image, ® is the convo-
lution operator, g(-;t) is the Gaussian kernel at scale ¢, N is the dimensionality
of the image I, and t = 02 /2, using o as the standard deviation of the Gaussian
kernel.

3 Energy Functional and Energy Partitions

Given an image and a set of landmarks, we would like to partition the image into
segments so that each segment contains exactly one landmark. Let £2 C RY be a
compact connected domain. We define I : 2 — RY as an image, and e,z € (2 as
a landmark and a point in the domain, respectively. Consider a set of continuous
functions « : [0, P] — {2 for which v(0) = e and y(P) = x. Write v € I'es, where
T'e, is the set of all possible paths in the domain connecting landmark e to point
x, and where 7 is parameterized using Euclidean arc-length. We define the energy
E.(x) with respect to a landmark e evaluated at x as,

p
E.(z) = inf/o \/(1a)|d’zl—§f)|2+a%f’))l2dp, (4)

Y€l e

where v € [0, 1] is a tunable weighting parameter. Note that (4) is independent
of the parameterization, e.g. integrating with respect to ¢ : [0, P] — [0, P] we
find:
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Let £ C {2 be the set of all landmarks in the image. An image segment or an
energy partition S; associated with landmark e; € £ is defined as the set of all
points in the images, where the energy Ee, () is minimal,

Si ={x € N|E., (x) < E,;(x),Ve; € £,i # j}. (6)

An approximation of the energy map Ee, : 2 — R, which gives energy with
respect to landmark e; at every point in the image , can be efficiently calculated
using the Fast Marching Methods [8]. The resulting energy map is an approxi-
mation because isophotes generally do not coincide with the sampling points in
digital images. We are currently developing an energy map calculating algorithm
specifically designed according to this requirement.

4 Multi-scale Singularity Trees

MSSTs are constructed by connecting annihilation catastrophes in the scale-
space images.

In order to preseve the preferable tree structure of the MSSTs, creations and
loops in scale-space images are systematically removed:

1. Creations occuring in a critical path that can be traced back up to the
original image together with the corresponding annihilations are pairwise
removed and the whole critical path is considered as the critical path that
originates from the original image.

2. Creations immediately followed by annihilations creating loops together with
the critical paths involved in the loops are completely ignored.

The connections between catastrophes are decided from the nesting of image
segments defined by the energy functional and mathematical landmarks. Be-
cause of the natural pairwise interactions between critical points in the generic
scale-space images [2] and the tree building scheme to be represented in the fol-
lowing, resulting MSSTs are always rooted ordered binary trees [10]. A MSST
consists of nodes and their relations. Each MSST node has three components: (i)
the rightport denoting the disappearing image segment, (ii) the body denoting
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the annihilation catastrophe where the nesting is decided, and (iii) the leftport
denoting the image segment which immediately covers over the disappearing
one. Because we choose landmarks such that exactly one landmark disappears
at an annihilation catastrophe, and because there is exactly one image segment
associated with each landmark, then exactly one image segment disappears at
an annihilation catastrophe. This event creates nesting of image segments in
scale-space and the linking in MSSTs.

A node Sic£tChodySright is generated when an image segment Sy;gn: disap-
pears at the catastrophe Choqy inside an image segment Sjer¢ . The inclusion is
easily determined by calculating the energy map with respect to the catastrophe
Chody: the image segment S.;4pn¢ is nested inside the image segment Sic ¢, if the
energy evaluated at the landmark of Sjcf; is minimal among all landmarks exist-
ing at that scale. MSSTs are built top-down starting from the top annihilation
catastrophe at the coarsest scale. A new node Npey : Snew,left Crew,bodySnew,right
is connected as the leftchild of a node N; : S;1ertCi bodySi,right, if the node IV;
does not have the leftchild and Sypew,eft = Sijefe, or as the rightchild, if the
node N; does not have the rightchild and Sypew,ieft = Siright-

It can easily be seen that this process is deterministic. When a node is added,
one connection point is closed while two new connection points are opened. Free
ports are always unique.

4.1 Extrema-Based MSSTSs

Assuming that critical paths, the paths of critical points in scale-spaces, and
catastrophes have already been detected, the Extrema-Based MSST building
algorithm is as follows:

1. Set the root of the tree as BCy Fiust , where B denotes the border of the
image, Ejqs¢ denotes the last extremum in scale, and C,, denotes the virtual
catastrophe at scale infinity, where the last extremum virtually disappears
inside the image segment of the border.

2. At the highest unprocessed catastrophe C,¢;¢, calculate the energy map
with respect to the catastrophe and create node FEeoyerChest Fann, where
FEynp is the extremum that disappears at catastrophe C,eqt, and the energy
evaluated at extremum FE.,,- is minimal among all extrema existing at that
scale.

3. Link the new created node as the leftchild of a node in the tree that does not
have the leftchild and where E ¢ equals its leftport, or as the rightchild of
a node in the tree that does not have the rightchild and where F .y equals
its rightport.

4. Repeat 2. until all catastrophe points are processed.

The schematic deep structure and its constructed Extrema-Based MSSTs are
shown together in the left column of Fig. 1.
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Fig. 1. The deep structure and its corresponding Extrema-Based MSST are shown
in the first and the second rows of the left column, while the deep structure and
its corresponding Saddle-Based MSST are shown in the first and the second rows of
the right column, respectively. E's denote extrema, Ss denote saddles, and Cs denote
catastrophes. Horizontal lines indicate the paths with minimal energies. The last row
of the figure shows trees of extrema and saddles, presented for better interpretation.

4.2 Saddle-Based MSSTs

A similar procedure is applied to construct Saddle-Based MSSTs, however now
we consider saddles for landmarks instead of extrema. The algorithm is as follows:

1. Set the root of the tree as CiopSiop, Where the leftport is set to null, Ciop
denotes the highest catastrophe in scale, and Sy, denotes the saddle that
annihilates at catastrophe Ctoyp.

2. At the highest unprocessed catastrophe C),¢;¢ in scale, calculate the energy
map with respect to the catastrophe and create node ScoperChest Sann, Where
Sann 1s the saddle that disappears at catastrophe C.,+ and the energy
evaluated at saddle Sg.pye- is minimal among all saddles existing at that
scale.

3. Link the new created node as the leftchild of a node in the tree that does not
have the leftchild and S.yye equals its leftport or as the rightchild of a node
in the tree that does not have the rightchild and S,y equals its rightport.

4. Repeat 2. until all catastrophe points are processed.

Notice that since the virtual catastrophe Cins is not relavent, Saddle-Based
MSSTs always have one node less than those of Extrema-Based MSSTs of the
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same images. The deep structure and its constructed Saddle-Based MSST are
shown together in the right column of Fig. 1.

5 Transitions of MSSTS

An experiment aimed at studying the possible transitions of MSSTs is carried
out. A series of generated images of three stationary and one moving Gaussian
blobs is used in the experiment. A few examples of the test images are shown in
Fig. 2

Smooth changes of the test images are forced by smoothly changing the pa-
rameters used for generating the images. For each test image, a scale-space is
computed, the critical paths and catastrophes are extracted and detected. Fi-
nally, the Extrema-Based and Saddle-Based MSST are constructed. Changes in
the constructed MSSTs between neighbouring images are observed and carefully
classified into categories. Four kinds of transitions can be observed, i.e. change of
catastrophe-extremum/saddle position, change of catastrophe-catastrophe rela-
tion, change of catastrophe ordering, and change of extremum-catastrophe con-
nection.

'

Fig. 2. Images of three stationary and one moving Gaussian blobs. A few images taken
from the series of generated images used in the experiment.

5.1 Change of Catastrophe-Extremum/Saddle Position

The change of position transition is simple. It is caused by the movement of
catastrophes due to the movements of extrema/saddles and/or changes in in-
tensity values in the original image. Catastrophes may move as long as their
ordering in scale is undisturbed. The transition produces no impacts on the
topology of the MSST but only on the contents stored in the nodes. The change
of catastrophe-extremum/saddle position transition is illustrated in Fig. 3.

5.2 Change of Catastrophe-Catastrophe Relation

When the nesting of image segments in scale changes, the parent-child relations
in the Extrema-Based and Saddle-Based MSSTs will change accordingly. It re-
sults in the change of the leftport of the corresponding node and the movement
of the node with its right-subtree to the new location. The left-subtree is then



Transitions of Multi-scale Singularity Trees 229

Scale

BCEsp

BC,E. EyCaFe
b/\b
Sha SUPY B CTEs BlGuE.

