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Preface

The first impulse that led to this thesis came up at the Wednesday Workshop of
the Institute for Statistics and Econometrics at the University of Gottingen.

At one such workshop Dr. Mauvis Gore from the German Primate Center
(Deutsches Primatenzentrum GmbH) showed some ultrasound images of human
ovaries which she examined routinely in order to study the development of in-
dividual follicles. These are extremely difficult to identify on the images and it
requires considerable time and expertise to do so. Her question was whether this
task could be done automatically.

The prospect of working on a subject that on one hand sees an increasing num-
ber of applications in areas as widely spread as medicine (x-ray, ultrasound, and
magnetic resonance), biology (microscopy), geography (areal and satellite im-
ages), robotics, automatization, and many others, and on the other hand attempts
to understand vision, our most useful sense, appeared very interesting.

Initially I chose Markov random field models to segment the images into ovary
and follicles. This was inspired by my background in statistical physics and the
popularity of Markov random field models in statistics. Unfortunately | was soon
convinced that Markov random field models are not the first choice for the first
steps of vision for two reasons: i) They require prior knowledge about the number
of “colors” into which an image should be segmented. ii) They are not local, so
the results for a given point can depend on the image intensity at positions that are
far from the point.

After the scale-space conference in Utrecht in 1997 | decided to change the
subject. The concept of “scale” was exactly what | was missing in the Markov
random field models. Now the term occurs at 591 places in this thesis.



Chapter 1

Introduction

This thesis addresses the problem of extraatiseful informatiorfrom imagesof
the physical world The emphasis is on “useful”, pertaining to sotagkthat one
aims to achieve.

Images of the physical world are used for a bewildering variety of tasks. “A
pigeon uses vision to help it navigate, fly, and seek out food. Many types of
jumping spider use vision to tell the difference between a potential meal and a
potential mate. ... The rabbit retina is full of special gadgets, including what
is apparently a hawk detector."Mfrr, 1982 p. 32] There are many technical
applications as well, controlling robot movements or aiding diagnosis and surgery
in medicine. All these tasks are most certainly solved in different ways. Any
particular solution may turn out to be useful or notin retrospect, when it is applied.
So how can one go aboabnstructinga usefulsolution?

A very interesting possibility is to look at existing biological visual systems.
Understanding biological vision would be interesting in itself and one may hope
to learn some tricks for the construction of artificial visual systems. This approach
was pioneered in the 1950s and 60s by BarlBar[ow, 1953, Hubel and Wiesel
[Hubel and Wiesel, 192[Hubel and Wiesel, 198and many others.

The alternative approach obmputer visiorattempts to build a visual system
from scratch. This approach focuses on the task to be solved and in principle
admits any method to construct a solution as long as the task is solved. At the
same time it raises the question whether the task alone provides any guidelines to
its solution and if so, what these guidelines are.

A few requirements about the final solution should be dealt withlldevels
of the construction. These concern some minimal requirements on what type of
information mustnot be discarded, formulated as “invariance requirements”. If,
for example, a rabbit needs to be able to detect a hawk coming from any direction,
then all steps of the processing must be able to deal with all possible directions.
Discarding information about hawks coming from behind would evidently not be
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a useful strategy.

Next the question arises whether to construct a solution to any specific task in
one piece or to divide it into several steps some of which may also be useful to
other tasks. The general consensus on this issthiaie basic steps of processing
are useful for very many different taskEhese basic steps of visual information
processing are calleearly visionor low level vision the terminology empha-
sizing the claim to generality. The following section intends to give the reader a
rough idea of what is generally believed to be a set of useful first steps of visual
information processing.

1.1 A Feature Detection Recipe

A detailed description of the first steps of image analysis will be given in the
following two chapters. To give the reader a rough idea we sketch them as a
recipe in three steps:

1. Smooth the Image
An observed image is smoothed. In general several degrees of smoothing
should be performed. Figuré.(l) shows a magnetic resonance image of a
brain and some smoothed versions of the same image.

Sometimes the appropriate degree of smoothing is known beforehand due
to the setup, e.g. in an industrial application where distance of camera and
object are fixed and the observed objects are very similar each time.

R

Figure 1.1: Original and smoothed images.
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2. Choose a Feature Detector
Local structural properties of the smoothed images are computed. Examples
of such properties are the gradient or the principal curvature. They should
not depend on any parameters that might require “user-interaction” or an
“intelligent guess” of the programmer. Figuré.Z) shows the gradient of
the smoothed images. Figuré.®) shows the principle curvature of the
smoothed images.

Figure 1.2: Original image and gradient of smoothed images. (For better
display the grey values have been adjusted independently in each image.)

Figure 1.3: Original image and principle curvature of smoothed images.
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3. Compute Local Extrema of a Feature Detectors Response
The local extrema of the structural properties are considered “particularly
informative” positions. Figurel(4) shows “edges” of the brain image at
different degrees of smoothing. Edges are local maxima of the gradient
along the gradient direction. Figuré.f) shows the “ridges” of the same
image. Ridges are a subset of the local minima of the principal curvature
along the direction of principal curvature (see Chapjer

Figure 1.4: Original image and maxima of gradient of smoothed images
along gradient direction.

Figure 1.5: Original image and “second derivative ridges” of smoothed
images.



1.2 Some Questions about Scale

Based on the fact that the computed “edges”, “ridges” and perhaps other fea-
tures capture some essential structural information about an image which is closer
to a content-based description than the original pixel-based representation one
hopes that these features should suffice to solve many tasks of vision.

1.2 Some Questions about Scale

The above recipe involves choosing several degrees of smoothing. Why that? Is
there not a single appropriate degree of smoothing? If one follows the “scale-
space concept” introduced by Koenderitdopnderink, 198Jithe answer to this

is “No, usually not”.

The idea of the “scale-space concept” is that the degree of smoothing can
reveal the size of “objects” within an image as follows: With increasing degree
of smoothing objects vanish from the image, small objects first and larger objects
later. The degree of smoothing at which an object vanishes basically measures the
size of the object. For this reason the smoothing parameter is also called “scale”.

According to the scale-space concept any object within an image has a position
and a scale. To find both positions and scales it is evident that an image must be
smoothed to all possible degrees (unless the content is known beforehand). As
Koenderink wrote in 1984,

The challenge is to understand the image really on all these levels
(scaleskimultaneouslyand not as an unrelated set of derived images
at different levels of blurring (smoothing).

Ironically the question of how to determine both positions and scales has
eluded scale-space theory for almost a decade. The first systematic integration
of “position detection” and “scale selection” was proposed in 1993 by Lindeberg
[Lindeberg, 1993 The proposal is in many respects similar to the above recipe.
The image is smoothed to different degrees, some operators are applied, and then
“particularly informative” positions and scales are computed as local extrema of
the operator response with respect to position and scale.

Lindeberg’s proposal for scale-selection contains a so-cglearmalization
parameter. Different choices of this parameter yield different “particularly infor-
mative” scales. It remains a question, what the “right” choicg-nbrmalization
should be. More generally it is not clear why scales should be selected accord-
ing to the prescription given by Lindeberg. Both questions are addressed by this
thesis.
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1.3 Contributions of the Thesis

The study of scale-selection and the approach adopted has affected the author’s
point of view of scale-space and feature detection in general. For this reason
the original contributions of this thesis are not presented as a separate part but
integrated into the overall presentation. In the following we give a summary of
the original contributions with references to their location in the thesis.

A central idea of the thesis &ochastic simplificationThis proposes to ran-
domly shuffle the pixels of an image to new positions.

Stochastic simplification is introduced in chap®erin section2.4 we prove
that a very natural condition on shuffling produces random images whose expected
value is exactly linear scale-space.

Section2.4 also introduces docal entropydefined for any single point in
scale-space. We prove that the sum of local entropies over all points of an image
increases monotonically with scale. This captures in a mathematically rigorous
way the intuitive idea that smoothing (by Gaussian filter kernels) simplifies images
both globally and, more importantly, also locally.

In chapter6 the idea of shuffling is applied to feature detection and scale se-
lection. This chapter proposes to make use ofdbal distributionsthat shuffling
generates at each point in scale-space. These distributions allow us to take a point
of view from which feature detection and scale selection appear as special cases of
one and the same concept. As a consequence there is a canonical scale-selection
operator to any feature detection operator.

Chapters$ and7 apply the theoretical concepts to the problem of ridge detec-
tion. They contain some original contributions throughout. In particular section
7.4describes an interesting phenomenon of a second derivative ridge-detector. At
fixed scales this operator frequently responds to edges. At variable scales, how-
ever, the “correct” choice of scale-selection allows the operator to “escape” from
edges along the scale direction.

Section 3 of chapte® describes a modification of the well-known marching
squares/cubes algorithm that are necessary to compute ridges.

Finally chapte® discusses a self-similarity property of normal noise in scale-
space. The contribution here is that this property facilitates the computation or
estimation of distributions of some “measurements” made on normal noise in
scale-space. Such distributions could be useful e.g. to assess the significance
or saliency of features.
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1.4 Some Remarks Concerning the Formulation

There are several possibilities to formulate and compute the scale-space of an im-
age, either in terms ahtegral equationor partial differential equationsin the

space domain or in thieequency domainn a continuous or a discrete formula-
tion. As far as the presentation is concerned we have chosen a continuous integral
formulation with filter kernels in the spatial domain. The softwatteat the author

wrote to implement the theory makes use of a discrete “integral” formulation in
the frequency domain. The formulation in terms of partial differential equations
is extensively used in the literature aon-linear scale-spacd$Veickert, 199§

A genuinely discrete formulation can be found inrdeberg, 199D

1Algorithms for smoothing and computation of derivatives via Fourier transformation in carte-
sian, gradient and curvature coordinates, as well as algorithms for the computation of zero-
crossings in 2 and 3 dimensions, and the computation of ridges without and with scale selection
were written based on the free Vista libraBope and Lowe, 1994rom the University of British
Columbia.



Chapter 2

Scale-Space

This chapter introduces th&cale-space representatiofiimage data that replaces
an image by a family of smoothed versions of the same image.

The scale-space representatibas proved useful to the task eisionbecause
with increasing blur details of the original image are lost. This allows a visual
system to “concentrate” on the appropriate level of detail and to relate “things”
across different levels of detail.

The chapter is organized as follows. The definition of linear scale-space and
some examples are given first. Next the purpose of the representation, to serve
as a useful starting point fatision, is briefly discussed. A number of properties
of scale-space that appear particularly useful concerning vision are discussed in
section £.3). Finally the intuitively evident fact that smoothed images are simpli-
fied versions of the original image is considered in detail from a stochastic point
of view. It is shown that random shuffling of pixels to new positions can create
scale-space, and that thgerage local entropwf this process increases mono-
tonically with scale. The latter is a mathematically rigorous formulation of the
simplification property of scale-space.

2.1 Linear Scale-Space

Linear scale-space is aepresentatiorof data that makes explicit some infor-
mation that is otherwise only implicitly present in the data, namsbale As
a representation for vision it was independently proposedify§, 1959 and
[Witkin, 1983.

The linear scale-spacef f : RN — R is defined as. : RN x R, — R with
L(-,0)= f and fort >0

L(-,t) =G(;t)*f (2.1)
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where

G(x;t) = W

is the (rotation symmetric) Gaussian filter kernel of width and + denotes the
convolution operatot. 1/t is called thescale

Figure @.1) shows some examples of “slices” from the scale-space of some
two-dimensional images. They illustrate how with increasing scale small scale
information is lost.

2.2 The Purpose of Scale-Space: Vision

Any representation of data is useful, or not, only together with some information
processing task. The scale-space representation is designaditorwhich Marr
characterizes as follow$/arr, 1982 p. 31]:

Vision is a process that produces from images of the external world a
description that is useful to the viewer and not cluttered with irrele-
vant information.

The sheer amount of data makes the distinction between relevant and irrelevant a
primary concern to a visual system. Experimental evidence from the human visual
system provides an impressive exam@édk, 1997: The retina collects data at

a rate of more than Pobits/sec Jacobson, 1991 Most of these are discarded
before arriving at the visual pathway. Studies of the speed of visual perception
[Sziklal, 1956 or reading Kornhuber, 197Bshow that the visual pathway in hu-
mans transmits around 50 bits/sec.

Considering the task of compressing the information contained in an image
scale-space may seem a step in the wrong direction. It obviously requires much
more storage than the observed data alone which are themselves only the first,
t =0, slice of scale-space. It appears, however, that the scale-space representation
is better suited fosubsequent detection of relevant informatiban the original
image representation.

The basic idea is talescribe each “object” at the appropriate scaleFor
example it would certainly be inappropriate to describe a tree top on a molecular
scale of 10° meters. Of course a scale of 1000 meters is not a better choice. An
efficient description may be achieved on scales around 1 meter. It is self-evident
that much information is discarded when replacing a micrometer description of

The convolution of5(-;t) andf is defined agG(-;t) * f)(xo) = [ dx G(x — Xo) f (X). See e.g.
the chapter on fast Fourier transforms irgss et al., 1988
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Figure 2.1: Slices from scale-space. All images have 512 by 512 pixels. The
displayed scales argt =0, v/t = 4, v/t =8, vt = 12, andy/t = 16 (where a unit
length is the width/height of a pixel).

10
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the tree top by a description on a 1 meter scale. Howdwerthe purpose of
describing the tree toghe gain outweighs the loss.

To find an appropriate description without prior information about the image
content it is necessary to study an imagealascales as sketched in figur2 ),
the scale-space representation being the natural starting point. Subsequent steps to
analyze the image content and find appropriate scales may be sketched as follows:
A toolbox of operators, each of which focuses on some different aspect, is used to
“look at” the scale-space. The resulting data are then searched for (a small set of)
particularly informative featureacross space and scale. These features provide a
condensed description of the original image where each feature is associated with
its appropriate position and scale.

How to achieve these later steps of the scale-space paradigm will be the subject
of subsequent chapters.

data _— scale-space

f f

leaves tree

(appropriate scales)

Figure 2.2: The scale-space representation contains appropriate scales for all “ob-
jects”.

2.3 Useful Properties of Scale-Space

The remainder of this chapter is devoted to some interesting properties of the
scale-space representation. These properties give an idea of why the scale-space
representation could be useful to vision. They go hand in hand with the question
of what abilities a visual system should possess in order to perceive the physi-
cal world around it Though we have attempted to present the ideas rather than
the technical details, the discussion does become technical at some points. The
reader who is more interested in how the first steps of vision might be achieved or
implemented should continue with the next chapter.
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2.3.1 Simplification

It is apparent from the above examples that with increasing scale detail is lost.
From the original data at scale- 0 the slices of scale-space make a transition to
constant intensity at infinite scale. Clearly this transition corresponds to a grad-
ual simplification of the image content. Intuitively such a gradual simplification
appears a useful property of the scale-space representation because it allows the
level of detail to be chosen appropriate to the image content. This has inspired
several authors to define simplification in a strict mathematical rather than intu-
itive sense and regard it asiacessaryproperty of a representation of image data

for vision. Some of these definitions shall be discussed in the following.

Non-Creation of Local Extrema in One Dimension

Witkin [Witkin, 1983 was first to formulate asimplification property of one-
dimensional scale-space. He defined this to mean the non-creation of local ex-
trema, i.e. going from small to large scales no new local extrema along space may
appear. To exemplify this figur@ (3) shows the scale-space of a one-dimensional
image together with the locations of local extrema along space. One can see
clearly that local extrema are able to annihilate each other but no new local ex-
trema appear toward larger scales. Babaud é&@bfud et al., 19§&howed that
linear scale-space is the unique representation with this property.

.l I I|QAM\A )

Figure 2.3: One dimensional scale-space and zero-crossings of the first derivative
along space.

Non-Enhancement of Local Extrema

In two or more dimensions the simplification property of scale-space must be
characterized somewhat differently since hergpossible that new local extrema
appear with increasing scale.

A view of simplification that applies in any dimension is that all local max-
ima should decrease with increasing scale and conversely all local minima should
increase. This property may be observed in the example images. It is also easily
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proved to hold in scale-space since the derivative along scale may be expressed as
follows:

otL(x;1)

Ly =33 99
At a local maximum each of the second derivatives on the right hand side is nega-
tive so that the derivative along scale is negative as well, which goes to show that
a local maximum of.(x;t) decreases with increasing scale.

Koenderink Koenderink, 198)formulated this simplification property, that
he calledcausality as follows. Consider iso-surfackéx;t) = Constantin scale-
space (e.g. if the image is two-dimensioh&k;t) = Constantdescribes a two-
dimensional surface in a three-dimensional scale-space). At positions on such a
surface wheré.(x;t) is an extremum with respect tothe surface should point
its convex side toward increasing scalge This, he showed, is equivalent to
the above equation and thus to linear scale-space if additionally differentiability,
homogeneity and isotropy are demanded

N |

Stochastic Simplification

Still another point of view of simplification is the following. Suppose we ran-
domly shuffle the pixels (intensities) in an observed im&ge to new positions.

This should on average destroy structural information so that the average of the
shuffled images is a simplification of the observed image. It remains to define how
exactly to shuffle intensities.

To shuffle the pixels around, allow them to jump from positkaat “time” t to
positiony at “time” t + T with some transition probability gy,t +1|x,t) . The
positionx of each pixel thus becomes a random variable and one can study how the
distribution of pixels evolves with “timet. To achieve ayradual simplification
the “time” dependence is importarfor short times the typical length of a jump
should be proportional to the timebetween t and + 1. In terms of transition
probabilities this is expressed as follows (indices running fromN)to

/dy.(yi —X)p(y,t +1|X,t) = At+0(T)
/dmw—mﬂw—XDMMH4vJ%=GH+OG> (2.2)

/dyml (Vi = Xip)P(Y, t+TX,t) =0(T)  for  n>2

2Koenderink does not explicitly mention differentiability but makes use of it. Differentiability
ensures continuity and that is certainly required to prohibit new local extrema from “popping up
out of nowhere”.

3The positions of pixels are shuffled according telarkov process
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These equations for the transition probabilities define déffusion process
[Honerkamp, 1990 Gardiner, 198p For short “times”t the average jump dis-
places a pixel ak to x + At and the jumps typically deviate from this average
by Cijt. Thedrift Aj and thediffusion tensor ¢ can in principle be functions of
position, time, or even the simplified image.

If one defines a simplificatiob(x;t) of an imagef (x) to be the expected value
of images shuffled in the described way then it can be showrL{hat) satisfies
the partial differential equation

oiL(x;t) = ZOA,th Z i0;CijL(
N

with initial conditionL(x;0) = f(x). The derivation of this equation will be given

in the last section of this chapter. The equation is the generating equation of
scale-spaces in general, including the nonlinear scale-spaces where both diffu-
sion coefficientCj; and drift Ai may depend on the local intensikyx;t) (see

e.g. [Perona and Malik, 1990[Alvarez et al., 199Por [Weickert, 1998 for an
overview).

Imposing isotropy and homogeneity makigs= 0 andC;i(x,t) =1, Cjj =0
fori # | so that again linear scale-space can be seen to be the unique solution.

