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Abstract
Images are composed of geometric structure and texture. Large scale structures are considered to be the geometric structure, while small scale details
are considered to be the texture. In this dissertation, we will argue that the
most important difference between geometric structure and texture is not
the scale - instead, it is the requirement on representation or reconstruction.
Geometric structure must be reconstructed exactly and can be represented
sparsely. Texture does not need to be reconstructed exactly, a random sample from the distribution being sufficient. Furthermore, texture can not be
represented sparsely.
In image inpainting, the image content is missing in a region and should
be reconstructed using information from the rest of the image. The main
challenges in inpainting are: prolonging and connecting geometric structure
and reproducing the variation found in texture. The Filter, Random fields
and Maximum Entropy (FRAME) model [213, 214] is used for inpaining texture. We argue that many ’textures’ contain details that must be inpainted
exactly. Simultaneous reconstruction of geometric structure and texture is
a difficult problem, therefore, a two-phase reconstruction procedure is proposed. An inverse temperature β is added to the FRAME model. In the first
phase, the geometric structure is reconstructed by cooling the distribution,
and in the second phase, the texture is added by heating the distribution.
Empirically, we show that the long range geometric structure is inpainted in
a visually appealing way during the first phase, and texture is added in the
second phase by heating the distribution.
A method for measuring and quantifying the image content in terms of
geometric structure and texture is proposed. It is assumed that geometric structures can be represented sparsely, while texture can not. Reversing
the argumentation, we argue that if the image can be represented sparsely
then it contains mainly geometric structure, and if it cannot be represented
sparsely then it contains texture. The degree of geometric structure is determined by the sparseness of the representation. A Truncated Singular Value
Decomposition complexity measure is proposed, where the rank of a good
approximation is defining the image complexity.
Image regularization can be viewed as approximating an observed image
with a simpler image. The property of the simpler image depends on the regularization method, a regularization parameter and the image content. Here
we analyze the norm of the regularized solution and the norm of the residual
as a function of the regularization parameter (using different regularization
methods). The aim is to characterize the image content by the content in the
residual. Buades et al. [27] used the content in the residual - called ’Method
iii

Noise’ - for evaluating denoising methods. Our aim is complementary, as we
want to characterize the image content in terms of geometric structure and
texture, using different regularization methods.
The image content does not depend solely on the objects in the scene, but
also on the viewing distance. Increasing the viewing distance influences the
image content in two different ways. As the viewing distance increases, details
are suppressed because the inner scale also increases. By increasing the
viewing distance, the spatial lay-out of the captured scene will also change.
At large viewing distances, the sky occupies a large region in the image
and buildings, trees and lawns appear as uniformly colored regions. The
following questions are addressed: How much of the visual appearance in
terms of geometry and texture of an image can be explained by the classical
results from natural image statistics? and how does the visual appearance
of an image and the classical statistics relate to the viewing distance?
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Chapter 1

1.1

Introduction

It is often claimed that ’everybody knows what texture is, but no one can
define it’. This seems to be true both in daily discussions and in scientific
papers. In image processing papers, texture is rarely defined, and if a definition is present it is often a problem specific definition that is solely valid
in a specific setting. No generally accepted definition of texture exists. One
reason for the absence of such a definition is the fact that texture should
capture a large and partly contradictive set of concepts - regular, irregular,
stochastic, stationary, outer scale and inner scale. Because of the large variation of concepts included in texture, it is fairly easy to construct negative
examples that annihilate an attempt to define texture.
Images are often viewed as a composition of geometric structures and texture. The geometric structure is considered to be the large scale structure,
while texture is considered to be the small scale details. Geometric structure is considered to be simple because of its rather homogenous appearance.
Smooth objects under the same illumination will reflect the light in a similar way, resulting in smooth geometric structures. A scene is composed of
independent, discrete and roughly uniformly colored objects occluding each
other. Consider a concrete building viewed from a large distance or a person
with a uniformly colored sweater viewed from a few meters, both the concrete
building and the sweater will appear as smooth uniformly colored objects, i.e.
geometric structure. Texture, on the other hand, is considered to be more
complex, because it is composed of a large number of small scale elements.
Under the same illumination, regions with large numbers of small scale elements will reflect light in different ways. The small scale elements can be
either the roughness of the surface or small scale ’objects’ such as leaves or
hair. Texture can also be viewed as a composition of independent, discrete
and roughly uniformly colored objects but on a smaller scale. This reveals
one fundamental property of texture: it always contains some kind of varia1

tion. When the distance to the concrete building is decreased, the roughness
of the concrete becomes visible and the smooth geometric structure therefore
transforms into a textured object.
Viewing images as a composition of geometric structure and texture implies the possibility to decompose an image into its components, i.e.
I = Istruct ⊕ Itext ,

(1.1)

where ⊕ is some image composition operator, Istruct is the geometric structure
component and Itext is the texture component. Two very different examples
of image decomposition, which will be discussed later, are Total Variation
image decomposition [169] and Primal Sketch [56, 57]. In Total Variation
decomposition, an image is decomposed by minimizing an energy functional
and the composition operator ⊕ is ordinary addition - the intensities of the
structure and texture component are added to form the images. In Primal
Sketch by Guo et. al [56, 57] - inspired by earlier work by Marr [128] the operator ⊕ denotes a rather complex algorithm, which includes image
segmentation and texture modeling. Here the geometric structure is formed
by the boundaries of objects defined by edges over a fixed scale, and the
object boundaries are represented by sparse coding. The texture component is formed by the remaining regions, which are not object boundaries,
divided into regions containing stationary textures and are represented using
a Markov random field model (FRAME).
Models for image decomposition also relate to image formation models.
The Dead Leaves model is a well known formation model for natural images,
introduced in a morphological setting by Matheron [131], further studied in
connection with natural image statistics by Ruderman [168], for size distribution of homogenous regions by Alvarez et. al [1, 3] and for modeling scale
invariance in natural images by Lee et. al [117]. The Dead Leaves model
is based on the notion that a scene is composed of independent discrete objects of different sizes and different colors occluding each other. The scene is
composed of planar templates T of the same shape, often squares or circles,
but of different sizes and colors. Templates of random size and color are
randomly located in the 3D world such that the (x, y) plane, i.e. the image
plane, is totally covered. The z dimension is solely used to determine which
of the template is closest to the image plane. The intensity in a location
(x, y) is determined by the color of the template closest to the image plane
(i.e. the template with the smallest z). As shown by Lee et. al, the Dead
Leaves Model is a generative model that can reproduce statistical properties
found in ensembles of natural images.
Grenander et. al [79] use 2D profiles called generators - gs - of 3D ob2

jects to analyze images. The gs are views or appearances of the 3D objects
captured from a random viewing position. An image is composed of random
selected generators of random size, color and location. Grenander et. al use
a superposition model - instead of an occlusion model as the Dead Leaves
model - where the intensity in a location x is the sum of intensities of the
generator covering the location. Grenander et. al [78] and Srivastava et.
al [184] use the generator-based image formation process to analytically find
probability distributions for linear marginal distributions - i.e. the histogram
of linear filter responses - called Bessell K-form.
Image decomposition methods often use an implicit definition of geometric structure and texture. Geometric structure in the image is the content
in the structure component and texture is the content in the texture component. Geometric structure and texture is therefore defined in terms of how
the method decompose the image, i.e. each decomposition method has its
own implicit definition of structure and texture.
The notion of scale is almost always discussed in connection with texture.
Indeed, texture is sometimes defined, as in the monograph on texture by
Petrou and Garcı́a [155], as: ’the details on a scale smaller than the scale of
interest’. Two fundamental different types of scales, as pointed out by scale
space theory [98, 202, 111, 122], are present: the inner scale and the outer
scale. The inner scale is the smallest details captured by the camera, and
the outer scale is the field of view, or the part of the scene, captured by the
camera. As discussed earlier, texture always contains some kind of variation.
The variation property of texture indicates that texture should be defined
on larger regions - it does not make sense to call a pixel or a small patch a
texture. A texture must be defined on a large enough region, such that the
variation is present. The outer scale must be sufficiently large, such that the
texture variation is present. Consider the brick wall shown in figure 1.2, the
image to the left contains roughly one brick, while the image to the right
contains a larger part of the wall. The bricks in the image to the right can
be considered to form a texture; the outer scale is large enough to capture
the variation of the brick wall. The bricks in the image to the left cannot be
considered to be texture because the outer scale is too small to capture the
variation of the brick wall. On the other hand, the variation on the bricks in
the image to the right can be considered to be texture.
In this thesis, we will argue that the most important difference between
geometric structure and texture is the exactness in which the content must be
described or represented. Both the geometric structure and the texture are
considered to be samples from stochastic processes. For the geometric part, a
(the) fixed specific instance is required, i.e. the geometric structure needs to
be described exactly. The texture component does not need to be described
3

exactly - instead, a random sample from the distribution is sufficient.
Furthermore, the details that must be described exactly in an image depend on the problem at hand. The image content that requires an exact
representation depends on what it should be used for. The same image in
another context may alter the content that needs an exact representation.
Consider shining stars on a dark sky - as shown to the left in figure 1.1:
is this geometric structure or texture? As background in a romantic scene
of a feature movie, the stars in the dark sky represent texture. In such a
setting, the stars appear to be small lighted dots of different sizes randomly
located in the dark sky. Any random sample from the same distribution
would serve equally as good as background in the movie. On the other hand,
if the image is used for orientation or for locating a constellation of stars,
then the exact size and location of the star must be represented. In such a
setting, the shining stars are no longer texture because a random sample from
the distribution is not sufficient. Consider an aerial photo, as shown in the
middle in figure 1.1: is this geometric structure or texture? Again, it depends
on the context or the problem at hand. If the photo is used for finding roads
or counting trees, then the details must be represented exactly. On the
other hand, viewed as an aerial photo of a landscape, any random sample
would serve equally well. To the right in figure 1.1, a gathering of people
is shown - is this geometric structure or texture? If one is searching for a
specific person, then each person in the gathering must be represented exactly
and the content should be considered as geometric structure. Viewed as an
example of a gathering of people at a football match, it can be considered
to be texture. In all examples the contents are considered to be texture if
pointing the camera at another location with the same type of content would
serve equally well; pointing the camera at another part of the sky, aerial
photo of the landscape at another location or another gathering of people
(possible at another part of the grand-stand).
The insight that geometric structure must be represented exactly, while
texture can be represented by some distribution leads to the question: ’How
much geometric structure and texture does an image contain?’. Measuring and quantifying the image content in terms of geometric structure and
texture is a challenging problem. Assuming that geometric structure can
be represented exactly using some sparse representation, while texture cannot. Reversing the assumption leads to an approach to measuring the image
content. If the image can be represented sparsely, then it contains geometric structures. Images that can not be represented sparsely mainly contain
texture. Using this approach the image content can be quantified by the
sparseness of the representation.
The approach proposed in this thesis started to arise while experimenting
4

with the inpainting problem (chapter 2 and papers [84, 86]), and evolved
during the project to finally become the main theme in the thesis. In the
inpainting problem, the image content (intensities) in a region Ω is missing
and should be reconstructed using information in the rest of the image and
constrained to the boundary of Ω. In image inpainting, one is facing two
types of fundamentally different problems:
• Prolonging and connecting geometric structures.
• Reproducing the variation found in texture.
Prolonging and connecting geometric structures needs to be done exactly,
and the result is almost binary: the number of visually appealing reconstructions for the geometric structure are few and in the extreme case just one.
Texture, on the other hand, contains some degree of freedom, which influences the number of visually appealing reconstructions. At the first glance,
it seems like the two problems are fundamentally different and not related
at all. That is also the approach often found in the literature, geometric
structures can be reconstructed by minimizing a suitable functional, such as
Total Variation, while texture should be reconstructed using a suitable texture synthesizing method. The difference between image synthesizing and
inpainting lies in the boundary conditions that put hard restrictions on the
possible reconstructions in the latter case. Many textures also contain geometric structures at a smaller scale, which need to be reconstructed exactly.
So geometric structures that require an exact reconstruction are present even
in textures. This is sometimes referred to as textons [101, 209, 210].

Figure 1.1: Shining stars on a dark sky, an aerial photo and a gathering of
people. Texture or geometry?
In chapter 3, a newly collected database containing sequences
images containing the same scene, captured at different viewing
is presented. How does changing the viewing distance influence
content in terms of geometric structure and the image content?
5
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Figure 1.2: A brick wall captured at different viewing distance. Four 80 × 80
patches contain a brick wall captured at different viewing distances. What
is the geometric structure and texture in the different images?
image composition in terms of geometric structure and texture depend on
the viewing distance? The viewing distances influence the image content in
two ways: the image composition (’outer-scale’) and the level of captured
details (’inner-scale’). Classical statistical properties of natural images are
estimated on individual images and analyzed with respect to the viewing
distance. The estimations are strongly linked with both the image content
and the viewing distance. The results are further analyzed and discussed in
section 1.3.
In chapter 4 (paper [85]), an image complexity measure is proposed. The
basic idea presented in the paper is that an image is simple if it can be can
be approximated with a small error using a sparse representation, and it is
complex otherwise. Large scale geometric structures can be described using
a sparse representation, while small scale stochastic texture cannot. In this
sense, geometric structure is simple, while texture is complex. The proposed
method is based on truncated singular value decomposition and the optimal
rank-k property of such approximation. Furthermore, an image is composed
of image patches and the complexity of the image should be determined by
the patches in the image. The results are further analyzed and discussed in
section 1.4.
In chapter 5 (paper [83]), image regularization methods are used to characterize the image content. Image regularization can be viewed as approximating the observed image with a simpler image, where simpler is defined
by the regularization term and the regularization parameter. By increasing
the regularization parameter, the regularized image gets simpler and more
details in the observed image are suppressed. The residual image contains
the details that have been suppressed during the regularization and the norm
of the residual image is a measure of the suppressed details. The norm of the
residual as a function of the regularization parameter, measures the amount

6

of details that are suppressed at different scales. Of interest is also the derivative with respect to the regularization parameter, which reveals the rate in
which details are suppressed. The regularized solution contains the large
scale geometric structure, while the residual image contains the texture. By
measuring the content in the regularized and residual image the degree of
geometric structure and texture can be quantified. The results are further
analyzed and discussed in section 1.5.
In chapter 6 (papers [65, 82]), at first glance, a rather different topic was
treated. The goal was to combine temporal inpainting with segmentation
using shape prior. The research was done during a 3-month visit at Malmö
University visiting Prof. Anders Heyden. By using the previous segmentation
as a shape prior for the current segmentation, good segmentation will be
achieved even if the object of interest is occluded or missing in some of the
frames. How can object boundaries be used to estimate the motion of the
object? The object boundaries, in form of simple connected curves, should
solely be used for computing the motion, in the form of a displacement field
mapping one image onto the other. The image content, or features based on
the image content, cannot be used because they are assumed to be unreliable;
for example, in inpainting where the image content is lost or in the case when
the objects do not contain enough features, such as clouds. How can the
geometric structure - the object boundary - be used to compute the motion
and deformation of a non-rigid deformable object, including the motion of
the interior of the object? The results are further analyzed and discussed in
section 1.6.

1.1.1

The Bayesian Approach and MAP-solution

The Bayesian framework will be used in later sections in connection with
inpainting and image decomposition and is introduced here in a general setting.
Let us introduce the Bayesian approach in a general signal processing
setting. Let u0 be an observed signal that is a degenerated version of a ’clean’
signal u. The goal is to recover the ’clean’ signal u, using information from
the observed signal u0 . The Posteriori distribution p(u|u0) is the conditional
probability distribution for the ’clean’ signal u, given the observed signal u0 .
Of special interest is the u, which maximizes the posteriori distribution - the
’clean’ signal with the highest probability. This is the Maximum A Posteriori
(MAP) solution defined as
uM AP = arg max
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u

{p(u|u0)} .

(1.2)

To compute the posteriori distribution and find the MAP-solution, Bayes’
rule is often used. Bayes’ rule states that
p(u|u0) =

p(u0 |u)p(u)
,
p(u0 )

(1.3)

where p(u0 |u) is the data model term (or likelihood ), p(u) is prior term and
p(u0 ) is a normalization constant (which is usually ignored). Bayes’ rule
connects the posteriori distribution with likelihood and prior distributions.
Using Bayes’ rule to compute the MAP-solution
uM AP = arg max

u

{p(u0 |u)p(u)} .

(1.4)

the likelihood and prior term must be estimated to find the MAP-solution. It
is often simpler to estimate the likelihood and prior term, than the posteriori
distribution directly. The book by Kaipo and Somersalo [103] treats inverse
problem from a (Bayesian) statistical point of view.
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1.2
1.2.1

Inpainting using FRAME - Filter, Random fields And Maximum Entropy
Inpainting

Image inpainting - also known as image completion and hole filling - deals
with the problem of reconstructing the image content in a missing region,
using information in the rest of the image and constrained by the boundary
of the missing region. The term ’image inpainting’ is an artistic synonym
for image interpolation and it comes from the restoration of paintings in
museums. The term image/digital inpainting was first used by Bertalmio et.
al [16].
The general inpainting problem can be formulated as: an image u0 =
u0 (x) is defined on the image domain x ∈ D. For some reason, a subset
Ω ⊂ D is missing or unavailable. The objective for image inpainting is to
reconstruct the entire image u from the incomplete image u0 . (Figure 1.3
contains a visualization of the notation.) It is often assumed that u(D \ Ω) =
u0 (D \ Ω) - i.e. the content in the non-missing region should not be altered;
in other cases, u0 may be degraded due to noise and/or blur and the content
e be an extended region including Ω such
in u0 (D \ Ω) may be altered. Let Ω
e ⊂ D.Ω
e could, for example, be a rectangle covering Ω.
that Ω ⊂ Ω
It is also worth noting that, in most cases, the main evaluation criteria is
how visually appealing the inpainting is.
Applications of inpainting are, restoration of damaged images [39], restoration of damaged films [115, 67, 116], removing unwanted objects in images
and sequences, super resolution [62, 106], lossy image compression [66], recover missing block in transmission and compression [163] and deinterlacing
[10, 107, 108, 105].
In a Bayesian setting, the inpainting problem is stated as follows: the
posteriori distribution p(u|u0) is the probability distribution of the inpainting
u given the incomplete image u0 and the MAP-solution is the most likely
inpainting given u0 . To use the Bayes’ rule to compute the MAP-solution, as
stated in equation 1.4, the likelihood and the prior term must be estimated.