N N
sub. subg sub. suby

Cq
Lt Jv i

SoEvE. Sy Eq  ScSaEe Space

oo B
e

Scale
Border

CaSa
|
SaCecSe

SaCpSy  SeCuSa

/\ /\
Cy sub, subj sub. subyg

Ea SEyE. Sy Eg S. SqEe Space

Fig. 3. The original deep structures and the corresponding Extrema-Based and Saddle-
Based MSSTs before and after the change of position transition are shown in the top
and bottom row respectively. No topological change of the MSSTs.

move up to replace the position of its moved parent. Insert the node together
with its right-subtree at the new location according to the order of the catastro-
phe and its updated leftport. Finally, the replaced subtree is then reconnected
as the left-subtree of the inserted node. The situation is illustrated as the tran-
sition from the MSSTs in Fig. 3 to the MSSTs in Fig. 4, where the node of Cj, is
changed from being nested inside F, to being nested inside E} in the Extrema-
Based MSST and the node of C is changed from being nested inside S, to being
nested inside S, in the Saddle-Based MSST. Note that the change of relation
transition usually occurs simultaneously with the change of position transition.

5.3 Change of Catastrophe Ordering

The structure of MSSTs depends strongly on the ordering of the catastrophes in
scale. If the ordering changes the structure of Extrema-Based and Saddle-Based
MSSTs will change. If we only consider local reordering between two neighboring
nodes in scale—larger changes of the ordering can be arrived by multiple local
reordering, the situation is quite simple. Either:

1. The two nodes do not posses parent-child relations:
The structure of the MSST is intact.

2. The two nodes posses parent-leftchild relation:
Swap the locations of the two nodes thereby swap their parent-leftchild re-
lations. Exchange the content of their leftports and finally reconnect the
left-subtree of the moved-up leftchild (new parent) as the left-subtree of the
moved-down parent (new leftchild). Their right-subtrees are left untouched.
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Fig. 4. The deep structures and the corresponding Extrema-Based and Saddle-Based
MSSTs after the change of catastrophe-catastrophe relation transition are shown in
the top and bottom row respectively

3. The two nodes posses parent-rightchild relation:

Swap the locations of the two nodes thereby swap their parent-leftchild rela-
tions. Set the leftport of the moved-down parent (new rightchild) to that of
the rightport of the moved-up rightchild (new parent). Reconnect the right-
subtree and the left-subtree of the new parent as the left-subtree and the
right-subtree of the new rightchild, respectively. Finally, update the leftport
of the new parent and reconnect it at the new location, defined by its new
leftport, followed by the procedure of the change of relation transition.

The first case of the change of ordering transition is simply reduced to a special
kind of the change of position transition, where local reordering of catastrophes
is allowed. The second case can be thought of as a combination of the change
of position and the change of catastrophe ordering, while the third case is a
combination of change of position, change of catastrophe-catastrophe relation,
and change of catastrophe ordering that occurs simultaneously.

The change of ordering transition is illustrated as a transition from the
MSSTs in Fig. 3 to the MSSTs in Fig. 5, where the neighboring nodes of C, and
C. swap their ordering positions in scale.

5.4 Change of Extremum-Catastrophe Connection

The change of extremum-catastrophe connection is the swapping of extremal
paths. This transition is only relavent to Extrema-Based MSSTs. The transi-
tion is the swapping of the right-ports and the whole right-subtrees of the two
nodes involved. The change of extremum-catastrophe connection transition is
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Fig. 5. The deep structures and the corresponding Extrema-Based and Saddle-Based
MSSTs after the change of catastrophe ordering transition are shown in the top and

bottom row respectively
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Fig. 6. The deep structure and Extrema-Based MSST after the change of extremum-
catastrophe connection transition

illustrated as the transition from the Extrema-Based MSST in the top row of
Fig. 3 to the Extrema-Based MSST in Fig. 6, where the catastrophe-extremum
connections between E. and C} and between Ey4 and C. swap.

6 Extrema-Based vs. Saddle-Based MSST's

Critical points in generic images can be categorized into extrema and saddles
by the eigenvalues of the Hessian matrix. With proper boundary conditions,
e.g. zero-padding, the image in scale-space at scale infinity will posses only one
extremum and no saddle [7].

Frequently, the positions of extrema, when are traced back from the catas-
trophes to the original image at scale zero, can change completely, even if only
slight perturbation is imposed to the image. These jumps of positions are caused
by the swapping of extremal paths connecting extrema and their catastrophes,
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and extremal paths that extends to higher scales. The swapping of extremal
paths results in complex transitions on Extrema-Based MSSTs as described in
the previous section. On the other hand, the swapping of extremal paths does
not disturb the topology of Saddle-Based MSSTs at all since only saddle paths
are considered. The situation comparing the stability of Extrema-Based and
Saddle-Based MSST's when the swapping of extremal paths occurs is illustrated
in Fig. 7.

Nevertheless, Saddle-Based MSST's do not fail to capture these changes of the
original image, since the swapping of the extremal paths is simply transformed
to simple movements of saddles and catastrophes on Saddle-Based MSSTs. The
smaller and simpler set of transitions of Saddle-Based MSST's is preferable and
may lead to simpler, faster and easier to implement and understand algorithms
based on MSSTs.

<8 o5
] @
8% 8T
wn o wm o
M M

A ndl

E, S, EvE. SyEqSESsSe EfSpace E. Sq EyE. SyEqSESsSe EySpace

Fig. 7. The figure shows the deep structures of an image before and after imposing
slight perturbation to the original image. Frequently, the extremal paths connecting ex-
trema at different scales can be easily disturbed but the saddle paths can be considered
stable.

7 Summary and Conclusions

This paper presents the set of possible transitions of the Extrema-Based and
Saddle-Based Multi-Scale Singularity Trees. The transitions presented in this
paper is a sufficient set of MSST transitions in a sense that all possible trees
of the same number of nodes can be related to each other through series of
transitions found in this set. However, we have not proved conclusively that
the set is complete, since there might be other complex combinations of those
transitions in the set that, generically, occur simultaneously.

The simplicity of Saddle-Based MSST transitions, in comparison with those
of Extrema-Based MSSTs, is favorable. Because they are simpler, they are easier
to be understood which allows us to be able to derive sensible estimates for their
cost and simplifies further developments.

The study of transitions of Extrema-Based MSST presented in this paper is
an important step towards the development of the image matching and indexing
algorithms based on MSSTs and the Tree Edit Distance (TED) algorithms [1],
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where the difference or distance between two images is found as the minimum
cost of a series of edit operations, derived in accordance with the MSST transi-
tions, that transforms the MSST of one image into another.

Possible applications of MSSTs include image matching with MSSTs, multi-
scale image pre-segmentation, sub-object extraction, hierarchical image retrieval
in large image databases, etc. Recently, MSSTs also found applications in com-
puter graphics [9].
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Abstract. We compare the topology and deep structure of alternative
scale space representations, so called a-scale spaces, 1/2 < o < 1, which
are subject to a first order pseudo partial differential equation on the
upper half plane {(z,s) € R x R|s > 0}. In particular, the cases a = 1
and o = 1/2, which correspond to respectively Poisson scale space and
Gaussian scale space, are considered. Poisson scale space is equivalent to
harmonic extension to the upper half plane, inducing potential physics,
whereas Gaussian scale space is generated by the diffusion equation on
the upper half plane, inducing heat physics. Despite the continuous con-
nection (by parameter 1/2 < a < 1) between these scale spaces and the
similarity between their convolution convolution kernels, we show both
theoretically and experimentally that there is a strong difference between
the topology in the deep structure of these scale spaces.

Keywords: a-Scale Spaces, Deep structure, Morse Theory.