A very interesting consequence of shuffling is that it allows one to d&foed
entropies of the random intensity at positand timet. The intuitive idea that
shuffling simplifies images may then be associated with the fact that the average
local entropy increases monotonically with tirheA proof hereof is given at the
end of the chapter.

2.3.2 Translation and Rotation Invariance

Let us now consider two properties that are not only useful but practically indis-
pensable to a visual system, unless prior information about the image content is
available.

If an observer moves relative to a scene the physical content of the scene re-
mains unchanged, of course. For a visual system that aims to “see” the physi-
cal scene it is therefore important that the information content of its description
remains unchanged as well, apart from the fact that it “sees” the change of posi-
tion. This is formulated in terms dfanslationandrotation invarianceas follows:
translation (rotation) of an image before computation of scale-space is identical
to translation (rotation) after computation of scale-space. Schematically this is
shown in figure 2.4).
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g translate or rotate g
. translate or rotate '

Figure 2.4: Commutative diagram of translation and rotation invariance.

Some restrictions must be made. Invariance with respect to all possible move-
ments between observer and scene is generally not physically achievable due to a
limited field of view as well as a limited resolution of the visual system and not
least the projection of a three-dimensional scene to a two-dimensional image.

Consider, however, a special situation where these limiting factors do not ap-
ply. Let this page of paper be the scene and rotate it or move it left or right
changing its distance to your eyes as little as possible. In this situation, too, the
visual system should “see” the same information irrespective of the rotation or
translation of the scene.

More generally invariance with respect to translations and rotations of the pro-
jection of a scene onto the image plain can be achieved (as long as the content is
not moved out of the image domain). Technically this if formulated as follows:
Call T the coordinate transformatidh(x) = Mx + a for some vectoa € RN and
some orthonormaN x N matrix M and denote byf o T the concatenation of
andf,i.e(foT)(x)= f(T(x)). Then one easily verifies that scale-space satisfies
translation and rotation invariance in the following sense:

(G(t) + (foT))(x) = (G(51) + f) o T)(x)

Here we have neglected the image border for convenience.
Concerning the example with the page of paper one remark s in place. Clearly
our visual systencannotread the text on the page equally well from any orien-
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tation. This is a consequence of the fact that we always read text oriented in the
same way, the “top” of the page facing up. Whenever such prior knowledge about
the environment is available it is possible to increase the efficiency of information
processing at the cost of the ability to deal with general situations. The approach
pursued by scale-space theory is to attempt to understand and work out the more
general methods, imposing translation and rotation invariance. The hope is that
many applications can profit from even a small improvement by this approach.

Let us now consider changes of distance between observer and scene. These
require special attention because they either enhance or destroy the details of the
scene that are visible to the observer.

2.3.3 Observational Blur and Scaling

Any physically observed image is blurred by the measurement device or eye. This
observational blumakes small scales unobservable and leads to loss of detail as
the observer moves away from the scene.

Observational blur is a physically inevitable property of the measurement de-
vice or eye®. Itis a result of the measurement itself, created for example by the
lens and the photoreceptors. What is important in the present context thehat
amount of blur is fixed on the scale of the measurement dasis&etched in the
following figure. This has been termed tivner scaleof the measurement device
[Florack et al., 199 Florack et al., 19914

& —Oag

scene lens data

| |
variable fixed

The effect of a variable distance between observer and scene is the following.
With increasing distance the projections of the scene onto the image plain become
smaller. Still all projections receive the same amount of blur on the scale of the
measurement device. Conversely this meansahdhe scale of the scene distant
scenes are blurred more than close sceriasffect this is a physical possibility

4A measurement device can be optimizedmiimizeobservational blur but it cannot be
avoided altogether.
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to construct a scale-space, which, of course, need not be the linear scale-space.

Linear scale-space arises in this way only when the observational blur is Gaussian.
Suppose again the visual system aims to “see” the physical world. If the same

physical scene is observed at different distances it would be useful to have some

way of identifying the resulting images. One way to facilitate this is to artificially,

by computation, subject an observed scene to the scaling and, more importantly,

the extra observational blur thatould result from a physically larger distance.

The scale-space representation does just that, as far as observational blur is con-

cerned. As shown in figure(5) a simple transformation allows one to match an

observation at a large distance and “the same” observation at a shorter distance.
Suppose an image of a distant scene differs from a closer imafef the

same scene as followd:= G(o;t,) * f5, wheref3(x) = f(sx) ands > 1. Then the

scale-space of the distant scene is related to that of the close scene by:

(G(;t)*d)(x) = (G(-; S*(t +10)) * F) ()

Evidently this equation would not hold if the observational blur was not Gaus-
sian. To set up a similar equation in that case would require a non-Gaussian scale-
space. The fact that the equation holds for Gaussian scale-space and Gaussian ob-
servational blur is due to theecursivity principleor semi-group propertyhich
states that a Gaussian filter kernel smoothed with a Gaussian filter kernel is again
a Gaussian filter kernel.

2.3.4 Differentiability

A technically useful property of the scale-space representatidifferentiability.
L(x;t) = (G(-;t) * f)(X) can be differentiated up to any order by the relation

AT AL (x;t) = ((0T...00 G(ost)) * F)(X)

This property is extensively used in the first steps of processing the scale-space
representation as will become apparent in the subsequent chapters.

Particularly notable is that the above relation allows one to differentiate the
scale-space ofliscretely sampled dafaoints. While obviously it makes no sense
to speak of differentiating discretely sampled data themselves, the equation

(Glort)* (97"-0%' ) (x) = (0" OR'G(051)) + ) (x)

makes the meaning well-definéd

5 In terms of regularization theory Tikhonov and Arsenin, 197 differentiation of discretely
sampled data is aill-posed problenjHadamard, 1902and scale-space isegularizationof this
problem. For an introduction to regularization theory seeljtte, 199F.
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X — SX
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lens
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t — S(t+1o)

Figure 2.5: Scaling, observational blur, and scale-space. If an image is scaled
in size by a factos, i.e. x — sx the scale-space is transformedy- sx, t —

¢t. The grid masks that part of the scale-space from the close scene which is
unobservable in the distant scene.
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2.4 Stochastic Simplification and Scale-Space

This section considers in detail stochastic simplification and scale-space. The idea
of stochastic simplification is that random shuffling of pixels should on avérage
destroy structural information of an image. It is thus not surprising that scale-
space may be “derived” from shuffling as will be demonstrated.

The second point of this section concerns the intuitive property that scale-
space simplifies images both globally and, on average, also locally. This is formu-
lated in terms of local entropies of shuffled images and it is shown that the sum of
local entropies increases monotonically with scale.

2.4.1 A Derivation of Scale-Space

An impressive number of approaches have appeared in the vision literature
that derive linear scale-space from a number of basic axiorgmng, 1959,
[lijima, 19624, [lijima, 19624, [lijima, 1963, [Otsu, 198), [Koenderink, 198}
[Yuille and Poggio, 1986 [Babaud et al., 1996 [Lindeberg, 199
[Florack et al., 199R [Alvarez et al., 1993 [Lindeberg, 1994}

[Pauwels et al., 1995[Nielsen et al., 1997 [Lindeberg, 199}, [Florack, 1997.

The arguments may roughly be divided into two categories. One is based on
simplificationand the other on theecursivity principle A detailed overview is
given in [Weickert et al., 1997

Here it is demonstrated that stochastic simplification produces scale-space un-
der some very natural assumptions about shuffling.

To define shuffling we allow each pixel to jump from its positoat “time”

t to positiony at “time” t + T with some transition probability gy,t + T|x,t).
Each pixel carries around with it the intensity of the observed image at its starting
position and all pixels are allowed to jump independently of one another.

The actual condition we impose in order to achieygadual simplification is
thatfor short timest between t and + 1 the typical length of a jump should be
proportional to the tima. In terms of transition probabilities this is expressed by
equation.2which we repeat here:

[ a3 —x)ply.t+Tix.t) = AT o()
/dy.<yi =%)(yj = %)) p(y, t+1jx,t) = CijT+0(T) (2.3)

[ A = X)oe iy X)L+ T =0(T)  for 0> 2

6Average with respect to repeated shuffling
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The drift Aj and thediffusion tensor ¢ can in principle be functions of posi-
tion, time, or even the simplified image. In any case, these conditions allow one
to derive a partial differential equation for the transition probabilities as follows
[Honerkamp, 1990 Take some functiorR(y) with vanishing first derivative at

the boundary of the image domain. Then

/ dyR(y)dtp(y,t[x,t) =
:Iim :—L/dyR ) [P(Y,t+T|x,t) — p(y,t|x,1)]

=lim - [/dyR /dzp y,t+1|z,t)p(zt|x,t) /dyR p(y,t|x,t)

—0T

~lim Udy/dz{ )+ 3 (- 2)0RE)

/dyR p(y,t|X, t)]

Here we have used the Chapman-Kolmogorov equation and a Taylor expansion of
Raboutz. In the limitt — O the integrals iry that involve powers ofy — z) can
be evaluated using the assumpti@n3 This gives

/ dyR(y)3p(y, t[x,t) = / dzp(z,t[x,t) [zmai R(z) + % G jaia,-R(z>]
[ 1]

Using the fact thaR(z) is an arbitrary function that may be chosen to have van-
ishing first derivatives at the image boarder one gets by partial integration a partial
differential equation for the transition probability:

0 p(z,t|x,t) = ZGA.pzt|xt += 266 Gijp(z,t|x,t) (2.4)

This is the Fokker-Planck equatiofor the transition probabilitiep(z,t|x,t) of a
diffusion process. According tofin Kampen, 19git was first used by Rayleigh,
Einstein, and Smoluchowsky in a form wigq linear inz andC;; constant. Sub-
sequently Planck and Kolmogorov derived a more general form.

To return to the shuffled images: A pixel at positioat time 0 is allowed to
jump to new positions at timés> 0 according to the above transition probabilites.
All the time it carries around with it the intensiti(x) of the observed image at
its starting positiorx. If we let pixels start from all positiong, one from each,
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and the pixels jump independently of each other, then the average intensity of the
shuffled image at positionand at time is

L(x;t) = / dy p(x,tly,0) f(y)

This is taken to define the simplified imagéx;t), as already indicated by the
notation.

The simplified image satisfies, via the transition probabilities, the partial dif-
ferential equation

oiL(x,t) = — Z OiA (X, t)L(X;t) + % z 0i0;Cij (X,t)L(x;t) (2.5)
1]

with initial condition
L(x;0) = f(x)

Equation R.5) is the generating equation of scale-spaces in general, including
the nonlinear scale-spaces where both diffusion coeffiégnand drift Ai may
depend on the local intensibyx;t). An overview of nonlinear scale-space theory
can be found in\Veickert, 1998 Some of the axiomatic formulations of scale-
space also consider the nonlinear cagévdrez et al., 1993 [Lindeberg, 199J

Finally, let us require that shuffling should be homogeneous and isotropic in
the sense that the transition probabilitfy, t + 1|x,t) should only depend on the
distancely — x| and the time difference. This necessitates zero dr&t = 0 and
diagonal and constant diffusion ten€r= 1, Cj; = 0 if i # j so that we get the
generating equation for linear scale-space:

oiL(x,t) = %ZaiaiL(x;t) (2.6)

That completes a derivation of scale-space from the definition of simplification
via shuffling.

2.4.2 Stochastic Simplification and Local Entropy

The idea of images being simplified in scale-space suggests a relatiofoito
mation theory In some sense one would expect the information to decrease with
increasing scale and conversely #rgropyto increase.

Sporring and Weickert gporring and Weickert, 1997 [Sporring, 1999
[Sporring and Weickert, 199€efined a global entropy

—/dx L(x,t) log(Lx,t)
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of a smoothed imagk(x,t) and proved that this increases monotonically with
The examples in figure2(1) suggest that images are not only simplified globally
but also locally. The shuffled images allow us to make this stronger statement in
the following sense.

The intensity at positiox and timet > 0 in a shuffled image is a random
variable I with density

p(I;x,1) z/dy p(x,tly,0) p(Z:y,0)
where initially the intensity at positiony is f(y) with certainty:

P(1:y,0) =3(1 - f(y))

(6 denotes the Dirac delta function). At each positioand scalé the entropy of
this random variable is

Sx.t) = —/dl p(1:x,1) log(p(I;x,1))
= —/dlr(p([;x,t))

wherer(u) = ulogu. The entropyS(x,t) is local in scale-space. At any single
positionx there may be timeswhen the entopy increases witland other times
when it decreases with Howeverthe sum of the local entropies increases mono-
tonically with t To see this, consider ttsaim of local entropies

S_(t):/dx S(x,t)
:_/dx/dlr(p(l;x,t))
Its derivative with respect tbis:
aSt) = —/dx/d[ r' (p(I;x,t)) 0yp(I;X,t)
—— [ax [arr (p(rx.t)) [ dyorp(x.tly.0) p(r;y.0
1 ) :
= _é/dx/dlr (p(I;x,1)) /dydlva(x,t|y,O) p(7;y,0)
_ —%/dx/dl ¢ (p(I;%,1)) divOp(L;x,t)

In the second to last equation we have insertégp(x,tly,0) =
%Zi 0i0i p(x,t]y,0) = divOp(x,tly,0) ’. The integral with respect ta may
now be evaluated by Gauss’ theorem.

S(t) = %/dx/dl ¢ (p(I:x,1)) (Op(I;x,1))2

"The proof also applies to the more general Fokker-Planck equation (
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Sincer” (p(I;x,t)) > 0 it follows that
aS(t) >0

Consequently the sum of local entropies increases (or remains constant) with time
or scale.
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Chapter 3

Feature Detection

In this chapter we consider the problem of distinguishing “relevant” and “irrele-
vant” information within a single slice of scale-space. Specifically we stigdy

ture detectiorwhich refers to the following procedure: Process a smoothed image
with some local operator. Then classify thggesitionsas particularly informative
where the operator response is locally extremal.

A number of questions arise immediately: Why are local extrema relevant?
What type of local operators may or should be used?

The chapter is organized as follows. The very intuitive methodpattern
matchingbriefly motivates the use of local extrema and gives a simple interpre-
tation of feature detectionn terms of a least squares fit. Then we turn to the
operators of feature detection. It is argued that the useful properties of scale-space
should be shared by the feature detection operators. This makedetinative
of Gaussianfilter kernels the generic scale-space operators and opens the way
for differential geometryas a powerful toolbox for the construction of feature
detectors.

3.1 Pattern matching

Consider the situation where model dx) of the feature of interest is given and
the position of this feature is sought in an imalge). For example we might be
seeking Hanna's face in the picture on the right.

k-

24
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The conceptually easiest way to find the position of a feature modsdti®rn
matching the model is positioned somewhere over the image and its fit is mea-
sured. This is repeated for different positions and the position with optimal fit is
identified.

Suppose the fit of the model at positixgis measured in terms of the squared
difference

SQxo) = [ dx [glx—xo0) — ()1

(where for simplicity the problem of image boarder is ignored and mathemati-
cal tractability is assumed, i.gy and f square integrable). Then, evidently, the
positions of optimal fit may equally be computed from thgerator responsef
filtering f with g

F(Xo) = /dx g(x —Xxp) f(x)

The positionstg at whichF is maximal are exactly those whe®&)is minimal
since neither dx g(x — xo)? nor [ dx f(x)? depend orxo.

As a simple example consider the
one-dimensional “edge-modetj and

the imagef on the right. The squared L i
differenceSQhas a single minimum at
the position of the step edge inand £
the convolutiorF displays a maximum _—
at the same position.

The interpretation of local extrema SQ

of the operator response of a convo-

lution as positions of a least squares

fit gives a simple (though restricted F
motivation for considering local ex-

trema of operator responses “particu-

larly informative”.

3.2 Feature Detection Operators

In 1992 Koenderink and van Doorn wrotédenderink and van Doorn, 19p2

The set of operators in general use comprises an odd lot, with hardly
any relations between the various types, nor any clear relations be-
tween different versions of the same type (such as edge detectors of

IFor nonlinear operators the least squares interpretation is not in general possible.
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various orientations), nor especially simple behavior under the ac-
tion of specific transformation groups (such as translation, rotation,
or blurring).

They go on to proposealerivative of Gaussialfilter kernels as the basic feature
detection operators because these operators satisbéakng invariance We de-

scribe thescaling invarianceproperty at the end of this section. To begin with

the two main approaches to feature detector design are contrasted, followed by a
description of derivative of Gaussian feature detectors.

3.2.1 Design Criteria for Feature Detectors

Feature detectorare local operators that are applied to an image in order to sub-
sequently label the local extrema of the response as particularly informative. The
design of feature detectors is a fundamental problem of image analysis. The pos-
sible gain from a good feature detector is to guide the visual systeanféov
positions in an image which are not only labeled particularly informative during
feature detection but which also turn outlte particularly useful in the interpre-
tation of the image.

We distinguish two different approaches to the design of feature detectors.

Optimal Design

The historically older approach, most famously pioneered by Canny
[Canny, 198§ seeks to optimally balance two opposing qualities of the op-
erators: localization and response to noise.
To demonstrate this consider the
“edge detector” of the previous section

: . g
applied to a noisy step as shown on the L

right. As can be seen, noise usually

produces many extrema in the operator f

response so that many “false” features WWWNMMWWMWW

are detected. To avoid these, the op-

erator may be constructed to produce g*f
a smoother response. In case of our
“edge detector” the shape or size @f
may be changed, a smoother shape or
larger size both leading to a smoother response. Obviously, however, a smooth
response is also less sharply peaked at the true positions of features, i.e. the local-
ization error increases.
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Invariance Design

The approach of scale-space theory is to construct operators with the same useful
properties as possessed by the Gaussian filter kernel. In particular, a translated,
rotated, or scaled image should yield the same features as the original image, only
translated, rotated, or scaled.

This approach is not as much a design approach to feature detectors as the
above. However, as Koenderink and van Doorn write, after fulfilling the invari-
ance requirements “there turns out to be almost no room for “optimization” of
operators for various tasks; in most cases that would lead to certain unwanted
biases toward certain scales or orientatiom&¥¢nderink and van Doorn, 19p2

Translation invariance is satisfied by any convolution kernel. Rotation invari-
ance is given either for rotation invariant kernels or when the preferred direction
is fixed relative to the image. Scaling invariance is satisfied by derivative of Gaus-
sian filter kernels as will be demonstrated in the following section.

3.2.2 Derivative of Gaussian Feature Detectors

In Gaussian scale-space the only scaling invariant filter kernels are linear combi-
nations of derivative of Gaussian filter kernels (see below). This makesttieem
basic feature detection operators within scale-space theory. All feature detectors
of the theory are linear or nonlinear combinations of responses to derivative of
Gaussian filters.

Figure 3.1) shows some graphs of one-dimensional derivatives of Gaussians.