1.2.2

Related Work

Inpainting methods are often categorized into functional-based (or diffusionbased) and texture synthesis methods. The functional-based methods are
considered to be able to reconstruct geometric structure, while they fail to
reconstruct texture in a visually appealing way. Texture synthesis methods
9
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Figure 1.3: The inpainting objective is to reconstruct the entire image u(D)
using the content in u0 (D \ Ω), where D is the image domain and Ω is the
missing region. Two well-known example images often showed in inpainting
papers: scratched photo of three girls and New Orleans covered with text.
are considered to reconstruct texture well, but fail to reconstruct geometric
structures in a visually appealing way. The failure of the functional-based
methods on texture is evident and has been shown many times. The failure
of texture synthesis methods on geometric structure is less evident and, in
fact, it has rarely been shown on realistic images.
Furthermore, the texture synthesis methods can be divided into parametric models and non-parametric/patch-based models. In parametric models, a
parametric representation of the probability distribution is used and parameters are estimated using an observed image (or the non-missing part of the
image). The missing content is reconstructed by sampling from the distribution. In non-parametric models, the probability distribution is represented
non-parametrically by the patch samples from the known part of the image.
The missing content is reconstructed by directly querying the patch samples.
In inpainting literature, it is often assumed that texture synthesis and
texture inpainting are identical problems. If a method can synthesize a texture, it can directly be used for inpainting. The main difference between
texture synthesis and texture inpainting is the presence of boundary conditions in the latter. The boundary conditions put hard constraints on the
possible reconstructions.
PDE- and Functional-Based Methods
The recent monograph on image processing by Chan and Shen [40] contains
an overview of the functional/PDE-based inpainting methods. The basic
idea in most PDE-based methods is to prolong and connect the geometric
structure present in the surroundings of the missing region Ω. The geometric
10

structures present in ∂Ω are the level lines, and the problem is to prolong
and connect the level lines.
Masnou and Morel [130] (see also [129]) were the first to use variational
image interpolation for edge completion. They proposed a disocclusion algorithm - inpainting algorithm - in which the elastic functional was minimized
inside the missing region.
Bertilmio et. al [16] proposed a third order PDE solved only inside Ω with
proper boundary condition given by ∂Ω. The PDE is based on the transport equation, where the information transported is defined by the Laplacian
transported orthogonal to the image gradient (i.e. along the isophotes).
Ballester et. al [11] used a joint interpolation of vector fields and intensities approach, Tschumperle [195, 194] proposed a tensor-driven PDE and
Peyrés et. al [157] used a non-local regularization approach.
Total variation image decomposition has also been used for image inpainting [38, 39]. The Total Variation energy functional is defined as
Z
Z
2
E(u; u0) =
(u0 − u) dx + λ
|∇u|dx
(1.5)
D\Ω

D

and the solution is a minimizer of energy functional. Minimizing the total
variation energy functional using the calculus of variation leads to a secondorder PDE. This second-order PDE prolongs and connects contours (geometric structure) with straight ’lines’. Geometric structures will be prolonged
and connected using straight lines only if the missing region is smaller than
the geometric structure.
TV inpainting uses the L1 -norm of the gradient as the smoothness term,
resulting in a piecewise constant inpainting. In Harmonic inpainting, the L2 norm of the gradient is used as the smoothness term, resulting in a smooth
and blurred inpainting. Chan and Kang [37] use harmonic inpainting and
total variation inpainting to analyze the error.
Total variation image decomposition has also been used for temporal
inpainting combined with optical flow [116] and for deinterlacing [106].
Texture Synthesis - Parametric Models
In parametric models, an observed sample image is used to estimate the
parameters in the image model, represented as parametric probability distribution. A sample is drawn from the probability model in order to synthesize
an image. The observed data is used to estimate parameters in parametric
probability distribution and the distribution is used for generating a sample.
Ideally, a random sample from the parametric model should be drawn, but
in most cases, a ’typical’ sample is drawn instead.
11

Heeger and Berger [91] proposed an image pyramid approach for texture
synthesis. It is based on the assumption that first order statistics of appropriately chosen linear filter responses capture the relevant information for
characterizing the texture. A collapsing pyramid is used for matching the
histogram of filter responses, resulting in an image with the same marginal
distribution.
Portilla and Simoncelli [161] compute various correlations and use those
correlations as constraints while synthesizing. An image is synthesized, subject to the constraints, by iteratively updating the image and projecting it
onto the set of images satisfying the constraints.
Peyré [156] combined the sparse representation, using the non-orthogonal
basis proposed by Olshausen and Field [149], with the non-negative matrix
decomposition proposed by Lee and Seung [118, 119] to ’learn’ the image basis
- the image ’dictionary’. The variance and kurtosis of marginal distribution
of the decomposed image, using the learned dictionary, are used to synthesise
a texture. A ’typical’ sample that matchs the marginal statistics is drawn,
using a modified version of the sampling method proposed by Portilla and
Simoncelli [161].
Texture Synthesis - Non-parametric Models
In non-parametric models, no model is specified a priori. Instead, the data,
in terms of patch samples, is used directly for estimations. The probability
distribution is represented non-parametrically by the patch samples.
A patch-based approach was proposed by Efros and Leung [52] for synthesizing textures. Instead of drawing a random sample from a statistical
model, the sample image is used directly for synthesizing the texture. An
image is synthesized in a pixel-by-pixel manner. A site x which should be
synthesized is picked. Let N(x) be a square window neighborhood of x, i.e.
an image patch centered at x. The image patch Nbest which is closest to N(x)
in the Sum-of-Square Distances (SSD) sense is found. The set of patches for
sampling is given by Ω(x) = {N : SSD(N, Nbest (x)) ≤ }. The center pixels
in each patch in Ω(x) form a histogram of intensities, with a neighborhood
similar to N(x). The intensity in site x is a random sample from the distribution. It is not only the size of the square window N(x) that is crucial (as
pointed out in the original paper), but also the visiting order - i.e. the order
in which the intensities should be synthesized.
Criminisi et al. [47, 48] used a patch-based approach for image inpainting,
but instead of an onion pealing visiting order they used a priority order. The
priority order depends on two terms: the number of neighbors with known
intensity (the amount of reliable information surrounding the site) and a
12

term which explicitly encourages geometric structures (often called isophotes
in inpainting literature). Giving higher priority to sites containing geometric
structures will prolong and connect geometric structures.
Efros and Freeman [51] proposed a fast and simple method for texture
synthesis called image quilting. Square sized image patches from a sample image are placed in raster order in such a way that the boundaries are
overlapping. In the overlapping boundary, the squared intensity difference
is computed and a minimum boundary cut is computed. This will result in
a ragged edge between the patches and the feature in the texture is better
preserved. This is an early application of the well-known graph-cut using
max-cut/min-flow algorithms (and dynamic programming) for solving image
processing problems [113].
As reported by Cuzol et. al [49], the methods proposed by Efros and
Leung [52] and Criminisi et. al [48] are one-sweep methods without any
back-tracking or Gibbs-sampling. Once the intensity for a site has been
determined, it will not be altered; this may lead to visual inconsistency.
Cuzol et. al. [49] propose a particle filter-based approach for re-sampling in
patch-space to overcome the ’one-sweep’ problem.
Combining Geometric and Texture Inpainting
Some attempts to combine PDE/functional- and texture-based methods exist.
Bertalmio et. al [15, 17] decompose the image into a geometric and
texture component using Meyers’ G-norm [132, 7, 8]. The inpainting is
done component-wise using different methods. The geometric component
is inpainted using a third-order PDE developed by Bertalmio et al. [16]
(briefly mentioned in the PDE methods section). The texture component is
inpainted using a slightly modified version of the patch based texture synthesizing method proposed by Efros and Leung [51] (discussed in the texture
inpainting section). A similar approach was proposed by Rane et. al [163] to
recover missing image blocks in transmission and compression. Bugeau and
Bertalmio [31] use a similar approach and evaluate different methods for the
different components. Their results indicate that the method proposed by
Tschumperle [195] is in general preferable in the geometric component.
Elad et al. [54] use the sparse representation-based image decomposition
method Morphological Component Analysis (MCA)[54, 53] for inpainting.
In MCA, as in TV or Meyer-decomposition, an image is decomposed using
ordinary addition into a geometric and a texture component. In MCA, a
sparse representation approach is used and two dictionaries are learned; Tt
should sparsely decompose the texture component (and it should not be
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able to represent the geometric component sparsely) and Tg should sparsely
decompose the geometric component (and it should not be able to represent
the texture component sparsely). Formally, the image is decomposed
I = Ig + It = Tt αt + Tg αg ,

(1.6)

where αt and αg are the sparse coefficients in the geometric respective texture component. As an addition regularization term, total variation is used
solely on the geometric component Tg αg . The dictionaries are learned using
the non-missing part of the image and the missing information is inpainted
simultaneously component-wise using the learned dictionaries.

1.2.3

FRAME

FRAME - Filter, Random fields And Maximum Entropy by Zhu et. al
[213, 214] is a general framework for analyzing and synthesizing stationary
textures. FRAME is based on two properties: (i) textures having the same
marginal distributions - histogram of filter responses - are visually hard to
discriminate and (ii) a probability distribution is uniquely determined by all
its marginal distributions.
The basic idea behind FRAME is as follows: Let H be a set of statistics in
the form of histograms of filter responses (marginal distributions) extracted
from an observed image and let Ω(H) be the set of all probability distributions with the same (expected) marginal distributions as the observed image
(i.e. H). Among the distributions - Ω(H) - that are consistent with the observed image, select the least committed distribution, that is the distribution
that maximizes the entropy.
Even if the fundamental idea behind FRAME is rather straight forward,
a detailed discussion requires a large amount of notations. Let F = {F α :
α ∈ K} be a set of filters, I α = I ∗ F α be the filter response (an image) using
filter α and H α = hhα1 , · · · , hαN i be the (normalized) histogram for filter α
using N bins. Furthermore, let Ω(H) = {p(I) : Ep (H(I ∗ F α )) = H α },
where Ep is the expectation and H is the histogram operator using N (fixed)
bins. This is simply ’all probability distributions that have the same marginal
distributions as the observed image’. Among the distributions p(I) ∈ Ω(H),
the one that maximizes the entropy is selected (i.e. maximum entropy is the
objective function), which leads to a constrained optimization problem which
can be solved using the technique of Lagrange multipliers. The solution has
the following form
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λαi hαi ,
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p(I) =
Z(Λ)
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α

(1.7)

p(I(x)|I(D\x)) = p((I(x))|I(Nx )),

(1.8)

where Λ = {λαi } is the Lagrange multipliers and Z(Λ) is a normalization
constant (that depends on Λ). λαi is the Lagrange multiplier corresponding
to hαi the histogram for filter α and bin i.
To synthesize an image, a random sample from the distribution is drawn.
A random sample from p(I) is generated by gibbs-sampling from the conditional distribution

where Nx is the neighborhood of x (defined by the filter support). By repeatedly randomly selecting sites and sampling the intensity given the current
intensities in the neighborhood Nx , a random sample from p(I) will be generated.

1.2.4

Cooling and Heating - Inpainting using FRAME

e be a square extended region of Ω such that Ω ⊂ Ω
e ⊂ D, and of such
Let Ω
e for sites x ∈ Ω. Inpainting is done by
a size that the filter is covered in Ω
gibbs-sampling from the conditional distribution
p((I(x))|I(Nx )),

(1.9)

where x ∈ Ω and Nx is the neighborhood of x. Nx may contain sites x ∈ Ω
e \ Ω are used as
and x ∈
/ Ω. Only sites x ∈ Ω are updated, while sites x ∈ Ω
boundary condition. The intensities in the missing region are initialized by
sampling from an (independent) uniformly distributed random distribution.
Synthesizing an image by sampling from the distribution showed visual
similarity with the observed image. The features present in the observed
image are also present in the sample from the distribution - the optimization process has converged visually. The visual convergency shows that the
filters used caught the important visual features of the observed image. In
contrast, inpainting by sampling from the distribution in the missing region
Ω did not converge to a visually appealing solution. The failure was evident
close to the boundary where the geometric structure was not prolonged in
a visually appealing way. The problem of using FRAME for reconstructing
large scale image structures such as edges was also observed in [57], where
primal sketches were used to extract the edges. This supports the claim
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made in this thesis that certain structures even on a smaller scale must be
reconstructed exactly.
An inverse temperature β = T1 was added to the distribution
)
(
XX
1
p(I) =
(1.10)
exp −β
λαi Hiα .
Z(Λ)
α
i

Cooling the distribution - increasing β - will decrease the probability for
images with low probabilities and increase the probability for images with
high probabilities. Increasing β will narrow the probability distribution in
the sense that a large part of the probability density will be located at a
smaller subset of all images, and as β → ∞ all the probability density will
be located at the global maxima. In this sense, the distribution will be less
’stochastic’ as β increases. Let Nmax be the number of global maxima and
let Imax be the set of all global maximizers, then as β → ∞

0
if I ∈
/ Imax
p(I) =
1
if
I
∈
Imax
Nmax
The probability mass is uniformly distributed over the set of global maximizers.
Cooling the Distribution - Adding the Geometry
The idea behind the cooling approaches is that the large scale geometric
structures are brought out by cooling the distribution, while the small scale
structures are suppressed. A more MAP-like solution is assumed to contain
the large scale geometric structure, while suppressing the small scale details.
As pointed out by Nikolova [144], the MAP-solution may not be smooth and
may instead contain small scale structures.
To stress the inference of the geometric structure in the inpainting, three
cooling approaches are proposed.
The first approach is to cool the distribution using a fixed β > 1. The
motivation for this approach is to emphasize more likely structures, and fade
out less likely structures. It is a redistribution of the probability mass in such
a way that a larger part of the probability mass is located on the images with
higher probabilities, while a smaller part of the probability mass is located
on the images with lower probabilities.
The second approach is the so-called Iterated Conditional Mode (ICM),
analyzed by Besag in [19] and by Kittler and Föglein in [110], which corresponds to setting β = ∞. When updating the intensity by gibbs-sampling
from the conditional distribution (1.8), the ICM approach corresponds to
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always selecting the intensity with the highest probability. The intensity at
site x ∈ Ω is updated using
I(x) = arg max {p(I(x)|Nx )} ,

(1.11)

i.e. the most likely intensity given the current neighborhood Nx . It is a
site-wise greedy approach which, always locally selects the intensity with the
highest probability. ICM depends both on the initialization of the missing
region Ω and on the visiting order. If the missing region is initialized randomly and the visiting order is random, then repeating the inpainting will
give different results. Winkler [201] and Li [121] contain a general discussion
about ICM.
The third approach is a fast cooling scheme which gradually increases β.
The fast cooling scheme has the following form
βn+1 = C+ · βn = (C+ · β0 )n ,

(1.12)

where C+ > 1 is the increment factor and β0 > 0 is the initial inverse temperature. The fast cooling scheme was motivated by a simulated annealing
approach for finding the MAP-solution of Markov Random Fields (MRF)
[69]. By iteratively increasing β, the probability mass is gradually moved
from low probability images to high probability images. The gradual increase of β - the annealing process - decreases the probability of getting
stuck in a local optimum. Winkler [201], Bremaud [23] and Li [121] contain
general treatment of simulated annealing and MAP-solutions for MRF’s.
Heating the Distribution - Adding the Texture
The geometric structure is reconstructed by sampling from a cooled distribution or using a cooling scheme. In the cooling phase, the large scale geometric
structure is added, while the small scale texture is suppressed. The result
is prolonged and connected geometric structures that appear too smooth.
In order to add the small scale texture, a second heating sampling phase
was used. The ’initialization’ for the second phase was the result of the
first ’cooling’ phase inpainting - the reconstructed geometric structure. The
small scale texture should be added in this phase, without destroying the
large scale geometric structure, reconstructed in the previous phase.
Two heating approaches were evaluated. The first approach was to use a
fixed β ≥ 1, where β = 1 corresponds to the original learned FRAME model.
The second approach was to use a simulated heating-like process, fast
heating scheme, where β is gradually decreasing. The fast heating used was
of the form
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βn+1 = βn · C− = (β0 · C− )n ,

(1.13)

where C− < 1 is the decrement factor and β0 is the initial inverse temperature. The stopping criterion was βn < 1 + .

1.2.5

Discussion

Simple stationary textures containing structures on at least two scales are
used. The coarse scale structure was rather large compared with the image
resolution. Corduroy, birch tree bark and batten images were used from
the KTH-TIPS2 database [63]. The corduroy is composed of rather large
horizontal geometric structures with some intensity variation, the birch tree
bark contains large scale geometric structures of different sizes distributed
along the diagonal, and the batten contains connected vertical geometric
structures which both merges and splits.
The missing region was rather large, relative to the larger scale details
in the texture. The missing region was roughly 4 times the size of the large
scale details. This implies that PDE-based methods such as TV would fail
to prolong and connect the geometric structures.
The experiments on the corduroy, birch tree bark and batten images show
that by cooling the distribution, the geometric structure is reconstructed
better.
Adding a fixed β > 1, stressed the inference of the geometric structure.
The geometric structure on the boundaries was prolonged and connected in
a visually appealing way, while the small scale variation was suppressed. If β
was too small or too large, then the geometric structures were not prolonged
and connected in a visual appealing way.
The ICM approach which corresponds to β = ∞ did reconstruct the
geometric structure in the corduroy image, but failed to reconstruct the geometric structure in the birch bark and batten image. In the birch bark and
batten images, geometric structures were constructed ’randomly’, depending
on the random initialization and visiting order.
The fast cooling scheme reconstructs and prolongs the geometric structure
found in the three images.
The geometric structure is reconstructed better by sampling from a cooled
distribution or using a cooling scheme. Sampling from a distribution using
a fixed, but not too large, β will often reconstruct the geometric structure.
Using a fast cooling scheme will prolong and connect the geometric structure
in a visually appealing way.
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The texture is added, after the geometric structure has been reconstructed,
by sampling from a heated distribution. Using the fixed β approach, where β
is slightly larger than 1, added the texture without removing the geometric
structure. If β is too large, no or very little texture is added. If β is too
small, the geometric structure starts to degenerate.
Similar behavior was observed when using the fast heating scheme. For
βn much larger than 1, few intensities were altered; as βn approached 1
more intensities were altered. If the fast heating scheme was stopped too
early, then no or very little texture was added. On the other hand, if it was
stopped too late - βn was too small - then the geometric structure started to
degenerate.
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1.3

DIKU Multi-Scale Image Database

Image content does not solely depend on the object in the captured scene,
but also on the viewing distance. Changing the viewing distance, either by
physically moving the camera or by changing the focal length, will alter the
image content. The visual appearance of a tree viewed from a few meters is
rather different from viewing the same tree from 200 meters. At a few meters,
the branches and even the individual leaves are visible. As the viewing distance increases, details are suppressed and the tree top appears as a uniform
green region. Given an image, a coarse scale representation of the image can
be generated using the linear gaussian scale space [98, 202, 111, 60, 122]. The
coarse scale representation is generated by
It = Gt ∗ I0 ,

(1.14)

where ∗ denotes the convolution operator, I0 the observed image and

 2
1
x + y2
Gt (x, y) =
.
(1.15)
exp −
2πt
2t

In scale space theory, a coarse scale representation of the image is generated
with the same resolution. By increasing the viewing distance, details will be
suppressed, but the resolution will also decrease. The statistical behavior of
natural images over scales has been studied in great detail [193, 205]. Here
we consider images containing the environment - both nature and man-made
structure - viewed from a normal human perspective (i.e. ’bird’ and related
perspectives are excluded).
Increasing the viewing distance will also alter the outer-scale of the image
and the spatial layout of the captured scene. A cup on a table can be captured
from almost all angles, a car on the street can be captured from many angles,
while a building captured from 200 meters can be captured from a few angles.
The distance to the main objects in the scene puts constraints on the spatial
lay-out of the captured scene. As the viewing distance increases, the spatial
layout will change - the sky will appear at the top of the image, houses will
appear as uniformly colored blocks in the middle of the image and mountains
will appear as a smoothly changing region in the middle of the image.
We propose to collect a new image database containing the same scene
captured at different viewing distances (by adjusting the focal length). The
database should contain sequences of the same scene captured using different
focal length. Furthermore, the region present in all images in a sequence
should be extracted, resulting in a set of sequences of images containing
the same part of the scene captured at different scales (focal length in the
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objective). The extracted region contains the same part of the scene captured
at different scales and of different resolutions.