1 Introduction

In linear scale space theory one obtains a so-called a-scale space representation
u§ : R? x RT — R of a grey value image image f € La(R?) by means of a
holomorphic semi group generated by —(—A)%, 0 < o < 1, i.e. they satisfy the
unique solutions of the pseudo differential evolution system

us = —(—=A)*u
limu(-,s) = f(-) , (1)
s|0
The unique solutions of which are obtained by means of a convolution
uf(x,8) = (K¢ * f)(x),s>0,x € R, (2)
where K& = Flw — e‘s”""”M]. These isotropic linear scale space represen-

tations follow from a list of fundamental axioms, cf.[1] and the most common
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cases are « = 1 and a = % leading to respectively a diffusion system and o =
a potential problem on the upper space s > 0. In these cases the convolutio
kernel® equals respectively the Gaussian kernel and the Poisson kernel:

1
2
n

1 ll112 1 2 s
Klix)=—— ¢ & and K (x)= . 3
= Gy e

With respect to Poisson scale space case we notice that the Laplacian factorizes
in two important ways:

02 0 Navy 0
Ad+1 = @ + A= & — v —4Ad & +v -4y (4)

From this factorization it directly follows that (under the extra condition that
u(+,8) — 0 uniformly as s — 00), that the case o = 1/2 corresponds to harmonic
extension to the upper plane, where we notice that (a% + v/ fAd) u=0%&us =
—+v/— A4 u. Furthermore, we notice that a-scale spaces correspond to symmetric
a-stable Levy-processes, that arise in the generalization of the Central Limit
Theorem?, [3] Chapter IX, 9.

An important geometrical quantity is the grey-value flow within an « scale
space u§ of image f. This multi-scale vector field is given by

Foluf](x,s) = (£ * f)(x), ()

%w e_s”wuh](x). To this end we notice that

_ 1 ‘
where f§ (x) = F 'w — @ ]

0

&[u;‘] = —(=A4)%} = divF,[ug],

Ww. The
grey-value flow tells us how the grey-value particles flow within the scale space
representation and reveals the interaction between extremal paths in scale space.
For the special case of a Gaussian scale space a = 1 the grey-value flow is

obtained by means of the gradient as we have

which is easily verified in the Fourier domain: —||w||?® = iw -

Foafuf](x,5) = Vius(x, s)

and fg“:l = VxK!(x). For the special case of a Poisson scale space a = % the
grey value flow is obtained by means of the Riesz transform

Foe ) [ug] (%, 5) = Rocus(x, s)

! For the other a € (0,1, # %,1 there do not exist closed form expressions in
the spatial domain. Nevertheless, as is shown by Kanters et al.[2] a-kernels, with
o € [%, 1], can accurately be approximated by convex combinations of the Poisson
and Gaussian kernel.

2 In the central limit theorem sums of identically distributed (with finite variance)
independent variables are considered. If the finite variance assumption is omitted
the limiting distributions become a-kernel distributed.
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—1
and f; 2 equals the vector-valued conjugate Poisson kernel:

2 X

Zd+1 (s +[|x]1?)

=

072 (x) = R K12 (x) = Q,(x) =

a+1 °
2

By extending a scale space with its flow, one obtains a vector scale space which
equals the first order jet of a Gaussian scale space if a = 1 and which equals
the monogenic scale space, cf.[4], if & = 1/2, which is most practical as it comes
to phase based image processing. If one considers a-scale spaces on a bounded

| |Poisson Scale Space |Gaussian Scale Space |
Physics: Potential Theory Heat Physics

Generator: —vV-A=-V-R A=V-V

Flow: R(KZ +[)(x) = (Qu ) ()| -V (KL« f)(x)

Extension Monogenic S.S. 1st order jet

Derivatives: Spherical Harmonics Hermite-polynomials

Fig.1. A short overview of the correspondence between Gaussian scale space and
Poisson scale space

domain (2 with reflective Neumann boundary conditions g—g ’ 90 =0 (preferable
over other boundary conditions, cf. [5]) then the connection becomes even more
straight forward, as in this case the generators extend to a compact self-adjoint
operator on Lo (£2). From this observation it follows that the (generators of the)
a-scale spaces have a common orthonormal basis of eigen functions and the
solutions are given by

u?’g - Z Jmn 67(7>‘mn)as’ ©)

m,n

where A frn = Amn frn and (fmna fm’n) = Omm' Onns- For explicit computation
of {fmn, Amn} and implementation of the bounded domain a-scale spaces for
the special cases of the rectangle [0,a] x [0,b], a,b > 0 and the disk Bg q,a > 0
we refer to [5], [6], where also (applications of) the Monogenic scale space on a
bounded domain is considered. In the limiting case where the bounded domain
fills the whole R? the solutions (6) converge to convolutions with a-kernels. In the
deep structure differences between the bounded and unbounded domain cases
only show up at either high scales or close to the boundary at lower scales. In
this article we will mainly consider a-scale spaces on a unbounded domain as
they are much more suitable for local analysis on topology.

On the one hand the strong connection, see figure 1, between a-scale spaces
is interesting as it smoothly relates methods using a Gaussian scale space, to
methods using a Poisson scale space and visa versa. On the other hand the strong
connection/similarity on (both the unbounded domain and bounded domain) a-
scale spaces puts the question whether there is a relevant difference between
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them. From the practical field in image analysis, there is a slight indication that
Poisson scale space (and its monogenic extension) is the optimal choice for phase
based processing and texture analysis, but until now an in-depth well-founded
comparison® has not been made.

In this article we approach this issue from a purely topological point of view,
i.e. we investigate the differences (and analogies) between the deep structure of
a-scale spaces, which appears to be rather different. In Section 2, we give a brief
introduction to the deep-structure of a-scale spaces and show experimentally
that the extremal curves continuously depend on «, if the scale in a a-scale
space is re-scaled by s +— s7a. Nevertheless, it quite often happens in images
(provided they do not only include low frequencies) that in a Poisson scale space
different extrema and saddles annihilate than extrema and saddles in its Gaus-
sian counterpart. We give a non-artificial example of an image whose Gaussian
scale space contains two creations, whereas its Poisson scale space contains no
creations and similarly show the extremal paths in the rescaled a-scale spaces
evolve as a function of o € [%, 1]. In Section 3 we both show theoretically and ex-
perimentally that creation events do occur in a 1D-Poisson scale space, whereas
they do not occur in a 1D-Gaussian scale space. In Section we investigate the
difference between a-scale spaces concerning causality, maximum principle and
Koenderink’s principle. In a Poisson scale space maxima can increase in value
over scale, which is not possible in a Gaussian scale space.

2 Deep Structure

The topological structure in a scale space and in particular the change of topo-
logical structure of u(-, s) over s > 0, reflects the hierarchical structure of objects
(like blobs) in an image. As the resolution increases extrema disappear until at
finite scale S > 0 only one extremum is left, cf.[7]. Points in scale space where a
saddle and extremum annihilate or points where an extremum and a saddle are
created are called top-points. The set of top-points is given by

{(x,s) | (det Hxu(+, s))(x) = 0 and (Vxu(-,s))(x) = 0}.

At these points the topological structure changes. Other interesting points in
scale space are scale space saddles?, these are exactly those points were
Vx su(x,s) = (0,0). Although it is possible to construct a hierarchical tree-
structure by means of these points , cf. [8].

The tangent vector dg(x(5),s(3)), with s = [det Hxu of a critical path
(moving with infinite speed through a top-point) in an alpha scale space (« €
(0,1]) is given by

0p(x(B),s(8)) = (*ﬁxuvxasua det Hy(u)3),

3 Such a comparison is difficult, regarding the fact that scale in a Poisson scale space
has physical dimension length, whereas scale in the Gaussian scale space has physical
dimension length squared.