Figure 3.1: One-dimensional derivative of Gaussian filter kernels of orders
0,1,2,3, and 4.
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In higher dimensions derivatives may be computed along different directions.
The derivatives of Gaussians along Cartesian coordinates are

XTX
€
n . - 1111 nN
G'(x;t) = 0;"...0y —(Znt)N/Z
whereaini is the nj-th order derivative along theth Cartesian coordinate. To

evaluate these functions as shown in figuse? we computed derivatives after
Fourier transformation. This is particularly easy, requiring only multiplication of

Figure 3.2: Two-dimensional derivative of Gaussian filter kernels of orders 0,1,2,
and 3. From top to bottom and left to righ®%0, G190, G0t G20 g1t GO2
G320, G21, G2, GO3. This figure is reproduced afterihdeberg, 1994hp 142].
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the (Fourier transformed) Gaussian with a polynomial:

G"(x;t) = / dk e 2K (2rikq )™ (2riky )™ e 2Kkt

The Fourier domain is also used to compute convolutions of images
with derivative of Gaussian kernels. This is particularly advantageous at
small scales where thanalytical Fourier transform of the filter kernels,
(21ik1)"™...(2rikn)™ e 2Kt may be sampled with higher precision than in
the spatial domain, owing to the fact that narrow Gaussians in the spatial domain
are wide Gaussians in the Fourier domain.

Derivatives along other coordinates are linear combinations of the Cartesian
derivatives. Examples of directional derivatives will be considered in the section
on differential geometry below.

Scaling Invariance

Let us now consider the scaling invariance of derivative of Gaussian filter kernels
in linear scale-space. The response of a filter kegn®™ — R to the scale-space
of an imagef at scaley/t is given by

g*xG(-;t)« f

(whereG(-;t) = G%(-;t) is the rotation symmetric Gaussian). If the image is scaled

in size, f5(x) = f(sx), the result isg* G(-;t) = fS. Since f and fs depict the

same information apart from the size change it appears reasonable to require that
the output too should differ only by a simple transformation of size and scale.
Formally this scaling-invariance requires

(gxG(;t(t',9) x f)(x) = (g*G(;t)x f5)(x)  vx and Wt'>0

for some invertible dependencté’,s) that satisfied(t’,s) > t" if s> 1. This
equation should hold for any imadeso that it becomes a condition on the filter
kernels alone. Choosing> 1 andt’ = 0 we see thatonvolution of g with a
Gaussian should be equivalent to rescalin(sge figure3.3):

(9+G(;1(8)))(sx) = 9(x) (3.1)

Clearly any derivative of Gaussigtx; 1) = d7* - -- 9 G(x; 1) satisfies the scaling-
invariance witht (s) = [§* — 1]t

(071 00 G(+ 1) xG(; [& — 11))(x) = L+ - AN G(X; T)



3.2 Feature Detection Operators 30

Since @.1) is linear ing any linear combination of derivatives of Gaussians is
scaling-invariant as well.

It is possible to show that the converse also holds true: Any scaling-invariant
operator is a linear combination of derivatives of Gaussians. Koenderink and van
Doorn [Koenderink and van Doorn, 19p@rove this result by deriving a complete
set of solutions of the diffusion equation that generates linear scale-space.

3.2.3 Interpretations of Derivative of Gaussian Detectors

Several interpretations of the feature detection operators suggest themselves. Par-
ticularly interesting is the differential geometric point of view that will be taken
up in the next section.

Operators on scale-space

Within the scale-space paradigm it is natural to apply feature detection operators
to the slices from the scale-space of an image rather than to the original image.
The response to a feature detection opergisrthen

g+ (G(Gt)*f)  Wt>0

In this interpretatioroneoperator is applied to the data at different scales.

Operators on the image

Alternatively one may seg« G(;t) as afamily of feature detector® be applied
to the original imagd:

(@+G(t))«f  Wt>0

In this interpretation the invariance requiremeBtl) says that operators of the
family should differ only in scale not in shape. As the following figuBe3(
shows, the derivative of Gaussian edge detectors are scaling-invariant while the
family of edge-detectors generated from the step maglg):= —1 for -1 < x <

0,9(x) =1 for 0< x < 1 andg(x) = O for |x| > 1 is not scaling-invariant.

Differential Operators on Scale-Space

Another point of view is that the convolution of a derivative of Gaussian filter
kernel with an image is simply @erivative of scale-space

G"(T)*G(t)* f =07 - 0N (G(t+T1) * f)
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Figure 3.3: Families of one-dimensional edge detectors. Left: scaling invariant
first derivative of Gaussian. Right: step edge family. Clearly the step edge family
is not scaling invariant.

This suggests that feature detection can be interpreted as a way to search for posi-
tions where thelifferential geometryf scale-space is “particularly informative”.

This point of view has spurred a lot of research applying ideas of differential ge-
ometry to vision (see e.gidr Haar Romeny, 199 It should be noted however

that what is “particularly informative” to a visual system neext necessarilype

special in terms of differential geometry and vice versa. Chaptiscribes an
approach to characterize the “particularly informative” relative to some images
that are by definition considered uninformative. This allows a visual system to
define what is considered uninformative and informative.

3.3 Differential Geometry of Scale-Space

The response of a derivative of Gaussian feature detector is identical to the corre-
sponding derivative of a slide(+;t) of scale-space:

(05— ORYG31)) £ = -0 (G30) = ) = Ot - ORL(3

This interpretation has proved extremely useful to the design of “real” feature de-
tectors that respond to the locatructuralinformation content of an image. The
construction of differential expressions that capturanirnsic (or structural,or
geometrig properties of a “landscapé’(-;t) is the subject of differential geome-
try which has become an important tool due to the above equation.

This section describeBow to construct structural feature detectdrem
the basic derivative of Gaussian feature detectors. Consequently the only “dif-
ferential geometry” used here alecal coordinates (More detailed discus-
sions can be found inKjpenderink, 199]) [Florack, 199§ [Kanatani, 199Dor
[ter Haar Romeny, 1994or an overview.)
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First observe that not all partial derivatives of scale-space represent struc-
turally meaningful information about an image. A derivative sucByacrucially
depends on the orientation of i3, ...,xy coordinate system in relation to the
scene. In other words, the information provideddailz about the scene changes
when thexy, ..., XNy coordinate system of the observer rotates, as demonstrated in

figure 3.4).

Figure 3.4: Orientation dependence: A first derivative of Gaussian of the window
image computed from two different observer orientations. In the central image
the derivative was computed from left to right and in the right image from bottom
to top.

A structural feature detector must be rotation invariant in the sense that it com-
mutes with rotations: First rotating the image and then applying the feature de-
tector must yield the same as first applying the feature detector and then rotating
its response. Structural feature detectors should also be translation and scaling
invariant. These properties, however, are already satisfied by any derivative of
Gaussian feature detector, so they are automatically inherited by feature detectors
constructed from derivatives of Gaussians.

The simplest example of a linear rotation invariant feature detector is the
Laplacian:

AL(o;t) = i 0i0i L(o;t) = (i 0;0; G(o;t)) * f

The image on the right shows the Laplacian
of the window image computed at the same
scale as above. Rotation invariance of the
Laplacian derivative of a slice from scale-space
arises from the rotation invariance of the Lapla-
cian of Gaussian filter kerngil\ ; 9;0; G(o;t).

In terms of the differential geometric point of
view the Laplacian is rotation invariant because
it is a fully contracted derivative tensor.
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A more powerful way to construct rotation invariant operators is to formulate
feature detectors in terms lafcal coordinates This is now considered.

3.3.1 Local Coordinates

Rotation invariance of differential expressions is naturally achieved by introduc-
ing local coordinatesor gauge coordinates At each point of an image these
coordinates are fixed by the local image geometry. Thus, when the image rotates
the coordinates rotate with it and correspondingly any derivatives computed along
local coordinates describe structural or intrinsic properties of the image.

Gradient Coordinates

One choice of local coordinates in two dimensions aregtiaglient coordinates
At each point of a slice of scale-space the vestpoints along the gradient and
the vectoru orthogonal to it. Figure3.5) shows the coordinates at two positions
of a synthetic slice.

Figure 3.5: Two local gradient coordinate systeraspoints along the gradient
andu along the isophote tangent orthogonaVvto

The directional derivatived,L along the gradient yields the absolute value
of the gradient and the directional derivative alanganishes by definition, i.e.
auL — O

Figure (3.6) displayso,L and the orientation o¥ for several scales of the
window image of figure .4) at two different scales. Evidently the coordinate
system also depends on the sc@leof the slicel (o;t) from scale-space.

Curvature Coordinates

Another choice of local coordinates is a system oriented along the directions of
principal curvature In two dimensions these are denotegpandq. They may
either be defined intrinsically b§pdgL(o;t) = 0, dp0pL(o;t) < 0g0gL(o;t), and
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Figure 3.6: Gradient coordinates. The top row shows four slices from the scale-
space of the window image of figurd.{). The image has 128 by 128 pixels and

the four scales arg/t = 2, \/t = 4, v/t =6, and/t = 8 (in units of one pixel
width/height). The second row shodd_(o;t), the absolute value of the gradient

at the same scales. The bottom left image displays the mapping of orientations to
gray values that was used to encode the orientations of the gradient at the three
scales\/t =4, v/t = 6, and\/t = 8.

the condition thap be orthogonal ta, or in terms of extrinsic Cartesiax, y)-
coordinates as the eigenvectors of the Hesklian

Hp:l—ppp H:{Lxx ny]

with eigenvalues pp < Lqg.

Computation of Directional Derivatives

To compute local directional derivatives they must be expressed in terms of extrin-
sic coordinates. For the gradient coordinates in two dimensions this is facilitated
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by the coordinate transformation frofm u) to (X,y):

w1 ll_x Ly}

\/LE+LE by —k

that allows the first order derivative tensor to be written as

(&)= (3)

expressions for higher order derivativesjn can be constructed by multiplication
of these lowest order expressions, égl, = (Lxdx + Lydy) (Lydx — Lxdy) /(L2 +
L2).

y

3.4 Zero-Crossings

Having discussed the construction of feature detection operators we return to the
question of “particularly informative” positions. Withifeature detectiotthe par-
ticularly informative positions ardefinedas local extrema of a feature detector’s
response.

Why local extrema should be particularly informatitee a visual systenis
not immediately apparent. Certainly local extrema satisfy a number of impor-
tant properties that make them good candidates. Among these properties are: i)
local extrema are structural properties of the image alone, i.e. they do not de-
pend on any parameters that might require user interaction. ii) local extrema
of rotation (translation, scaling ...) invariant feature detectors share these in-
variances. These points are often cited to motivate the use of local extrema
[ter Haar Romeny, 1994Lindeberg, 1994

It is the author’s opinion, however, that the argument by which particularly
informative positions are defined as local extreshauld also be able to deal with
the second parameter of scale-space, sdaléhe sense of providing a definition
for particularly informative scales.

A method to select particularly informative scales has been proposed
by Lindeberg Lindeberg, 1993 It has been very successfully applied
among others by Lindeberdg ihdeberg, 1998g Pizer et al. Pizer et al., 1998
[Morse et al., 1991 and Lorenz et allforenz et al., 1997a Chapter6 presents
an attempt to motivatescale-selectiomnd feature detection from the same prin-
ciples.

Let us now consider some examples of “particularly informative” positions of
different feature detectors.
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Figure @B.7) shows theedgeof the window image computed at several scales.
They are defined dscal maxima of the gradient along the gradient directidm
terms of zero-crossingshe equivalent definition is:

LVV: 0
Lww <0

whereyv is the local direction of the gradient at the considered scale.

A comparison of the edges of figur8.() with the response of the feature
detectorL, in figure (3.6) might evoke some criticism about the particularly in-
formative edges some of which appear rather uninformative. While this criticism
is justified it has to be kept in mind that the occurrence of “false” responses is a
problem common to all feature detection and thus one that requires attention in a
more general setting. Secondly it must be remembered that thegualitative
differencebetween the response of the feature detector and the edges computed
from this. The edges are a setmdsitionswhile the response of the feature de-
tector is “merely” a mapping that assigns any position a scalar value. Formulated
differently, at each position the presence of an edge or not is a binary decision
while the response of the feature detector is continuous.

MV@

Figure 3.7: Edges of the window image at different scales. The image has
128x128 pixels and the displayed edges were computed at scale, \/t = 4,
and+/t = 6. The edges are defined in terms of zero-crossings,/fy;t) =0

Lww < 0.

Figure (3.8) shows “ridges” of the “Fachwerkhaus” image (which the window
is part of) at several scales. The displayed ridges are defined in terms of curvature
coordinates as maxima of the image intensity along the diregtiohminimum
second derivative which also satigfy,p| > |Lqq. A detailed description of ridge
detection is presented in the following chapter which also demonstrates the limi-
tations of a fixed scale approach.

Before ending the chapter let us briefly refer to computational aspects. In both
examples local extrema were detected in one-dimensional frames within the two-
dimensional images. Thesgeneralized maximar critical points pose some
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computational problems that may be approached in several ways. Generally the
options are direct maximization or root finding, i.e. the computation of zero-
crossings of derivative$fess et al., 19§8Further it must be decided whether to
sample functions at arbitrary positions or at the discrete positions of the grid on
which the original image data are given. Chagigresents algorithms for zero-
crossings of discretely sampled functions. A discussion of zero-crossing meth-
ods can also be found irEperly, 1996 and [Lindeberg, 1998a Alternatively

[Staal et al., 199%ropose a direct maximization approach.

Figure 3.8: Ridges of the “Fachwerkhaus” image at different scales. The image
has 512x512 pixels and the displayed ridges were computed at s¢ale<?,

V=4, andyt =8.



Chapter 4

Scale Selection

This chapter and chaptérdeal with the problem of determining “particularly in-
formative” scales in the response of some local operator applied to an image. This
chapter describes a method for scale selection that is analogous to the method
for feature detection. In combination feature detection and scale selection are per-
formed as follows: Process an image with some local operator. Then classify those
(position,scale)-pairs as particularly informative where the operator response has
a local extremum with respect to position and scale.

4.1 The Need for Scale Selection

The scale-space concept aims to describe each “object” within an image at its

appropriate scale. The basic idea to achieve this links the degree of smoothing
within scale-space to the scale of objects as follows: With increasing degree of

smoothing objects vanish from the image, small objects first and larger objects

later. The degree of smoothing at which an object vanishes basically measures the
size of the object. To find the appropriate scales, evidently, one must analyze the
image at all scales and then select those that are “particularly informative”.

The importance of choosing appropriate scales is best demonstrated by some
examples. Figure4(1) shows fixed scale ridges (particularly informative posi-
tions) of a grass image at five different scales. Clearly, at small scales the thick
leaves of the grass are not detected while at larger scales the thin leaves and the
stem escapes detection. Finally, at very large scales even the large leaves disap-
pear.

The need to select scales may also be motivated from a more technical point
of view. Any feature detection operator has some scale or size. For the derivative
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Figure 4.1: Ridges at fixed scales. The images have 512 by 512 pixels and the
chosen scale levels ax& = 2, v/t = 4, v/t = 8, v/t = 16, andy/t = 32 (in units
of 1 pixel width/height).

of Gaussian operators this is usually made explicit in the notation:

T

X X

e x
G"(x;t) =d}t...o0N ———
( ) 1 N (2Tlt)N/2
The operators are parameterized by both position and scale. It is then natural
to ask not only what the particularly informative positions are but also what the
particularly informative scales are.

4.2 Invariance Requirements and Scale Selection

Ironically scale-space theory, which aims to describe each object at its appropriate
scale, has not accomplished (in fact not even dealt with) the problem of scale
selection for almost a decade. Why not?

The answer can be seen in the fact that scale-space theory has, for a long time,
focused on invariance requirements. The theory has profited much from its de-
tailed treatment of invariance requirements. At the same time, however, it appears
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to have gone unnoticetthat the problem of scale-selection just cannot be solved

by an invariance requirement. This has a rather simple reason: Invariance require-
ments “conserve” information under some specified transformations of the data.
Scale selection “destroys” information in the sense that the particularly informa-
tive scales, or positions and scales, of some operator response do not contain the
same information as the original data. Of course the purpose of scale-selection
is not in the first place to destroy information, but rather to distinguish between
relevant and irrelevant. This, however, amounts to destroying the irrelevant in-
formation and consequently scale-selection cannot be derived from an invariance
requirement.

4.3 Normalized Derivatives

The first approach to scale-selection that deals with positions and scales simulta-
neously was proposed by Lindeberg in 198Bfleberg, 1993pand, in a context
not concerned with derivatives, inihdeberg, 1993a

One observes that the amplitude of the response

La(x;t) = (G"(o;t) x f)(X)

of a derivative of Gaussian operator to an imdgends to decrease with increas-
ing scale because the response is increasingly smoothed. For this reason it makes
little sense to define particularly informative scales in terms of local maxima of
the operator response with respect to scale, as one might wish to do in analogy to
particularly informative positions that are defined as local extrema of the operator
response with respect to space.

The amplitude ofnormalized derivatives

2L, (x;t) = t"2(G"(0;t) * F)(X)

wheren = n1 + ... + Ny, is obviously greater than that of regular derivatives when
t > 1. This prompted Lindeberg to study local maxima of normalized derivatives
with respect to scale and to propose a heuristic principle:

In the absence of other evidence, a scale level at which some (possi-
bly non-linear) combination of normalized derivatives assumes a lo-
cal maximum can be treated as reflecting the characteristic length of
a corresponding structure in the data.

The idea proved to be very useful and, in its more general form to be
considered next, it has been applied to detect blood veskels, 1994,
[Koller et al., 1995 [Lorenz et al., 1997aand other structures whose size is of
interest Pizer et al., 1998 [Pizer et al., 199} [Fritsch et al., 199§

1As far as | can judge from the literature.
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4.4 y-Normalized Derivatives

The approach to scale-selection using normalized derivatives can be generalized
by considering so-callegnormalized derivatived jndeberg, 1998a

V2L (x;t) = tV2(G"(o;t)  F)(X)

for somey > 0. The possibilities that arise from this generalization are briefly
discussed.

To analyze the influence of on scale selection it is useful to consider the
logarithm of they-normalized derivatives.

V3 log(t) + log(La(xt)) (4.0)

The local maxima of~normalized derivatives occur at the same scales (or posi-
tions, if one maximizes with respect xp as the local maxima of their logarithm.
Clearly, with increasing the influence of the first term increases and the local
maxima with respect to scale are pushed toward larger scales.

This y-dependence suggests that the valug wlay be adjusted such that the
“correct” scales are selected in some model situations where a “correct” scale
of the image structure is known a priori. To give an example consider the one-

dimensional “blob” modeb‘é_i/\/Zle: G(x;w) of width w. Suppose one at-
tempts to detect such “blobs” in one dimensional images and one chooses to do
so with a second derivative of Gaussian operator. The scale-space of the blob
model isG(x;t +w) and they-normalized second derivative of Gaussian opera-

tor response i$'G?(x;t +w) = ty(ﬁ — t%W)G(x;t +w). The maximum over
scales at the center= 0 of the blob occurs dt= 3/2%VW' To achieve a one to
one correspondence between the selected scale and the width of theymmoi|

be set toy = 3/4.

A more important consequence of the choice~ohlue is the following. For
any specific image structure there is a certain rangewaflues within which the
structure is assigned a finite scale. For valueg gfeater than someeritical y
the first term in equatior4(1) dominates so much that the maxima with respect
to scale are pushed to infinity. In the blob-example the critjeadlue isy = 3/2.