1.3.1

Related Work

In section 1.3.3, we discuss the scale invariant property of ensembles of natural images [94, 117, 58, 193, 168, 166, 166, 183], modeling the partial derivative of an ensemble of images using the generalized Laplacian distribution
[117, 94, 126, 183] and the distribution of homogenous regions [76, 1, 3, 2, 77].
Torralba and Oliva [192, 193, 146] analyze the η in the power spectra
power law for natural images as a function of viewing distance. They used
a more complete model, where η depends on the orientation [9]. The spatial
composition of an image - called the spatial envelope - is constrained by
the viewing distance. Objects viewed from a small distance can be observed
from almost any point of view. As the viewing distance increases, the possible
point of view from which an object can be observed decreases. This property
is strongly reflected in the η in the power spectra power law. The estimation
of η can be used for estimating the distance to the objects in the scene.
Wu et. al [204] analyze the image content as a function of viewing distance
using information theoretical tools, see also [199, 210]. They analyze how the
compression rate and the entropy of the image gradient changes as a function
of viewing distance. The starting point is the behavior of the Dead Leaves
model [131, 168, 1, 117] as the distance to the ’image plane’ increases. In
the Dead Leaves model, images are formed by discrete objects of random
size and color, occluding each other - a scene is composed of discrete objects
occluding each other. The objects in the Dead Leaves model have the same
shape (template) - often circles or squares - called leaves, while the size and
the coloring are random. The components in the Dead Leaves model are:
• The size r of the leaves (template) follow a distribution p(r) ∝
a finite range [rmin , rmax ].

1
,
r2

over

• The color of the objects is uniformly distributed over [amin , amax ].
• The position (x, y, z) is following a Poisson process with intensity λ,
and the z-axis is solely used for occlusion detection.
Lee et. al [117] analyze the scale invariant property of the Dead Leaves
model. They show that under the assumption [rmin , rmax ] → [0, ∞] it is scale
invariant. To analyze the behavior of the Dead Leaves model as a function of
increasing viewing distance, [rmin , rmax ] is kept fixed and let r = rmax − rmin .
An individual image contains objects of certain sizes.
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Increasing the viewing distance involves two processes: smoothing and
resolution reduction. The smoothing process is modeled by block averaging
(using 2×2 blocks) and the resolution reduction is modelled by sub-sampling.
This is similar to the classical image pyramid viewed from an image formation
point of view [32]. By repeating the smoothing and sub-sampling procedure,
images with increasing viewing distances will be generated. The viewing distance will be double in each iteration, and let s denote the iteration number.
Wu et al. study the statistical behavior of the Dead Leaves model using
a fixed object size r distribution, with increasing viewing distance s. In the
beginning, s  r and the image contains large uniformly colored regions. As
the distance increases, s ≈ r. The average size of a leaf is roughly covering one
pixel. The image contains small uniformly colored objects. As the viewing
distance increases, s  r. And a pixel is the average of a large number
of leaves. The visual appearance is close to white noise. By increasing the
viewing distance the image content will transform from a rather large scale
geometric structure to a highly stochastic appearance - from low entropy to
high entropy. Wu et al. argue that different regimes are suitable for the
different types of image content. Sparse representations such as wavelets are
suitable for low entropy type of content, while Markov Random Field (MRF)
is suitable in the high entropy case.
Yanulevskaya and Guesebroek [207] model the distribution of partial
derivatives in natural images and image patches with the Weibull distribution (which essentially is the same as the generalized Laplacian distribution).
They characterize the image content by the estimation of the parameters in
the Weibull distribution. They propose three sub-models: the power law, the
exponential and the Gaussian distribution. Akaike’s information criterion
(AIC) is used to determine an adequate sub-model. Images from the power
law sub-model usually have a well-separated foreground and background.
Furthermore, the background is often a rather uniform region. Images from
the exponential sub-model, usually contain a lot of details at different scales.
Images from the Gaussian sub-model, usually contain high frequency texture. Yanulevskaya and Guesebroek show that the image content for individual images can partly be explained by the parameters estimated in the
Weibull distribution. Geusebroek and Smeulders used a similar approach to
characterize stochastic textures [71, 72].

1.3.2

Collection Procedure and Content

We have collected a database of ensemble of image sequences containing the
the same scene captured at different scales. The sequences contain natural images - both nature and man-made structure - viewed from a human
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perspective.
The camera used to collect the database was a Nikon D40x, and 3 different
objectives - 18 − 55 mm, 55 − 200 mm and 70 − 300 mm - were used. The
camera was placed on a tripod facing the scene. Each scene was captured
at 15 different scales using different focal length - ranging from 18 mm to
300 mm or roughly 4 octaves. A 1 × 1 region in the least zoomed image
corresponds to 16 × 16 region in the most zoomed image. The focal length
was adjusted manually.
The image resolution was 2592 × 3872 pixels. The images were captured
using Nikon’s 14 bits raw format NEF, and were converted to 16 bits TIF
images.
The database contains both man-made structures and natural scenes.
The physical distance between the camera and the main object in the scene
varies between 5 meters and a few kilometers. For most images, the distance
between the camera and the main object in the scene is between 30 meters
and 150 meters. The goal was that the sky should occupy a large region in
the image at all scales in some sequences and the sky should be absent at all
scales in other sequences.
The part of the scene present in all images in a sequence hs been extracted
by use of registration techniques and by hand, resulting in a set of images
containing the same part of the scene captured at different scales (different
focal length). The resolution of the extracted regions ranges between 2592 ×
3872 and 160 × 240 pixels.

1.3.3

Natural Image Statistics

Three classical results from natural image statistics are verified on the newly
collected image database: the power spectra power law (scale invariance),
the generalized Laplacian distribution of the partial distribution and the
distribution of homogenous regions.
The statistics are estimated on three different ’sets’:
• On the ensemble of images.
• On individual images.
• On all images captured at the same scale (same focal length setting).
Estimation on the ensemble of image sequences is performed to verify the
soundness of the database which should be similar to previously reported
estimation on other databases.
To analyze how far the visual appearance of an individual image is explained by the statistics, it was estimated on individual images.
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Scale Invariance
One of the earliest result in natural image statistics is the apparent scale
invariance [145, 94, 117, 58, 193, 168, 166, 166, 196].
The scale invariance can be stated as: the power spectra of an ensemble
of image is following a power law in spatial frequencies given by
S(ω) =

A
,
|ω|2−η

(1.16)

where ω = (ωx , ωy ) is the spatial frequency, η is estimated on the ensemble
and A is a constant that depends on the contrast in the ensemble of images.
The power spectra power law can be formulated in the spatial domain using
the correlation function [168, 94], and it has the following form
C(x) = C1 +

C2
,
|x|η

(1.17)

where x is the distance between the pixels and C1 and C2 are constants.
A large η implies that the intensities are less correlated, while a small η
indicates higher correlation between the pixels. The intensity correlation
decrease with the distances.
Ruderman and Bialek [166] reported η = 0.19 on their database collected
in the woods. Ruderman [168] reported η = −0.3 for an ensemble of seashore
images containing a lot of water and sky. Huang and Mumford [94] also
reported η = 0.19 on the van Hateren database [197]. Lee et al. [117]
estimated η on different types of environments; for an ensemble of images
containing vegetation η ≈ 0.2 and for an ensemble of images containing
roads η ≈ 0.6.
On our database, η is estimated to 0.202 on the ensemble of images.
For individual images, η varies between −0.3 and 0.5. Images with a large η
generally contain small scale details like texture and the distance to the main
object in the scene is often small (often a few meters). Images with a small η
contain large scale geometric structures and the distance to the main objects
in the scene is rather large (often 100 meters or more). Hence, the estimation
of η on individual images gives important information of statistical content
of the image, especially whether η is large or small.
Estimations of η on all images captured at the same scale (focal length)
show a tendency to increase as the viewing distance decreases. η increases
rapidly for the first 3 capture scales. For the remaining capture scales, η
has a tendency to increase but less rapidly and non-monotonically. As the
viewing distance decreases, the region in the images occupied by the sky also
has a tendency to decrease. The sky occupies a minor region in most of the
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images after the first 3 capture scales. At a large viewing distance, buildings,
lawns and trees appear to be rather uniform geometric structures, and as the
viewing distance decreases, more details are brought out.
Laplacian Distribution of Partial Derivatives
It has been reported [172, 174, 173, 30, 207, 73, 72, 94, 183, 117, 126] that
the distribution of partial derivatives of an ensemble of natural images can
be modeled by a generalized Laplacien distribution
1 −| x |α
e s ,
(1.18)
Z
where α and s are estimated parameters. s is related to the width of the
distribution (i.e. the variance) and α is related to the peakness of the distribution.
All computations are performed on a log-intensity scale (i.e. log(I)).
Instead of using the intensity difference between two adjacent pixels - i.e.
log(I(x, y)) − log(I(x + 1, y)) - the normalized scale space derivatives are
used. The partial scale space derivative in the x direction at scale t is
p(x) =

∂
∂Gt
(Gt ∗ I) =
∗ I,
(1.19)
∂x
∂x
where Gt is the gaussian function. The notation αx denotes, estimation using
the partial derivative in x direction.
Huang and Mumford [94] estimated α to 0.55 on the van Hateren [197].
On our database, αx is estimated on the ensemble of images to 0.37 and
0.78 at scale t = 1 and t = 64, respectively. For individual images, αx varies
between 0.25 and 1.00 for t = 1 and between 0.55 and 2.00 for t = 64.
The visual appearance of the images corresponds well with the estimation of
αx . Images with a large αx contain small scale details, often high frequency
texture. The t in the scale space derivative determines what is considered
to be small scale details. The distance to the main object in the scene is
often fairly small - a few meters. Images with a large αx contain large scale
geometric structures and the distance to the main objects in the scene is
often large. (See also [207] and [73]).
The estimation of αx on all images captured at the same scale (focal
length) shows no clear tendency as the viewing distance decreases. Instead
the estimation is rather stable with small variation over the capture scales.
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Distribution of Homogenous Region
Alvarez et. al [2, 1, 3] and Gousseau et. al [76, 77] studied the distribution
of homogenous regions in individual images and ensembles of natural images.
They also relate the size distribution of homogenous regions to the question
whether natural images belong to the function space of bounded variation
(BV).
Following Alvarez et al. [2, 1, 3], the definition of homogenous regions
is rather simple. (Gousseau et. al [77] use a different definition.) First, the
intensity resolution is reduced to k levels such that each new intensity level
contains the same number of locations. If I is a N × M image, then each new
intensity level will contain N k·M locations. A homogenous region is defined
as a connected - using either 4 or 8 connectivity - set of locations with the
same intensity. The size of a homogenous region is the number of locations
it contains. They show that the size distribution of homogenous regions is
following a power law
A
,
(1.20)
sα
where A and α are estimated parameters; α and A can be estimated using
log-log regression. The size distribution is following a power law both on individual natural images and on ensembles of natural images. The estimation
of α on individual images shows large variations. Images containing mainly
small scale details have an α ≈ 3, while images containing mainly large scale
geometric structures have an α ≈ 1.6. Alvarez et al. [2, 1, 3] reported α
close to 2.0 on ensembles of natural images.
On our database, α was estimated to 2.11 on the ensembles of images.
On individual images, α varied between 1.75 and 3.00. Images with small
α ≈ 1.75 contain large scale geometric structures, and the distance to the
main objects in the scene is rather large (hundreds of meters). Images with
large α ≈ 3.00 contain small scale details, and the distance to the main
objects in the scene is rather small (a few meters).
The estimation of α on all images captured at the same scale (focal length)
shows no clear tendency as the viewing distance decreases. Instead the estimation is rather stable with small variation over the capture scales. The
estimation using the different capture scales of α, varies between 2.15 and
2.22.
f (s) =
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1.3.4

Discussion

Three classical and well-known statistical properties of natural images have
been estimated on the newly collected ensemble of image sequences database.
We study the statistical properties: the power spectra power law (scale invariance), the Laplacian distribution of the partial derivatives and the power
law for size distribution of homogenous regions.
η in the power spectra power law - equation (1.16) - is estimated to 0.202
on the ensemble of images. Ruderman and Bialek [166] reported η = 0.19 on
their database collected in the woods and Huang and Mumford [94] (also)
reported η = 0.19 on the van Hateren database [197].
α in the generalized Laplacian distribution - equation 1.18 - is estimated
to 0.37 and 0.78 at scale t = 1 respectively t = 64 on the ensemble of images.
Huang and Mumford [94] estimated α to 0.55 on the van Hateren database.
α in the size distribution of homogenous region is estimated to 2.11 on
the ensemble of images. Alvarez et. al [2, 1, 3] report α close to 2.
All three classical results could be verified on the new collected database.
The estimation on individual images in the database also verifies previous
reported results. The estimation of η in the power spectra power law is
large if the image mainly contains small scale details, and it is small if it
mainly contains large scale geometric structures. The estimation of α in
the generalized Laplacian distribution is large if the image mainly contains
small scale details, and it is small if it mainly contains large scale geometric
structures. The estimation of α in size distribution of homogenous regions is
large if the image mainly contains small scale details, and it is small if the
image mainly contains large scale geometric structures. The visual content
is partly explained by the estimated statistical properties.
The estimation of η in the power spectra power law based on the capture
scales increases as the viewing distance decreases. η increases rapidly for the
first three capture scales and increases moderately for the remaining scales.
The spatial layout - the spatial envelope - changes a lot at the first three
capture scales. At the largest viewing distance, the sky occupies a large
region in many of the images. As the viewing distance decreases, the region
occupied by the sky shrinks and after the first three scales the sky occupies
a small region in most images. As the viewing distance decreases, details
are brought out. Sequences where the estimation of η is following a similar
pattern as the capture scales based estimations often contain the sky at the
large viewing distances. As the viewing distance decreases, the sky is absent
or occupies a small region in the images. In sequences where η is large on
all capture scales, the sky is often absent or occupying a small region, at all
scales. Furthermore, the images contain small scale details and the viewing
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distances are rather small at all capture scales. In sequences where η is small
on all capture scales, the sky is occupying a large part of the image and the
viewing distance is large at all capture scales. If the sequence contains a
transition in distance, then the estimation of η has a tendency to increase
with decreasing viewing distances. If the viewing distance in a sequence
capturing a scene containing a building is between 100 and 6 meters, then
the sequence contains a transition in distances. The spatial layout - spatial
envelope - capturing a building from 100 meters is totally different from the
spatial lay-out capturing a building from 6 meters. A picture captured from
100 meters is a distance photo, while that captured from 6 meter is a close-up
photo. A sequence having a bush captured between 15 and 1 meters does not
contain such a transition. The spatial layout does not change drastically over
those viewing distances - both 15 meters and 1 meters are closeup photos. A
sequence containing the sky and the ocean captured at a very large viewing
distance does not contain such a transition. The spatial layout does not
change over such viewing distances - all images are large distance or even
panorama images.
Torralba and Oliva et al. [146, 192] use the estimation of η, as a function
of orientation, in the power spectra power law to determine the distance to
main objects in the scene. η depends on the spatial layout of the scene and
the spatial layout of the scene constrained by the distance to the main object
in the scene.
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1.4

SVD as Content Descriptor

How can the image content be quantified in terms of geometric structures
and texture? One approach is that the geometric structure can be described
exactly using a sparse representation, while texture cannot be described exactly by a sparse representation.
Given an image I, a sparse approximation Ik should be constructed, where
k is a sparseness/complexity parameter that measures the complexity of the
approximation. As k → ∞, Ik → I - i.e. as the sparseness decreases, the
approximation gets closer to the observed image I.

1.4.1

Related Work

The ’approximation’-approach relates to the problem of finding the optimal
base to represent the data. The book by Kirby [109] contains an overview of
different best basis approaches - especially the SVD, PCA and wavelet bases.
One well-known and commonly used approach for representing data is the
Principal Component Analyzis (PCA) - also known as the Karhunen-Loeven
transformation or the Hotelling transformation. In PCA, the goal is to find
an optimal orthonormal basis such that the variance of the data decreases
as much as possible when an additional base vector is included. The PCA
can be defined recursively in a natural way. The first normalized basis vector
Ψ1 is minimizing the variance of the data. An additional basis vector Ψk+1
must be orthogonal to the previous basis vectors - i.e. hΨk+1 , Ψi i = 0 for
i = 1, · · · , k - and minimize the variance of the data. PCA is the optimal
linear dimensionality reduction method in the mean square error sense [20].
Rather than finding the optimal basis for one observation, PCA is used for
reducing the dimensionality of a set of observations.
Independent Component Analysis (ICA) was first formulated by Jutten
and Herault in their seminal paper [102]. The concept of mutual independence is central in ICA. Let X = (X1 , · · · , Xn ) be a set of stochastic variables
and p(X) be the joint probability distribution. The stochastic variables are
independent if
p(X) = p(X1 , · · · , Xn ) = p(X1 ) · · · · · p(Xn ),

(1.21)

where p(Xi ) is the marginal distribution for Xi . The objective in ICA is to
find a transformation W such that
s = W x,
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(1.22)

where the components s = hs1 , · · · , sn i are as independent as possible (using
some independence measure F (s1 , · · · , s2 )). x = hx1 , · · · , xn i is a realization
of X and x is generated using a linear model
x = As,

(1.23)

where A is the mixing matrix and s is the independent component. Given
an x, the mixing matrix A = W −1 and the independent component s should
be found. See the tutorial on ICA by Hyvärinen [96] and Hyvärinen and Oja
[97].
A well-known sparse representation was proposed by Olshausen and Field
[149, 150], which relates to the models of the human visual front-end. An
image is modeled as a linear superposition of (possibly) non-orthogonal basis
functions φi (x, y)
X
I(x, y) =
ai φi (x, y)
(1.24)
i

where φi form an over-complete basis for the image space and ai are coefficients of the basis vectors. The ai should be sparse, meaning that most of
the ai should be zero. The distribution p(a) will be peaked at zero and will
have ’heavy-tails’.

1.4.2

Optimal Rank Approximation and TSVD

One approach would be to approximate an image I in a lower dimensional
subspace. An image is simpler if it can be approximated well in a subspace of
low dimensionality, while an image is regarded as complex if a good approximation requires a subspace of dimensionality close to the dimension of the
observed image. Let Ik be an approximation of I in a subspace of dimension
k. As the dimension k increases towards the dimension of I, the approximation Ik gets closer to observed image I. Viewing images as matrices allows us
to regard the dimensionality of subspaces as the matrix rank. The dimension
of a matrix is the number of independent columns it contains or equally the
dimension of the subspace spanned by the columns. This is captured by the
rank of the matrix
Rank(A) = dim(span{a1 , · · · , an }).

(1.25)

Given an image I with rank(I) = k0 , a rank k approximation Ik of I
should be computed. The approximation Ik should be optimal in the sense
that any other matrix B with rank k will have at least as large approximation
error as Ik . Measuring the approximation error in terms of the 2-norm gives
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Ik = arg min

Rank(B)=k

kA − Bk2 .

(1.26)

The matrix B, with Rank(B) = k, that has the lowest approximation
error in the 2-norm sense should be computed. The image residual I − Ik
contains the details that are suppressed in the approximation Ik , and kI−Ik k2
is a measurement of the suppressed details.
Notice that any matrix A can be decomposed as
A = UΣV T

(1.27)

where U and V are orthogonal matrices, i.e. UU T = I and V V T = I, where
I is the identity matrix, and diag(Σ) = (σ 1 , · · · , σ n ), where σ i ≥ σ i+1 ≥ 0.
This the well-known Singular Value Decomposition (SVD) [75, 109]; σ i are
called singular values, ui left-singular vector and v i right-singular vector. The
set {σ i , ui, v i } is called the singular system of A. The rank of a matrix A is
the number of singular values strictly larger than zero. Furthermore, the
2-norm is
kAk2 = σ 1 ,

(1.28)

i.e. the largest singular value, and the squared Frobenious norm
X
X
kAk2F =
a2ij =
(σ i )2 ,
i,j

(1.29)

i

i.e. the sum of the squared singular values. The 2-norm is a vector induced
norm defined as


kAxk2
kAk2 = supkxk2 6=0
,
(1.30)
kxk2
√
where the right-hand side is defined by the vector 2-norm, i.e. kxk2 = xxT .
The matrix 2-norm is an operator norm, which can be geometrically interpreted as how much A as a linear operator is scaling the vector x.
Let Σk be the matrix containing the k largest singular values on the diagonal,
then the Truncated Singular Value Decomposition is defined as
Ak = UΣk V T .