4 As is shown in [1], there do not exist interior extrema (with respect to scale and
position) in a-scale spaces.
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where mf[xu = (Hxu)~!. This directly follows by application of the chain
rule:

d o
9p(Vxu(x(8),s(8))) = Hxu(x(8), s(8))%(8) + Vxus(x(8), 5(5))£ —0.
The curvature at a top-point (or catastrophe point) (xx*, sx) along a critical curve

is given by k(xx*, s%) = m det M (x*, s*), where

— qu 8S(VXU)T
M (xx, %) = <vx det Hyu 05 det Hyu

(7)
(x,8)=(xx*,8%)
In case the curvature at a catastrophe point is negative, the catastrophe is an
annihilation and if the curvature is positive, the catastrophe is a creation. For
proof and definition of W(xx, sx) we refer to Florack et al.[9]. To this end we no-
tice that Florack’s derivation (only done for the case a = 1) is straightforwardly
generalized to the general case a € (0,1]. The critical curves through a-scale

A--

Fig. 2. Left: Illustration of annihilations in Gaussian scale space of simple 2D image.
Middle: Illustration of creations in Gaussian scale space of simple 2D image. Right:
Mlustration of critical paths within Gaussian (in blue) and Poisson scale space (in red)
of MRI-image of the brain.

spaces continuously depend on a, if scale is re-parameterized by s — C % s'/(2)
Here the dimensionless constant C' > 0 is still arbitrary and in our evaluations
it is chosen to scale the last annihilation at a fixed length. Furthermore we
notice that the physical dimension of the re-parameterized scale equals length
for all o € (0, 1]. This continuous dependence is not surprising as the solutions
(both on a bounded and unbounded domain) continuously depend on «, recall
(2) and (6). However, in practice, it quite often happens that different extrema
and saddles annihilate in a-scale spaces, because of bifurcations with respect to
the deformation of the scale space parameterized by «. Top-points can be cre-
ated and annihilated with increasing a.. Although, not considered here, this may
be a point for further investigation from a Morse-theoretical point of view, see
figure 3.
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Fig. 3. The critical curves trough « scale spaces of some arbitrary 2D-grey-value im-
age only plotted within a box [s1,s2] X [z1,22], s1 < S2, 1 < 2. From top left to
bottom right, @« = 1 (Gaussian scale space) down to a = 1/2 Poisson scale space,
a = 0.1,0.95,0.9,...,0.5. Notice that in the case & = 1 there are two creations (two
crtical curves are bending below). In one of these cases (the closed loop) this creation
is immediately followed by a annihilation of the same extremum and saddle. The crit-
ical curves continuously depend on «, but still for example at « =~ 0.75 a (besides the
bifurcation where the closed creation-annihilation-loop disappears) bifurcation arises
where a scale space creation and annihilation meat eachother. The last figure in the
bottom row clearly illustrates the large difference in topology (due to the bifurcations
in o) within the Gaussian and Poisson scale space in a larger box within the same scale
space.

3 Local Morse Theory for Gaussian Scale Space and
Poisson Scale Space

In this subsection we give a short summary of the local Morse theory developed
initially by James Damon,[10], for the diffusion equation and investigate how
they translate to the case of the Poisson equation. It turns out that the generic
topological changes in Poisson scale space correspond to the generic topological
changes in Gaussian scale space. However, a fundamental difference between the
frameworks, is that a Poisson scale space allows creations in scale spaces of 1D
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signals (d = 1), whereas in the Gaussian scale space the diffusion equation does
not allow creations in scale space of a 1D signal. Although these creations in
a 1D Poisson scale space are stable/generic in the mathematical sense, they do
not seem to occur frequently in practical situations®. Nevertheless, we will show
both analytic and representative numerical examples of 1D-Poisson scale spaces
including creation events.

Damon[10] introduces the groups G = H, with H the group of pairs (¢, ¢),
with ¢ : Rt — R and ¢ : R — R diffeomorphisms, acting on the space of solu-
tions of smooth functions S, satisfying the evolution equation % = —(—A)%u,
a € (0,1], (in particular a-scale spaces) the group action

g-u(x,s) = u(di(x, 5), pa(s)) + c(s) ,

where g € H, the group of pairs (x,s) — (¢1(x, s), ¢2(s)), where ¢, ¢ : RIH1 —
R? and ¢ : Rt — R are diffeomorphisms and where ¢4(0) > 0. Furthermore,
Damon([10] introduces the group G = ZS§, with ZS the group of pairs (¢, 1),
with ¢ : RIT1 — R, : R? — R diffeomorphisms of the forms ¢(x,s) =
(p1(x, 5), d2(s)) and Y(y,t) = (¢¥1(y,t),t) with ¢5(0) > 0 and %w(0,0) > 0 and
¥(0,t) = 0, acting on S, by

g- ’LL(J}, S) = 1/11(U © ¢(X7 5)7 5) +c= 1/11(U(¢1 (X7 S)a ¢2(8)), 5) .
By introducing these groups, he defines equivalence relations by means of
u ~ v iff there exists a g € G such that u=g- v, (8)

i.e. two elements within S, are equivalent iff they lie on the same orbit, which
yields H and ZS-equivalence depending on the choice of group (action).® How-
ever, here we follow an approach first formulated by J.C.van der Meer to singular-
ity theory for the diffusion equation, which is similar to the case G = ZS similar
cf. [11]. In this approach the action of the group G = Diffy x Diffy, with Diff,
the group of diffeomorphisms from R? to itself, acting on images f : R? — R is
given by
(- NE)=v-f-07'x), g=($9).

Notice that this group rather acts on the set of images, rather than on the
space of double sided (ay = e_(_m”f, s € R) scale spaces, which are to be
considered as 1-parameter deformations on images.

Definition 1. Let f : R? — R. A 1-parameter deformation(or unfolding”) of f
is a continuous map u : R x R! — R such that u(z, 0) = f(x).

® They do seem to occur more frequently in the conjugate Poisson scale space.

5 Notice that with respect to ZS-equivalence, that the ZS-group action is rather similar
to the H-group, but the intensity may change over scale as well (by 1) and the role
of s > 0 is no longer distinguished, so that by the equivalence relation one keeps
track of local changes of an iso-intensity surface as it undergoes a transition and the
intensity level of that critical point.

" With unfolding one usually means the map (x,s) — (u(x, s), s).
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By considering 1-parameter deformations of the identity of the group G we
obtain the group G, which acts on l-parameter deformations of images (in
particularly scale spaces) by means of

(G- uw)(x,8) = P(u(d " (x,5)),5) ,

where (y,0) = 1(y) and ¢~(x,0) = (¢~'(x),0). Notice that (§-is)(x,0) =
(- f)(x), for all § € Gy, corresponding to a certain g € G for every f € Lo(R?).

Definition 2. Two deformations u,v are called G-equivalent if u lies within the
obit of v, or more precisely, there exists a § € G such that u ~v < u =g -v.

Definition 3. A function f : R* — R is G-stable if any deformation is G-
equivalent to the constant deformation. A deformation u is G-stable® if any
deformation of u is G equivalent to the constant deformation.

A function f : R? — R is G-stable (or generic) iff the tangent space at f, T (f)
equals &, the space of all smooth germs of functions at zero.

Lemma 1. Thereby a double-sided scale space representation iy is G-stable iff
either f is stable or the co-dimension of f in &y equals 1, dim(Ey/Ta(f)) =1,
and %ﬁf‘T:O generates the complement.

However, we are merely interested in single sided scale spaces where scale is a
strictly positive parameter, s > 0, as we do not want to include (ill-posed) de-
blurring.

This means that in the co-dimension one case we can only generate half ° of
the remainder in the tangent space.

This is the reason for a distinction between one-sided and two sided stability.
In the case of two sided stability the function (or rather germ) f was already
stable, whereas in the second case the co-dimension of f in & equals 1. For
further details, see Van der Meer[11].

3.1 A Partition of Equivalence Classes of G-Stable Gaussian
Deformations

The space of G-stable Gaussian Deformations S,—; can be partitioned into
equivalence classes due to the equivalence relation given by (2). First we consider
the case d > 2. Then the equivalence classes (germs) are represented by one of
the following functions:

1. Two sided stable germs:
(a) u(x,s) =1, (submersion)

8 The notion of stability can be rephrased as follows: A function w is stable if all
functions that are close to u (in an appropriate topology) are G-equivalent to u.
9 The sign of % |s:0 relative to becomes relevant in the definition of G-equivalence.
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d
(b) 2ds+ Y a2

i=1

(c) Z a;x?, with Z a; =0 all a; # 0. (classified by the signs of a;)
=1
2. One 51ded stable germs

(a) 23 — 621(22 + 5) + Q(xa, ..., 74, s), (creations of critical points),
(b) 23 +6sz1 + Q(xa,...,74, ), (annihilations of critical points),

d
with Q(x,8) = Y ex(z7 + 2s), with ¢, = +1 for k=2,...,n

The two-sided stable germs are of less interest since in all of these cases Tg(f) =
&o and thereby Tg(f)+R* § 9u ’5:0 =Tg(f) = &y So here we have no bifurcations
of the critical paths in scale space.