For larger values of the y-normalized second derivative has no maximum over
scales. In other word#he choice oY determines which structures can be detected
and which nat

Chapter7 demonstrates scale-selection for ridge detection usimgrmalized
derivatives. It will be seen that a “correct” choiceyodllows a second derivative
ridge detector to “distinguish” between ridges and edges.



Chapter 5

Ridge Detection at Fixed Scales

Elongated bright structures on a dark background or dark structures on a bright
background are the focus of this chapter. Typical examples picture branches of
trees, arteries in medical images, or roads in areal photographs. Inherent to all is
a curvedpath along which the structure extends with some charactemgtith.

Here we concentrate on the patbhsuming that the width is a priori knowm

later chapter will treat path and width jointly.

The chapter is organized as follows. To begin with, some possible definitions
of ridgesare briefly considered and contrasted. Then we restrict discussion to
those ridgesthat can be defined and detected locally in terms of zero-crossings
of derivatives. The computation of these zero-crossings presents some technical
difficulties which will be discussed in detail. Examples are given throughout.

5.1 Ridge Definitions

An image becomes an “intensity landscape” if one interprets brightness as height.
This allows one to speak of local maxima peaks of local minima aspits and
of saddle-points (where the gradient vanishes but which are neither maximum nor
minimum) as passes

By the same analogy other geomorphological terms may be appliede-A
omorphological ridgds thus the path of steepest ascent leading from a pass to a
peak. A geomorphological dales the path of steepest descent leading from a pass
to a pit. This ridge definition has been proposed as a useful feature for image anal-
ysis [Koenderink and van Doorn, 19p3dKoenderink and van Doorn, 19p4nd
has been successfully applied to image segmentaBiaifip et al., 1992.

Notably the geomorphological ridge definition makes no mention of ridge
shape. Such ridges may be long and sharply peaked in the direction perpendicular
to the steepest ascent. They may also be short and show almost no peak. In fact,
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it is not possible to say whether a point lies on a geomorphological ridge or not
based only on thiocal shape of the landscape around it.

The global character of geomorphological ridges has created some prob-
lems and confusion concerning a precise mathematical definition. The articles
[Koenderink and van Doorn, 19pand [Koenderink and van Doorn, 19p4lar-
ify the matter from a modern differential geometric point of view. In particular
they discuss some historical attempts to define geomorphological ridges from lo-
cal properties alone and conclude that this is “doomed to fail from the very start”.

Despite the lacking relation to geomorphological ridges one speaks of “ridges”
in image analysis also when these are defined in terms of local properties. An
early local ridge definition is due to Haralicklfralick, 1983. It is similar to the
second of two definitions that will be considered here, tieght ridgeand the
second derivative ridgeFor 2-dimensional images/landscapes tieight ridge
discussed in detail byHberly, 1994 is defined as follows: At each point in the
landscape choose the direction (axis) along which the landscape has the strongest
downward bend. If the landscape falls off to both sides along this axis the point
lies on a height ridge(equations.1).

Another definition looks only at second derivatives of the landscape: As above,
at each point the axis of a hypothetical ridge is defined to be orthogonal to the axis
of minimum second derivative. The point under consideration is defined to be on
aridge if the second derivative in the direction traversing the ridge has a minimum
in that direction (equatioh.3). We call this asecond derivative ridge

A different approach is to characterize ridges in terms of edges to the left and
right of the ridge Koller, 1993, [Koller et al., 1995, [Morse et al., 1994 In the
following we consider only the height ridge and the second derivative ridge.

5.2 Height Ridges

The detection of height ridgesand second derivative ridgegroceeds in two
steps. First at each point of a two-dimensional image a set of orthogonal directions
is chosen, one pointing along the hypothetical ridge and the other perpendicular to
the ridge. Then, at each point, the image intensity is analyzed along the direction
across the hypothetical ridge to see if the point is on a ridge or not.

Directions are determined from second derivatives of the image intehsity
some scalg,/t from linear scale-spacgi.e. from second derivatives &fix) =

(G(o,t) * f)(x) whereG(x,t) = e‘xgr—x/(zm) is the rotation symmetric Gaussian
function, x is the convolution operator (we have omittedn the left hand side
because it is considered constant throughout the chaptéx). is a slice from
scale-space, i.e. a smoothed image, that may be interpreted as “landscape”.
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The direction along which a ridge extends is defined as the direction of max-
imum second derivative and is denotedgasThe orthogonal axis of minimum
second derivative traverses the ridge and is denoteaal (sge appendiX for an
alternative definition op andq). Within these local coordinates theeight ridge
according to EberlyEberly, 1996 is defined as:

Lpp<O (5.1)
Lpp < Lqgq

We follow the slightly different definition of Lindeberd.indeberg, 1998a
Lpp<O (5.2)
ILppl > |Lqq]

The two definitions differ when the landscape bends upward along the ridge di-
rectionLqq > 0 more strongly than it bends down in the orthogonal direction, i.e.
whenlgg > —Lpp, Lpp < 0. Eberly includes points satisfyirlg, = 0, Lyp < O,

Lgq > —Lpp in the height ridge; Lindeberg excludes them. Figuse?)(shows

both types of ridges for a synthetic landscape. Apart from differences at the im-
age border the definition of Eberly produces a longer ridge along the structure and
two ridges approaching from the steep side. Let us note again that the detectors
respond to local maxima alormirrespective of how pronounced these are in the
sense that both of the following sequences of three num®@rs°, .9810, 9610

and 9100 20 have a maximum in the middle. This is a property of all feature de-
tectors that requires separate attention.
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Figure 5.1: Height ridges resulting from definitioris1) and 6.2).

Examples of height ridges in real images are given in figir® (Ridges are
computed at three different scales for each image showing how different structures
appear at different scales. This is particularly pronounced in the ridges of the
cotton fabric where at a small scale single threads are detected that merge into
orthogonal ridge structures at a larger scale.
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Figure 5.2: Height-ridge examples at different scales. The original images picture
from top to bottom a leaf, a piece of cotton fabric, a German “Fachwerkhaus”, a
tree, and bicycle stands with a bicycle. All images are 512 by 512 pixels. Ridges
are shown for scale levelgt = 2, \/t = 4, andy/t = 8 (where a unit length is the
width/height of a pixel).
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5.3 Second Derivative Ridges

Second derivative ridgesre characterized in a similar way as height ridges. At
each point of a 2-dimensional image an axis is chosen along which some criterion
must be fulfilled for the point to be on a ridge. The axis is the same as before,
pointing along the direction of minimum second derivative. The criterion applied
along the axis is different: a point is on a second derivative ridge isdwnd
derivativealong the chosen axis is minimal. The defining equations are:

Lppp=0

Lpppp>0
Lpp<O

ILppl > |Lqgql

(5.3)

Examples ofsecond derivative ridgea real images are shown in figure. ).

The use of higher derivatives leads to a number of differences betassond
derivative ridgesnd height ridges Most apparent in the examples is the response
to edges seen in second derivative ridges, most notably in the leaf image. This
property of second derivatives was even exploited for edge detection by Marr and
Hildreth [Marr and Hildreth, 198 It should, however, be noted that a response
to edges does not occur at all scales, as seen in the “Fachwerkhaus” image. It will
be shown in chapter thatit is possible to automatically select just those scales
where edges are not detected

Another difference between height ridges and sec-
ond derivative ridges is that the latter may be interpreted
as a least squares fit of the “ridge-model”

0d(X) = —040gG(x,t)

XTX
whereG(x;t) = % is the rotation symmetric Gaus-
sian andd € R? a vector inR? along which the sec-
ond derivative is taken. Two views of the model ar
shown on the right. The directiahand the location of
the model along this direction are determined by least

squares. For details see appendix

To yield solutions of §.3) those ridge-points found by the least square method whegpe <
|Lqql must be deleted.
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Figure 5.3: Second-derivative-ridge examples at different scales. The original im-
ages picture from top to bottom a leaf, a piece of cotton fabric, a German “Fach-
werkhaus”, a tree, and bicycle stands with a bicycle. All images are 512 by 512
pixels. Ridges are shown for scale levels = 2, /t = 4, and/t = 8 (where a

unit length is the width/height of a pixel).
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5.4 Computation of Ridges

The differential geometric definitions of ridges in terms of directional derivatives
may give some intuitive understanding of height ridges and second derivative
ridges. However, for the computation of ridges unfortunately they are not very
useful. The remainder of the chapter is devoted to the technical problems of ridge
computation and will demonstrate one reason why edges and not ridges are the
more widely used features in computer vision: edges are much easier to compute.

5.4.1 Direction Discontinuities

The technical problems in ridge detection arise primarily from the discontinuity
of the direction of minimum second derivative. The following figure gives an
example. At each point the directignof strongest downward bend (minimal
second derivative) is displayed by the angle wipainakes with a fixed direction

(as shown on the right). Apparentty points radially in the region of the ring.
Outside and inside this region the directionpis orthogonal to radial. The
direction makes a 90 degree flip between these regions. In addition there are some
180 degree flips along the vertical and horizontal.

"

.

i

Figure 5.4: Direction discontinuities: The orientation of the veggrointing
along the axis of minimal second derivative at each pixel is shown in the center
image. The orientation is given relative to a fixed direction as displayed on the
right.

The discontinuities in the direction pfmake the derivatives computed along
p discontinuous as welllhis interferes with the computation of zero-crossings of
e.g. Ly between neighboring pixel$\ 180 degree flip op between two pixels
changes the sign dfp, thereby either creating or deleting a zero-crossing. Flips
of 90 degrees sometimes interfere with zero-crossings and sometimes not. In any
case, zero-crossings computed from derivatives gbahgnot reliably correspond
to structural properties of the image .
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5.4.2 Continuous Formulation

Alternative formulations of the ridge definitionS.(), (5.2), and £.3) based only

on continuous quantities may be given provided that the landscape is at least twice
continuously differentiable.Hberly, 1994 discusses three equivalent definitions

of a height ridge. l[[indeberg, 1998ggives another definition. We consider these
four ways to formulate the height ridge definitidn%).

First note that the conditiobp = O for a point to be on a height ridge requires
that p is orthogonal to the gradient af (with the exception of critical points
where the gradient vanishes). Consequently a necessary condition for a point to
be on a height ridge is that the gradient coordinate systenfwherev is the unit
vector along the gradient ands orthogonal tor) and the coordinate systemq
overlap. Such points may be characterized by

I—uv:O

Figure 6.5 shows the zero-crossings lofy for a test image.

N

AN

Figure 5.5: Zero-crossings af,,. At these pointg andq lie along the local
gradient coordinateg andu.

A point on a zero-crossing afyy is on a height ridge only if it is a maximum
alongu and the second derivative in this direction has a larger absolute value than
that alongv:

I—uv =0
Luu<O (5.4)
Luul > |Lw]

This definition is used inljindeberg, 1998a

A problem that occurs with height ridges computed from zero-crossinigg, of
is that they tend to break up into separate pieces with small gaps. This happens at
points where several zero-crossing lined.@f come very close to one another or
even touch. At such points it is not generally clear how to continue a zero-crossing
line (see Chaptes).
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To cope with the problems at the intersections of zero-crossings in the above
formulation it is essential to get rid of those solution o= 0 wherep is parallel
to v since these points cannot be on a ridge anyway. The points of interest are
those wherg is orthogonal tov, i.e. p'v = 0. [Eberly, 1994 describes how to
reformulatep” v = 0 with a continuous left hand side making use of the fact that
p andq are eigenvectors of the Hessian matrix (see appehyix

Hp:Lppp H:|:LXX ny:|

Hqg = Lgqd Lyx Lyy

with eigenvalued pp < Lqq. Orthogonality ofp andv may then be written as
eitherH u = Lppu or u™H u = Lpp. The corresponding two definitions of height
ridges are

Lop< 0 (5.5)
ILppl > |Lqgf

and

Lpp <O (5.6)
ILppl > |Lgq]

It should be noted thdtp, andLqq are continuous (it is twice continuously
differentiable) because they are the eigenvalues of the Hessian matrix and all ele-
ments of the Hessian matrix are continuous.

Figure ©.6) shows the zero-crossings dfu = Lypu. Clearly the ridge at the
center of the image is seen to continue from the lower left to the upper right. This
should be compared with the situation at the center of figou®.(

Q\W

AR
Figure 5.6: Zero-crossings ¢f u — Lppu. At these pointg is orthogonal to the
gradientu.
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Definitions 6.5 and 6.6) require different computational techniques. The
first contains a system of two linearly dependent equations whose zero-
crossings must be computed. The second requires minimization techniques since
uT Hu > Lpp. In the following section we describe how to sole5).

5.4.3 Stable Solution

The ridge definition%.5) contains the system of two equations

that are linearly dependent in (Recall that for 2-dimensional imagekis a 2x2
matrix). One might thus be tempted to solve just one of the equations knowing
that the other is then automatically solved as well. Unfortunately this reasoning
is incorrect when the coefficients of the chosen equation all vanish so that any

is a solution to this equation however not necessarily to the other. To demonstrate
this, figure 6.7) shows the zero-crossings from both left hand sides of the two
equations computed for the test image. Clearly there are some positions where
the solution to the first equation is not a solution to the second equation and vice
versa. At these points all coefficients of one equation vanish.

N QO\/
KN >

Figure 5.7: Zero-crossings of the both rows-bii — Lppu.

To find simultaneous zero-crossings lwth rows of H u — Lppu between
two neighboring pixels we compute a stability measure for each row and then
look for a zero-crossing of the row with greater stability. This is repeated for
all pairs of neighboring pixels (see Chap®r To get a measure of stability
we interpret the coefficients of each row kfu — Lppu as a vector:kl(x) =
(Lax(X) — Lpp(X), Lxy(X)) @andk?(x) = (Lxy(X), Lyy(X) — Lpp(X)). The projection
of k(xp) at a pointxp ontok*(x;) at a neighboring point; gives a measure of
stability of the first row between the two points.

The resulting zero-crossings need not be closed as can be seen inFigure (
This requires modifications to the standard zero-crossing algorithms. Clgapter
describes both the standard algorithms and their modification to deal with open
zero-crossings.



5.4 Computation of Ridges

5.4.4 Computation of Second Derivative Ridges

Having described the details of the computation of height ridges we give only a

brief summary of the necessary modifications to compute second derivative ridges.
The zero-crossings afypp are those points whegeis orthogonal to the gra-

dient of Lyp. Denoting the gradient dfp, by vPP and the orthogonal unit vector

by uPP a continuous formulation of the second derivative ridge definition is

H uPP = Lppupp

Lpppp>0
Lpp<O

ILpp| = [Lgql

(5.7)

To find vPP anduPP it is convenient to differentiate the analytical expression for
the smaller eigenvaluey, of the Hessian matrix. The two eigenvalues are

Lpp= ('—xx+ Lyy— \/4|—>2<y+ (Lxx— '—yy)2> /2
Lag = (Lxc-+ Lyy+ /4% + (L= Ly)?) /2

and the gradient df 5 is

AL xyLxxy+ (Lxx — Lyy) (Lxxx— Lyyx)
\/ 4G+ (Lxx— Lyy)?
AlxyLxyy+ (Lxx— Lyy) (Lyy — Lyyy)
\/4L>2<y+ (Lyx —Lyy)?

The fourth order derivativeppppis computed from its Cartesian representation

1
V)E)p = é Lyxx+ |—yyx—

PP _
Vy =

Lxxy+ Lyyy—

NI =

Lpppp= Py Laoooct 4p§pyLXXXy+ 6p>2(p)2/|—xxyy + 4Pxp§Lny n p;‘/'Lyyyy

wherep = (px, Py) is a unit vector along the axis of minimum second derivative
in the Cartesian frame.



Chapter 6

A Statistical Approach to Feature
Detection and Scale Selection

A first step in the analysis of an image by a computer vision system or a biological
vision system is to compute the response of stooal translation invariant op-
erators These operators are usually constructed in such a way that local extrema
of their response are “particularly informative”.

As an example consider an “edge detector”. Figéré&)(demonstrates the use
of a first derivative of Gaussian filter kernel as an “edge detector”. Evidently the
local extrema of the response correspond approximately to the edge locations.

1]

w
N

Figure 6.1: Edge detection. From top to bottom: image, filter kernel, response.

Naturally and necessarily any such local translation invariant operators have a
scaleor size, e.g. the above edge detector has a width approximately 1/20 of the

53
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page width. So the question arises not only at which positions but also at which
scalesthe operator response is “particularly informative”.

For example the “particularly informative” positions and
scales of a “square detector” applied to the image on the rig
should reveal amall square in the upper right andlarge
square in the lower left. Generally, the aim fgfature detection
and scale selectioriogether is to find “particularly informa-
tive” (position,scale)-pairs

In this chapter we propose a method to generalize feature detection opera-
tors whose local extrema in space yield particularly informative scales to scale-
selection operators whose local extrema in space and scale yield particularly infor-
mative (position,scale)-pairs. From the point of view we take, the generalization
is canonical and there is no conceptual difference between feature detection and
scale selection.

The chapter is organized as follows. First we describe our idea of how to
define the “particularly informative”. Then a simple example is given to show
how a square is detected and its size selected. Next we state the approach in
more detail. Since this formulation is more general than the usual approach it is
shown that the particularly informative positions are in a special case extrema of
the operator response. Finally we consider scale selection and construct operators
whose extrema with respect to space and scale yield “particularly informative”
(position,scale)-pairs.

6.1 “Particularly Informative”

To arrive at a point of view from which particularly informative scales appear con-
ceptually similar to particularly informative positions we need to take a detailed
look at why or when it makes sense to define the local extrema of an operator
response as particularly informative.

Suppose we are given an image, a local translation invariant operator and the
statement that under otherwise identical conditions a large operator response is to
be considered more informative than a smaller response. Is this sufficient to call
positions where the operator response is locally maximal particularly informative?
No, we were not told that the conditions at different positions in the image are to
be considered identical. Of course it may be sensibéstumehis and therefore
to consider local extrema of the operator response particularly informative.

1As an example of a context in which this assumption is usually not appropriate consider the
analysis of image sequences or time series. Here the operator response is generally interpreted
relative to responses to previous images.
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The point of this is not that we intend to question the usefulness of treating
different positions identically. Rather we intend to formulate this assumption con-
cerning positionsdifferently and in a way that allows one to formulate similar
assumptions abowscales

Consider the following alternativeefinition of particularly informative posi-
tions of an operatoby a three step procedure:

1. Destroy the structuralinformation in an image byshufflingthe pixels to
new positions.

2. Measure how much information was destroyed at any position.

3. Label those positions where (locally) most information was destroyed as
particularly informative.

Evidently the first two steps require a precise definition. Let us dedimeffling

as follows: First create a bin of intensity values into which the intensity of each
pixel of the image is placed exactly once. Then, at any poskiohthe shuffled
image randomly draw an intensity value from the bin of intensity values without
replacement.