(1.31)

Rank(Ak ) = k and Rank(A − Ak ) = Rank(A) − k. The 2-norm of the
residual matrix is
kA − Ak k2 = σ k+1
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(1.32)

and the squared Frobenious norm
kA −

Ak k2F

=

n
X

(σ i )2 .

(1.33)

i=k+1

The squared Frobenious norm corresponds to the Sum-of-Square Distance
(SSD) between images often used for comparing images.
In fact, the TSVD approximation is the best rank k approximation in
the sense that any other rank k approximation will have at least as large
reconstruction error using either the 2-norm or the Frobenious norm. The
TSVD is the solution to them minimization problem 1.26 (and it is also the
solution if the Frobenious norm is used instead).
Damped Singular Value Decomposition (DSVD)
A common approach used in deblurring and denoising is to use a ’soft’ threshold for the singular values. In TSVD, the k largest singular values are kept,
while k+1 to Rank(A) singular values are set to zero. In Damped Singular
Value Decomposition (DSVD), all singular values are damped using filter
factors defined as
σi2
fi = 2
σi + λ2

(1.34)

where λ is a problem dependent regularization parameter. The filtered singular values are φi = fi σi . TSVD can also be formulated using filter factors
and the filter factors are

1 if i ≤ k
fi =
0 if i > k
.
The DSVD is a ’soft’ threshold in the sense that the large singular values
are kept almost unchanged and the small singular values are almost zero after
filtering. This is because

0 if σi  λ
fi ≈
1 if λ  σi
.
DSVD is related to the solution of Tikhonov regularization problems [142,
103, 87, 89, 88, 55]. The DSVD is the solution to the following Tikhonov
regularization problem

uλ = arg minu ku0 − uk22 + λ2 kuk22
32

(1.35)

commonly studied in denoising and inverse problem.

1.4.3

Measuring the Complexity of Images - Singular
Value Reconstruction Index

An image is considered to be simple if it can be approximated well in a subspace of low dimensionality, and it is considered to be complex if it can only
be approximated well in a subspace of high dimensionality. Given an image I,
an approximation Ik should be constructed such that the reconstruction error is smaller than σ err . We define the complexity of the image as the lowest
dimension of the subspace in which the approximation Ik can be constructed
min {k : kA − Ak k2 ≤ σ err } .

(1.36)

This is termed the Singular Value Reconstruction Index (SVRI) at level σ err
and tells how many singular values are required for an approximation with an
error smaller than σ err . First, the error level is determined - how well should
the approximation fit the original image - then the number of singular values
are determined (i.e. the dimension of subspace).
Another definition is: Given a subspace of dimension k, how well can the
observed image be approximated? And use the 2-norm or the Frobenious
norm of the residual image as the complexity measure.
Furthermore, an image is composed of image patches. We assume that
the complexity of an image should be determined by the complexity of the
patches that constitute the image. Rather than computing the global singular value reconstruction index at level σ err , the complexity for each patch
constituting the image is computed and the mean complexity of those patches
gives the image complexity.

1.4.4

Discussion

In figure 1.4, the SVRI are shown as a filter applied to images of 100 × 100
pixels, containing the same scene captured at different viewing distances.
In figure 1.5, images with low/high SVRI value are shown. The top
row shows images with low SVRI. The sky is covering a large part of the
images. Furthermore, the distance to the main objects in the scenes are
large, resulting in large scale geometric structures - such as buildings - with
sharp boundaries. From this, we get the indication that images with a low
SVRI mainly contain geometric structures.
In the second row of figure 1.5, images with high SVRI are shown. The
images contain small scale details such as leaves and twigs, and the distance
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Figure 1.4: Example of SVRI used as a filter on 100 × 100 images containing
the same scene captured at 5 different viewing distances. The top row contains the images, the second and third rows contain SVRI filter using patch
size 5 and σ err = 0.05 respective patch size 10 × 10 and σ err = 0.1
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to the main objects in the scene is rather small. Furthermore, the sky is
absent (or covers a small region in the images) in all of the images. Hence,
from this, we get the indication that images with high SVRI contain mainly
texture.
Rank Distribution in Natural Images
Measuring the image complexity using TSVD and the proposed SVRI depends on the rank distribution and on the distribution of the singular values
in natural image patches. Furthermore, the image content in natural image
patches should depend on the size of the smaller singular values. The patch
content should be different if the smaller singular values are small or large.
1000 randomly selected 25 × 25 image patches were selected from each
image in the DIKU Multi-Scale Image database. (An experiment using 50 ×
50 image patches gave similar results.) The singular values for each of the
roughly 800,000 patches were computed. The first conclusion based on the
experiment is that image patches in natural images are almost always of full
rank - i.e. in the experiment, σ25 > 0 in all patches.
The condition number for a n × n matrix A is defined as
Cond(A) =

σ1
σn

(1.37)

and it measures how well-conditioned the matrix is [75]. A large condition
number indicates that that matrix is ill-conditioned and that the columns are
almost linearly dependent. For natural image patches, the condition number
is always finite, because the patches are of full rank - i.e. σ25 > 0. The
condition number is large, which indicates that columns are almost linearly
dependent.
The distribution of σ1 has a large variance and is not very peaked around
the mode. The distribution of the σi ’s for i > 1 follows the same basic form.
The distributions are very peaked at zero, which indicates that most singular
values are very small. Still, the distributions have ’heavy tails’ i.e. values
(relatively) far from zero.
Visually comparing patches with large σn with patches of small σn clearly
indicates a large difference in image content. Patches with a large σn contain
small scale details, while patches with small σn contain geometric structure.
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Figure 1.5: Example of images with low/high singular value reconstruction
index (SVRI) at level 0.01 using 15 × 15 patches. The top row contains
images with low SVRI, all images contain the sky and the viewing distances
are rather large. The bottom row shows examples of images with high SVRI;
all images contain small scale details and the viewing distances are small.
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1.5

Image Description by Regularization

The problem of measuring and quantifying the image content in terms of
geometric structure and texture can be approached in many ways. In section
1.4 and chapter 4, a matrix approach using TSVD is proposed, based on the
property that the TSVD approximation is the optimal rank k estimation. In
the following section and chapter 5, image regularization and decomposition
in a continuous setting is used for measuring the image content.
Image regularization can be viewed as approximating an observed image
u0 with a simpler image u, called the regularized solution, such that some
energy functional is minimized. Most energy functionals are composed of
two terms, a data fidelity term and a regularization term. The simplicity of
u is defined and determined by the regularization term and a regularization
parameter λ. As the regularization parameter increases, the regularized solution gets simpler in the sense defined by the regularization term. To stress
the dependence on the regularization parameter λ, uλ will sometimes be used
instead of u. The residual image (also called the image residual) is the difference between the observed image and the approximated image - (u0 − uλ )
- and it contains the details that were removed in the approximation.
Image regularization can also be viewed as decomposing the observed
image u0 into two components: a geometric and a texture component. By
measuring the content in two components, the image content can be quantified in terms of geometric structure and texture. We analyze the squared L2
norm of the regularized solution and the residual image as a function of the
regularization parameter λ.
The L2 norm of the regularized solution and the residual has been studied
in connection with parameter selection in denoising, but not for describing
the image content in terms of geometric structure and texture.

1.5.1

Related Work

Characterizing the image content by analyzing the norm of the scale space
representation of the image as a function of scale/regularization parameter
has not received a lot of research attention. The behavior of the norm as
a function of scale/regularization parameter has been studied in denoising,
for optimal parameter selection. Thompson et. al [189] contains a classical
study of parameter selection in denoising.
Sporring [180] and Sporring and Weickert [181, 182] view images as distribution of light quanta and use information theory to study the image content
in scale spaces. They show that the entropy of an image is an increasing function of the scale (in scale space). Empirically, they show that the derivative
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of the entropy with respect to the scale is a good texture descriptor.
One of the oldest, and still often used, optimal parameter selection method
in denoising is the Morozov discrepancy principle (or discrepancy principle)
[138, 87, 198]. The noise is assumed to be additive
u0 = u + e,

(1.38)

where u is the ’clean’ image and e is the noise. Furthermore, the norm of
the noise, kek = ε, must be known or possible to estimate. The parameter
should be selected such that
kek = ku0 − uλ k = ε,

(1.39)

i.e. the residual norm should be equal to the norm of the noise.
Another common method for determining the optimal parameter in denoising is the L-curve studied by Hansen [89, 87, 88, 198]. The L-curve is a
log-log plot of the norm of the regularized solution against the norm of the
corresponding residual. It shows the trade-off between the size of the solution and the size of the residual, using suitable norms. In the log-log scale,
it has a L-shape. According to the L-curve criterion, the optimal value for
the parameter λ is the one with highest curvature (i.e. the corner of the L).
The L-curve is related to the less formal trade-off curve discussed in [22].
Buades et.al [27] introduced the concept of ’Method Noise’ for evaluating
denoising methods. (See also [28, 29, 26].) The ’Method Noise’ is simply
the difference between the original image and the denoised image - i.e. the
image residual. Optimally the image residual should only contain noise and
no structure after denoising. The noise and only the noise has been suppressed in the denoising. For example, denoising a noise ’free’ image should
optimally result in an empty residual, while denoising an image corrupted by
additive independent Guassian white noise should result in a residual containing Gaussian white noise. Furthermore, the residual should not contain
any structure not caused by the noise. ’Method Noise’ aims to characterize
the denoising methods by analyzing the content in the residual image. While
’Method Noise’ aims to characterize the behavior of the method by analyzing
the residual, our aim is to characterize the image by analyzing the residual
norm as a function of the regularization parameter. Our aim is, in some
sense, complementary.

1.5.2

Image Decomposition

In image decomposition, an observed image u0 is considered to be composed
of two components: a smooth/geometric component and a noise/texture
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component. Formally, an image decomposition may be written as
u0 = u + v,

(1.40)

where u0 is the observed image, u is the smooth/geometric component and v
is the texture. Often, we are interested in the geometric component u, which
can be found by minimizing a suitable energy functional
Z
Z
2
E(u; λ) = (u0 − u) dx + λ Ψ(Du)dx
(1.41)

Here λ is a problem dependent regularization parameter, D is a linear operator (often a differential operator) Ψ(x) is a ’penalty’ function (often absolute
or squared absolute value). The noise/texture component v is also known
as the residual (image), because v = u0 − u, i.e. the difference between the
observed image and the regularized solution, and it contains the details that
have been suppressed in the regularization. Regularization in computer vision and image processing has a long history and is used for transforming
ill-posed problems into well-posed problems [18, 159, 158], and for denoising.
The energy functional is composed of two terms, a data term and a regularization term. The data term forces the solution u to be close in the L2 sense
to the observed data u0 , while the regularization term forces u to be smooth
in the sense defined by the operator D.
In [83] the squared L2 -norm of the regularized solution and the residual
using three regularization methods were used to analyze and characterize
the image content. The regularization methods include first order Tikhonov
regularization
Z
E(u; λ) = (u0 − u)2 + λ|∇u|2dx,
(1.42)
Linear Guassian Scale Space [98, 202, 111, 122]
u λ = u 0 ∗ Gλ ,

(1.43)

where * denotes the convolution operator and Gλ is the gaussian function
with variance λ. Linear gaussian scale space is equivalent with an infinity order Tikhonov regularization [143], but it is more intuitive to use the
convolution formulation.
Finally, the Total Variation Image Decomposition is also studied
Z
E(u; λ) = (u − u0 )2 + λ|∇u|dx.
(1.44)
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1.5.3

The Bayesian Approach and MAP-Solution

The bayseian approach allows us a statistical interpretation to energy minimization [140]. The Bayes’ rule and the MAP-solution were introduced in
section 1.1.1. For the statistical interpretation, it is assumed that the pure
signal u has been corrupted by additive gaussian white noise, resulting in a
observed image u0 . The pure signal u should be recovered from the observed
image u0 .
The additive gaussian white noise assumption gives v = u0 −u ∈ N(0, σ 2 ),
and
(u0 (x0 )−u(x0 ))2
1
2σ 2
p(u0 (x0 )|u(x0 )) = √ e−
.
σ 2π
Assuming that the pixel noise is independent, we have

P

p(u0 |u) = C1 e−

x∈D

−(u0 (x)−u(x))2
2σ 2

(1.45)

.

(1.46)

The prior term is harder to model and more assumptions are required.
For smooth images without texture, it is feasible to assume small intensity
variation. One may assume that |∇u| is following a zero mean normal distribution with variance µ, which gives
−

p(u) = C2 e

P

x∈D

|∇u(x)|2
2µ2

.

(1.47)

Another assumption would be that |∇u| is following a Laplacian distribution, which gives
−

p(u) = C2 e

P

x∈D

|∇u(x)|
2µ2

.

(1.48)

The distribution of partial derivatives in natural images can be modeled
with the generalized Laplacian distribution [184, 117, 126, 207]. Inserting
the estimation in to the Bayes formulation gives
umap = arg max {C1 e−

P

x∈D

(u0 (x)−u(x))2
2σ 2

−

C2 e

P

x∈D

|∇u(x)|2
2µ2

},

(1.49)

where the prior term is estimated by assuming that the gradient magnitude is following a gaussian distribution. By taking the negative log (−log) of
the MAP-solution, one can get rid of the exponential and the maximization
problem turns into a minimizing problem, given by
E(u) =

X (u0 (x) − u(x))2

x∈D

2σ 2
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+

X |∇u(x)|2

x∈D

2µ2

.

(1.50)

Switching to the continuous domain and renaming the parameters gives
Z
Z
2
E(u) = (u0 (x) − u(x)) dx + λ
|∇u(x)|2 dx,
(1.51)
D

D

which corresponds to the first order Tikhonov regularization energy functional. Instead, using the assumption that the gradient magnitude is following a Laplacian distribution as in equation (1.48) leads to the total variation
image decomposition functional.
Using the Bayesian formulation, we see that the first order Tikhonov regularization and the total variation image decomposition are MAP solutions
under different assumptions about the distribution of the prior term.

1.5.4

Regularized and Residual Norm

To analyze the image content with respect to geometric structure and texture,
the squared L2 norm of the regularized solution uλ
s(λ) = kuλ k22

(1.52)

r(λ) = kvλ k22 = ku0 − uλ k22

(1.53)

and the squared residual norm

as a function of the regularization parameter, are studied. Of interest is also
the corresponding derivatives with respect to the regularization parameter
λ. The derivative with respect to λ reveals the rate in which details are
suppressed.
The normalized norm of the regularized solution is defined as
snorm (λ) =

kuλ k22
kuλ k22 + kvλ k22

(1.54)

kvλ |22
.
kuλk22 + kvλ |22

(1.55)

and the normalized residual norm is defined as
rnorm (λ) =

The derivative of the normalized norm with respect to λ reveals the rate in
which details are suppressed as the regularization parameter increases.
By the triangle inequality we have ku0 k22 ≤ kuk22 + kvk22 . t(λ) = kuλk22 +
kvλ k22 will denote the total norm. The total norm t(λ) is not constant, instead,
it depends on the parameter λ. t(0) = ku0k22 and t(∞) = kCk22 + ku0 − Ck22 ,
where C is the mean intensity in the image. Normalizing the initial image
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u0 by subtracting the mean value C gives a simpler form for the limit case
t(∞) = ku0 k22 .
The sum of the two norms is one, i.e. snorm (λ) + rnorm (λ) = 1. The
normalized regularized norm snorm (λ) can be viewed as the degree of the
total norm that is explained by the regularized solution, and the normalized
residual norm rnorm (λ) as the degree of the total norm that is explained by
the texture component.
The squared L2 norm of the regularized solution and the residual as a
function of λ were studied in terms of convexity/concavity using three regularization methods. We show that for first order Tikhonov regularization,
s(λ) is a monotonically decreasing convex function, while r(λ) is a monotonically increasing function but r(λ) is neither concave nor convex. The same
holds for the linear gaussian scale space if the parameter in the gaussian function is the variance, but fails when the parameter is the standard deviation.
Empirically, we show that the squared L2 -norm of the residual using TV is
an increasing non-concave function.

1.5.5

Discussion

We attempt to characterize the image contents in terms of geometric structure and texture using regularization. Image regularization can be viewed
as approximating a given image with a simpler one. Analyzing and measuring the content that is preserved after regularization and the content that
is removed can help in characterizing the original image content in terms
of geometry and texture. Measure the content that is kept - i.e. the regularized solution - and the content that is removed - i.e. the residual - can
be used to characterize content. Image regularization can also be viewed as
image decomposition - the image is decomposed into a geometric component
and a texture component. Again, the image content can be characterized by
measuring the content in the components.
Buades et.al [27] used the content in the residual - termed ’Method Noise’
- for evaluating denoising methods. They try to characterize the denoising
methods by the content in the residual. Our goal is complementary: how to
characterize the image by the content in its residual (using some regularization method).
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1.6

Motion Estimation by Contour Registration

Image registration is the process of spatially overlaying two or more images
containing the same objects. The images may contain a scene at different
times or from different viewpoints, or they may contain the same objects
or scene, but captured using different sensors (different modality). Image
registration is a fundamental problem in image processing and is a crucial
intermediate step in many applications. Some common applications are preprocessing for image classification [41, 206, 95], image stitching/mosaicing
[50, 187, 178] and sensor fusion in medical applications [160, 164, 125, 127,
203].
The registration problem has been approached in a number of ways. One
approach has been to find a transformation that overlays the images such
that the sum of intensity differences is small. This approach is often called
a direct method because the image intensities are used directly. Another
approach has been to find interesting points such as corners and edges in the
images and then find correspondences between these points. The transformation that overlays the images is then found by using the correspondence
between the points. This approach is called feature-based and only a sparse
representation - the interesting points - of the images is used to determine
the transformation.
There is also a close relation between motion estimation and registration
[92]. Registration of images in a time sequence - temporal registration - may
be regarded as a motion estimation problem. Optical flow [93, 13, 25, 152]
is often used for estimation of the apparent motion in a sequence and it has
some similarities with the direct registration approach.
The problem addressed in this thesis has some similarities with image
registration, contour registration, and motion estimation, but it is still quite
different. How can the motion of a deformable moving object, such as a
walking person or running horse, be estimated solely by the knowledge of the
boundary of the object as seen in different images? The motion of the interior
of the moving object should be estimated solely based on the knowledge of
the boundary.
Let Γ1 be a closed curve embedded in an image I1 and Γ2 another closed
curve embedded in another image I2 . The problem is to find a geometric
transformation Φ that overlays the two images such that Γ1 is mapped on
to Γ2 ; the interior of Γ1 should be transformed in a reasonable way and
the transformation should be the ”simplest” possible. The motion of the
contour and the motion of the interior must be consistent and computed
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simultaneously.
To add some intuition, one can think of the two closed contours as the
boundary of a deformable moving object in a sequence and the problem is to
simultaneously compute the motion of the contour and estimate the motion
of the interior of the object. The motion of the entire object should be
computed solely based on the contour. For example, the motion of the nose
should be estimated solely based on the contours of the head in two images.
This can be useful when the boundaries of the object are available, but
the image contents are not reliable. The boundary of the object may be
available because shape priors are used in the segmentation process and the
image contents are not reliable because the object has been occluded or the
image contents may have been lost.