It follows from Lemma 1 that the only bifurcations the image f can undergo
as a consequence of Gaussian blurring are given by singularities of co-dimension
1. The standard form of a co-dimension one function is given by

d
Ci(x) =2} + Z i}, a; # 0, 9)

=2

with universal deformation x3 +t 21 + Z?:z a;x?. For t > 0 there are no critical
points while for ¢ < 0 there are two critical points, a saddle and an extremum.
This is known as the cusp catastrophe [12].

The Gaussian deformation of Oy is given by (Gs * C1)(x) = x3 + 6571 —
Q(Zj 5 a;)s + ZZ 5 a;x;. This yields the germs describing the annihilation of
critical points in a Gau551an scale space. Notice that the complement to the
tangent space is spanned by the vector ACY (x) =6 21 = 7.

Consider Cy(x) = 23 — 62321 + ZZ , a;x?. Although C5 is equivalent to Cy
their Gaussian deformations are not one-51ded equivalent: The Gaussian defor-
mation of Cy equals G * C2(x) = 23 — 62311 — 6215 — 2(2?12 a;)s+ Zj:z a;x?,
so now the complement to the tangent space is spanned by the vector ACs(x) =
—6x1 = —x1.

The case d = 1 can be treated in an analogue matter, except for the annihi-
lation germ, where no such x5 is at hand. Creations can not occur in a Gaussian
scale space. Recall, to this end that that the curvature at a catastrophe point
(x#, 5%) (uzy and u, vanish) equals kK = kG (7). In 1D the matrix
M is given by

M (x*, s%) = (“m(x*vs*) Ugs (X%, 5%) )

U (XK, $%) Ugys (X%, S%)
and since g, (x*, sx) = 0 it directly follows from

det M (x*, %) = —Ups (X5, 5% )Upgpa (X5, 5%) = —(Unzz (X*, 5%))?
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that the curvature is always negative, allowing only annihilations and no cre-
ations. Notice that this argument does not hold in a Poisson scale space, where

d 1.d
2[d U‘:CS] (X*7S*) - 2[d

det M (x, s%) = Ugs Xk, $%)Ugaa (X%, $%) = Um] Xk, S%),

where v denotes the conjugate Poisson scale space, is not a priori negative.

3.2 A Partition of G-Stable Poisson Deformations

Following the same line as for the Gaussian case we obtain the following partition
of G-stable Poisson Deformations:

1. Two sided stable germs:
(a) u(x,s) =1, (submersion)

d
(b) —2ds? + Z x?

(c) Z a;x?, with Z a; =0 all a; # 0. (classified by the signs of a;)

2. One s1ded stable germs
(a) o3 — 38211 — s 1+ Q(xa,...,24,), (creations of critical points),
(b) 3 —3s%z1 + s 21+ Q(z2,...,24,8), (annihilations of critical points),

d
with Q(x,s) = > ex(x} — s?), where ¢, = 1 for k =2,...,d.

The annihilation and creation germ are obtained by means of harmonic extension
of the cusp catastrophe C; given by (9). To this end we notice that R((x34is)3) =

—3s2x1. At this point it should be noticed that the Laplace operator factorizes
in 2 different ways

Aues = &+ ot A = (£~ V=) (& + V=)
= (%J’_Z%) (805 Zc’)s)—i_Ad 1s

As we already noticed, the first factorization tells us that upward harmonic
extension of an image f € Lo(R?) under the additional requirement that the
harmonic extension should uniformly vanish as s — oo is equivalent to solving
the first order pseudo differential evolution system (1) for & = 1/2, leading to
Poisson scale space. Here we only consider local behavior and do not have the
additional requirement at hand. Therefore harmonic extension of the 1 cusp
catastrophe (with co-dimension 1) is not sufficient. For example, a creation by
harmonic extension could be due to a Poisson de-blurring.'® More precisely, the
Poisson deformation could in principle be obtained by means of the evolution
generated by ++1/—A rather than —/—A). At this point, in comparison to the
Gaussian case, there arises a technical problem as the convolution of the cusp
catastrophe with the Poisson kernel does not exist.

10 Annihilations become creations if s — —s.
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Therefore (as we are interested in local behavior only) we compute (HZ *
gg{ _)(x), where H? denotes the d dimensional Poisson/Cauchy kernel and

gg’a(x) = gl},a(‘%j) = (.’L“;’ + Exl)l[fb,b](xlxx = (21, .. 7xd)7

where ¢ = £1 and 1;_y)(z1) = 1 if |z1| < b and 0 elsewhere. Some computation
yields

(H % g5 ) (x) = (H: % gy o) (x1)

% {8 z1bs — Z(x:{’ — 31182 + ex1) [arctan (ms—b) — arctan (wl—jb)]

xr1— 2 52
—s(s% — 322 + 2) log %} ‘

If we now omit the order O(b)-term and take the limit b — oo we indeed obtain
the annihilation (¢ = 1) and creation (¢ = —1) germs 5 — 3x1s% + 21, € = £1.

Further we notice that in contrast to the Gaussian case creations are G-stable
in the 1D-case d = 1. Notice that in the 1D-creation case the critical paths of the

above germ are given by x(s) = +£,/s% + %s, s > 0, whereas the critical paths

. . . . _ 2 1
of the annihilation germ are given by x(s) = £/s% — g5, s <0.

For a simple analytic example of a 1D-creation (at scale s = 0) in Poisson
scale space, where the initial condition only consists of 3-delta spikes, see figure
4. To this end we notice that in stead of J-spikes (which are distributions, not
functions) one may as well take the step function f = —1(_g4) + 1(a—d,a+d) +
C x 1(_p—d,—p+ay, With a,b > 2 x d as initial condition. In this case the Poisson
scale space can also be computed analytically and the scale space is given by

uf(z,s) = 1 (arctan (2=2+2) — arctan (2=2=4)

_71'

—arctan (252) $ arctan (££2) + Carctan (£2252) — C arctan (££222))

E] E] E]

which also has five extrema at s = 1/4, for example at &~ —1.50, 0.128, 0.304, 2.96
and 4.00, if a = 4, b = 1.5, d = 0.1, C' = 25. For a numerical example of a 1D-
creation within (at a scale s > 0) Poisson scale space see figure 5.

4 Causality in Gaussian and Poisson Scale Space

Another difference the deeps structure between Gaussian scale space and other
a-scale spaces («a # 1) is causality. There exists two types of causality, see Defi-
nition 4, the Gaussian scale space is the only a-scale space which satisfies strong
causality.!! To this end we refer to figure 7 and we note that it is already shown
by Hummel[13] that strong causality is equivalent to the maximum principle, see
Definition 5, which is well-known to hold for the diffusion system. The maximum
principle follows directly follows by the Koenderink’s principle that states that
us(x, $)Au(x,s) > 0 at spatial extrema, which only holds in a Gaussian scale
space, and which guarantees that local extrema do not enhance.

) [1] we have shown that all a-scale spaces satisfy weak causality.
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Fig.4. Top Row: From left to right, slices of the Poisson scale space, u}(-,s), of a
signal f consisting of only 3 d-spikes, with analytic solution u?ZI/Q(x) = K‘?Zl/Q(x -
a) + K&TV2 (@) + ex K§™%(x +b), a = 8,b=2,c =10 at s = 0.001, s = 0.05, s =
0.1, 5 = 0.15. Bottom Row: Corresponding Gaussian scale space uS="(z) = K= (2 —
a)+ Ko7' a) + ex K& x4+ b), s = (1/2)0* at 0 = 0.2, 0 = 0.7,0 = 0.12, 0 = 0.17.
This simple analytical example gives a clear illustration of a creation (3 singular points
at s = 0 become 5 singular points at s > 0) in Poisson scale space at s = 0, whereas
in the Gaussian scale space the number of extrema remains 3 as it should as creations
can not occur in a 1D-Gaussian scale space. Notice that the extremum at x =~ 1.5
increases in value in the Poisson scale space, this is not possible in a Gaussian scale
space, due to the Koenderinks principle, which is related to the difference in causality
(and maximum principle) between Gaussian and Poisson scale space.

1.5 . 1.5 \ 1.5
1 . N 1 H 1 .
0.5 . . 0.5 . M 0.5 : H
200 400 600, 800 0 200 400 600+ 800 1000 200 500 600, 800 1000
-0.5 . N -0.5 : . -0.5 H R
o1 . . = H . 1 .