Secondly, let us define at any single position a measure of how much informa-
tion was destroyed by shuffling: At a positignve compute theperator response
to the observed images well as thalistribution of operator responses to the shuf-
fled imagesThe response to a shuffled image will sometimes be larger and other
times smaller than the observed response. The relative frequency with which the
random responses are smaller than the observed response is taken as a measure of
how informative the observed response is.

This measure might be motivated as follows. The random images contain less
structural informatiorby constructionso a measure of the structural information
must in some way measure a deviation from the random images. The above rela-
tive frequency or probability is one possible such measure.

As far as patrticularly informative positions are concerned the definition via
shuffled images is equivalent to the definition in terms of local extrema of the
operator response. The shuffling approach has two advantages however: It applies
immediately to particularly informative (position,scale)-pairs if one replaces all
occurrences of “position” by “(position,scale)-pair”. Secondly the specifics may
be modified, shuffling intensities differently or measuring destroyed information
differently. A different shuffling method was recently considered in a different
context by Koenderink and van Dooridenderink and van Doorn, 19p9

The following section applies this approach to a toy situation.
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6.2 A Working Example

Suppose we observed the image of figusel and intend to detect particularly
informative positions of a “square detector”. The square detector is defined as
follows: it computes at any position the number of white pixel$ in al x |
square region centered about is a parameter of the square detector that we fix
to be 15.

Figure 6.2: Observed image of 3232 pixels with 225 white and 799 black.

The standard approach to find particularly informative positions is to apply
the 15x 15 square detector to any position in the image and label those positions
particularly informative where the response is locally maximal. From the response
shown in figure §.3) it is evident that there is only one particularly informative
position at the center of the image.

Figure 6.3: Operator response of £35 square detector.

The same result may be cast into our statistical interpretation: First all struc-
tural information is destroyed by shuffling the pixels to random positions. Two
shuffled images are shown in figur@4). Then the square detector is applied to
the random images and the probabilities of its different responses are observed.
This is in principle done at each position of the image. For the shuffling method
described above, however, the probabilities at all positicare identical.

2The images contain only binary black and white pixels.
3With the exception of the image border
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Figure 6.4: Shuffled images.

Figure 6.5 displays the probability of observing an operator response of
white pixels “under” the square detector at any position within a shuffled image.

0.08
0.07 -
0.06 - -
0.05 -
P 0.04 - -
0.03 - -
0.02 - -
0.01 - _
0 | |
0 81 162
n

Figure 6.5: Probability of observing n white pixels in 225 pixels randomly drawn
with replacement from 799 black and 225 white pixels.

Next, for any observed operator response we compute the probability with
which larger responses occur in the shuffled images. Figu@e ghows this tail
probability for an observation of 70 white pixels in thex %5 region. Computing
tail probabilities for the operator responses at all positions produces an image like
figure 6.3) only with a single minimum at the center rather than a maximum.
This means that the central position with the smallest tail probability is considered
particularly informative according to our statistical approach.

As far as the computation of particularly informative positions are concerned
the statistical approach yields the same positions as the maxima of the operator
response.
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0.08
0.07 - =
0.06 - =
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0.03 - =
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0.01 |- =
0 | |
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n

Figure 6.6: Tail probability for an observationf= 70 white pixels in 225 pixels
randomly drawn with replacement from 799 black and 225 white pixels. The tail
probability is the area of the shaded region.

Let us now look at the determination of particularly informative scales.
Consider two square detectors of different size, ®and 15x 15 applied to
the image of figureq.7). For simplicity we apply them only at the centers of the

square since we already know that these are the most informative positions.

Figure 6.7: 64< 64 image with four % 9 white squares.

The 9x 9 square detector responds to a center of square position with a value
of 81 and the 1% 15 detector responds with a value of 81 as well. Obviously the
responses alone do not permit to call one size more informative than another.

Applying the statistical approach again, we first shuffle the images and then
compute the operator response to the shuffled images at the square positions.
These are random variables that have the probabilities shown in figa@s (

This time howevethe probabilities for the two different sizes are not the same
Consequently the tail probabilities of the responses of 81 are different for the
9 x 9 and the 15 15 square detector. Unfortunately the numerical differences
are very small and not immediately apparent from fig@€)( * If we remark

4The fact that the numerical differences of tail probabilities are sometimes very small need not



6.2 A Working Example 59

that the probabilities are positive anywhere within the displayed range of operator
responseas it becomes apparent that thex® square detectors responsaef 81

has a smaller tail probability than the £8L5 detectors 81. By definition we thus
call the smaller size more informative.
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Figure 6.8: Probability of observing n white pixels in 64 and 256 pixels randomly
drawn with replacement from 768 black and 256 white pixels.

Finally consider changing the response of thex1% square detector for ex-
ample as follows: instead of computing the number of white pixels below the
15x 15 region let it compute the average intensity below this region, i.e. the num-
ber of white pixels divided by %5 This produces a response of/@P5 to the
center of a square in figuré (/). It is easily seen however that the result of the
statistical approach is unaffected by this. Only thleapeof a feature detector is
relevant to the approach.

These example should demonstrate that our statistical definition of “particu-
larly informative” is at least capable of distinguishing between different positions
and different scales Furthermore it is equivalent to the maximum operator re-
sponse as far as positions are concerned and it appears to produce useful results
concerning scales.

concern us because we do not actually propose to compute them as the following sections will
show.
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6.3 A Statistical Approach

Suppose we are given some feature detection operator. This operator produces
a scalar response at different positions of an image and one may ask at which
positions the response is particularly informative. Let us assume particularly in-
formative positions are defined as local maxima (with respect to position) of the
operator response. If the operator has further parameters such as a scale naturally
the question arises which (position,scale)-pairs are particularly informative or in
general which parameters are particularly informative.

We now propose a definition of particularly informative parameters that is i)
more general than the “maxima of operator response” definition ii) is equivalent
as far as particularly informative positions are concerned and iii) can be imple-
mented.

The key issue concerning implementation is that we derive from the given
operator new operators whose local extrema yield the particularly informative pa-
rameters, position, scale or other. To do so we replace the shuffling of pixel in-
tensities in the approach of sectiéri by a stochastic model which will be called
a sampling model The idea of shuffling was to create images with less struc-
tural information so that the structural information of the observed image may be
evaluated relative to the shuffled images. The prototypical sampling model that is
void of structural information is axormal white noisa@vhere the intensity at each
position is drawn from a normal distribution independently of intensities at other
positions.

The mean and standard deviation of the sampling model may be set to the
average intensity and standard deviation of the observed image. If however as
in scale-space theory one requires invariance of particularly informative parame-
ters with respect to linear intensity transformations, then the choice of mean and
(nonzero) standard deviation is irrelevant.

Let us now define particularly informative parameters in a way that is inde-
pendent of the kind of parameter, position, scale or other. Later we derive from
this definition operators whose local extrema yield the particularly informative
parameters.

6.3.1 Definition of “Particularly Informative” Parameters

Given someperator Dy that computes for any parame@ea scalar response from
an imagef:

De(f) eR

where the parameter may be positiér; x, scale 8 = 1/, position and scalé =
(x,/1) or others. Given also @ampling modefrom which random images may
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be sampled that are by definition considered less informative than the observed
image. Denote the probability density of the sampling moded Bpd the random
images by.

Applying Dg to random image§ creates a distribution of operator responses
for each@. Call the densities of these distributiops,.

For any observed responBg( f) to an observed imagecompute the proba-
bility by which random images from the sampling model produce larger responses
De(&) > Dg(f) and call this probability?(6, f)

Particularly Informative Parameters: On the basis of a sampling mode(¢p
the “particularly informative parameters® of the operator responsesgDf ) to
an observed image f are the local minima @bPf ) with respect t®.

The motivation for this definition is the “information-less” character ascribed
to images drawn from the sampling model. The probabHit§, ) is one possi-
bility to measure the difference between the observed operator response and the
“information-less” responses.
To computeP(6, f) the following equations must be evaluated. The probabil-
ity density pp, of operator responses to images sampled fpom

Pos(v) = | €& p(E)3(Do (&) V)

whered stands for the Kronecker Delta functiod(Dg(§) —v) =1 if Dg(§) =V
and 0 otherwise). Then the probabilRy8, f) is the tail-probability of pp,:

[ee]

Pe.1) = [ v,y (6.1)

shown in figure 6.9

T
|
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Figure 6.9: Tail probabilities for two observations from different distributions.
The probabilities correspond to the shaded areas.
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6.3.2 Sampling Models

The purpose of the sampling model is to produce images that are considered less
informative than the observed image such that the observed image in return may
be evaluated relative to the sampling model. Normal white noise images are cer-

tainly a prominent candidate among possible sampling models. Other choices

may be useful as well, depending on the situation.

In the context of image sequencdsis natural to interpret a new image on
the basis of the present information about the scene. The sampling model may
then describe the prior information about the scene that is known from previous
images. The particularly informative parameters are then determined on the basis
of the (known and in that sense less informative) prior information. A sampling
model that captures the prior information from previous images of a sequence
may obviously be quite different from white noise. (For a review of techniques to
analyze image sequences sBarfon et al., 199)

The sampling model may also describe prior information about the images
that a visual system expects to see in its environment. The ensemiiatoifal
imagesfor example is not white noise as demonstrated by Fieldlfl, 1987
and Ruderman and BialelR[iderman and Bialek, 1994 Their model will be
considered below.

In the context of a single image without prior information normal white noise
appears a useful sampling modéWhite noise guarantees lack of structural in-
formation. The choice of distribution could be varied to other distributions than
normal. Since however any feature detection operator locally integrates the image
intensity operator responses to non-normal sampling models tend toward normal
except at very small scales. Thus we prefer to use a normal distribution right away.

6.4 Feature Detection and Homogeneous Sampling
Models

In this section we show that the statistical approach produces the same patrticularly
informative positionsas the maximum operator response of a feature detector if
the sampling models homogeneous

Observe that the tail probability defined in equatiénll becomes a mono-
tonic transformation of the operator respoig f) if the integrand is indepen-
dent of6. In that case the minima &#(6, f) with respect td are the maxima of
Dg(f).

To show that the probability density, of the operator response is indepen-
dent of® whenDyg is a feature detector and the sampling model is homogeneous
let us recall or state the definitions of the involved terms.
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A feature detector is a local translation invariant oper&ipmparameterized
by the positionx where it is applied to the image. Translation invariance of the
feature detector refers Dy (Tyo f) = Dx_a(f) whereT, denotes the translation
operator that moves an imadéy the vecto, i.e. Tyo f(X) = f(x+a).

A homogeneous sampling model is translation invariant in the sense that any
sampled imagé and the translated imaggaé have the same probability density
p(&§) = p(Tao &), neglecting difficulties due to image border.

For homogeneous sampling modelg ypthe particularly informative positions of
a translation invariant operator Pare the local maxima of j¥ f).

Proof: If both the operator and the distribution of images to which it is applied
are translation invariant, so is the distribution of responses:
(&) 8(Dx(&) —V)
~ [ d&p(Ta0)8(Dx(Tac®) ~v)
= [ d&p(&)8(Dcsa(8) ~v)
= PDy;a(V)

Furthermore, ifpp, does not depend ax then the minima with respect to
of

PO = [ v,y

are the maxima oDy(f)e

From our point of view this “justifies” the standard approach to feature detec-
tion that makes no mention of a sampling model. Whenever the sampling model
is homogeneous all other aspects of the modelregkevantto feature detection.
Homogeneity in return appears natural whenever no prior information about pre-
ferred positions is available.

6.5 Scale Selection for Derivative of Gaussian Oper-
ators

In this section we consider families of operators that are parameterizsasiion
x andscaley/t: the derivative of Gaussian filter kernels

G"(x;t) =t --- 0 Go(x;1)
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ofordern=n;+---+ny WhereGo(x;t) is the rotation symmetribl-dimensional
Gaussian. The operator response to an infaige

DL (1) = (&) + ) = [dy Gly-x1)1(y)

The previous section showed that on the basis of a homogeneous sampling
model one may at any fixed scale compute particularly informative positions in
terms of local maxima of the operator response. We now address the problem of
alsoselecting particularly informative scalegthin the statistical approach. Here
too it is possible to avoid the computation of probability densities and tail proba-
bilities: For each derivative of Gaussian operator there is a so caltedmalized
derivative of Gaussian operator with the useful property that the maxima of the
response of thg-normalized operator occur at the positions and scales where the
tail probabilities of the derivative of Gaussian operator are minimal.

In contrast to feature detection however there is no universarmalized
operator for a large class of sampling models. Several sampling models shall be
considered: a normal white noise model, a fractal Brownian motion model that
describes the statistics of natural images, and a model that has been used in image
restoration.

6.5.1 Scale Selection on the Basis of a Normal White Noise
Sampling Model

As a sampling model consider imagésvhere at each positior the intensity

&(x) is sampled independently from normal random variables of zero mean and
standard deviation.

On the basis of a normal white noise sampling model the particularly informa-
tive scales ((position,scale)-pairs) of the derivative of Gaussian filt¢x®) are

the local maxima with respect to scale (position and scale) ofythermalized
derivative of Gaussian response

(tYG"(o;t) x f ) (X)
with

y=n/2+N/4 (6.2)

Proof: The respons&” = G"(-;t) x & of filtering &(x) with the derivative
of Gaussian kerneG"(-;t) is a normal colored noise of zero mean and auto-
covariance

P"(x =X, t+t") = 0?(—1)" G (x — X;t +t)
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that describes the covariance&dx;t) and&"(x';t’).
The marginal densitygn(xy) at any single position and scalg;t) is a uni-
variate normal with zero mean and standard deviation

t—n/2t—N/40

Evidently multiplication of the operator responsetB{tN/4 makes the marginal
density pyn/zv/agn ) @t (X;t) of the new response independenixadnd t Then
the minima of the tail probability?(x,t, f) of equation 6.1) are the maxima of
the operator responge”2tN/4G" (o;t) * f)(X),

The y-normalized derivative of Gaussian operators were introduced by Lin-
deberg to select particularly informative scalésnfleberg, 1993 The spe-
cific choice ofy varies between applicationgdgller, 1994, [Lindeberg, 1998
[Lindeberg, 1998a[Lorenz et al., 1997a[Pizer et al., 1998

6.5.2 Scale Selection with a “Natural” Sampling Model

Studies of natural imagesR[iderman and Bialek, 19p4have revealed a
power spectrum that is, not surprisingly, different from that of normal white
noise. These studies were conducted on ensembles of images of natural
scenes. Ruderman and Bialek, 19p4ook images in a New Jersey state park.
[Field, 1987 used images of trees, rocks, bushes, and water.

The power spectrup(w), the Fourier transform of the auto-covariance, was
estimated to be of the form

[B(w)|? O Joo]

corresponding to so-calledN-dimensional fractal Brownian motion
[Pentland, 1984 The interesting property of this spectrum is that like white noise
it has a scaling invariant correlatioR{iderman and Bialek, 19p§Field, 1987
[Pentland, 1984

The standard deviation of the response of a derivative of Gaussian operator to
normal noise imageswith a fractal Brownian motion spectrum can be computed
by Parseval’s theorenBfeenstrup et al., 19ppLindeberg, 1994hsection 13.7]

/ dX|G"(x;)E(x)[* = / doo |G"(wit)E (w)|?

= / drd(pl...d(mrN—le—rztan—u
re[0,[@n,....nE[0,277

] ta/2—n—N/2
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Again multiplication of the operator response wittf/4t"/2tN/4 makes the
marginal density afx;t) of the new response independenkaind t This allows
one to compute particularly informative positioasd scales asocal maxima of
the operator response of

tYG"(x;t)

withy= —a/4+n/2+N/A4.

Lindeberg already noted that in some cases “the normalized derivative model
is neutral with respect to power spectra of the fofm| 2" [ Lindeberg, 1994p
section 13.7]. It is our proposal that this should not be viewed as a coincidence
but that one should choose a sampling model and then adjustder tomake it
neutral with respect to the sampling model.

One “natural” choice of sampling model is the distribution of natural im-
ages. Estimated values a@f for different natural scenes lie in the range
betweena = 1.81 + .01[Ruderman and Bialek, 19p4or between 2 and 3
[Steenstrup et al., 1999 Interestingly, Steenstrup Pedersen and Nielsen esti-
mated via estimation ofy.

6.5.3 AnImage Restoration Model

The white noise model is certainly not a realistic model for “a priori” expected
data. One possible improvement was considered in the previous paragraph. An-
other is to take into account that the measurement device generally blurs the true
scene and introduces noise.

For any true sceng consider the daté to be generated by

f=kxg+n

wherek is a filter kernel that describesbservational blurandn is a normal
white noise of zero mean and standard deviagomssuming now for the true
image a normal white noise densityg) (that is independent af) of zero mean
standard deviatioy allows one to compute the sampling dengif¢) of thea
priori expected dat§. It is also a normal random field with zero mean and auto-
covariance

p(X) = P2k« k(x) + ¢?3(X)

whered(0) = 1 andd(x) =0V x # 0.
The response of a derivative of Gaussian opei@igr;t) to samples from this
sampling density is again normal of zero mean and auto-covariance

P(X) = WH(G"(51) %K) * (G"(51) # k) (x) + GG (-11) * G"( ) (X)
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The marginal density opgn (v for a single pair(x;t) is a univariate normal
of zero mean and variance

(1) = P?(G" (1) k) # (G"(-;t) xk) (0) + ¢"G"(;;1) + G"(+;1)(0)

To compute locally most informative scales one introdugesrmalized
derivatives
1 N(y-
o(t)G (x;t)
so that the marginal density of the operator responsg; &t is independent ox
andt and the local maxima of the operator response correspond to locally most
informative positions and scales.

Within this model scale selection requires knowledgekoand y/@. k
and ¢ are properties of the measurement device and thus generally known to
the visual system. It is then still necessary to assume a definite value for
the variancey? of the densityp(g). [Galatsanos and Katsaggelos, 1paad
[Archer and Titterington, 19959present some methods for estimatifge from
the data.

Only in the limiting case where the noise of the measurement device becomes
negligible,@ = 0, the convenient situation arises that informative scales are inde-
pendent of the varianag.

6.5.4 Line-like Structures and Sub-Dimensional Frames

Frequently the aim of feature detection is not to find isolated positions but rather
lines. In that case the aim of scale selection can only be to find the particularly
informative scalecross the structurand not along the structure.

To determine line-like structures using local operators generally requires a two
step-procedure. First at each position a direction is chosen along which the struc-
ture should extend if it went through that position. Then along the perpendicular
direction across the hypothetical structure it is checked whether the point under
consideration is on the structure or not. Essentitill detection of particularly
informative positions and scales occurs only in the sub-dimensional frame across
the structure. For example to detect one-dimensional ridges in two-dimensional
images one detects positions and scales on a ridge in a one-dimensional frame
across the hypothetical ridge direction at each point of an image, as described in
chapters and7.

The use of sub-dimensional frames affectsym®rmalization parameter. The
dimensionN in y=n/2+ N/4 should be the dimension of the sub-dimensional
frame across the structure, i.eN = 1 for the detection of ridges in two-
dimensional images.
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6.6 Discussion

Feature detection is so standard that it is “obvious” to determine the particularly
informative positions in terms of local maxima of a feature detectors response.
However, when it comes to the determination of other particularly informative
parameters of an operator this “obvious” approach either does not work or is not
obvious.