1.6.1

Image and Contour Registration

The general image registration problem may be defined as:
Definition 1 The Image Registration Problem
Given two images T1 and T2 and a distance measure D(T1 , T2 ), that measures
the difference between two images, find a geometric transformation Φ : R2 →
R2 that minimizes D(T1 , Φ(T2 )).
The registration problem has been approached in many different ways.
See Browns’ [24] rather old survey and Zitova and Flussers’ survey [215].
Direct Method
In the direct approach towards the registration problem, the image intensities
are directly used in the distance measure [99]. A geometric transformation Φ
that minimizes the distance between the intensities of the image T1 and the
transformed image Φ(T2 ) should be found. One common distance measure
is the sum of squared distance

D

SSD

1
(T1 , T2 ) = k T1 − T2 k2L2 =
2

Z

(T1 (x) − T2 (x))2 dx,

(1.56)

and a geometric transformation Φ that minimizes D SSD (T1 , Φ(T2 )) should be
found (see [136, 24] for some approaches). Often, Φ is a parametric transformation with parameters a and the problem is to find the optimal parameters
for the transformation Φa . One example of a parametric geometric transformation is the intensity-based affine linear transformation.
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The direct (or intensity-based) method is in general ill-posed in the sense
that a small change in the input images may give a completely different
transformation. By adding an additional smoothness (or regularization) term
that penalizes certain transformations the problem becomes well-posed. The
transformation Φ is a minimizer of the functional
E(Φ) = D(T1 , Φ(T2 )) + αS(Φ),

(1.57)

where D(T1 , T2 ) is the distance measure, α > 0 is a positive smoothness
parameter and S(Φ) is a smoothing term.
Feature-Based Method
In the feature-based approach, a number of feature points - also called control
points, interest points and landmarks - are extracted from the images. A
correspondence between the feature points detected in the two images is
established and some feature points may be discarded. The correspondence
between the feature points is used for finding a geometric transformation.(See
e.g. [191, 136]).
Good feature points should be stable over time, spread over the whole image and efficiently detectable. Such features are not present in all types of
images. Common and well-suited feature points are corners, edges and line
intersections. A region can be represented as a feature point by the center
of gravity and line segments can be represented as feature points by the two
endpoints or the middle point. Common feature detection methods are the
HARRIS detector [90], the scale invariant HARRIS detector [134], SUSAN
[176, 175, 177] and SIFT [124]. (See also [135] and [133] for an evaluation of
feature detectors.)
Given two sets of control points from two images, a correspondence between the control points should be established. One approach for establishing
a correspondence between the set of control points is to look at the spatial
relations. Another approach is to compute a descriptor locally around the
control point and use that for establishing a correspondence. The simplest
descriptor is image intensities locally around the control points, however,
some form of filter responses is often used.
After a correspondence between the control points has been established,
a geometric transformation that overlays the images should be constructed.
The geometric transformation should be constructed such that the corresponding feature points are overlaid. Global linear geometric transformations
such as similarity and affine transformation are common transformations.
Non-parametric feature-based geometric transformations are also common,
such as elastic and fluid-based registration.
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Dense Contour Registration
Contour registration is a fundamental problem in image processing, with a lot
of applications within shape analysis. In the contour registration problem,
two contours Γ1 and Γ2 (i.e. object boundaries) are given and a transformation that overlays the contours should be found. Contour registration
is a mapping between two contours and does not in general give an image
registration.
One dense based approach to the curve matching problem is to minimize the ”elastic energy” that is required to transform one curve into the
other [208, 14, 74]. The curves are usually represented as simple connected
parametric curves. Let Γ1 be parameterized by the arch-length s. Let t(s)
be a function mapping arch-length to arch-length, t(s) is a correspondence
between Γ1 and Γ2 . Γ1 (s) is mapped to Γ2 (t(s)). Associated with each
continuous correspondence function t(s) is a cost - the elastic cost of the
correspondence function t(s). Given the two contours Γ1 and Γ2 and a fixed
correspondence function t(s), the cost function measures the ”elastic energy”
that t(s) requires to transform Γ1 into Γ2 . The cost function C is defined by
Z
F (Γ1 , Γ2 , t(s))ds,
(1.58)
C(Γ1 , Γ2 , t(s)) =
Γ1

where the function F measures the ”elastic” properties. The distance
between two contours is then the minimum ”elastic energy” over all correspondence functions t(s)

Z
F (Γ1 , Γ2 , t(s))ds .
(1.59)
D(Γ1 , Γ2 ) = min
Γ1

Given the distance measure D between two contours, the contour registration problem becomes

Z
F (Γ1 , Γ2 , t(s))ds .
(1.60)
R(Γ1 , Γ2 ) = arg min t(s)
Γ1

The function F models the elastic properties and can depend on the
physical properties of the subject being studied. F can depend on other
curve properties such as the first derivative Γ̇ and the curvature |Γ̈|.
This approach minimizes the elastic energy exactly on the contours. The
cost for deforming the contour is explicitly formalized on the contour. Minimizing the elastic energy of deforming a contour gives an implicit cost of
deforming the interior of the contour.
The relation between shape similarity measures and contour registration
is very close. For example, the minimum ’elastic energy’ that is required to
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transform one curve into the other can be considered to be a shape similarity
measure. In registration, the objective is to find the contour transformation,
while for shape similarity measures the interest is the cost of the transformation.

1.6.2

Image Registration by Contour Matching

By using shape priors in the segmentation, good object boundaries can be
found, even if the object boundary is occluded or the image contents have
been destroyed at the boundary. Let F1 , · · · , Fn be an image sequence containing a non-rigid moving object that should be segmented. In some frames,
the image contents may not be reliable either because the object is occluded
or because the image contents are missing. The object boundary can still
be found in many cases by using shape priors in the segmentation.(See e.g.
[64, 44, 45, 46]). Often, one also wants to estimate the motion of the object between the frames. Because the image contents inside the object are
missing, neither a direct registration approach nor a feature-based approach
can be used directly. Furthermore, it is not the motion of the contour that
should be computed; instead, it is the motion of the interior of the object
that should be computed solely based on the object boundaries. The motion
of the object should be computed based on the assumption that
• The object boundary is correct.
• Part of the image contents is not reliable.
A variational formulation of this problem is presented, which simultaneously computes a displacement field for the contour and interpolates the
motion of the interior of the object. A good motion estimation should overlay
the two boundaries in such a way that the motion of the interior is interpolated in a consistent way.
A Variational Approach
In this section, we are going to present a variational solution to the following
contour matching problem: Suppose we have two simple closed curves Γ1 and
Γ2 contained in the image domain Ω. Find the “most economical” mapping
Φ = Φ(x) : Ω → R2 such that Φ maps Γ1 onto Γ2 , i.e. φ(Γ1 ) = Γ2 .
The latter condition is to be understood in the sense that if α = α(s) :
[0, 1] → Ω is a positively oriented parametrization of Γ1 , then β(s) = Φ(α(s)) :
[0, 1] → Ω is a positively oriented parametrization of Γ2 (allowing some parts
of Γ2 to be covered multiple times).
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To present our variational solution of this problem, let M denote the set
of twice differential mappings Φ, which maps Γ1 to Γ2 in the above sense.
Let
M = {Φ ∈ C 2 (Ω; R2 ) | Φ(Γ1 ) = Γ2 }.

(1.61)

Moreover, given a mapping Φ : Ω → R2 , not necessarily a member of M,
then we express Φ in the form Φ(x) = x + U(x), where the vector valued
function U = U(x) : Ω → R2 is called the displacement field associated with
Φ, or simply the displacement field. It is sometimes necessary to write out
the components of the displacement field; U(x) = (u1 (x), u2 (x))T .
We now define the “most economical” map to be the member Φ∗ of M,
which minimizes the following energy functional:
Z
1
E[Φ] =
kDU(x)k2F dx,
(1.62)
2 Ω

where kDU(x)kF denotes the Frobenius norm of DU(x) = [∇u1 (x), ∇u2 (x)]T ,
which for an arbitrary matrix A ∈ R2×2 is defined by kAk2F = tr(AT A). The
optimal transformation is given by
Φ∗ = arg min E[Φ].

(1.63)

Φ∈M

Using that E[Φ] can be written in the form
Z
1
|∇u1(x)|2 + |∇u2(x)|2 dx,
E[Φ] =
2 Ω

(1.64)

it can be seen that the Gâteaux derivative [170, 68, 6] of E[Φ] is given by

dE[Φ; V ] =
=

Z

ZΩ

∇u1 (x) · ∇v1 (x) + ∇u2 (x) · ∇v2 (x) dx
tr(DU(x)T DV (x)) dx,

Ω

for any displacement field V (x) = (v1 (x), v2 (x))T . After integration by parts,
we find that the necessary condition for Φ∗ (x) = x + U ∗ (x) to be a solution
of the minimization problem (1.63) takes the form
Z
0 = − ∆U ∗ (x) · V (x) dx,
(1.65)
Ω

for any admissible displacement field variation V = V (x). Here ∆U ∗ (x) =
(∆u∗1 (x), ∆u∗2 (x))T is the Laplacian of the vector valued function U ∗ = U ∗ (x).
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Since every admissible mapping Φ must map the initial contour Γ1 onto the
target contour Γ2 , it can be shown that any displacement field variation V
must satisfy
V (x) · nΓ2 (x + U ∗ (X)) = 0 for all x ∈ Γ1 .

(1.66)

Notice that this condition only has to be satisfied precisely on the curve
Γ1 , and that V = V (x) is allowed to vary freely away from the initial contour. The interpretation of the above condition is that the displacement
field variation at x ∈ Γ1 must be tangent to the target contour Γ2 at the
point y = Φ(x). In view of this interpretation of (1.66), it is not difficult
to see that the necessary condition (1.65) implies that the solution Φ∗ of
the minimization problem (1.63) must satisfy the following Euler-Lagrange
equation:
(
∆U ∗ − (∆U ∗ · n̂Γ2 ) n̂Γ2 ,
on Γ1 ,
(1.67)
0=
∆U ∗ ,
otherwise,
where n̂∗Γ2 (x) = nΓ2 (x + U ∗ (x)), x ∈ Γ1 , is the pullback of the normal field
of the target contour Γ2 to the initial contour Γ1 . The standard way of
solving (1.67) is to use the gradient descent method: Let U = U(t, x) be the
time-dependent displacement field which solves the evolution PDE
(
∆U − (∆U · n̂∗Γ2 ) n̂∗Γ2 ,
on Γ1 ,
∂U
(1.68)
=
∂t
∆U,
otherwise,
where the initial displacement U(0, x) = U0 (x) ∈ M specified by the user,
and U = 0 on ∂Ω, the boundary of Ω (Dirichlet boundary condition). Then
U ∗ (x) = limt→∞ U(t, x) is a solution of the Euler-Lagrange equation (1.67).
The PDE (1.68) coincides with the so-called geometry-constrained diffusion introduced by Andresen and Nielsen in [5]. Thus we have derived the
energy functional that geometry-constrained diffusion is minimizing.

1.6.3

Relation to Feature-Based and Contour Registration

In our approach, image F1 contains curve Γ1 and image F2 contains curve
Γ2 , and an image registration - Φ(x) - that overlays the two contours and
minimizes the functional (1.62) should be found.
The preceding segmentation can be a viewed as a feature extraction step.
In the segmentation step, an accurate object boundary is extracted and it is
viewed as an continuous planar curve. Feature points are not allocated along
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Figure 1.6: Given two closed curves Γ1 and Γ2 contained in two images F1
and F2 , Φ maps F1 onto F2 such that Γ1 is mapped onto Γ2 (i.e. Φ(Γ1 ) = Γ2 ).
the boundary; instead, the dense curve is used directly to determine the
image registration. Instead of extracting control points on the curves - such
as points with high curvature and zero crossings of the curvature - and then a
correspondence between the control points, a continuous transformation that
overlays the dense contours in the image domain is found. In the featurebased approach, a registration should be found using the correspondence
between a discrete set of feature points; in our approach, a registration should
be found based on a continuous feature set. The constraint on the geometric
transformation is the mapping between the contours.
The segmentation of the object represents the feature extraction step.
Given the segmentation - i.e. a continuous set of features, the feature correspondence step and the geometric transformation step are solved simultaneously. The dense correspondence between the contours restricts the set of
possible transformations.

1.6.4

Applications

The contour-based motion estimation was combined with shape prior segmentation in image sequences. By using the previous segmentation as shape
prior, accurate object segmentation was possible even if part of the object
was missing or occluded. The contours of the object in two adjacent frames
were used for estimating the displacement field. The intensity in the second
frame can be predicted by applying the displacement field. This is temporal
inpainting or transport of intensities between frames. By comparing the predicted intensity with the observed intensity, object occlusion can be detected.
If the difference between the predicted and observed intensity is large, then
the object is occluded. Temporal inpainting using solely the contour has
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been used for texturing objects in image sequences [190].

1.6.5

Discussion

The estimation of the displacement field - the deformation and motion - of a
non-rigid moving object solely based on the object boundary relates both to
feature-based image registration and contour registration. The contours can
be viewed as continuous sets of features that should be mapped onto each
other. Simultaneously, the deformation field for the interior of the object
should be estimated. From a contour registration point of view, the contours
should be mapped onto each other, but the deformation cost is no longer
solely on the deformation of the boundary. Instead, the deformation cost
is the cost of deforming the interior of the contour. Simultaneously, the
contours should be mapped onto each other, such that the cost of deforming
the interior is minimized. The elastic energy of deforming one contour into
the other is commonly used as a shape similarity measure. In a similar way,
the deformation cost of the contour could instead be measured in terms of
deforming the interior of the contour.
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1.7

Scientific Contributions

1.7.1

Published Paper and Scientific Contribution

• David Gustavsson, Kim S. Pedersen, and Mads Nielsen. Geometric
and texture inpainting by gibbs sampling. In Proceedings of Swedish
Symposium in Image Analysis 2007, 2007.
Filter Random fields And Maximum Entropy (FRAME) [213, 214] is
used for inpainting missing regions in images containing stationary texture. The problem of prolonging and connecting geometric structures,
by Gibbs-sampling directly from the learned FRAME model is observed. An inverse temperature term β = T1 is added to the FRAME
distribution. A two-phase inpainting procedure is proposed. In the
first phase, the large scale geometric structure is inpainted by sampling
from a cooled distribution using a fixed β > 1. By cooling the distribution, the probability mass is redistributed in such a way that a
larger part of the probability mass is located on the images with high
probability. It is assumed, and empirically verified, that by cooling the
distribution, the large scale geometric structure will be brought out. In
the second phase, the small scale texture is added by sampling from a
heated distribution.
The experiments show that the geometric structure is prolonged and
connected in a visual pleasing way in the first phase, even if the missing region is much larger than the geometric structure. The heating
phase adds texture to the inpainting without destroying the geometric
structure.
Theory developed in collaboration with all authors. All implementation
and experiments were done by the author.
• David Gustavsson, Kim S. Pedersen, and Mads Nielsen. Image inpainting by cooling and heating. In Proceedings of Scandinavian Conference
on Image Analysis (SCIA) 2007, 2007. Peer review
The two-phase inpainting strategy using FRAME, proposed in the paper [86], is extended. In the first phase, which inpaints the geometric
structure, a fast cooling scheme is proposed. Using the fast cooling
scheme, a more MAP-like solution is found which prolongs and connects geometric structures. The fast cooling scheme is less sensitive to
parameter settings and seems to perform better than the fixed temperature approach.
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The iterated Conditional Mode (ICM) which corresponds to β = ∞
is also evaluated. ICM is a site-wise greedy strategy that depends on
the initialization and the visiting order. ICM often fails to inpaint the
geometric structure.
In the second phase, which adds the texture, a fast heating procedure
is proposed. The improvement, by using the fast heating procedure, is
minor.
Theory developed in collaboration with all authors. All implementation
and experiments were done by the author.
• David Gustavsson, Ketut Fundana, Niels-Ch. Overgaard, Anders Heyden, and Mads Nielsen. Variational Segmentation and Contour Matching of Non-Rigid Moving Object. In Proceedings of Workshop on Dynamical Vision WDV 2008, 2008. Peer review
Level set based segmentation, including shape priors, in image sequences is combined with registration by geometry-constrained diffusion [5, 4]. By using the previous segmentation of a moving non-rigid
object, as shape prior for the current segmentation, accurate object segmentation is possible even if the object is partly occluded or missing.
By using registration by geometry-constrained diffusion on the object
boundaries, the complete deformation and motion of the object can be
estimated. The estimated motion is used for occlusion detection and
temporal inpainting.
We show, by using calculus of variation, that the geometry-constrained
diffusion equation proposed by Andresen and Nielsen [5, 4] is minimizing an energy functional. The Euler-Lagrange equation for the energy
functional corresponds to the proposed diffusion equation.
Theory developed in collaboration with all authors. The shape prior
based level set segmentation was implemented by Ketut Fundana. The
Registration by geometry-constrained diffusion method was implemented
and evaluated by the first author.
• Ketut Fundana, Niels-Ch. Overgaard, Anders Heyden, David Gustavsson and Mads Nielsen.
Nonrigid Object Segmentation and Occlusion Detection in Image Sequences. In Proceedings of International Conference on Computer Vision Theory and Applications (VISAPP) 2008, 2008.
Peer review
Motion estimation using shape prior segmentation and registration by
geometry-constrained diffusion is treated (as in paper [81]). An al53

gorithm for estimation of the deformation and motion of a non-rigid
moving object using geometry-constrained diffusion is presented. An
algorithm for occlusion detection using the contour based deformation
and motion estimation is presented. The intensity inside the moving
object can be predicted by applying the motion estimation. If the predicted intensity in a location is different from the observed intensity,
then the object is occluded in that location. The experiments show
that occlusion can be detected if the deformation and motion are mild.
Estimation of the deformation and motion using solely the contour of
the object is not possible under large self-occlusion.
Theory developed in collaboration with all authors. The shape prior
based level segmentation is implemented by Ketut Fundana. The Registration by geometry-constrained diffusion method is implemented and
evaluated by the author.
• David Gustavsson, Kim S. Pedersen and Mads Nielsen. Multi-Scale
Natural Images: a database and some statistics In Danish Conference
on Pattern Recognition and Image Analysis (DSAGM) 2008 Extended
abstract
The new multi-scale image sequences database is presented. The procedure and equipment used for collecting the database are discussed.
Natural images are defined as images containing ’natural’ scenes - both
nature and man-made structure - from a human perspective, which
exclude bird perspective.
Classical results from natural image statistics are computed and verified
on the new database.
Theory developed in collaboration with all authors. The database was
collected by the author and Rabia Granlund. All implementation and
experiments were done by the author.
• David Gustavsson, Kim S. Pedersen, and Mads Nielsen. A SVD Based
Image Complexity Measure. In Proceding of International Conference
on Computer Vision Theory and Applications (VISAPP) 2009, 2009.
Peer review
A Truncated Singular Value Decomposition image complexity measure
is proposed, based on the assumption that simple images can be approximated well in a subspace of low dimensionality, while a complex
image cannot. Using the well-known property that the truncated singular value decomposition is the optimal rank k estimation, using either
the 2-norm or the Frobenious norm, the rank of an approximation with
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a smaller error than σ err is used as the complexity measure. It is termed
Singular Value Reconstruction Index (SVRI) at level σ err and it is the
dimensionality of the subspace where the image can be approximated
with an error smaller than σ err . Geometric structure can be approximated well in subspace of low dimensionality, while stochastic texture
require a subspace of high dimensionality. An image is composed of
patches, and the complexity of the image should be determined by the
patches constituting the image. The complexity of the image is the
average SVRI at level σ err of the patches constituting the image.
Empirically, the rank distribution of image patches in natural images
is studied. Patches in natural images are almost always of full rank.
The condition number is often very large, which indicates that columns
are almost linear dependent. Visual inspection indicates that patches
with large smallest singular values often contain small scale details,
while patches with small smallest ( σn ) singular values often contain
geometric structure.
Theory developed in collaboration with all authors. All implementation
and experiments were done by the author.
• David Gustavsson, Kim S. Pedersen, Francios Lauze and Mads Nielsen.
On the Rate of Structural Change in Scale Spaces. In Proceedings
of Scale Space and Variational Methods in Computer Vision (SSVM)
2009, 2009. Peer review
The squared L2 -norm of the regularized solution and residual, as a
function of the regularization parameter λ, is studied, using first order Tikhonov regularization, linear Gaussian Scale Space and Total
Variation (TV) image decomposition. The squared L2 -norm of the
regularized solution is a monotonically decreasing convex function of
λ, the squared L2 -norm of the residual is a monotonically increasing
function of λ but for non-trivial images it is not concave, using first
order Tikhonov regularization. The same holds for Linear Gaussian
Scale Space when the parameter is the variance of the Gaussian, but
fails when the parameter is the standard deviation. Experimentally, we
have shown that the squared L2 norm of the residual is not a concave
function of the regularization parameter λ using TV-decomposition.
We also show, on artificial images containing details of different sizes,
that inflection points of the squared residual norm as a function of λ
corresponds to λ where details are totaly suppressed.
Theory developed in collaboration with all authors. All implementation
and experiments were done by the author.
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1.7.2