1.5 1.5 . 1.5
1/ : 1/ : 1/
0.5 /\ 0.5 H 0.5 \/\
200 300/ 6og 800 1000 200 50 800 1000 200 200 0 800 1000
M 3
-0.5 : / -0.5 H -0.5
: : 4 /
: / s :

Fig. 5. Top down, left to right, slices of a numerical implementation of a 1D-Poisson
scale space, u§(:,s), of a numerical signal f, with s = 0,0.4,0.8,1.2,1.6.,2.0. It is
clearly seen that a creation event takes place at (z,s) & (500, 0.5).

Definition 4. Weak Causality : Any scale space isophote u(xz,s) = X is con-
nected to the ground plane, i.e. it is connected to a point u(x,0) = .

Strong Causality Constraint : For every s1 > 0 and s2 > 0 with so > $1
the intersection of any connected component of an isophote within the domain
{(z,5) e REx RY | z€ RY sy < s < sa} with the plane s = s1 should not be
empty.



246 R. Duits et al.

N

X X

Fig. 6. Left: Weak causality, Right: Strong causality

Definition 5. (Cylinder Mazimum Principle.) Let 2 be a (arbitrary) bounded
subset of RY and s; > 0 such that u is continuous on 2 x [0,s1], then u attains
its mazimum or minimum in say (x,s) € 2 x [0, s1]. Either we must have s = 0
or x € 012.

x
0 100 200 300 400 500

x
[ 100 200 300 400 500

Fig. 7. Isophotes of various scale space representations of a signal consisting of 1 small
delta spike between two larger delta spikes. Top row: a = 0.5 (Poisson scale space),
a = 0.6, a = 0.7, bottom row: a = 0.8, @ = 0.9 and o = 1 (Gaussian scale space). The
a scale spaces are sampled according to s, = e*™, with equidistant 7,. To this end
we notice that both (sa)% and ,/s1 = o have dimension [Length]. The stretching of
the isophotes as « increases is of no importance. The above figure shows that for each
a € (0,1) there exist locally concave critical isophotes .

5 Conclusion

There exists a simple and strong connection between a-scale spaces and the
corresponding vector scale spaces (and their flow fields). In particular between
the case of Poisson scale space (o« = 1/2), where this vector scale space is the
well-known Monogenic scale space, and the case of Gaussian scale space (o = 1),
where this vector scale space extension equals the first order jet, which is some-
what surprising concerning the different physics involved (respectively potential



A Comparison of the Deep Structure of a-Scale Spaces 247

physics and heat physics). This raises the question whether these a-scale spaces
are essentially different for multi-scale image analysis, as methods in one frame-
work are easily translated to methods in the other frameworks. We approached
this question only from a topological point of view and conclude that the deep
structure of a-scale spaces, although continuously deformed by «, provided scale
is properly re-parameterized, is rather different:

— Experiments on daily life images often show that different extrema and sad-
dles annihilate in a-scale spaces. Moreover, creation events that take place
in one scale space need not take place in the other.

— By applying morse theory on Poisson scale space and Gaussian scale space we
deduce that creations are generic events in 1D-Poisson scale space (illustrated
by both analytic and numerical examples), whereas they can not occur in
Gaussian scale space.

— Isophotes through critical points do behave differently in Gaussian scale
space than in the other a-scale spaces, where they behave similarly.
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Abstract. In this note we study the local behavior of singularities oc-
curring in scale space under Gaussian blurring. Based on ideas from
singularity theory for vector fields this is done by considering deforma-
tions or unfoldings. To deal with the special nature of the problem the
concept of Gaussian deformation is introduced. Using singularity the-
ory the stability of these deformations is considered. New concepts of
one-sided stability and one-sided equivalence are introduced. This way a
classification of stable singularities is obtained which agrees with those
known in literature.

1 Introduction

In computer vision (see [6], [7]) the main problem is to identify and manip-
ulate objects in a computer screen image. In general the image is given by a
”pixel intensity” function. By embedding this function in a one-parameter fam-
ily a scale-space representation is obtained, with the parameter representing
the scale. The scale on which the image is considered is changed by applying
"blurring”. In most literature Gaussian blurring is considered. Starting with an
intensity function up(xz) on R™ Gaussian blurring yields a family of intensity
functions w(z; ), where 7 can be considered the scale parameter. When con-
sidering Gaussian blurring these functions have to satisfy the diffusion equation

ou
5 = Au (1)
with u(z,0) = ug(z), uo : R* — R € C°(R"™,R). In [5] it is shown that the
axioms of scale space allow also blurring with respect to the operators —(—A),
0 < a < 1. Through blurring a less detailed image is obtained by diffusion
of the intensity function which is equivalent to considering a larger scale. This
way the image can be blurred in such a way that it only contains the relevant
information. At some stages one may however want to reconstruct parts of the
image in more detail.
In the following we want to understand the behavior of the intensity func-
tions, especially the qualitative changes the intensity functions will undergo when

O.F. Olsen et al. (Eds.): DSSCV 2005, LNCS 3753, pp. 249-258, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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changing the scale parameter. We will at first restrict to the case of two dimen-
sional images, where local qualitative changes will be studied. Local qualitative
changes occur when a critical point of the intensity function changes its nature. If
the intensity functions are required to be sufficiently differentiable one can inter-
pret the level lines of the intensity function as integral curves of an Hamiltonian
system or equipotential lines of a gradient vector field. The scale parameter can
now be considered as a deformation parameter of some planar Hamiltonian sys-
tem or gradient vector field. Consequently, the questions concerning the local
behavior of critical points of smooth functions is similar to studying bifurcations
of vector fields. The intensity functions are however parameter dependent in a
particular way, i.e. the parameter is introduced by Gaussian blurring. To deal
with this we introduce the new concept of semigroup deformations and show
that this is the proper framework for studying bifurcations under Gaussian blur-
ring. We will illustrate the theory by applying it to Gaussian deformations, that
is, work with the semigroup generated by the Laplace operator. For semigroups
generated by the operators —(—A)%, 0 < «a < 1, the theory should apply as
well. Because in this case the computations will be somewhat more complicated
this question will not be addressed in this paper. When considering the local
behavior of critical points of smooth function on R? we may assume the critical
point to be at the origin. This can be obtained by allowing shifts or working
modulo addition of constants. Also the gradient vanishes at the critical point
and consequently the nature of the critical point is determined by the eigenval-
ues of the hessian. By Morse theory the generic critical points are centers and
saddles. The idea taken from the study of singularities of vector fields is now to
start from a (possibly non-generic) critical point, unfold the function and derive
results concerning its stability. This way this paper provides an alternative way
to obtain results concerning stable singularities in Gaussian scale space which
can be found in [3] where a complete singularity theoretic treatment is given of
Gaussian blurring. In a much more general context results are obtained in [4]
for many other generalizations, including working wit other semigroups. Com-
pared to the singularity theoretic approach in [3] we circumvent the problem of
defining the right group of transformations by applying geometric arguments.
These geometric arguments allow us to obtain the results concerning this special
case in a straightforward way from the results known in singularity theory. The
results obtained are in a slightly different form compared to Damon’s. The origin
of these differences lies in the fact that the underlying group of transformations
is different from the ones chosen in [3] as we exploit full A-equivalence.

2 Preliminaries on Stability, Deformations and
Unfoldings

We will start with recalling some facts from singularity theory and/or bifurcation
theory ([1,2,10]) in order to reveal the precise meaning of the terminology used.

Let G be a group of transformations acting on the space of functions. (or a
local group at 0 acting on the space of germs of functions). For instance right-left
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action of origin preserving diffeomorphisms G = A = Diff,, x Diff;, with Diff,, the
group of C* diffeomorphisms from R™ to itself, acting by g- f(z) = o fop—1(x),
g € G, ¢ € Diff, and ¥ € Diff;.