We have presented a point of view that defines any particularly informative pa-
rameters of an operator in conceptually the same way. The idea is to evaluate an
operator respongelative tothe operator response to random images that contain
by construction/definition less structural information. Loosely speaking this lets
those operator responses stand out where there is particularly much structural in-
formation of the type that the operator responds to. One way to construct images
with less structural information than the observed image ishufflethe pixel
intensities to random positions. Another way is to defingaanpling modefrom
which the random images are drawn. The prototypical sampling model that lacks
any structural information is a normal white noise.

From our point of view the “obvious” computation of particularly informative
positionsin terms of local maxima of the operator response is appropriate when
the sampling model is homogeneous.

Concerningscale selectionf derivative of Gaussian operators different sam-
pling models lead to differenty-normalized derivative operatorghose local
maxima with respect to scale correspond to particularly informative scales. From
the described point of view this explains why scale selection is not “obvious”.

We believe that thenormal white noissampling model should present a use-
ful basis for feature detection and scale selection. In the following chapter we
study ridge detection with scale selection foF@alue corresponding to the white
noise sampling model.

6.7 Outlook: Nonlinear Scale-Space

The presented approach to feature detection and scale selection may in principle
also be applied to feature detection and scale-selection in nonlinear scale-spaces.
These scale-spaces are constructed as solutions to the diffusion equation

N
oL(x;t) = aac”th)
|,12:1

with initial condition L(x;0) = f(x) where f is the observed image
[Weickert, 1998 For constant diffusion coefficientd the solution to this partial
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differential equation, also known as Fokker-Planck equatitomerkamp, 1990
is the linear scale-space. When the diffusion coefficient depends>aoh) the
solution is a nonlinear scale-space.

The derivatives of scale-spaces in general may be interpreted in terms of fil-
ter kernels applied to the original image. In linear scale-space these filter kernels
are derivatives of Gaussians. In nonlinear scale-spaces they can be of very com-
plicated shapes. In linear scale-space the filter kernels at different positions but
identical scale all have the same shape and size, differences in kernel size oc-
cur only between scales. In nonlinear scale-spaces the shape and size of kernels
may generally vary even between neighboring positions at the same scale. This
complicates feature detection and scale selection in nonlinear scale-spaces.

It may be useful to compare the observed response of a derivative operator in
nonlinear scale-space to the distribution of responses to random images with less
structural information as presented above for the linear scale-space.



Chapter 7

Ridge Detection with Scale Selection

This chapter extends the analysis of elongated bright structures on a dark back-
ground or dark structures on a bright background in such a wayhbatentral

line and the width of a structure are jointly determinétle refer to this agidge
detection with scale selectiamcontrast to ridge detection at fixed scales that was
treated in chaptées.

The need for scale selection is best demonstrated by some examples of ridges
computed at fixed scales. Figuiél) shows fixed scale ridges of a grass, a cotton
fabric, and a synthetic image at three different scales. Clearly, at small scales
the thick leaves of the grass are not detected while at large scales the thin leaves
(particularly on the left) and the stem escapes detection. The synthetic example
and the cotton fabric serve to illustrate the fact tthifferent scale structures may
occur at the same positionAt any point in these images small scale structures
run almost vertically and large scale structures run almost horizontally. To capture
structures of all scales evidently the data must be analyzed at all scales.

The definition of a scale-space ridgdiscussed in this chapter is closely re-
lated to themulti-scale line filterproposed by Lorenz et al.prenz et al., 1997b
[Lorenz et al., 1997athe concepts ofcoresand medialnessntroduced by Pizer
and coworkersHritsch et al., 199¢[Pizer et al., 199Bas well as the ridge con-
cept discussed by Lindeberg inifideberg, 1998gand [Lindeberg, 199pwhere
the term scale-space ridgevas first introduced. All these approaches build on
the idea ofy-normalization introduced by Lindeberg, however, they generally em-
ploy smaller values of (than proposed here) in order to achieve a one to one
association between scale and width.

The chapter is organized as follows. The first section outlines the problems
encountered when analyzing data at all scales. The approach taken here is to find
particularly informative (position,scale)-pairs in terms of the statistical interpre-
tation described in the preceding chapter. This extends the fixed st
ridge and second derivative ridgdefinitions to variable scales. Some examples
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of scale-space ridges are shown for synthetic and real images and differences to
ridge detection at fixed scales are discussed. An interesting difference of the sec-
ond derivative scale-space ridge to its fixed scale cousin is that it produces no
“false” responses to edges. This phenomenon is analyzed in detail in séetion
Finally the ridge surfaceand scale-selection surfacef a simple model image

are shown to give the reader a geometric impression of the quantities involved in
the computation of scale-space ridges.

R T T T
PRS  [( )T e e

Figure 7.1: Ridges at fixed scales. All three images are 512 by 512 pixels and
the chosen scale levels ayé¢ = 2, \/t = 6, /t = 12 for the grass image/t = 2,

Vt =4, /t = 8 for the cotton fabric and/t = 8, /t = 16, v/t = 24 for the
diamonds (in units of 1 pixel width/height).

7.1 The Scale Dimension

If one wishes to take account of the possibility that individual points in an image

may be endowed with more than one structure at different unknown scales then
obviously the data must be analyzed at all scales. As a direct consequence of this
the problem is moved to a higher dimensional space, namely scale-space. This



7.2 Definitions of Scale-Space Ridges 72

creates two types of problems. First, the question arises, as to how one can go
about detecting particularly informative (position,scale)-pairs in scale-space. We
have presentedne possible approach to this problem in the previous chapter.
Based on a statistical interpretation it is possible to take the existing methods for
feature detection into the higher dimensional scale-space in a canonical way that
treats scale and spatial variables on equal footing.

The second problem concerns the interpretation of results. These too “live” in
a higher dimensional space. The ridges of two-dimensional images that will be
shown at the end of the chapter are lines in a three-dimensional space. Aside from
the technical issues of how to display three dimensional data the more profound
problem is that our perception is not trained to interpret these data in any way near
as well as it is trained to interpret two-dimensional images. One way to facilitate
visual interpretation that will be illustrated here is to project the detected ridges
onto the spatial plain. The results are superior to the fixed scale ridges displayed
above, at least in certain respects to be discussed.

7.2 Definitions of Scale-Space Ridges

This section describes how ridge detection at fixed scales may be extended to
variable scales. We first summarize the computation of ridges at fixed scales as
described in chaptes. This is given a statistical interpretation which canoni-
cally generalizes to variable scales, resulting in the definitionsadle-space
ridges (7.1) and (7.2. These definitions are similar to those suggested and
used previously l[indeberg, 1998 [Lindeberg, 1998 [Lorenz et al., 1997

[Staal et al., 1999

7.2.1 Ridges at Fixed Scales

At any fixed scalg/t of scale-spack(x,t) the height ridgeand second derivative
ridge considered in detail in chaptBrare defined in two steps. First at each image
point the direction of a hypothetical ridge is defined to be perpendicular to the
directionp of minimal second derivative,p. Traversal of the image intensity
alongp should thus display theidge profilg if there is a ridge at the point under
consideration. The criterion that defines a point dreaht ridgeis that it should
be a local maximum along and the second derivatie,, alongp should be
greater than the second derivatlyg along the orthogonal directiamp?.

A point lies on asecond derivative ridge at fixed sc#léhe second derivative
alongp has a local minimum at that point and additiondlly, < 0 and|Lpp| >

1 The equations that define laeight ridge at fixed scal@ two dimensions may be written as:
Lp=0,Lpp<0,[Lpp| > |Lgq-
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|Lqq| are satisfied.

7.2.2 Fixed Scale Ridges in a Statistical Interpretation

To give a statistical interpretation to ridge detection at fixed scales wel\(jew)

in case of theheight ridgeandLpp(x,t) in case of thesecond derivative ridgas
operator responsesf the Gaussian filter kern&(x,t) and its second derivative
0p0pG(x,t) alongp respectively. Next we do a thought experiment: the informa-
tion in the observed image is destroyed by randomly shuffling all pixels to new
positions. This creates alistribution of imagesvhich was called asampling
modelin chapter6. The operator&(x,t) or d,0,G(X,t) are applied to all shuffled
images, which produces distribution of operator responseslow the observed
operator responses are compared to the random operator responses to see, loosely
speaking, how much “information” was destroyed by shuffling. This we measure
by the tail probabilities defined in chaptef. Finally two observed responses
L(xo,to) andL(x1,t1) are compared by means of their tail probabilities and the
one with the smaller tail probability is called “more informative”.

If for simplicity the shuffled images are replaced by images drawn from some
analytically tractable stochastic model, e.g. a normal white noise, the tail proba-
bilities may be analytically computed (see chaerBased on the normal white
noise sampling model (with zero mean and standard deviation 1) the tail probabil-
ity of L(x,t) is

- o VAN/2
P(L(x.t)) = /L A

whereN is the dimension of the image less one, i.e. the dimension orthogonal to
the ridge direction. The tail probability afyp(X,t) is

L 2424N/2
) e ut

Plloplxt) = [ dupes

The statistical interpretation allows one to rewrite the definition dieight
ridge at fixed scaleas follows: A pointx is on a height ridgeif P(L(x,t)) has a
local minimum along and|Lpp| > |Lqq|-

Similarly, a point is on asecond derivative height ridgé P(Lpp(X,t)) has a
local minimum along andLpp < 0 as well aglpp| > |Lgq/-

2 The equations that define aecond derivative ridge at fixed scatetwo dimensions are
Lppp= "0, Lpppp> 0, Lpp <0, and|Lpp| > [Lqgl-
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7.2.3 Scale-Space Ridges in a Statistical Interpretation

The key advantage of the statistical approach is that this definition canonically
generalizes to variable scales defining seale-space height ridges follows: A
(position,scale)-paifx,t) is on a scale-space height ridgéthe tail probability
P(L(x,t)) has a local minimum along, as well as a local minimum along the
scale dimensioh, and|Lpp| > |Lgq|-

A second derivative scale-space ridgelefined similarly: A (position,scale)-
pair (x,t) is on a second derivative scale-space rid§d>(Lp(x,t)) has a local
minimum alongp, as well as a local minimum along the scale dimensj¢iry, | >
|Lqql, andLpp < O

7.2.4 Scale-Space Ridges

Finally, to work with and to compute scale-space ridges we rewrite the definitions
of scale-space ridges in a way that does not require the computation of tail prob-
abilities (see Chaptes section6.5.7). A point is on a scale-space height ridge
(based on a white noise sampling model) if it is a local maximurtYloflongp

as well as a local maximum ofL alongt and|Lpp| > |Lqq| (Where for the white
noise sampling modgi= .25). The defining equations are:

Lp=0
Lpp<O
w4+t =0 (7.1)
yiy— D2l 420tV 1+t < O
ILpp| > [Lgql

A point is on a second derivative scale-space rid@msed on a white noise
sampling model) if it is a local minimum afL, alongp as well as a local
minimum oftYLp, alongt, |Lpp| > |Lqg|, @ndLpp < O (where for the white noise
sampling model = 1.25). In terms of zero-crossings of derivatives the defining
equations are:

Lppp=0

Lpppp>0

W Lpp+tVLipp =10

yy— Dt 2Lpp+ 20tV LLipp+ tYLlitpp > O
ILppl > |Lqq]

Lpp<O

(7.2)
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If one follows our statistical approach these definitions of scale-space ridges are
straight forward generalizations of the fixed scale ridge definitions. Even the value
of yis fixed by the statistical model from which the tail probabilities are computed.
Based on a normal white noise the scale-space height ridgg-hag5 and the
second derivative scale-space ridge yasl.25.

7.2.5 Lack of Invariance to Linear Intensity Transformations

Inspection of thescale-space height ridg#gefinition (7.1), in particular the equa-
tion ytY~1L 4 tYL; = 0, reveals that the solution to this equation changes if a con-
stant term is added to the image intensity, Lex;t) — L(x;t) + const

For this reason the scale-space height ridge is not useful to a visual system
that aims to “see” the physical world. Why? A constant increase of the image
intensity is usually the result of changed lighting conditions rather than a change
in the scene itself. If the aim is to “see” the physical scene, the lighting conditions
should not affect the features computed from an image.

In the following we consider only the second derivative scale-space ridge.

7.3 Second Derivative Scale-Space Ridges

This section gives some examples eécond derivative scale-space ridgesn-
puted according to definitiory (2).

Figures 7.2), (7.3, and (7.4) show the scale-space ridges of some example
images, a grass, a cotton fabric and a synthetic diamond image. The images are
scaled down versions of those used for the fixed scale examples above. Figure
(7.2) displaysall scale-space ridges in a projection along the scale-dimension
(onto the image plain). Figure (3 shows projections along other directions of
only the ridges consisting of more than 100 line elements for the grass image,
and 50 line elements for the fabric image while all ridges of the diamond image
are displayed. In figure7(3) boundariesof ridges were drawn onto the original
image. The boundaries are constructed to envelope circles of radius .32 times the
selected scale around each position along a ridge.

First thing to observe is that the projection onto the image plain appears useful
and is not dissimilar to the fixed scale results. It is not self-evident that this should
turn out to be the case. Unlike the fixed scale results these figures didipialges
detected across a large range of scales including very small scales. Secondly the
fixed scale results shown above are zero-crossings of a first derivagve Q)
while the scale-space ridges are zero-crossings of a third derivatiyg € 0).
Generally the number of zero-crossings increases with the order of the derivative.
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However, scale selection manages to “escapes” many zero-crossings of the third
derivative, as will be discussed in the next section.

The examples demonstrate several differences between ridge detection with
scale selection and ridge detection at fixed scales. Those in favor of scale-selection
are:

e Scales can vary along a ridgd.he boundaries of scale-space ridges com-
puted from the grass image are an example hereof.

e Ridges can cross each otherhis refers to the fact that two lines which
are distinct and nonintersecting in three-dimensional scale-space may cross
in a two-dimensional projection such as that of figure?. The synthetic
diamonds image was constructed to display this property as seen in figure
(7.9). Another view of the property is provided by thi@ge surfaceshown
in a later section.

Last but not least the variable scale approach does not require prior knowledge
about the choice of scale.

The examples also reveal some problems of ridge detection with scale selec-
tion. Most notably some “ridges” have very steep paths in scale-space, spanning
a large range of scales at almost the same position. The interpretation of these
structures as ridges appears questionable.
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Figure 7.2: Second derivative scale-space ridges projected onto image plain. The
original images are 256 by 256 pixels. Ridges were computeg fod.25 and
scales in the following ranges (unit length=1 pixel width): 1.5 to 16 in steps of .5
for the grass image, 1.5 to 13 in steps of .5 for the fabric image, 1 to 28 in steps of
1.0 for the diamond image.
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Figure 7.3: Second derivative scale-space ridges projected along different axes.
Only ridges consisting of more than 100 line-elements are displayed for the grass
image and ridges of more than 50 line-elements for the fabric image. For the
diamond image all ridges are displayed.
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Figure 7.4: Second derivative scale-space ridges depicted by their boundaries (at
scale of ridge). Otherwise as in figuré ).
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7.4 Escape from Edges

The second derivative scale-space ridge?) is the generalization of the fixed
scale second derivative ridge to variable scales. It might thus be expected to share
some properties of the second derivative ridge at fixed scales. Fig&yeslows

some fixed scale second derivative ridges analogous to the fixed scale height ridges
displayed in figure{.1).
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Figure 7.5: Second derivative ridges at fixed scales. The image has 512 by 512
pixels and the chosen scale levels gfe= 8, \/t = 16, /t = 24 (in units of 1
pixel width/height). At small scales the diamonds edges are detected.

Concerning the detection of elongated bright structures on a dark back-
ground or dark structures on a bright backgroundrésponse to edgeseen at
the smallest scale in figure’.f) is most annoying. A number of approaches
have been proposed to avoid or suppress these false responsesalerspace
ridges Koller [Koller, 1995 suggests a nonlinear operator that combines the re-
sponse of two edge-detectors on both sides of a hypothetical ridge. Lorenz et
al. [Lorenz et al., 1997]use an edge-indicator to suppress the response to edges.
Lindeberg Lindeberg, 1998guses a hybrid approach taking the useful properties
from both the scale-space height ridgelf and the second derivative scale-space
ridge (7.2).

Interestingly thesecond derivative scale-space ridgesulting from our sta-
tistical approach dmot suffer from false responses to edges. This is a fortu-
nate consequence of the extra scale-dimension and the yaiue25 of they-
normalization parameter resulting from the statistical approach based on a white
noise sampling model. Intuitively the higher dimensional scale-space opens the
possibility to “escape from edges along the scale dimension”. A detailed discus-
sion of this phenomenon is given in the following.

7.4.1 One-Dimensional Analysis

The response of the fixed scale second derivative ridge to edges results from the
second derivative computed along the direction transversal to the ridge. This sug-



7.4 Escape from Edges 81

gests to study the behavior only in a one-dimensional frame orthogonal to the
ridge direction (along which the second derivative is computed) with the principal
advantage that the 2-dimensional scale-space may be completely visualized.

The one-dimensional cut across a two-dimensional ridge displays its profile.
Figure (7.6) shows two model-profiles, a Gaussian-ridge profile and a step-ridge
profile.

Figure 7.6: Model ridge profiles. Left: a Gaussian ridge profile. Right: a step
ridge profile.

In the context of fixed scales a point in the one-dimensional frame lies on a
ridge if the second derivative at that point is minimal. Figure/y shows the
second derivative of the two model ridges at different scales. Evidently at small
scales the second derivative of the step ridge has minima on both sides of the ridge
profile. These, instead of the center of the profile, are detected as “ridges”.

Let us now examine the response to edges at variable scales. We recall that a
(position,scale)-pair lies on a scale-space ridge (profile) fthermalized second
derivativetYLyy has a local minimum in both space and scale,lagék 0. In terms
of zero-crossings of derivatives the defining equations are:

I—xxx =0
Lyxxx> 0
yty_lex+tthXX - O (73)

y(y— 1)ty_2|—xx + 2Vty_1|—txx+ t'Litxx > 0
Lyx <O

Figure (7.8) displays the negativg-normalized second derivativetYLyy for the
step-ridge-model at different valuesyfNote that the negative was chosen to im-
prove the display and consequently theximaof the displayed functions corre-
spond to points on a scale-space ridge. Each graph also depicts the zero-crossings
Of Ly andytY L Ly + tYLixx.

For values ofy in the range < y < 1.5 the graphs of-tYL, all have one
local maximum somewhere along the axis of mirror symmetry corresponding to
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Figure 7.7: Fixed scale ridge detector responses to ridge models. The second
derivative of the Gaussian ridge model is displayed in the top row for s¢dles

1., vt =4., and\/t = 8.. The bottom row displays the second derivative of the
step ridge model for the same scales.

the center of the step-ridge. This maximum appears also as an intersection of the
zero-crossings ofyyxx and ytV*1LXX+tVLtXX. We observe that the scale at which
the center of the step is detected depends very sensitively on the valué/ih
increasingy the selected scale increases and diverggsad.5.