Discussion

In this dissertation, we treat geometric structure and texture from different points of view. We argue that the most important difference between
geometric structure and texture is the requirement on the representation.
Geometric structure must be represented exactly, while a random sample
from a distribution is sufficient for texture. Often, but not always, this is
related to scale. The geometric structure is the large scale structure, while
the texture is the small scale details.
In the primal sketch by Guo et al. [56, 57], the geometry of the objects
in an image - i.e. edges and blobs - are represented exactly. The remaining
regions in the image are segmented into regions containing stationary texture.
The textured regions are reconstructed by a random sample from a learned
distribution using the FRAME model.
In information scaling by Wu et al. [205], the image content as a function of the viewing distance is studied using information theory. Statistical
properties of an image (or in a region of the image) depend on the viewing
distance and alter by changing the viewing distance. Two processes are involved when the viewing distance is increased: smoothing and sub-sampling.
Wu et al. argue that different image processing methods are suitable for
different image content. Two regimes are singled out: low entropy and high
entropy. Wavelet - or some other sparse representation - is suitable in the
low entropy case, while random markov field is suitable in the high entropy
case. Sparse coding can encode geometric structure - low entropy - while it
fails to encode small scale stochastic details - high entropy. Random markov
field fails to reconstruct long range geometric structures - low entropy regime
- but it can reconstruct small scale stochastic texture. Again, we see that
geometric structure must be represented exactly and this can be done using
a sparse representation. Texture, on the other hand, cannot and does not
have to be represented exactly.
In this thesis, we treat the problem of inpainting a missing region in a
texture. Inpainting, in contrast to texture synthesizing, has boundary conditions that put constraints on it. Most texture contains details at different
scales and certain details present on the boundary must be reconstructed
exactly. Often, ’texture’ contains geometric structure - details that must be
reconstructed exactly - on a smaller scale. The classical division of inpainting
methods into methods suitable for geometric structure and methods suitable
for texture is rather artificial, because texture often contains geometric structure on a smaller scale and texture synthesizing methods can often prolong
geometric structures. A more suitable division could be energy minimization
methods and sampling methods. The failure of the energy minimization to
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faithfully reconstruct stochastic texture is evident and has been shown many
times. The failure of sampling methods on geometric structure is less evident
and has rarely been shown on realistic images.
Empirically, we show that FRAME can prolong and connect geometric
structure by cooling the learned distribution. The missing region is large,
compared with the ’size’ of the geometric structure, and in contrast geometric
methods such as TV fails to connect the geometric structure in this case.
As pointed out by Wu et al. [205], the image content does not solely
depend on the object in the scene, but also on the viewing distance. As
the viewing distance changes, so do the image statistics. Wu et al. mainly
study the statistical changes of different types of content, as a function of
the viewing distance.
Torralba and Oliva [193, 192, 146, 147] study the image composition as
a function of viewing distance. The spatial lay-out of a scene is termed the
spatial envelope and is a function of the viewing distance. Considering images
captured by a human (i.e. from human view point at ground position), the
possible angles from which an object can be captured from is determined by
the viewing distance. Small objects captured from a small distance can be
captured from almost all angles, while large objects captured from a large
distance can be captured from very few angles. A cup on a table can be
captured from almost all angles, while a house captured from 200 meters can
be captured from a few angles, e.g. we cannot see the house from above unless
flying. The spatial lay-out of a scene captured at a large viewing distance
is rather fixed; the sky occupies the top, buildings, forests and mountains
occupy the middle, while the roads and lawns occupy the lower part of the
image. The spatial envelope is constrained by the viewing distance. Torralba
and Oliva show that the spatial envelope, and thereby the viewing distance,
has a large influence on the η in the power spectra power law for natural
images. They show that by estimating η on individual images, the distance
to the main object in the scene can be estimated. They used a model where
η depends on the angle and estimate ηθ using different angles.
Three classical results from natural image statistics are studied, using
the new image sequence database containing images of the same scene captured at different scales. The power spectra power law (scale invariance),
the Laplacian distribution of the partial differential and the distribution of
homogenous regions (the size power law) are studied. We are facing the question: How much of the visual appearance of the image can be be explained
by the statistical property of the image? How does the estimation relate to
geometric structure and texture in the image, and to the viewing distance?
In general, images captured from a large distance - more than 100 meters
- mainly contain geometric structure. At large viewing distances, the sky
57

is present, which often is a very large geometric structure. Furthermore,
buildings, roads, lawns and trees appear as rather uniformly colored regions
viewed from a large distance, i.e geometric structure. This is confirmed by
the statistical estimations: η in the power spectra power law is rather small,
which indicates that intensities are more correlated. Estimation of α in the
generalized Laplacian distribution is small, which indicates a sharp peak at
zero, but also large values which correspond to object boundaries. Estimation
of α in the size power law of homogenous regions is small, which indicate the
presence of larger homogenous regions. Images mainly containing geometric
structure can be characterized as follows: the intensities are more correlated,
they contain larger homogenous regions and the partial derivatives are in
general small inside the regions, but rather large on the object boundaries.
In general, images captured from a small distance - less than 20 meters -,
mainly contain texture. Trees capture from less than 100 meters also mainly
contain texture. At small viewing distances the sky is absent and the small
scale details on the object in the scene have been brought out. At such a small
distance, details on trees, bushes and lawns are brought out. This is, again,
confirmed by the statistics: estimation of η in the power spectra power law
is large which indicates that the intensities are less correlated. Estimation
of α in the generalized Laplacian distribution is rather large and estimation
of α in the size distribution is large. Images mainly containing texture can
be characterized by: the intensities are less correlated, they contain smaller
homogenous regions and the distribution of partial derivatives is less peaked
at zero.
In order to estimate the image content in terms of geometric structure
and texture, an approximation approach is proposed. The approximation
approach, again, relates to previous work by Wu et al. [205], where they argue
that texture cannot be represented sparsely, while geometric structure can.
The approximation approach can be viewed as reversing the argumentation:
if the image content can be represented sparsely, then it contains geometric
structure. And, if the image content can not be represented sparsely, then
it contains texture. The truncated singular value decomposition is used and
the rank of a good approximation is used as the complexity measure. The
rank of the approximation is the number of basis vectors required for a good
approximation.
The second approximation approach is based on image regularization in
the continuous domain. Image regularization can be viewed as an approximation of an image with a simpler one, often in a different subspace of functions.
Assuming that the observed image is in u0 ∈ L2 , then first order Tikhonov
regularization and linear Gaussian scale space map the image into a Sobolev
space, while TV maps into the space of functions with bounded variation
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(BV).
Buades et al.[27] introduced the ’Method Noise’ for evaluating denoising
methods. The ’Method Noise’ is the image residual and should, after denoising, solely contain the noise. By analyzing the content in residual, the
performance of the denoising method can be characterized. The proposed
’Method Noise’ evaluation method is, in some sense, the complementary
problem. Instead of evaluating and characterizing the method, our aim is to
characterize the image content by the content in the image residual.
In the residual norm study, conclusions in the case of first order Tikhonov
regularization and linear Gaussian scale space are made by analytically proving the properties. In the TV case, the conclusion is based on experiments.
Finding a closed form expression for the residual norm and the derivative of
the residual norm with respect to λ would be very rewarding. As it seems
from the experiments, the residual norm has points of high curvature at a
scale for which structure of a certain size is totally removed. The distribution
of such a point of high curvature would be very important for describing the
image content. It would also be very useful for optimal parameter selection.
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Chapter 2
Image Inpainting by Cooling
and Heating
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This chapter contain a slightly re-formatted version of
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abstract
We discuss a method suitable for inpainting both large scale geometric structures and stochastic texture components. We use the well-known FRAME
model for inpainting. We introduce a temperature term in the learnt FRAME
Gibbs distribution. By using a fast cooling scheme a MAP-like solution is
found that can reconstruct the geometric structure. In a second step a heating scheme is used that reconstruct the stochastic texture. Both steps in
the reconstruction process are necessary, and contribute in two very different
ways to the appearance of the reconstruction.
Keywords: Inpainting, FRAME, ICM, MAP, Simulated Annealing

2.1

Introduction

Image inpainting concerns the problem of reconstruction of the image contents inside a region Ω with unknown or damaged contents. We assume that
Ω is a subset of the image domain D ⊆ R2 , Ω ⊂ D and we will for this
paper assume that D form a discrete lattice. The reconstruction is based
on the available surrounding image content. Some algorithms have reported
excellent performance for pure geometric structures (see e.g. [39] for a review
of such methods), while others have reported excellent performance for pure
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textures (e.g. [21, 51, 52]), but only few methods [17] achieve good results
on both types of structures.
The variational approaches have been shown to be very successful for
geometric structures but have a tendency to produce a too smooth solution
without fine scale texture (See [39] for a review). Bertalmio et al [17] propose
a combined method in which the image is decomposed into a structure part
and a texture part, and different methods are used for filling the different
parts. The structure part is reconstructed using a variational method and
the texture part is reconstructed by image patch pasting.
Synthesis of a texture and inpainting of a texture seem to be, more or
less, identical problems, however they are not. In [84] we propose a two
step method for inpainting based on Zhu, Wu and Mumford’s stochastic
FRAME model (Filters, Random fields and Maximum Entropy) [214, 213].
Using FRAME naively for inpainting does not produce good results and more
sophisticated strategies are needed and in [84] we propose such a strategy. By
adding a temperature term T to the learnt Gibbs distribution and sampling
from it using two different temperatures, both the geometric and the texture
component can be reconstructed. In a first step, the geometric structure
is reconstructed by sampling using a cooled - i.e. using a small fixed T distribution. In a second step, the stochastic texture component is added by
sampling from a heated - i.e. using a large fixed T - distribution.
Ideally we want to use the MAP solution of the FRAME model to reconstruct geometric structure of the damaged region Ω. In [84] we use a
fixed low temperature to find a MAP-Like solution in order to reconstruct
the geometric structure. To find the exact MAP-solution one must use the
time consuming simulated annealing approach such as described by Geman
and Geman [69]. However to reconstruct the missing contents of the region
Ω, the true MAP solution may not be needed. Instead a solution which is
close to the MAP solution may provide visually good enough results. In
this paper we propose a fast cooling scheme that reconstruct the geometric
structure and approaches the MAP solution. Another approach is to use the
solution produced by the Iterated Conditional Modes (ICM) algorithm (see
e.g. [201]) for reconstruction of the geometric structure. Finding the ICM
solution is much faster than our fast cooling scheme, however it often fails to
reconstruct the geometric structure. This is among other things caused by
the ICM solutions strong dependence on the initialisation of the algorithm.
We compare experimentally the fast cooling solution with the ICM solution.
To reconstruct the stochastic texture component the Gibbs distribution is
heated. By heating the Gibbs distribution more stochastic texture structures
will be reconstructed without destroying the geometric structure that was
reconstructed in the cooling step. In [84] we use a fixed temperature to find
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a solution including the texture component. Here we introduce a gradual
heating scheme.
The paper has the following structure. In section 2.2 FRAME is reviewed,
in section 2.2.1 filter selection is discussed and in section 2.2.2 we explain how
FRAME is used for reconstruction. Inpainting using FRAME is treated in
section 2.3. In section 2.3.1 a temperature term is added to the Gibbs distribution, the ICM solution and fast cooling solution is discussed in sections
2.3.2 and 2.3.3. Adding the texture component by heating the distribution is
discussed in section 2.3.4. In section 2.4 experimental results are presented
and in section 2.5 conclusion are drawn and future work is discussed.

2.2

Review of FRAME

FRAME is a well known method for analysing and reproducing textures
[213, 214]. FRAME can also be thought of as a general image model under the
assumptions that the image distribution is stationary. FRAME constructs a
probability distribution p(I) for a texture from observed sample images.
Given a set of filters F α (I) one computes the histogram of the filter responses H α with respect to the filter α. The filter histograms are estimates
of marginal distributions of the full probability distribution p(I). Given the
marginal distributions for the sample images one wants to find all distributions that have the same expected marginal distributions, and among those
find the distribution with maximum entropy, i.e. by applying the maximum
entropy principle. This distribution is the least committed distribution fulfilling the constraints given by the marginal distributions. This is a constrained
optimisation problem that can be solved using Lagrange multipliers. The
solution is
XX
1
p(I) =
exp{−
λαi Hiα }
(2.1)
Z(Λ)
i
α

Here i is the number of histogram bins in H α for the filter α and Λ = {λαi }
are the Lagrange multipliers which gives information on how the different
values for the filter α should be distributed. The relation between λα :s for
different filters F α gives information on how the filters are weighted relative
to each other.
An Algorithm for finding the distribution and Λ can be found in [214].
FRAME is a generative model and given the distribution p(I) for a texture
it can be used for inference (analysis) and synthesis.
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2.2.1

The Choice of Filter Bank

We have used three types of filters in our experiments: The delta filter, the
power of Gabor filters and Scale Space derivative filters. The delta, Scale
Space derivative and Gabor filters are linear filters, hence F α (I) = I ∗ F α ,
where ∗ denotes convolution. The power of the Gabor filter is the squared
magnitude applied to the linear Gabor filter.
The Filters F α are:
• Delta filter - given by the Dirac delta δ(x) which simply returns the
intensity at the filter position.
• the power of Gabor filters - defined by | I ∗ Gσ e−iωx |2 , where i2 = −1.
Here we use 8 orientations, ω = 0, π4 , π2 , 3π
, π, 5π
, 3π
, 7π
and 2 scales
4
4
2
4
σ = 1, 4, in total 16 Gabor filters have been used.
• Scale space derivatives - using 3 scales σ = 0.1, 1, 3 and 6 derivatives
2
2
2
σ ∂ Gσ ∂ Gσ ∂ Gσ
σ
, ∂G
, ∂x2 , ∂y2 , ∂x∂y .
Gσ , ∂G
∂x
∂y
For both the Gabor and scale space derivative filters the Gaussian aperture
function Gσ with standard deviation σ defining the spatial scale is used,

 2
1
x + y2
Gσ (x, y) =
.
exp −
2πσ 2
2σ 2
Which and how many filters should be used have a large influence on the
type of image that can be modelled. The filters must catch the important
visual appearance of the image at different scales. The support of the filters
determines a Markov neighbourhood. Small filters add fine scale properties of
the image, while large filters add coarse scale properties of the image. Hence
to model properties at different scales, different filter sizes must be used. The
drawback of using large filters is that the computation time increases with
the filter size. On the other hand large filters must be used to catch coarse
scale dependencies in the image.
Gabor filters are orientation sensitive and have been used for analysing
textures in a number of papers and are in general suitable for textures (e.g.
[20, 100]). By carefully selecting the orientation ω and the scale σ, structures
with different orientations and scales will be captured.
It is well known from scale space theory that scale space derivative filters
capture structures at different scales. By increasing σ in the Gaussian kernel,
finer details are suppressed, while coarse structures are enhanced. By using
the full scale-space both fine and coarse scale structures will be captured
[188].
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2.2.2

Sampling

Once the distribution p(I) is learnt, it is possible to use a Gibbs sampler to
synthesise images from p(I). I is initialised randomly (or in some other way
based on prior knowledge). Then a site (x, y)i ∈ D is randomly picked and
the intensity Ii = I((x, y)i) at (x, y)i is updated according to the conditional
distribution [123, 201]
p(Ii |I−i )
(2.2)
where the notation I−i denotes the set of intensities at the set of sites
{(x, y)−i} = D\(x, y)i. Hence p(Ii |I−i ) is the probability for the different
intensities in site (x, y)i given the intensities in the rest of the image. Because of the equivalence between Gibbs distributions and Markov Random
Fields given a neighbourhood system N (the Hammersley-Clifford theorem,
see e.g. [201]), we can make the simplification
p(Ii |I−i ) = p(Ii |INi )

(2.3)

where Ni ⊂ D\(x, y)i is the neighbourhood of (x, y)i. In the FRAME model,
the neighbourhood system N is defined by the extend of the filters F α .
By sampling from the conditional distribution in (2.3), I will be a sample
from the distribution p(I).

2.3

Using FRAME for inpainting

We can use FRAME for inpainting by first constructing a model p(I) of the
image, e.g. by learning from the non-damaged part of the image, D\Ω. We
then use the learnt model p(I) to sample new content inside the damaged
region Ω. This is done by only updating sites in Ω. A site (x, y)i ∈ Ω is
randomly picked and updated by sampling from the conditional distribution
given in (2.3). If the site (x, y)i is close (in terms of filter size) to the boundary ∂Ω of the damaged region, then the filters get support from both sites
inside and outside Ω. The sites outside Ω are known and fixed, and are
boundary conditions for the inpainting. We therefore include a small band
region around Ω in the computation of the histograms H α . Another option
would have been to use the whole image I to compute the histogram H α ,
however this has the downside that the effect of updates inside Ω on the
histograms are dependent on the the relative size ratio between ω and D,
causing a slow convergence rate for small Ω.
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2.3.1

Adding a temperature term β =

1
T

Sampling from the distribution p(I) using a Gibbs sampler does not easily
enforce the large scale geometric structure in the image. By using the Gibbs
sampler one will get a sample from the distribution, this includes both the
stochastic and the geometric structure of the image, however the stochastic
structure will dominate the result.
Adding an inverse temperature term β = T1 to the distribution gives
p(I) =

XX
1
exp{−β
λαi Hiα } .
Z(Λ)
α
i

(2.4)

In [84] we proposed a two step method to reconstruct both the geometric
and stochastic part of the missing region Ω:
1. Cooling: By sampling from (2.4) using a fixed small temperature T
value, structures with high probability will be reconstructed, while
structures with low probability will be suppressed. In this step large
geometric structures will be reconstructed based on the model p(I).
2. Heating: By sampling from (2.4) using a fixed temperature T ≈ 1,
the texture component of the image will be reconstructed based on the
model p(I).
In the first step the geometric structure is reconstructed by finding a
smooth MAP-like solution and in the second step the texture component is
reconstructed by adding it to the large scale geometry.
In this paper we propose a novel variation of the above discussed method.
We consider two cooling schemes and a gradual heating scheme which can
be considered as the inverse of simulated annealing.