Also other groups can be chosen. To illustrate this we will give the groups
used by Damon [3]. Damon [3] introduces G = H, with H the group of pairs
(6,), & € Diff,, of the form ¢(z,t) — (61(,1), 62(t)) with ¢(0) > 0 and
¢ € Diff;, and acting by ¢ - f(x,t) = fod(x,t) + c(t). In addition G = ZS is
introduced in [3], with ZS the group of pairs (¢,v), ¢ € Diff, ., of the form
oz, t) = (P1(x,t), p2(t)) with ¢5(0) > 0 and ¢ € Diff, of the form ¥ (y,t) =
(1(y,t),t) with (0¢1/9y)(0,0) > 0 and 11 (0,¢) = 0, and acting by ¢ - f(x,t) =
1(fod(x,t),t) + c. The groups H and ZS should be considered as local groups
of germs of diffeomorphisms at the origin acting on germs of functions. Damon
describes ZS-equivalence as A-equivalence of unfoldings preserving the target.

Note that Damon considers groups of diffeomorphisms on R"*!, that is, the
parameter is included. In the sequel we will start with considering group actions
of groups that do not depend on the scale parameter. The parameter will be
introduced by unfolding and considering equivalence of unfoldings.

Taking the scale parameter t in ZS equal to a constant this group reduce to
to A with adding constants, i.e we obtain the group ZS,. which is the group of
triples (¢, 1, ¢), ¢ € Diff,, ¢ € Diff; with (9v¢/0y)(0) > 0 and ¥(0) = 0, ¢ a
constant, and acting by g- f(z) = ¥(f o ¢(z)) + c.

Definition 1. Two functions f , h from R™ to R are G- equivalent if
f=y9h
for some g € G.

Note that the notion of equivalence depends on the choice of the group of
transformations chosen.

Definition 2. Let fy : R® — R. A s-parameter unfolding of fy is a map
f:R®" xR* — R x R such that

i. f(z,u) = (f(x,u),u), where x € R™, u € R?, f(x,u) eRje mof = 7,
where w1 R™ x R®* — R® and w : R x R® — R® are the canonical projections.

ii. fo(x) = f(x,0).

In practice one often calls f (x,u) an unfolding of fy, although, if one wants
to be precise f : R™ x R® — R is actually a deformation of f;. The constant
unfolding is the unfolding f of fo with f(z,u) = fo(x).

When considering unfoldings of functions f(x,u) we may also consider a
group of transformations G consisting of unfoldings of G acting on these unfolded
functions. A transformation g(z,u) € G is an unfolding of the identity if
g(x,0) = id. We denote the unfoldings of the identity by Gu.

Let f be a s-parameter unfolding of fy;. Consider a map x given by x : v —
u = x(v), i.e. a transformation acting on the parameter space is considered. The
pull-back of f by x is the t-parameter unfolding

X*f iR xR — R x RY; (2,0) — (f(z, x(v)),v) .
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Definition 3. Two s-parameter unfoldings f and h of fy are equivalent if there
erists a g € Gy, such that

h =g-f.

An unfolding is trivial if it is equivalent to the constant unfolding. An unfolding
f of fo is universal if every unfolding of fo is equivalent to x*f for some

mapping x.

For A,, equivalence this means that
h=t¢ofop™! (2)

with
R R (2, ) = (1), 8) |

and -
P RS — RS (y,8) — (¥(y,1),1)

where both @ and 1 are unfoldings of the identity, i.e. &(z,0) = 2 and @Z(x, 0) =
T.

Two arbitrary unfoldings f and h of fy are equivalent if h is G,,,, equivalent
to x* f for some C'*® map ¥.

With abuse of language we wil say in the remainder of this paper that un-
foldings f and h are G-equivalent, where the action of the maps is as given
above.

Like before a trivial or universal unfolding gives rise to a trivial or universal
deformation.

Moreover

Definition 4. A function fy is stable if any unfolding of fy is trivial.

The notion of stability can be rephrased as follows. A function fj is stable
if all functions that are close to fy (in an appropriate topology) are equivalent
to fo, i.e. are in the G-group orbit through fy. Stability is usually considered
through the equivalent notion of infinitesimal stability, i.e. formulated in terms
of the tangent space to the orbit. Let fy be in &, the space of smooth germs
of functions at zero. Let Tg(fp) denote the tangent space at fy to the G-orbit
through fj.

Proposition 1. fy € & is stable if an only if Tg(fo) = &o

Thus fy is stable if and only if the complement to the tangent space to the
G-orbit at fy is empty. If fy is not stable then define

Definition 5. The G-codimension of f € &y is

d(f,G) := dim (£/TG(f) ) -



A Note on Local Morse Theory in Scale Space and Gaussian Deformations 253

If the co-dimension is non-zero the nontrivial deformations of fy can be found
by unfolding fp in the directions which are in the complement to the tangent
space. The tangent space can be given the form of a module of vector fields.
Also describing the complement by a basis of vector fields X;, we may consider
the one-parameter groups e!Xi acting on the space of functions. Then f(z,t) =
e!Xi fo(z) gives a deformation of fy in the direction of X; with initial speed
X fo, where X fo is the derivative of fy along X;. A deformation is a universal
deformation if the unfolding directions span the complement to the tangent space
to the orbit at fo. Therefore a universal deformation is stable.

3 Deformations by Semi-groups

If the unfolding directions are prescribed to follow the orbit of a semigroup,
for instance because the deformation is governed by some partial differential
equation, we speak of a semigroup deformation. Let S, 7 > 0 be a semigroup,
then the semigroup deformation of fy is a function f(z,7) = S;fo, with f :
R™ x Ry — R. By extending the domain of the parameter 7 to R we obtain
F(z,7) with F: R” x R — R. We obtain the following theorem (cf [3] Lemma
4.5).

Theorem 1. F(x,7) is G-stable if and only if either fo is stable or d(fo,G)=1

and a%;fo |r=0 generates the complement of Tg(fo) in &o.

Proof. If fy is stable then any unfolding is trivial and hence stable. If f; is of
co-dimension 1 then the unfolding F'(x,7) is stable if and only if it is universal.
O

In the above the notion of stability is used with respect to the full group
action. A semigroup deformation, by definition, only exists for 7 > 0. That
is, we have a one-sided deformation. As a consequence the initial speed
%hzo of the deformation has to be taken with its direction. Therefore in
the G-codimension-one case we can at most obtain half of &) because the diffeo-
morphisms acting on the deformation must respect the sign of 7 . Consequently
the deformation does not cover a full neighborhood of fy but only a halfspace.
To cover the other half we need an other deformation, which, with respect to
the full group, is equivalent to the previous one. The two are not equivalent if
we restrict our group action to the proper halfspace and consider stability with
respect to the restricted group action. To make this precise, if we have that
R{%\Tzo} + Tg(fo) = &o considered as modules, then F(z,7) is a universal
deformation. With Ry = {7 € R|T > 0} we obtain for a semigroup deformation
f(z,7) = S; fo the halfspace R4 { % |r=0}+Tg(fo) which is half of the tangent
space if F'(z,7) is a nontrivial universal deformation.

Definition 6. Two non-trivial one-parameter deformations h(x, ) and g(x,T)
of f(x) are one-sided G-equivalent if they are G-equivalent and

oh 0
Ri{z| }+To(f)=Re{5
0

T=

P+ Tg(f) .
0

T=



254 J.—C. van der Meer

Now if fp and gg are G-equivalent then also universal deformations f and g are
equivalent. This need not be true for semigroup deformations because
R {as =Jo| o} + Tg(fo) and R+{‘9579° l-—0} + Tg(go) need not be equivalent,
ie. dlffeomorphlc by a 7 dependent map which respects the sign of 7.

Definition 7. Two non-trivial semigroup deformations S; f1 and S fo are one-
sided G-equivalent if f1 and fo are G-equivalent, i.e. if there exists a g € G such
that f1 = g- f2, and S; f1 and g- S fo are on-sided G-equivalent as one parameter
deformations of f1

Here in g - S, f2 the action of g € G is on the x variable only. Consequently
g+ Sr f2 is an unfolding of g. fs.

Definition 8. A non-trivial semigroup deformation S;fo is one-sided G-stable
if any sengroup deformation S.f1 such that fo = g - f1 for some g € G and
such that 2 *Tfo (2,0) and M(x 0) have the same sign as vectors in Ey is
one-sided G-equivalent to S fy.

Note that two one-sided stable semigroup deformations need not be one-sided
equivalent. They might lie on different sides of the tangent space to the orbit
through fj.

For trivial deformations we have to adjust our definition.

Definition 9. A trivial semigroup deformation S; fo is two-sided G-stable if f
1s G-stable.