Our primary concern here is the behaviolLQf near the edges of the step. As
the figures show, maxima at the edges of the step appear only for valyéssef
than 1. To see this more clearly, figuié%) shows the zero crossings ofxx and
vtY~ 1L, + tYLixy for a smaller range of scales. Hence one can concludeathat
values ofy > 1 the second derivative scale-space ridge detector does not detect
the edges of the step-ridge.

Taken together the rangepivhere only the center of the step ridge is detected
iIsl<y<15.
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Figure 7.8: Response of second derivative ridge deteetlryy to step model.
Zero-crossings of the first derivative along space and scale are shown below each
surface. With increasingthe central maximum is “pushed” to larger scales.
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Figure 7.9: Response of second derivative ridge deteettiryy to step model.
Zero-crossings of the first derivative along space and scale. The minima along
space at the edges become unstable in the scale direcyion 0.
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7.5 Ridge Surfaces and Scale-Selection Surfaces

In this section we show some intermediate results of the computation of scale-
space ridges. They are interesting in their own right, displaying the geometry of
zero-crossings in scale-space. Also they supplement the discussion of computa-
tional aspects that was given in chapfefor fixed scales. The major technical
difference to variable scales is that instead of lines in two-dimensions it is neces-
sary to compute surfaces in three dimensions. (Ch&alescribes standard algo-
rithms to compute lines and surfaces and their modifications necessary to compute
ridges.)

The second derivative scale-space ridge&)(lies on the intersection of two
surfaces in scale-space, thiglge surface® and the scale-selection surfacéVe
define theridge surfaceas follows

Lppp=0
Lpppp> 0 (7.4)
ILpp| > [Lqgl
Lpp<O
and the scale-selection surfaces follows
VI pp+tlipp =0
W Lpp tpp (7.5)

y(y— DtV 2Lpp+2¢tY *Lipp+t¥Litpp > O

Figure (7.10 shows theridge surfaceof one of the “diamonds” of the syn-
thetic diamond image. One view looks down the scale axis onto the surface. The
other has the scale axis oriented pointing from top to bottom of the page and the
the long axis of the diamond from left to right.

In the second view the vertical surface that extends farthest left and right con-
tains the scale-space ridge corresponding to the long axis of the diamond. The or
thogonal ridge along the short axis lies in the central of the three vertical surfaces
that reach highest in scale. The latter surface “bridges” across the former with
a small gap along the scale-dimension. In the projection to the image plain this
lets the two ridges cross. The crossing of ridges thus goes along with a “bridge”
geometry of the ridge surface in this particular case.

3Pizer et al. speak oparameter surface
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Figure 7.10: Ridge surface of the diamond image from two views.

It should be noted that the ridge surface is not closed and that this results
from the discontinuity of the directiop (as described in chapté&) and is not a
consequence of the inequalities in the definition above. To demonstrate this figure
(7.11) displays the zero-crossing surfdcg,p = 0 which is also not closed.

Figure 7.11: Zero-crossing surfacelgfyp for the diamond image.

Finally the surfacgtY~1Lpp -+ tYLipp = O which contains thescale-selection
surfaceis shown in figure .12 for y = 1.25.
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Figure 7.12: Zero-crossing surfaceyof 1Ly +tYLipp for the diamond image.

The intersection of this surface (less those parts wiirg, is a maximum
rather than a minimum along scale) with the ridge surface yields skeond
derivative scale-space ridges the diamond image as shown in the previous sec-
tions.



Chapter 8

Algorithms for Zero-Crossings

In this chapter we discuss algorithms to computero-crossing®f functions
whose values are known only at discrete positions, usually the points of a reg-
ular square or cubic grid. Zero-crossings are lines or surfaces that separate the
points into regions of positive and negative. The chapter first describes standard
algorithms to compute zero-crossings of a single function and then shows how to
modify these in order to compute theimultaneous zero-crossings of two func-
tionsas it is necessary in ridge detection. In contrast to the standard algorithms
this allows to computeopen zero-crossings

The computation of zero-crossings may be divided into two steps: detection
and extraction. From a 2 dimensional imaf¢or a 2 D function sampled on a
regular square grid) orgetectszero-crossings separating the data ifits 0 and
f < 0. Naturally the result of this is a set of line segments each confined to a
square of 2x2 neighboring pixels.

To create lines from the segments it is then necessary to establish neighbor-
hood relations between different line segments. We refer to this aextraction
of aline.

Similarly, detection of zero-crossing surfaces from 3 dimensional images re-
sults in independent surface-patches each confined to a cube of 2x2x2 neighboring
pixels. In order to extract surfaces it is then necessary to establish neighborhood
relations between individual patches.

A great deal of work concerning the above problems has appeared in the com-
puter graphics literature where they are known (slightly more generally3@s
surfacedetection and extraction. Their principle application lies in thgualiza-
tion of 3-dimensional data. For this purpose it suffices to detect iso-surfaces and
display their patches, so the literature mainly emphasizes iso-surface detection
and usually does not introduce the distinction between detection and extraction
made here.

The best known algorithm for iso-surface detection, thenarching
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cubes algorithmwas independently invented by Wyvill and McPheeters
in 1986 [Wyuvilletal.,, 1984 and by Lorensen and Cline in 1987
[Lorensen and Cline, 1987. The textbook of Alan and Mark Watt
[Watt and Watt, 1992 presents a highly efficient implementation that allows
subsequent surface extraction.

The computation of two zero-crossing surfaces and their intersection as it oc-
curs in the previous chapter is addressed Hyifon and Gourdon, 1996 They
begin by computing one of the two surfaces and then detect those lines within this
surface that correspond to the intersection of the two surfaces.

A problem that requires special attention in ridge detection is the computation
simultaneous of zero-crossings of two functions. In contrast to the zero-crossings
of a single function these can bpen The necessary modifications to the standard
algorithms are described at the end of the chapter. To begin with let us consider
zero-crossings of a single function in 2 dimensions.

8.1 Zero-Crossings in two Dimensions

This section treats the computation of zero-crossings from two-dimensional data
sampled on a regular square grid as shown in figgug.(Discretization results in

two types of inaccuracy: i) the exdoicationof a zero-crossing betweeamytwo
neighboring points of the grid can only be estimated and ii)ttp®logyof the
zero-crossings aomeplaces is ambiguous. The following sketch demonstrates
both the limited accuracy and the possibility of a topological ambiguity that results
from discretization in 2D.
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Figure 8.1: Zero-crossings of a 2D-function and grid points of known function
values. Within the 4 points of the square grid where the two zero-crossing lines
come closest discretization leads to a topological ambiguity.
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8.1.1 Detection

Primarily we want to construatiosed linegexcept for possible ends at the image
border) that divide the sampled function values ifito 0 andf < 0. This may

be achieved with merely 16 different basic elements that describe lines passing
through any 2x2 square of neighboring pixels as shown in figu&. (Any corner

of a square can have a function value eited or < 0 allowing the four corners

of a square to have at most 2 16 different configurations concerning 0 or

< 0. These can be divided by 16 different configurations of line elements passing
through the square.

— +

Figure 8.2: Basic line elements. The “+” at the corners denote positive function
values. Rotation yields the 16 basic configurations plus two extra configurations
resulting from the ambiguity depicted in the last two cases.

A topological ambiguity occurs when all four sides of a square are intersected
by a line as depicted in the last two cases of fig@&)( This information is
irreversibly lost by the discretization. A guess at the true situation may be taken
by considering the average of the function values at the four corners and choosing
the last case when this is positive and the second to last otherwise.

Continuation of lines between squares is automatically achieved if the inter-
section of a side of a square is determined only from the function values at the
two corners of that side. Since these are shared by the two neighboring squares,
the same point of intersection is computed in both neighbors. Good results may
be achieved by estimating the point of intersection of a side from a linear inter-
polation of the two function values at the ends. Figue)(gives an example
of zero-crossings with linear interpolation contrasted by the same image without
linear interpolation (lines intersecting the middle of square-sides).
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Figure 8.3: Zero-crossings with and without linear interpolation. The original
image is 64 pixels wide and high.

8.1.2 Extraction

To establish the neighborhood relations between line elements it is conceptually
simplest to “walk” along a line. Recording the encountered intersections with
sides of squares in a list captures all the neighborhood information necessary to
describe a line. It is even possible to achieve detection and extraction in a single
sweep through the data if the order in which squares are processed is determined
by the lines (requiring special attention only when a square contains two line
elements).

Unfortunately this simple strategy does not generalize to the extraction of iso-
surfaces from three-dimensional images. Let us therefore consider another pos-
sibility: Initially a detection phase is performed, finding the line elements within
any 2x2 square of image pixels. The essential requirement to allow subsequent ex-
traction of lines is that information about neighborhoods is not discarded during
the detection phase. This must be facilitated by the data structures.

Optimally, the intersection of any side of a square is computed only once and
the point of intersection is stored only once. A line data structure of this type is
shown in figure §.4). The two line elements that share a point of intersection
record a reference to the storage position of that point rather than the point itself.
They may then be identified as neighbors through this reference. To give an exam-
ple consider extraction of the line in figurg.{). The first line element contains
points 1 and 4. The only other line element that contains point 4 is the second
which is thus the continuing element. The far end of this element is point 5 which
is also a point of the third line element, and so on.

The strategy to store each point of a line only once and to identify neighbors by
their shared reference to this point may be extended to iso-surfaces of cubic grids
in 3D by storing each vertex of a surface just once and having several surface
patches refer to a single vertex.
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Figure 8.4: A line data structure that stores each point only once captures the
neighborhood information.

8.2 Zero-Crossing Surfaces in 3D

This section describes the detection and extraction of zero-crossing surfaces from
three-dimensional data sampled on a regular cubic grid. Attention is paid to the
treatment of topologically ambiguous situations. In three dimensions a wrong
treatment produces holes in the computed surfaces, an obvious topological error.
Two different ways to detect surfaces without holes are discussed. The standard
approach is to always assume a negative (positive) value for the center of an am-
biguous cube-face and to choose a surface that has not only the corners of but
also the center on the correct side. Alternatively the value at the center of an am-
biguous face may be interpolated from the corners. Finally the related issues of
implementation and extraction are treated.

8.2.1 Detection

In 3 dimensions there aré 2= 256 possibilities for the 8 corners of a cube to be
inside (f < 0) or outside { > 0) a surface. Up to simple symmetries these basic
cases are displayed in figur@ ).

The idea of themarching cubeslgorithm is to determine the surface patches
resulting from the 256 different cases just once, leaving open only the exact lo-
cations where edges of the cube are intersected, i.e. the exact positions of the
surface-vertices. For any cube within an image it then suffices to determine which
of the 256 cases the cube belongs to and to fill in the exact vertex positions.
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Figure 8.5: Basic surface elements used in the origmafching cubesalgorithm.

Eight corners of the cube hav& gossibilities to be insidef(< 0) or outside { >

0) a surface. The figure displays these cases up to simple symmetries (rotation,
mirroring, change of inside and outside). Note that cases 4,7,8,11,13, and 14 are

ambiguous and the displayed surfaces are just one of several possibilities chosen
arbitrarily. The white lines within surfaces indicate possible triangulations.
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Unfortunately ambiguous situa-
tions occur when all four edges of one
cube face are intersectgdas in cases
4,7,8,11,13, and 14 of figur&.6). As
the figure on the right shows, care must
be taken to make a consistent choice
across neighboring cubes. Each of the
two possibilities displayed for the top
and bottom cube must be combined
with the correct choice to create a sur-
face without holes.

A natural approach proposed in
[Thirion and Gourdon, 1996s to interpolate the values at the center of each am-
biguous face of the cube and to choose the unique surface topology that also has
this central point on the “correct” side. Most algorithms, however, just assume
all values at the center of a face to be negative (positive). Either way should be
“hardwired” into the algorithm in terms of a case-table. We now describe how to
create this table.

8.2.2 Generating the Case-Table

To generate a table that maps all possible cubes into unique and consistent surface
patches we create all possible cubes once and detect their surface patches once.

The surface-patches within a cube may be systematically constructed in three
steps: i) Detect a possible intersection of each of the 12 edges of the cube. ii)
Within each face of the cube link the intersections into line elements. iii) Follow
the lines around the cube to create surface patches. The first and third step are
straight forward. The second step needs to deal with possible ambiguities.

A face with two diagonally opposite corners labeled “+” and the other two
labeled “-” may be intersected in either of the two way shown in fig&r8 ( To
arrive at a unique choice in an ambiguous case one may just assume the center of
the face to be “-” and then choose the unique surface that has the central “-” on
the correct side.

Thirion et al. [Thirion and Gourdon, 1996ropose to estimate the value at
the central point of an ambiguous face by a linear interpolation. Again, of the
possible surfaces that one is chosen which has the central value on the correct side.
It should be noted that the central value of a face is utilized only when the corners
alone are insufficient to select a unique surface topology. The disadvantage of this

1The problem of determining surface topologies relative to the 8 corners of the cube from only
the information about inside and outside at these 8 corners is ill-posed in the sense of Hadamard.
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Figure 8.6: Differences between 8 bit or 14 bit case tables: On the left is shown
a slice from the test image, the right shows the two possible surfaces. Using an
8bit case table with builtin preference for large negative volumes always splits the
positive pixels into two volumes (top). The 14bit case table can also produce a
single volume (bottom), depending on interpolated values.

approach is obvious, the number of different cube configurations increases from
28 to 2% including the centers of a cubes six faces.

To contrast the two methods consider a test image made up of several slices
as shown in figureq.6) with positive values inside the rectangular regions and
negative outside. The algorithm working with 256 cases and the assumption that
centers of an ambiguous face are always negative always creates two disconnected
surfaces from these data. Using the larger case table and linear interpolation of the
centers is able to create one or two surfaces depending on the interpolated value.

8.2.3 Implementation and Extraction

Our implementation, based on the description\0&ft and Watt, 199pand the
case tables above, computes each vertex only once during the detection phase.
This minimizes both time and memory and at the same time permits subsequent
extraction.

The cubes of the image are processed starting with all cubes of one row, next
all rows within a band and finally different bands. Each new cube (except for

2Strictly speaking, many of the®?Zases are not ambiguous and the larger case table is really
only needed for the ambiguous situations. In terms of efficiency, however, it generally pays to
choose the larger case table right away.
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those on the image border) encounters three edges that have not been dealt with
before as displayed in figuré&.().

The vertices of these three edges,
if any, are computed and stored. Ref-
erences to vertices of the other 9
edges are fetched from buffers that
are kept specifically for this purpose.
Figure @.8 shows these buffers.
Two buffers xvert[row] [col]
and yvert[row] [col]l store all
references to horizontal edges ly-

ing between consecutive bands. To Figure 8.7: Marching of cubes. Only
store references between consecutivethree edges need to be dealt with in

rows two bufferszvert[col] and a Sing|e step, the others have been
top [col] are introduced and flna”y treated previous|y_

three edges need to be stored between

two consecutive cubes in a column.

Figure 8.8: Buffersxvert andyvert used in the implementation.

Figure 8.9: Bufferzvert andtop used in the implementation.
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The surface patches are broken down into triangjes that detection creates
the data structure shown on the right.

Each vertex consists of three coor- Surface
dinates (floating point variables). The
order of vertices is the order in which Vertices | Triangles
they are encountered by the marching | V1 (1,2,7)
cube. A triangle contains only the in- V2 (2,7,52)
teger position of its three vertices. V3 (1,2,23)
To establish neighborhood rela- vé4 (4,6,90)
tions between surface patches we pro- . .

ceed as follows. Initially each vertex
is assigned a list of references to all
triangles that contain this vertex. To find a neighbor to one side of any triangle it
then suffices to look for the unique other triangle that appears in both lists of the
two vertices belonging to the side of the first triangle.

Finally, surfaces may be walked using graph algorithms such as breadth first
search Cormen et al., 199).

8.3 Open Zero-Crossings

The algorithms described above determine the topology within a square (or cube)
from the values of a function at the corners of the square. This ensures consistency
between squares, i.e. closed, continuous lines and surfaces. The algorithms may
easily be modified to allow more general computation of lines and surfaces that
need not be closed.

One such application occurs in ridge detection where the following problem is
encountered (as described in more detail in the chapters on ridge detection): Find
those points of an image where the gradient veetoR? is an eigenvector of the
2x2 Hessian matri¥ to a given eigenvalug, i.e. where

(H=Al)v=0

(I being the identity matrix).H, A, andv vary over the image at some points
fulfilling the above equations and at others not. The two equations are linearly
dependent inv becausa is an eigenvalue dfi, i.e. deH — Al = 0. Unfortunately
linear dependence does not generally mean thasdtisfies the first equation it
also satisfies the second equation, namely when the first rdw-ohl is zero:
Hi1—A =0andH; > = 0. If, however, the coefficients of the first equation do

3Triangles are created in an arbitrary way. Methods that attempt to fit triangles to the zero-
crossings in an optimal manner unfortunately tend to be very time consuming.
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not vanish, then a solution of the first equation is also a solution of the second
equation. Computationally this requires to compute a zero-crossing between any
two pixels from the morestableof the two equations. Sectidn4.3describes the
measure of stability that was used for ridge detection. As a consequence of the
fact that the zero-crossings are not computed from a single function they need not
form closed curves.

The standard zero-crossing algorithms may be modified as follows: Within
a square the intersections of all four edges are computed by whatever method is
appropriate, for example as zero-crossings of the more stable of two expressions as
described in the previous paragraph. Topologically this can result in 16 possible
configurations, determined by the intersected edges. Figui€)(shows these
configurations.

Figure 8.10: Basic line elements. Dotted lines mark intersected edges. Circles
symbolize line ends. Rotation yields the 16 basic configurations.

The case table that usually maps configurations of the corners into line topolo-
gies is now replaced by a table that maps configurations of edges into line topolo-
gies®. As far as detection of lines is concerned this is the only necessary mod-
ification. Extraction can proceed as before except for the fact that lines must be
allowed to terminate within the image.

Figure 8.11) shows zero-crossings computed in ridge detection. Between any
two neighboring pixels the more stable rowtdf — Lqqv (WherelLqq is the larger
eigenvalue oH) determines whether an edge is intersected or not. Clearly the
resulting zero-crossings can be open.

The generalization to three dimensions is straight forward. A cube has
12 edges that are either intersected or not. This yiefdscases of edge-
configurations that must be mapped to surface-patches. The corresponding case
table is created as follows: Within each cube face line elements are created as
shown in figure .10. It is then attempted to track the line elements around the
cube to create closed contours of surface patches as shown in fighrdf(this
cannot be done the corresponding surface patch is left out.

4Ambiguities may be resolved in some way appropriate to the application.
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Figure 8.11: Zero-crossings bfv — Lqqv. At these pointg is orthogonal to the
gradientv.
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8.4 Intersections of Zero-Crossings

To compute the intersection of two zero-crossings we follow the approach of
[Thirion and Gourdon, 1996 extract only one of the zero-crossings from the
image data and compute the second zero-crossing within the irregular grid pro-
vided by the first. Alternatively one could first compute both zero-crossing sur-
faces and then find their intersections as is briefly described in the appendix of
[Lindeberg, 1998a

In two dimensions the first zero-crossing yields a set of lines each made up of
a list of points. At any two neighboring points the second function is evaluated
(by linear interpolation of the four closest neighbors) to see if there is a zero-
crossing in between. If so, the location of the zero-crossing is estimated by linear
interpolation.