2.3.2

Cooling - the ICM solution

Finding the MAP solution by simulated annealing is very time consuming.
One alternative method is the Iterated Conditional Modes (ICM) algorithm.
By letting T → 0 (or equivalently letting β → ∞) the conditional distribution
(2.3) will become a point distribution. In each step of the Gibbs sampling
one will set the new intensity for a site (x, y)i to
Iinew = arg max p(Ii | INi ) .
Ii

(2.5)

This is a site-wise MAP solution (i.e. in each site and in each step the
most likely intensity will be selected). This site-wise greedy strategy is not
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Figure 2.1: From top left to bottom right: a) the image containing a damaged
region b) the ICM solution c) the fast cooling solution d) adding texture on
top of the fast cooling solution by heating the distribution e) total variation
(TV) solution and f) the reconstructed region in context (can you find it?).

guaranteed to find the global MAP solution for the full image. The ICM
solution is similar but not identical to the high β sampling step described in
[86]. The ICM solution depends on initialisation of the unknown region Ω.
Here we initialise by sampling pixel values identically and independent from
a uniform distribution on the intensity range.

2.3.3

Cooling - Fast cooling solution

The MAP solution for the inpainting is the most likely reconstruction given
the known part of the image D\Ω,
I MAP = arg

max

Ii ∀(x,y)i ∈Ω

p(I | I(D\Ω), Λ) .

(2.6)

Simulated annealing can be used for finding the MAP solution. Replacing β in (2.4) with an increasing (decreasing) sequence βn called a cooling
(heating) scheme. Using simulated annealing one starts to sample using a
high temperature T and slowly cooling down the distribution (2.4) by letting
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T → 0. If βn is increasing slowly enough and letting n → ∞ then simulated
annealing will find the MAP solution ( see e.g. [69, 201, 123]). Unfortunately
simulated annealing is very time consuming.
To reconstruct Ω, the true MAP solution may not be needed, instead a
solution which is close to the MAP solution may be enough. We therefore
adopt a fast cooling scheme, that does not guarantee the MAP solution. The
goal is to reconstruct the geometric structure of the image and suppress the
stochastic texture.
The fast cooling scheme used in this paper is defined as (in terms of β)
βn+1 = C + · βn

(2.7)

where C + > 1.0 and β0 = 0.5.

2.3.4

Heating - Adding texture

The geometric structures of the image will be reconstructed by sampling
using the cooling scheme. Unfortunately the visual appearance will be too
smooth, and the stochastic part of the image needs to be added.
The stochastic part should be added in such a way that it does not destroy
the large scale geometric part reconstructed in the previous step. This is done
by sampling from the distribution (2.4) using a heating scheme similar to the
cooling scheme presented in previous section and using the solution from the
cooling scheme as initialisation.
The heating scheme in this paper is
βn+1 = C − · βn

(2.8)

where C − < 1.0 and β0 = 25.
By using a decreasing βn , value finer details in the texture will be reproduced, while coarser details in the texture will be suppressed.

2.4

Results

Learning the FRAME model p(I) is computational expensive, therefore only
small image patches have been used. Even for small image patches the optimisation times are at least a few days. After the FRAME model has been
learnt, inpainting can be done relatively fast if Ω is not to large.
The dynamic range of the images have been decreased to 11 intensity
levels for computational reasons. The images that have been selected includes
both large scale geometric structures as well as texture.
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Figure 2.2: From top left to bottom right: a) the image containing a damaged
region b) the ICM solution c) the fast cooling solution d) adding texture on
top of the fast cooling solution by heating the distribution e) total variation
(TV) solution and f) the reconstructed region in context (can you find it?).

The delta filter, 16 Gabor filters and 18 scale space derivative filters have
been used in all experiments and 11 histogram bins have been used for all
filters (see section 2.2.1 for a discussion).
In the cooling scheme (2.7), we use β0 = 0.5, C + = 1.2 and the stopping
criterion βn > 25 in all experiments. In the heating scheme (2.8), we use
β0 = 25,C − = 0.8 and the stopping criterion βn < 1.0.
Each figure contains an unknown region Ω of size 30 × 30 that should be
reconstructed. Figure 2.1 contains corduroy images, figure 2.2 contains birch
bark images and figure 2.3 wood images. Each figure contains the original
image with the damaged region Ω with initial noise, the ICM and fast cooling
solutions and the solution of a total variation (TV) based approach [39] for
comparison.
The ICM solution reconstruct the geometric structure in the corduroy,
but fails to reconstruct the geometric structure in both the birch and the
wood images. This is due to the local update strategy of ICM, which makes
it very sensitive to initial conditions. If ICM starts to produce wrong large
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Figure 2.3: From top left to bottom right: a) the image containing a damaged
region b) the ICM solution c) the fast cooling solution d) adding texture on
top of the fast cooling solution by heating the distribution e) total variation
(TV) solution and f) the reconstructed region in context (can you find it?).

scale geometric structures it will never recover.
The fast cooling solution on the other hand seem to reconstruct the geometric structure in all examples and does an even better job than the ICM
solution for the corduroy image. The fast cooling solutions are smooth and
have suppressed the stochastic textures. Because of the failure of ICM we
only include results on heating based on the fast cooling solution.
The results - image d) - after the heating are less smooth Ω’s, but it
is still smoother than I\Ω. The total variation (TV) approach produce a
too smooth solution even if strong geometric structures are present in all
example.

2.5

Conclusion

Using FRAME to learn a probability distribution for a type of images gives
a Gibbs distribution. The boundary condition makes it hard to use the
learnt Gibbs distribution as it is for inpainting; it does not enforce large scale
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geometric structures strongly enough. By using a fast cooling scheme a MAPlike solution is found that reconstruct the geometric structure. Unfortunately
this solution is too smooth and does not contain the stochastic texture. The
stochastic texture component can be reproduced by sampling using a heating
scheme. The heating scheme adds the stochastic texture component to the
reconstruction and decrease the smoothness of the reconstruction based on
the fast cooling solution.
A possible continuation of this approach is to replace the MAP-like step
with a partial differential equation based method and a natural choice is the
Gibbs Reaction And Diffusion Equations (GRADE) [212, 211], which are
build on the FRAME model.
We decompose an image into a geometric component and a stochastic
component and use the decomposition for inpainting. This is related to
Meyer’s [8, 132] image decomposition into a smooth component and a oscillating component (belonging to different function spaces). We find it interesting to explore this theoretic connection with variational approaches.
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abstract
A new image database containing an ensemble of image sequences is presented. Each sequence contains 15 images of the same scene, captured at
different viewing distances, termed capture scales. The scenes contain both
nature and man-made structure, and the images are captured from a ’normal’ human point-of-view. The part of the scene present at all capture scales
has been extracted, resulting in sequences of images of increasing resolution
with the same content.
Classical results from natural image statistics - scale invariance, Laplacian
distribution of the partial derivative and the size distribution of homogenous
region - are verified and analyzed on the database.
The classical natural image statistics are also estimated on individual images. The estimation on individual images can explain the visual appearance
in terms of geometric structure and texture to some degree. We argue that
estimation on individual images depends on the viewing distance in two different ways: the spatial lay-out of the scene and the suppression of details
(inner scale). Images, captured from a human point of view, from large viewing distance contain the sky on top, houses or forests in the vertical middle
and lawns or roads in the lower part. The spatial layout is constrained by
the viewing distance. The sky, buildings, lawns and forests appear as rather
uniformly colored regions viewed from a large distance. This is because the
inner scale is too large to bring out the texture at such a distance.
Keywords: natural images, scale space, geometric structure, texture, scale
invariance, power law, generalized Laplacian distribution, area distribution

3.1

Introduction

Images contain different types of information, from highly stochastic texture
such as grass and fur to highly geometric structures, such as houses and
cars. Furthermore, most images contain a mix of geometric structures and
stochastic textures. The image content does not solely depend on the objects
in the captured scene, but also on the scale that it was captured at. The
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same object, captured at different scales, will have different appearance. For
example, a tree viewed from 5 meters is very different from the same tree
viewed from 100 meters. At a coarse scale, finer details - such as the leaves are suppressed while the coarse scale structure - the tree top and the trunk
- are brought out. At a finer scale, the coarse scale geometric structures
are suppressed while the finer scale details are brought out. A coarse scale
representation of an image can be generated artificially using linear gaussian
scale space by convolving the original image with a gaussian function [98,
202, 111, 122, 60]. Generating a coarse scale representation of an image
using linear gaussian scale space will increase the effective inner-scale, small
details are suppressed, while keeping the resolution. Similarly, increasing
the viewing distance increases the inner-scale, smaller details will not be
captured, and the resolution will decrease. Scale space does not model the
statistical changes of the image content when the viewing distance is altered.
For specific type of objects - such as houses or trees - how does the statistical property change as a function of viewing distance? By capturing the
same part of a scene at different viewing distances, statical changes due to
altering the inner-scale and resolution can be analyzed. Wu et. al [205] studied the ’entropy rate’ and ’inferential uncertainty’ as a function of viewing
distance.
Changing the viewing distance will change the inner-scale, it will also
have an effect on the outer scale of the image. Changing the viewing distance,
either by moving the camera or adjusting the focal length in the objective,
will alter the composition of the captured scene. Torralba and Oliva [146, 147]
called the spatial lay-out of an image the spatial envelope, and they showed
that it can be used for determining the distance to the main objects in the
scene [192]. Here we only consider natural images, captured from a human
point of view i.e. underwater and bird views are excluded. The distance
to the object in the scene also puts hard constraints on the possible views
that the object can be seen from. A cup on a table can be viewed from
almost all angles, a car on street can be viewed from many angles, while
a large building can be viewed from a few angles. How does the image
statistics change when the viewing distance changes? Capturing the same
scene at different viewing distances (and different outer-scale) may reveal
statical changes due to changes in the spatial envelope.
The statistical change as a function of the viewing distance due to changes
in the spatial envelope will be studied in this report.
The natural image database provided by van Hateren, also called the
natural stimuli collection, is one of the most widely used databases [197]. The
van Hateren database contains roughly 4000 images of resolution 1024×1536.
The database contains scenes captured at different scales, but it does not
74

contain images of the same scene captured at different scales.
The KTH-TIPS2 database contains 11 materials captured under different
illumination and scales ([63]). The database contains texture captured at
different scales.
To be able to analyze how the image content changes, when the same
scene has been captured at different scales, a firs step is to collect a new
image database. A new database containing a rich variety of scenes and distances is introduced. The database contains natural scenes - both man-made
and natural environments - captured at 15 different ’scales’. The viewing distance is altered by adjusting the focal length and the different focal lengths
are called capture scales. The database and the collection procedure are
presented in section 3.2.
Classical statistical properties, found in ensemble of natural images are
computed on the database and the result is compared with previous reported
results. The statistics are also computed based on the capture scale - estimation using images with the same capture scale. In section 3.4.1, the apparent
scale invariance and power spectra power law found in ensemble of natural
images are discussed. The distribution of partial derivatives computed on an
ensemble of natural images can be modeled by a generalized Laplacian distribution, and is discussed in section 3.4.2. The distribution of homogenous
regions in natural images, both computed on individual images and on ensemble of images, is following a power law in size, and is discussed in section
3.4.3.

3.2

Multi-Scale Geometry and Texture image Database (MS-GTI DB)

Images or rather scenes are considered to be ’natural’ if they naturally appear
in everyday life, from a human point of view. The human point of view
excludes aerial and underwater images even if they in some sense are natural.
Scenes containing both man-made structures and natural environments have
been captured.

3.2.1

Collection procedure and equipment

The MS-GTI database contains images of the same scene captured at different scales. The camera that has been used is a Nikon D40x. The three
different objectives that have been used are: 18-55 mm, 55-200 mm and 70300 mm. The camera has been placed on a tripod stand facing the scene. A
region of interest in the scene, of such a size that it is present at all capture
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scales, has been selected. The scene, with the region of interest approximately in the center, is captured at different scales by adjusting/changing
the objective. The scene is captured at 15 different scales, the focal length
varies from 18 mm to 300 mm - roughly 4 octaves and 16 times magnification.
Hence a 1 × 1 pixel region in the least zoomed image corresponds to a 16 × 16
region in the most zoomed image. The image resolution is 2592×3872 pixels.
The image content is of course determined by the distance from the camera to the scene. The distance between the camera and the scene varies, from
a few meters to a distance of hundreds of meters - ”panorama” distance .
Objective
18-55 mm
55-200 mm
70-300 mm

Focal Length

number of
Capture Scales
18, 24, 35, 45
4
55,70,85,105,135,165,200
7
225,250,275,300
4

Table 3.1: The three objectives used to collect the database, together with
the focal length used for the objectives. 15 images have been collected for
each scene giving approximately 16x magnification.
The RAW format used by the D40x camera is Nikons own 14 bits format
NEF. The NEF images have been converted to 16 bits TIFF images, each
TIFF image is 60 MB. The images in a sequence are indexed from the least
zoomed image I1 (smallest focal length) to the most zoomed image I15 , i.e. in
increasing zoom order. This index is the capture scale used in the following
sections. Increasing the capture scale corresponds to decreasing the viewing
distance and the decreasing inner scale. The capture scale simply denotes
the numbering of the focal length used.
Table 3.1 describes the used objectives and table 3.2 shows the focal
length for each of the 15 images of a sequence. Examples can be found in
figure 3.1

3.2.2

The different Scenes

The scenes selected for the database are mostly natural images containing
both man-made environments - mostly buildings - and nature - trees, tree
trunks and bushes. In many cases the same type of scenes have been captured
but with different distance between the camera and the scene, which changed
the captured image contents.
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Figure 3.1: Example of captured scenes. The columns contain from left to
right: the least zoomed image I1 - 18 mm, I3 - 35 mm,I6 - 70mm, I10 - 165
mm, and the most zoomed image I15 - 300 mm. Row 1 (IS 1 ), 2 (IS 4 ) and
7 (IS 18 ) contain man-made environments, 4 (IS 8 ) and 9 (IS 31 ) contain a
mixture of nature and man-made environments, and 3 (IS 6 ), 5 (IS 10 ), 6
(IS 11 ) and 8 (IS 28 ) contain nature environments. The distance between the
main objects in the scene and the camera varies between the scenes - from a
few meters to ”panorama” distance. This gives a large variation in distance
and image contents at all scales (zoom) - rows 7 and 9 contain a large portion
of the sky even in the most zoomed images and row 8 contains small scale
texture in the least zoomed image.
77

Image

Objective

I1
I2
I3
I4
I5
I6
I7
I8

18-55
18-55
18-55
18-55
55-200
55-200
55-200
55-200

focal
length
18
24
35
45
55
70
85
105

Image

Objective

I9
I10
I11
I12
I13
I14
I15

55-200
55-200
55-200
70-300
70-300
70-300
70-300

focal
length
135
165
200
225
250
275
300

Table 3.2: Summary of the objectives and focal lengths used for collecting
the images in the sequences.
The depth of field is the portion of a scene that appears to be sharp in
the image. A lens (objective) can be focused only on one specific distance
(the focus plan), still objects in the scene on a distance close to the focus
plan appear to be sharp. The depth of field is the distance range, where the
objects in the scene are in acceptable focus. The depth of field varies with
the objective, and is usually larger for normal objective, while it is smaller
for zoom objective.
If objects in the scene, captured using a magnification objective, appear
at different distances, some of the objects will be out-of-focus.
For example; a closeup picture of a scrub, the distance between the camera
and the twigs is varying a lot. This will result in an image where some of
the twigs are in focus, while others are out-of-focus. Examples of scenes are
presented in figure 3.1. Scenes containing man-made structure - rows 1 and
2 - are often planar in the most zoomed image. Thereby all objects in the
scene are in the depth of field. Nature images - row 3 - often contain objects
at varying distance to the camera. Thereby, some objects are outside the
depth of field and they are out-of-focus.

3.2.3

Region extraction

The part of the scene captured by the camera that is present in all capture
scales, has been extracted. Resulting in sequences of images of different
resolution, containing the same part of the scene at different capture scales.
The resolutions of the different regions range from 2592 × 3872 to 160 × 240
and is summarized in table 3.3.
The regions are extracted by registration of the most zoomed image I15 in all
of the other images. This is a very challenging registration problem, because
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Figure 3.2: The figure contains 80×80 patches extracted from three different
image sequences at different scales. Column 1 is extracted from I1 (least
zoomed), column 2 from I3 , column 3 from I6 , column 4 from I10 and column
5 from I15 . The image contents at the different scales are very different even
if the captured object is the same. The first row contains part of a brick wall
(row two in figure 3.1)- on the coarse scale the brick wall appears as texture
that transforms into bricks at finer scale. The second row contains a part of
a brick wall and the appearance at the different scale is similar to the other
brick wall.
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of the large range of scales. The problem has partly been solved using manual
feature selection and affine registration, SIFT features [124] combined with
RANSAC [59] for computing an affine registration, and manual registration.
Region Id
R14
R13
R12
R11
R10
R9
R8

Region Size
2470 × 3690
2230 × 3330
1980 × 2950
1740 × 2600
1520 × 2260
1200 × 1790
940 × 1440

Region Id
R7
R6
R5
R4
R3
R2
R1

Region Size
760 × 1170
620 × 950
480 × 740
380 × 580
300 × 460
200 × 310
160 × 240

Table 3.3: The extracted regions and where resolution, Ri is extracted from
Ii and R15 = I15 .

3.2.4

Notation

The notation used for the sequences of images/regions is summarized in table 3.4. The captured full images are called ’images’, and are denoted by
I sometimes with an lower index, and the extracted part of the images are
called ’regions’, and are denoted by R, sometimes with an lower index. The
sequences of images are denoted ISij and the sequences of regions are denoted RSij where the upper index indicates the sequence and the lower index
indicates the image number (sometimes the indexes are omitted).

3.3

Point Operators and Scale Space

Comparing images containing the same part of a scene, captured at different
scales by zooming, is a challenging problem that requires an understanding
of the image formation process. A simple model [112, 80] and its relation to
scale space is discussed.
Let S(r) be a scene, and let
x2
1
exp(−
)
(3.1)
2πσ 2
2σ 2
be a linear detector, called a point operator, with weight σ. Applying the
detector at a position will yield a point observation and by applying the
G0 (x, σ) =

80

Abbreviation
Image (Ii )
Region (Ri )
Patch
IS
ISij
ISi
IS j
RS
RSij
RSi
RS j

Meaning
An (full) image what has been captured
An extracted region from an image
A part of a region or image
Image Sequences i.e. all images in the db
Image i from sequence j
All images numbered i
i.e one image from every sequence
All images from sequence j
Region Sequences i.e. all regions in the db
Region i from sequence j.
All regions numbered i,
i.e. one region from each region sequence.
All regions in sequence j.

Table 3.4: Summary of the terminology and notation used for the images in
the database. ’Image’ denotes the full captured image and ’region’ denotes
an extracted part of the image. The sequences of images are denoted IS and
the sequences of regions RS, the upper index indicates the sequence number
and the lower index indicates the image/region number (and are sometimes
omitted).
detector at several positions an image is obtained. Formally this can be
written
I(x, σ) = G0 (x, σ) ∗ S(r)

(3.2)

here ∗ denotes the convolution operator. The σ is called the inner-scale and
denotes the size of the point operator. One may think of a point operator as
measuring the light comming from a point in the scene, but that is of course
not true because zero size (zero-scale) observation does not exist. Instead
the point operator should be viewed as a measurement over a small region,
modeled with a guassian kernel, and the size of the region is determined by
σ. So σ is the spatial resolution of the point operator and sets the limit
of details that can be detected. The image captured by a point operator
is always a ”blurred version” of a point in the scene. By increasing σ the
spatial resolution decreases and the point becomes more ”blurred”.
Given an image captured using a fixed inner-scale σ, images of lower
spatial resolution can be studied using linear scale space ( see e.g. [98, 111,
202, 122, 188]). Coarse scale representation of an image can be generated
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using linear Gaussian scale space by convolving the observed image with a
Gaussian function.
Capturing a scene at a different scale, connotes that σ in equation ( 3.2
) has been changed, by adjusting the objective (zooming). By adjusting
the objective, the scene will be captured using a different inner-scale and
different levels of details will be suppressed. Furthermore, by changing the
focal length, the sampling density will also be altered. Increasing the viewing
distance will increase σ in the point operator and sampling points will be less
dense. Wu et al. [205] use an image pyramid approach [32] for describing
image content transformation when the viewing distance increases. They use
block average 2 × 2 block to increase the inner-scale and subsampling is used
to reduce the resolution.