Note that in this case

v, (200

Y+ Tg(fo) = Tg(fo) = &o
0

Theorem 2.

(i) If for a semigroup deformation S: fo, F(x,T) is a non-trivial G-stable defor-
mation then S; fo, is one-sided G-stable.

(i) If for a semigroup deformation S; fo, F(x,T) is a trivial G-stable deformation
then S; fo is two-sided G-stable.

or phrased differently

Corollary 1. If for a semigroup deformation Sy fo, F(x,7) is a non-trivial G-
universal deformation then S;fo, T € Ry, is one-sided G-stable.

Note that two one-sided stable semigroup deformations need not be one-sided
equivalent. They might lie on different sides of the tangent space to the orbit
through fjy.
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4 Gaussian Deformations

In the case where one wants the deformation of fy to be a solution of the diffu-
sion equation the deformation is completely prescribed by the diffusion equation
giving g—ﬁ, that is, the direction in which one has to unfold is in fact given. The
unfolding transformations are given by the semigroup exp(rA).

Definition 10. Consider a function fo. The one parameter deformations
f(z;7) of fo with the unfolding direction given by

ou
E = Au s
are
f(z,7) = exp(rA) fo .

These deformations are called Gaussian deformations.

Note that exp(7A) is a holomorphic strongly continuous one-parameter semi-
group, therefore its action on smooth functions is well defined. The Gaussian
deformation can also be obtained by convolution with the Gaussian kernel.

The following theorem allows us to consider the notion of stability for such
one-parameter semi-group deformations

Corollary 2. f(x,7) = exp(TA)fo is G-stable if and only if either fo is stable
or d(fo,G)=1 and Afy generates the complement of Tg(fo) in .

Thus the possible bifurcations fy can undergo as a consequence of Gaussian
blurring are given by the singularities of co-dimension-1 for which f(z,7) =
exp(TA) fo is G-stable.

Note that the constant and linear terms in fy do not influence the unfolding
terms but linear terms and constant terms (i.e. depending only on ¢) can appear
as unfolding terms. The linear terms in the deformation do influence the behav-
ior of critical points. Therefore we will work modulo constant terms. Phrased
differently we may include adding constant terms, which may be terms depend-
ing on t only, in the group action (compare the groups H and ZS of Damon [3]).
These constant terms change the intensity-level but not the qualitative behavior
of the bifurcation.

If we consider A-equivalence than the stable functions are the Morse-func-
tions a2 +asy?. The Gaussian deformations of these Morse-functions are a;z2+
asy® + 2t(a; + az). These are trivial A-deformations. That is the initial speeds
belong to the tangent space to the A-orbit through the function. They are stable.
Because there is no initial speed transversal to the orbit we have two-sided
stability.

The standard form of an A-co-dimension one function is y3 + 2, with uni-
versal A-deformation y® + ty + x2. For ¢t > 0 there are no critical points while
for t < 0 there are two critical points, a saddle and a node. We have creation
or annihilation of critical points depending on the sign of t. In terms of vector
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fields this is known as the saddle-node bifurcation [8]. In catastrophe theory it
is the fold catastrophe [11].

Now this is an A-deformation while we have to consider Gaussian deforma-
tions. The Gaussian deformation of 43 +2? gives y3 +6ty+22+2t, t > 0. Because
it is equivalent to the universal A-deformation it is one-sided A-stable. The com-
plement to the tangent space is spanned by the vector y. Now the saddle-node
bifurcation is in this case a saddle and a center which exist for ¢ < 0 and join and
disappear at t = 0. Thus restricting to ¢ > 0 there is no structural change other
then the critical point disappearing. Only by de-blurring, i.e. use exp(—7A4),
one sees that a saddle and a center are created. Thus blurring corresponds to
annihilation.

In order to cover the codimension one case we need two one-sided
A-deformations obtained from semi-group deformations. Consider y> — 6yx? + 22
which has A-codimension one and is actually A-equivalent to y3 + 2. Its uni-
versal A-deformation is 3% — 6yx? + ty + 2% and its Gaussian deformation is
y3 — 6yx? — 6ty + 22 + 2¢t. The complement to the tangent space is spanned
by the vector —y. Thus we obtain the complementary one-sided A-stable de-
formation. In terms of catastrophe theory the latter is a fold embedded in the
elliptic umbilic. Again there is a saddle-node bifurcation. This time the saddle
and center are created at t = 0.

More on catastrophe theory in the context of image analysis can be found in
[9]

This classifies all the one-sided A-stable Gaussian deformations. (cf [3] The-
orem 3)

Theorem 3. The A-stable Gaussian deformations in R? are listed in table 1.

Table 1. A-stable Gaussian deformations in R?

Initial function|Gaussian deformation Stability type

2 + 97 2+ oy + 4t two-sided A-stable
z? —y? 2 —y? two-sided A-stable
Y2 4 2 Y3 + 6ty + 2% + 2t one-sided A-stable
y3 — 6yx? + 22 |y® — 6yx® — 6ty + =2 + 2t|one-sided A-stable

A straightforward generalization to higher dimensions is obtained by adding
quadratic Morse functions in the additional variables (see [2]) .

Theorem 4. The A-stable Gaussian deformations in R™ are listed in table 2.
Here Q is a quadratic function as in (i) but with variables x;, i > 1, with Q(t)
its Gaussian deformation.

If we considers functions f(x,%) on R? with a critical point at the origin and
f£(0,0) = 0, then a normal form for the co-dimension 1 singularity is given by
y3+22 which has universal deformation 3>+ Ay2+22. This universal deformation
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Table 2. A-stable Gaussian deformations in R"

p=1,---  n|Initial function Gaussian deformation Stability type
(4)p P oxi— St o3P @t — POy x7 + 2(2p — n)t|two-sided A-stable
(40)p 3+ Q x5 + 6tz + Q(t) one-sided A-stable
(447)p 3 — 6122 +Q x3 — 6x12? — 6tzy + Q(t) one-sided A-stable

describes the transcritical bifurcation ([8]). If one considers Gaussian blurring
the question is wether this deformation is equivalent to a Gaussian deformation.
Therefore take y® + 6ty + 2% + 2t and apply the shift y = 2z + /=2t (or y =
2z —/=2t), we get 2% + 3/—2t2? + 22 + g(t). An additional shift on the target
puts the Gaussian deformation in the required form 23 +3+v/—2t22 + 2. Thus for
t > 0 we do not get any equivalence with (part of) the transcritical bifurcation.
De-blurring gives 2% 4+ 31/2t22 + x2. Thus we obtain the part of the transcritical
bifurcation with A\ = 3v/2t > 0. We get equivalence of deformations but not
for all values of the parameters. The mapping A\?> = 18t in parameter space
reflects that the transcritical bifurcation is a folded fold. Note that using the shift
y=z— Vot gives the other half. However 2>+ 3v2t22 + 22 and 23 — 32122 — 22
are equivalent, so our equivalence class does not allow us to distinguish between
the role of saddles and centers. Consequently both shifts y = z + /=2t and
y = z — v/—2t describe the same phenomena. In a similar fashion one can show
that 32 — 6yz? — 6ty + 2 + 2t is equivalent to half the transcritical bifurcation.

pras

Fig. 1. Saddle-node bifurcation Fig. 2. Transcritical bifurcation

5 Conclusion

If we restrict to A-equivalence and allow diffeomorphisms on the parameter space
then combining all actions lead to

(1 (F(@5 (01 (@), 905 (1))

with o1 € Dif fn, wo € Diff1, ¥1 € Diff1, ¢3 and 1y as in (2), which comes
down to A-equivalence of map germs R™ x R — R x R. That is, unfoldings
are also considered under right-left equivalence. The above approach was chosen
to reveal the role of the directional preference invoked by the use of Gaussian
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deformations. It shows that one can actually take the singularity theoretic normal
forms obtained for A-equivalence and relate them to solutions of the diffusion
equation. The above framework provides an alternative way to obtain the generic
qualitative changes in Gaussian scale space in comparison to [3,4]. It indicates
how to generalize to higher dimensions and how to deal with other operators
than the Laplace-operator. Differences with the work of Damon occur because
we exploit full A-equivalence. This gives a larger group of transformations and
therefore a less detailed classification. For instance there is no distinction between
ellipses and circles. Furthermore working modulo constants makes it impossible
to carefully keep track of the intensity levels.
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