In three dimensions the first zero-crossing yields a set of surfaces each consist-
ing of triangles. Within any triangle we detect zero-crossing lines of the second
function, and if a line is detected it is followed to neighboring triangles.

Results computed with these algorithms are shown in figures (7.3), and
(7.4) of chapter7 on ridge detection with scale selection.



Chapter 9

Self-Similarity of Noise In
Scale-Space

This chapter deals with the statistical properties of normal noise in scale-space.
One such property, the standard deviation, was already used in cBaptefine

scale selection. Here the emphasis is on more general statistical properties such
as those of features, e.g. edges or ridges, computed from the images.

The central observation is a scaling invariance of normal noise in scale-space.
From this invariance it is easy to derive the scaling behavior of measurements
made on normal white noise random fields. Examples of measurements are the
number of local extrema per unit volume of scale-space, the length of edges, or the
average gradient along edges. The statistical properties of these quantities might
be used to assess the significance of different features in the sense that long edges
are more significant than short edges because they are less likely to occur. This
chapter was presented at a confereridejgr, 1999. | changed only the layout
and corrected an error in equatich?).

9.1 Introduction

Properties of normal white noise in scale-space have been studied previously
for a number of reasons. Images may be corrupted by noise and scale-space
smoothing may improve the signal to noise ratio. Noise has served as a model
to study the behavior across scales of properties such as the number of local ex-
trema or the volume of grey-level blobsifideberg, 1994 Deviations from
the scaling behavior of properties of white noise or ensembles of natural images
[Ruderman and Bialek, 19pdan provide useful information to a visual system.
Apart from the covariance of normal white noise in scale-space
[Blom et al., 199Bresults have been achieved mostly by simulation. The purpose

100



9.2 An Invariance of Noise in Scale-Space 101

of this paper is to illustrate that some useful results are available analytically.

9.2 An Invariance of Noise in Scale-Space

It is well known [Koenderink and van Doorn, 19pthat the onlyfunctionsthat
are form invariant under linear scale-space filtering are the derivative of Gaussian
functions

T

XX

Nivgy A Ay € %
G (X,t) —01 6N W
Filtering these functions with a Gaussian ker@8lis equivalent to a rescaling
as expressed by the invariange— sx, t — s’t, G" — s " NG" or G"(x;t) =
s NG"(sx;$’t). N denotes the dimension of spacec RY, n = (ng,...,nyN)
specifies the derivative operator , ame- 3 n; its order. The square-root of the
second argument@t € Ris the “scale” ofG".

There is also a family ofandom fieldghat is invariant under scale-space fil-
tering with a kerneG? in the sense that filtering of the random field is equivalent
to a rescaling of the joint distribution function

Memberst"(x;t) of this family are generated (and defined) by filtering a nor-
mal white noise&°(x; 0) of zero mean and standard deviatimmith a derivative
of Gaussian filter kerneb":

&' (x;t) = (G"(;1) ¥&°( 0))(x)

These normal random fields are completely determined by their auto-covariance
function

Vi(x =X t+t) = 0?(—1)" G*"(x — X/;t +-t)

that describes the covariance&3fx;t) andg"(x';t’). It follows immediately that
the form invariance o&" is inherited by the random fields:

Vi (x =X t+t) =s s N (s(x —x'), L(t +1')) (9.1)

The (joint distribution function of the) random fieg! is invariant under the
rescaling

X — SX
t — st (9.1)
0— s "sN2g
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Figure 9.1: Normal noise at scalgt = 8, filtered to scale 32, and a rescaled
displayof the noise at scale 8 showing only0x < 256.

Figure ©.1) displays a one-dimensional realization&dfx, 82), the same re-
alization filtered t&€°(x, 32%), and lastly a rescaledisplayof the first graph.

Obviously the particulaiunctionthat we have realized is not scaling invariant.
Filtering the function in the first graph results in the second which is apparently
different from the third graph that shows the appropriately rescaled version of
the first. However, the similarity of these graphs serves to illustrate the fact that
they are generated by identical random mechanisms, i.ethiaandom field is
scaling invariant

The invariance of normal noise under the scaling transformation (1) allows to
derive thescaling behavioof any observations made on a random figl¢x;t).

Some examples follow.
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9.3 Density of Local Extrema

The number of local extrema of normal white noise in scale-space has been stud-

ied as a model for the scale dependence of the number of features in a signal

[Lindeberg, 1994} Computation of the expected value of the number of local

extremaat a fixed scalas extremely difficult Lindeberg, 1994 However, the

scale invariance property (1) of normal white noise directly gives a relationship

between the distributions of the numbers of local extrema at different scales.
From (1) we find that the distribution of the numbe®Nof local extrema in

a volumeV of space at is identical to the distribution of the number of local

extrema in a volume\V ats’t. More specifically:

o the probabilityR (N®¥) of observing less than N local extrema in a unit
volume (/ dx = 1) of filtered white nois&"(x;t) at scaley/t is related to
P (N®Y) at scales\/t by

R(N®Y) = Py (NN (9.2)

o the expected numbd(N®Y) of local extrema over space per unit volume
of space behaves as

E(N®Y) Ot=N/2 (9.3)

Note that 0.2) and ©.3) hold for any order of the derivative in &"(x;t). The
scaling behaviour9.3) of the expected number of local extrema over space has
previously been suggested from simulation experiments and a dimensional analy-
sis argument in section 8.7.5 dfindeberg, 1994

Similar relations hold for the distribution and expectation of the numIi¥pN
of local extrema over scale asg@ace per unit volume of scale aspihce:

E(NSCSP gt-N/2-1 (9.4)
The scale-dependenc@.{) of the number of local extrema over scale and

space is verified by simulation experiments. Fig@€)(shows a plot of log RESP
against log for one-dimensional and two-dimensional white noise.

9.4 Edge Lengths

The distribution of edge lengtHsin normal noiset"(x;t) at scaley/t is identi-
cal to the distribution of scaled edge lengsisat scales,/t. Again this scaling
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log t

Figure 9.2: Log-Log plot of the number of local extrema against scale for a
one-dimensional (top curve) and a two-dimensional normal white noise. The the-
oretical curves are depicted as lines.

invariance results directly from the invariance of the distribution of normal white
noise under the scaling transformation (1) without the need to actually compute
the distribution of edge lengths. It should be noted that for this scaling behavior
to hold it is essential that edges are computed by an algorithm that commutes with
the scaling transformation, e.g. zero crossings of differential invariants.

Let us denote by (l) the relative frequency of edges of lengths less than
occurring in the set of all edges at scglein a normal noise imag&*(x;t). R(l)
is identical to the probability’y (sl) of edges of lengths less thahoccurring in
a filtered image&" (x; s’t)

R (1) = P (sl)
so that the expected edge lengths grow linearly in s¢le
E() OVt (9.5)

as shown on the left of figur® (3.

9.4.1 Edge Lengths with Boarder Effects

In contrast to dimensionless features the distribution of edge lengths is certainly
affected by the image boarder cutting some edges short. We therefore attempt to
describe the effect of this on the distribution of edge lengths.

Consider a two-step procedure to arrive at the measured edge lengths. First
edges are computed from a hypothetical boarderless image. Then this is cropped
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Figure 9.3: Mean length of edg&fl) as a function of scalg/t. left: without
boarder effects. right: with boarder effects. Theoretical relations are shown as
lines.

to the observed image size. Thereby some edges are cut into two. One piece of
each of these cut edges is kept. With probability one half it will be the long and
with equal probability the short piece, so that the expected length after cutting is
one half that before. If we denote Ipf(l) the probability density of lengths of
edges cut by the image boarder, we have

pr(l) =2p(2)

wherep (1) is the density of lengthk i.e. R(l) = f(;du p(u). Each edge has

a certain probabilityp® to be on the boarder of the image. This probabififly
depends on the lengttof the edge. If we assume thgt is linear inl — which

should be a good assumption as long as the edge length is smaller than the length
of the image — it will scale like

p°(1) =s~*p°(sl)
The density of observed lengths at scafe
(L= p°())pe(1) + P PE()
then scales to
(1—s7"p°(sl))spe (sl) +2p°(sl) pex (251)
Thus the mean length dependstas
E(NOvt—at

with a constant that depends inversely on the length of the image boarder and
on the edge detection and linking algorithm used. Fig@ré) cShows a fit of the

scale dependence of edge lengths in 512 by 512 pixel white noise images in scale-
space. As edge-detection and linking algorithm we used Canny’s hon-maximum
suppression and hysteresis thresholdiggrny, 1998 (for thresholding see be-

low).
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9.5 Blob Volumes

Volumes of so called grey-level blobs have been used to construct a systematic
approach for the extraction of important structures in imageslgberg, 1994

Their significance was assessed from a comparison to the expected blob volume
in normal noise.

For the analysis of their scale dependence in normal noise it suffices to know
that grey-level blob volumes are integrals of the (smoothed) intensity function
over regions of the image domain, and that the regions are defined by geometric
properties of the intensity [ndeberg, 1994] Irrespective of whether each region
grows or shrinks with increasing scale, the number of regions decrease3\ike
and thus there average akacreases like

E(A) =tV/2.

More generally, the distribution of areas of the regions of integration shows the
invarianceP; (A) = Py, (SVA).

The values of the intensity function depend on scale 8* so that the inte-
grals over the above areas depend on scaletiiéN/4

E(blob volumg O tN/4 (9.6)
as reported in simulation studies by Lindebdrgfleberg, 1994

9.6 Scale-Dependent Thresholds

The described scale dependencies hold only when the measurements commute
with the scaling transformation. The introduction, for example, of a threshold in
Canny’s edge detection and hysteresis algorithm would destroy the scale depen-
dence shown in figured(3).

Thresholds may however be modified to depend on scale such that their rela-
tive position within the distribution of values they are applied to is independent of
scale. Or, conversely, the distribution of values to be thresholded may be rescaled.
In the edge detection a threshold on the absolute value of the gradient should be
be proportional ta— (for a two-dimensional image). Alternatively, as in figure
(9.3 a fixed threshold was used and 'standardized’ gradients

XTX

1/2,N/4 5 € 2

t ™" 0 (2T[t)N/2
were computed. The use of standardized derivatives is superior to a scale-
dependent threshold in that it may be numerically checked by setting the power of
the filter kernel equal to 1.
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9.7 Summary

Scale dependencies of distributions of properties of white noise in scale-space
were derived from a scaling invariance of normal random fields. The method is
usually much simpler than a direct computation of the distribution at fixed scales
and subsequent derivation of the scale dependence.
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Summary and Outlook

Over the last two decades the scale-space representation of images has become
an important element in computer vision. The representation replaces an orig-
inal image by a family of smoothed versions of the same image such that with
increasing smoothness the details of the original image are lost. In principle this
allows a visual system to “concentrate” on the appropriate level of detail as fol-
lows: With increasing degree of smoothing objects vanish from the image, small
objects first and larger objects later. The degree of smoothing at which an object
vanishes basically measures the size of an object and provides information about
the appropriate level of detail that allows the visual system to “concentrate” on
the object under consideration. In this way the degree of smoothing is linked to
the size of objects and one speaks of scale-space rather than smoothing-space.

Ironically the question of how to determine particularly informative scales
has eluded scale-space theory for almost a decade. The first approach to “scale
selection” was proposed in 1993 by Lindebetgfleberg, 1993 The proposal
is to define particularly informative scales as the local maxima with respect to
scale of so-calleg-normalized derivatives.

Different choices of thei-parameter yield different particularly informative
scales. It remains a question, what the “right” choice~obrmalization should
be. More generally it is not clear why scales should be selected according to the
proposal of Lindeberg. Both questions are addressed by this thesis.

The central idea that is presented in this thesis in order to deal with scale se-
lection isstochastic simplificatianthe pixels (intensities) of an observed image
are randomly shuffled to new positions. On average, if shuffling is defined appro-
priately, this destroys information and creates simplified versions of the original
image.

108
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A Statistical Approach to Feature Detection and Scale Selection

In chapter6 stochastic simplificatiomvas used to define particularly informative
positions or scales of the response of some operator as follows:

1. Destroy the structuralinformation in the observed image kshufflingthe
pixels to new positions.

2. Measure how much information was destroyed at any single position and
scale of the operator response.

3. Label those positions where (locally) most information was destroyed as
particularly informative.

To define a measure of how much information was destroyed by shuffling at any
single (position,scale)-pair one compares the operator response from the observed
image at that (position,scale)-pair with ttistribution of operator responses from

the shuffled images Specifically, in chaptef we took the probability to get
smaller responses from random images than the observed response as the mea-
sure of how much information is lost by shuffling.

This definition of particularly informative positions or scales becomes compu-
tationally feasible if shuffling is replaced by sampling random images from some
analytically tractablesampling modelThe prototypical sampling model that pro-
duces images without structural information is a normal white noise model.

It was shown that on the basis of any homogeneous sampling model the par-
ticularly informative positions occur exactly at those positions where the operator
response has a local maximum with respect to position. In other words the statis-
tical definition of particularly informative positions is equivalent to the standard
definition of feature detection provided that the sampling model is homogeneous.

The particularly informative scales of derivative of Gaussian operators were
seen to correspond to local maximayeiormalized derivative of Gaussian oper-
ators when the sampling model is normal noise. JHnermalization parameter is
uniquely determined by the sampling model.

The statistical approach to define particularly informative parameters differs
from the standard approaches in several ways: i) It provides a single definition
for all particularly informative parameters of an operator, be they position, scale,
or other. ii) It has an intuitive motivation in terms of the above three-step proce-
dure. iii) It defines particularly informative parametestative toa distribution of
images that are by construction/definition less informative than the original.

Ridge Detection with Scale Selection

Chapter7 demonstrated ridge detection with scale selection based on-the
normalization corresponding to a normal white noise sampling model. It was



110

observed that this choice gfallows a second derivative ridge detector to “es-
cape” edges. At fixed scales this detector frequently produces false responses to
edges. At variable scales, however, the maxima in response to step edges be-
come unstable at the criticglvalue ofy = 1. For a step ridge the criticgdvalue

isy= 1.5. This means that gt= 1.25, corresponding to a normal white noise
sampling model, step edges are not detected while ridges are detected.

Shuffling, Simplification and Scale-Space

In chapter2, section 4 stochastic simplification was defined as follows: allow

a pixel to jump from positiorx at “time” t to positiony at “time” t + 1 with

some transition probability gy,t + t|x,t). To achievegradual simplification

some simple conditions on the short time behavior were imposed. The expected

value of random images generated in this way was shown to be a scale-space.
Section2.4 introduced docal entropydefined for any single point in scale-

space. It was proved that the sum of local entropies over all points of an image

increases monotonically with scale. This captures in a mathematically rigorous

way the intuitive idea that smoothing (by Gaussian filter kernels) simplifies images

both globally and, more importantly, also locally.

Self-Similarity of Noise in Scale-Space

Chapter9 dealt with the statistical properties of normal noise in scale-space. In
particular it observed a scaling invariance of normal noise that can be used to
assess the scaling behavior of quantities measured in normal noise images. A
simple quantity is the standard deviation of the noise. The scaling invariance,
however, applies equally to more complicated quantities such as the number of
local extrema per unit volume or the length of ridges computed from normal noise
images.

Future Work

Several directions for future work suggest themselves.

The local entropyintroduced in chapte? deserves a detailed study. In par-
ticular it is clear that the the scale-dependence of the local entropy at any single
position is not generally monotonic. Consider a simple example: At the center of
a dark spot on a bright background the entropy initially increases until the scale
corresponds roughly to the size of the blob. If scale is increased further the density
shifts toward the bright pixels and the entropy decreases.

The local entropy is only one property of the local densities created by shuf-
fling. Other properties of local densities could be of interest as well. Recent work
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in this direction was presented byan Ginneken and ter Haar Romeny, 1p99

The local entropy or the local Kullback-Leibler discrepancy should also be the
key to an information theoretic treatment of image analysis and feature detection
and scale selection in particular. In the authors opinion this is the most important
and perhaps the most demanding of the here mentioned directions of work.

Furthermore, scale-selection in non-linear scale-spaces could be approached
with the ideas of chaptes. The key issue that needs to be dealt with is the com-
putation of the power of a filter kernel generated by non-linear scale-space.

It would also be interesting to test whether natural images also satisfy the
scaling invariance that holds for normal noise in scale-space (chg)ptS8everal
studies of the second order statistics of natural images have confirmed the scaling
invariance Ruderman and Bialek, 1994 Steenstrup et al., 1999The question
is whether the invariance also holds for “higher order” quantities such as the num-
ber of local extrema per unit volume or the length of edges.



Appendix A

Direction of Minium Curvature

Throughout chapteb the vectorp was said to lie along the axis of minimum
second derivative. We here show that this is equivaleptlieing an eigenvector
of the Hessian to the smallest eigenvalue.

The second derivative &f(x) along a vectod (given in coordinateg = (X,y))
is

Lex L
d"Hd=d" | ™ ™ |d
['—yx '—yy]

The direction of minimum second derivative is then obtained by minimizing over
all d € R? restricted to a constant lengtid = 1:

min d"Hd
deR2.dTd=1

Introducing a Lagrange multipliéx to enforce the constraint this becomes

min d"Hd —A(d"d—1)
deR%\eR

Denoting the directiom along which the second derivative assumes a minimum
by p it follows thatp andA must solve

Hp =Ap ;

i.e. A must be an eigenvalue of the Hessian arah eigenvector. Finally, to have
a minimal second derivative must have the smallest eigenvalue.
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Appendix B

Least Squares Fit of Second
Derivative Ridge

It was mentioned in chaptérthat second derivative ridgesay be interpreted
as those positions whereradge modeloptimally fits to the image. The model to
allow this interpretation is

0d(X) = —0404G(X,t)

XTX

whereG(x;t) = % is the rotation symmetric Gaussian ahé R? a vector in

R? along which the second derivative is taken.
At each positiorxg the directiond is sought along which the model optimally
fits to the imagef (x) in terms of the square difference

min /dx (—0304G(X — Xp,t) — f(X))2
deR%dTd=1

This is equivalent to the minimum of the convolution &fdyG(x — Xp,t) with

f(x):

min / dx 940G (X — Xo,t) f(X)
deR®dTd=1

Pulling the derivative out of the integral and inserting the definition of scale-space
L(x,t) = (G(o,t) x f)(X) shows that the least squares directibis the direction
of smallest second derivative.

min  Lgd(Xo,t)
deR? dTd=1

This direction was called in chapters$ and7.
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To determine the least squares position in the one-dimensional framepalong
again one seeks to minimize

/dx (—0404G(X — Xo,t) — F(x))2
alongp. This is equivalent to the maximum of the convolution, and thus to

Lppp(Xo,t) =0
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