3.4

Statistics of Natural Images

In the following sections some classical results regarding natural image statistics are reviewed and verified on the MS-GT database. By comparing the
classical results with the results from the MS-GT DB the soundness of the
images in the database will be verified and the classical results are verified
on a new image database.
Most of the classical results in natural image statistics are based on empirical studies, on large image databases (often van Hateren’s [197]) containing
natural images. The MS-GT DB contains an ensemble of sequences of images. Each sequence contains the same scene captured at different scales.
The statistics in the following sections have been computed after transforming the RGB-images into gray value images.

3.4.1

Scale Invariance

One of the earliest result in the area of characterization of natural images is
the (apparent) scaling invariance [145, 166, 167, 168, 94, 196]. The scaling
invariance property was first formulated as: the power spectra of a large
ensemble of natural images is follow a power law
S(ω) =

A
|ω|2−η

(3.3)

where ω is the spatial frequency, and A is a constant that depends on the
overall contrast in the image. η is usually a small value and values close
to 0.2 have been reported [196, 168, 94]. It should also be noted that η
depends on the type of images and that small image databases with specific
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contents - for example beaches and blue skies - may have η far from 0.2.
Torralba and Oliva [192] use the distribution of the power spectra to estimate
the distance between the scene and the camera in individual images [192]
and to characterize the image in terms of man-made environment or nature
environment [193].
The scale invariance property of natural images can also be expressed in
the spatial domain using the correlation function (see [168]). The correlation
function C(x) where x is the separation distance between two pixels in an
image is
C(x) = E(I(x0 )I(x0 + x))

(3.4)

and it reveals information about how intensities are correlated solely based
on the distance between intensities. The correlation is computed by considering all images in the ensemble, all initial positions x0 and all displacements
vectors x. The power spectra power law ( 3.3 ) expressed in the spatial
domain using the correlation function, takes the following form
C(x) = C1 +

C2
|x|η

(3.5)

where η is the same expositional as in ( 3.3 ). The intensity correlation
decreases with the distance between the pixels.
On the MS-GT database η was estimated using log-log regression to 0.202.
The highest estimation of η for a single image was η = 0.52 and the lowest
was η = −0.36.
In the top row of figure 3.3, 4 images with small η are shown and in the
bottom row 4 images with large η are shown. One striking difference between
the images is the presence of the sky in the top row, while the sky is absent
in the bottom row. The sky is a smooth and rather uniformly colored region,
spatially extended especially in the y direction. The presence of the sky in an
image has a large influence on he power spectra and the intensity correlation.
The presence of the sky in an image implies a long range intensity correlation.
The viewing distance, the distance to the main object in the captured scene,
for the images in the top row is rather large, while the viewing distances for
the bottom row images are rather small. Buildings, trees (forest) and lawns
appear as rather homogenous regions viewed from a large distance.
In figure 3.4, η has been estimated on the different capture scales (i.e.
ISi where i = 1, · · · , 15). Estimation of η is plotted against the capture
scales. As the capture scale increases, η also increases. For the first four
capture scales, η increases rather rapidly, while for the remaining capture
scales the increase is less rapid (and not monotonic). The sky is present and
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Figure 3.3: The power spectra for natural images follows a power law in
spatial frequency. η is estimated to 0.202 for the images in the database,
which is similar to the results reported by other researchers. Estimating the
power low parameters for individual images shows large variation. The top
row contains images with small η (≈ −0.3) and the bottom row contains
images with large η (≈ 0.5). In the images shown in the first row a large
part of each image is occupied by the sky, while the sky is absent in all images
in the bottom row. Also note that the average distance to the main object
in the scene is much larger in the images in the first row than in the second
row.
occupies a large part of the image in many of the images at small capture
scales (i.e. large viewing distances). As the viewing distance decreases, the
sky is occupying a smaller region of the image. Furthermore, buildings, lawns
and trees appear as rather uniformly regions at larger viewing distances, as
the viewing distance decreases, more details appear and the regions appear
to be less homogenous.
In figure 3.5, typical and untypical sequences are shown. The first three
rows show three sequences where η has been estimated on the individual
images. The estimations of η at the different viewing distance is following
the same pattern as for the ensemble (shown in figure 3.4). In the sense that
they follow the same pattern as the ensemble of images, they are considered
to be ’typical’ sequences. At large viewing distance the sky is present, and
the objects in the scenes appear to be rather homogenous because of the
viewing distance. As the distance decreases the sky is occupying a smaller
region of the image and more details have emerged.
The subsequent three rows show three ’untypical’ sequences. The birch
tree bark sequence contains small scale details on all viewing distances, therefore are the estimations of η large on all viewing distances. In the bush sequence, estimations of η are rather stable and do not vary much. At larger
viewing distances the bush and the lawn are rather homogenous regions, as
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Figure 3.4: Estimation of η as a function of capture scale, where index 1 is
the least zoomed and 15 is the most zoomed. Note that the capture scale
is non-linear (see table 3.2), the increase in magnification is larger for the
smaller index. η is increasing if the viewing distance decreases computed
over an ensemble of images. In terms of intensity correlation, expressed in
equation 3.5, the correlation decreases as the viewing distance decreases.
This can partly be explained by the presence of the highly correlated sky at
larger viewing distances. Furthermore, large scale objects such as trees and
houses appear to be more homogeneous viewed from larger distances.
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the viewing distance decreases more details emerge. Highly correlated leaves
with sharp boundaries emerge, and as the viewing distance decreases details
on the leaves emerge. In the Malmö harbor sequence the sky and the ocean
is occupying a large region of the image at all viewing distances, therefore
the estimations of η are small on all viewing distances.

3.4.2

Laplacian distribution of Linear Filter Responses

It has been reported, [30, 126, 173, 174, 94, 117], that the distribution of the
partial derivatives of an ensemble of natural images can be modeled by an
Generalized Laplacian Distribution
1 −| x |α
(3.6)
e s
Z
where α and s are parameters estimated from an ensemble of natural images.
The parameters s and α are related to the variance and kurtosis. The kurtosis
κ and the skewness S for a random variable X is defined as
p(x) =

E(X − mx )3
E(X − mx )4
and
S
=
(3.7)
σ4
σ3
where E is the expectation, mx is the mean (an estimation of E(X)) and σ
is the standard deviation (and σ 2 is the variance). The relation
κ=

s2 Γ( α3 )
Γ( α1 )Γ( α5 )
σ =
and κ =
Γ( α1 )
Γ2 ( α3 )
2

(3.8)

can be used for estimation of s and α. A more model fitting approach, such
as Kullback-Leibler divergence, Least Square Error (LSE) and Maximum
Likelihood (ML), can also be used for estimating the parameters.
Natural images are in general not differentiable, therefore a (linear) scale
space approach is adopted, the derivative of an image is the scale space
derivative at a fixed scale. The scale space partial derivative in x is defined
as
∂
∂Gt
(Gt ∗ I) =
∗I
(3.9)
∂x
∂x
where ∗ denotes the convolution operator and Gt is the guassian function
x2 + y 2
1
exp(−
).
(3.10)
2πt
2t
Instead of using the scale space derivative at a fine scale, the intensity
difference for adjacent pixels as an linear filter could have been used. The
Gt (x, y) =
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Figure 3.5: Example of η estimated on image sequences. The first three rows
contain ’normal’ sequences and subsequent three rows contain ’un-normal’ sequences. The plots show η against the captured scales, for the ’normal’ (left)
and ’un-normal’ (right) sequences. In the ’normal’ sequences the sky occupies a large, but decreasing region in the photo. The ’un-normal’ sequences
contain either small scale details (tree trunk) or geometric structures (ocean)
at all scales.
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benefit of using the scale space derivative is the explicit scale formulation
and the possibility to use different scales. The scale space derivatives have
been computed on log(I + 1), and t = 1 is the smallest scale.
Compared with the Gaussian distribution, the Generalized Laplacian distribution (usually) has a sharper peak at zero and ’heavy tails’. Most natural
images contain homogenous regions, objects under the similar illumination,
with similar or smoothly varying intensities, which correspond to the sharp
peak at zero. At the object boundary the intensities change rapidly, which
corresponds to the ’heavy tails’. The α parameter relates to the sharpness
of the peak, while s relates to the width of the distribution.
Yanulevskaya and Geusebroek [207] analyzed the relation between α and
the image content in (individual) images and image patches. (see also Geusebroek and Smeulders [72, 71]). Three sub-models are identified: power law,
exponential and gaussian distribution. The appropriate image model is selected using Akaike’s information criterion (AIC). Typically images with a
well separated foreground and uniform background are following a power law,
while images with a lot of details at different scales follow an exponential distribution, and images containing mainly high frequency texture are following
a gaussian distribution.
In figure 3.6, αx has been estimated on individual images. The first two
rows contain images with large αx value estimated using t = 1 (αx ≈ 1.00)
and t = 64 (αx ≈ 2.00). The images contain small scale details, where small
relates to the t used in the scale space derivative. The subsequent two rows
show images with low αx value, estimated using t = 1 (αx ≈ 0.25) and t = 64
(αx ≈ 0.55). The images contain large scale geometric structures such as the
sky and the buildings.
In the last row, in figure 3.6, the empirical distribution using the ensemble
of images and the corresponding generalized Laplacian distribution is shown
for t = 1 and t = 64. αx = 0.37 for t = 1, and αx = 0.78 for t = 64.
In figure 3.7, estimation of αx using different capture scale (ISi ) are plotted. On the y-axis is αx and on the x-axis is the capture scale. αx is estimated
using four different t in the scale space derivative; t = 1, 4, 16, and 64. As
it seems αx does not follow any trend (for any t). As a function of capture
scale, αx does neither increase or decrease, instead it seems to be stable with
some variation.
Bessel K form for Natural Images
Related to the Generalized Laplacian Distribution is the so-called (statistical)
Bessel K forms proposed by Grenander and Srivastava [78] and Srivastava et
al. [184]. The Bessel K form is derived using the transport generator model
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(a) Large αx at t = σ 2 = 1

(b) Large αx at t = σ 2 = 64

(c) Small αx at t = σ 2 = 1

(d) Small αx at t = σ 2 = 64
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Figure 3.6: Estimation of αx in the generalized Laplacian distribution using
scale space derivatives at scale t = 1 and t = 64. The first two rows contain
images with large αx at scale t = 1 (αx ≈ 1.00) respective t = 64 (αx ≈ 2).
The following two rows contain images with small αx at scale t = 1 (αx ≈
0.25) respective t = 64 (αx ≈ 0.55). αx is large if the image contains small
scale details and is small if it contains large scale geometric structures (where
’small’ and ’large’ are defined by the inner scale t). The last row shows plots
of empirical distribution using the ensemble of images and the corresponding
generalized Laplacian distribution at scale t = 1 (left) and t = 64 (right).
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Figure 3.7: The plots show estimations of αx in the Laplacian distribution
estimated using ISi , where αx is on the y-axis and the captured scale is on
the x-axis. t = 1, t = 4, t = 16 and t = 64 in the gaussian function are
shown. No trend as a function of the capture scale can be found in the
estimations, instead the estimations of αx are rather stable at the different
captured scales.

and it models the image formation process.
Images are generated by projecting 3D objects onto the 2D image, resulting in a set of so-called 2D profiles - gi - representing the different objects
in the scene. To make up an image, 2D profiles interact in a non-linear
way - occlusion, scaling and superposition. Under some simplified statistical
assumption on the distribution, scale and location of the generators gi , the
authors show that the marginal distribution of linear filters are following the
Bessel K Form distribution
r
1
2
p−0.5
p(x; p, c) =
|x|
K(p−0.5) (
|x|)
(3.11)
Z(p, c)
c
where Z is a normalization constant and K is the modified Bessel function of
second kind. The parameters p and c are called the Bessel Parameters and
can be estimated using the following equations
p=
and

3
S −3

(3.12)

σ
p

(3.13)

c=

where σ and S are estimations from the filtered images.
As shown in [78, 184] the Bessel K form models the partial derivatives of
individual images well. Furthermore the Bessel form parameter p relates to
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the object present in the image. The p value depends on the distinctness of
the edges and on the frequency of the edges. Images with large objects, with
sharp boundaries have a low p value, while images with many objects have
a large p value. Images containing large geometric structures will in general
have a low p value, while images containing small scale textures will have a
high p value.
The results of estimating p on the database is very similar to the estimations of α in the generalized Laplacian distribution. Yanulevskaya and
Geusebroek [207] explain the relation between estimation of α and the visual
content in a similar way as Grrenander and Srivastava connect the visual
content with estimation of p.(See also [73].)

3.4.3

Size Distribution in Natural Images

Area Distribution in Natural images
As discussed, nearby pixel intensities are highly correlated and the correlation
decrease with the distance according to a power law. It is natural to consider
how the size of homogenous regions in natural images are distributed. Alvarez
et al. [3, 1, 76, 77] analyze the size distribution of homogenous regions, in
terms of area and perimeter, in natural images and they show that the size
distribution of homogenous regions in natural images follow a power law.
Alvarez et al. [3, 1], show that the size distribution of homogenous regions is
following a power law, both estimated on individual images and on ensemble
of images. Following Alvarez et al., we will verify their result on the database
and analyze the behavior as a function of capture scale.
A Homogenous region can be defined in many ways depending on the
problem at hand. Our interest is to characterize natural images with respect to the distribution of size, therefore a very simple approach is suitable. Let I be a image of size M × N with intensities in {1, · · · , G} and let
k ∈ {1, · · · , G}. Histogram equalization such that the number of intensities
are k and the number of pixels is (approximative) the same - Mk·N - for all
intensities. After the histogram equalization a homogenous region is defined
as the set of connected - using either 8 or 4 connectivity - pixels with the
same intensity. The size of a homogenous region is defined as the number of
pixels in the region.
The area distribution of homogenous regions are following a power law
A
(3.14)
sα
where s is the area, A and α are an image dependent parameters. The
f (s) =
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parameters α and A can be estimated by regression on the set
{(log(f (s)), s) : s ∈ 1, · · · , Tmax }

(3.15)

where Tmax is the smallest size s for which f (s) is zero. For an ensemble
of natural images the Tmax value is large and covering almost the full range
of size distribution. For an individual image Tmax value can be small and a
large range of the size distribution will not be used in the regression.
For ensembles of natural images α ≈ 2, for individual images the α varies.
For images containing larger geometric structures, α is often smaller, approximately 1.7, while for images containing small scale texture α is often larger,
approximately 3.0.
In figure 3.8, images with the small α ≈ 1.57 (figure a) and large α ≈ 3.00
(figure b) are shown. The content difference is striking. The images with a
small α mainly contain large scale geometric structure, and the distance to
the main objects in the scene is large. The images with a large α contain
small scale details (texture), and the distance to the main objects in the
scene is small. α is estimated to 2.11 on the ensemble of images. Figure 3.8,
also shows the empirical distribution and the estimated power law (in log-log
scale) for a small α and a large α, and the fit is good in both cases.
Figure 3.9, shows estimations of α, estimated on different capture scale
(ISi ). The α:s (y-axis) are plotted against the capture scales (x-axis). The
lowest estimation of α is 2.15 and the largest is 2.22. Furthermore, no trend
can be found in the estimations. α seems to neither decrease, nor increase
as the viewing distance decreases.
Directional Homogenous Region Size
In previous section, the area distribution of homogenous region in individual
images and an ensemble of image was shown to follow a power law - equation
3.14. The orientation of the homogenous region was not considered. In the
following section the ’size’ of homogenous region in the x and y directions are
analyzed. Because natural images are more correlated in x direction, than
in y direction the size distribution of homogenous regions in the different
direction may be different.
The image intensity resolution is reduced to k intensities using histogram
equalization, and the regions with the same intensity are considered to be
homogenous.
The intersection length of a homogenous region along a direction (the x
and y direction in our case) is the number of connected pixels with equal
intensity. By collecting all intersection lengths of homogenous regions along
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(a) Small α ≈ 1.75

(b) Large α ≈ 3.00
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(c) The empirical distribution and the estimated regression

Figure 3.8: Distribution of homogenous regions in different types of images.
Figure (a) contains examples of images with small α. The images contain
mainly large scale geometric structures such as the sky and buildings viewed
from distance. Figure (b) contains images with small α. The images contain small scale texture and the distance to the main objects in the scene
is quite small. Figure (c) contains the empirical distributions and the estimated power law (in log-log scale) for a small α (left) and a large α (right).
Estimated on the ensemble of images α = 2.11.
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Figure 3.9: The plot shows estimations of α in the power law for the area
distribution - equation 3.14 - using ISi , where α is on the y-axis and the
capture scales are on the x-axis. No trend in the estimation can be found increasing or decreasing over the scales.
a fixed direction in an image, the distribution of intersection lengths of homogenous regions in the direction is computed. The x and y directions will
be used but any other direction could also be used.
In figure 3.10, three different homogenous region which are covering the
same area are shown. The distribution of intersection length in x and y
directions is different for the region. One region is extended in x direction
while the other region is extended in the y direction. The last region is
connected in the 8-connectivity sense, but on the top it is not connected in
the x direction. The intersection length distribution will therefore be two
small intersections.
Analyzing the intersection length distribution for homogenous regions
indicates that it follows a power law (as in 3.14) in intersection length, with
different value for α in x and y direction. Estimating the αx and αy using
log-log regression on all full images in the database gives αx = 2.96 and
αy = 3.55 as shown in figure 3.11. Homogenous regions extend longer in
the x direction than in the y direction. This supports the fact that natural
images are more correlated in the x-direction than in the y-direction.
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Figure 3.10: Three different homogenous regions with the same area but
with different shape and/or orientation. The region to the left is longer in
y-direction, than in the x-direction. The region to the middle is longer in the
x-direction, than in the y direction. The distribution of intersection length in
x and y direction for the two regions is different. The region to the right is not
connected on the top in the x direction, the intersection length distribution
will therefor be two short intersection.
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Figure 3.11: Log plot of the intersection length distribution in x (left) and y
(right) direction, together with the regression line estimated using all full images in the database. αx = 2.96 and αy = 3.55 which shows that homogenous
regions are longer in the x direction than in the y direction, which is also
indicated by, and consistent with, the higher correlation in the x direction
than in the y direction.
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Figure 3.12: The two images with largest (left) and smallest (right) difference
1
between αx and αy . For the image (IS11
) with the largest difference αx = 2.14
and αy = 3.63, the homogenous regions are longer in the x direction than in
the y direction. For the image (IS63 ) with the smallest difference αx = 2.14
and αy = 2.13, the homogenous regions have the same extension in x and y
direction.

3.5

Discussion

A new database containing an ensemble of sequences of natural images is
collected. Each sequence contains the same scene captured at different scales
by adjusting the focal length. Natural images, or rather natural scenes,
are vaguely defined as everyday scenes observed by a human from a human
perspective. The definition includes both nature and man-made structures,
but exclude ’bird views’, because they are not considered to be from a human
perspective.
Three classical and well known results from natural image statistics are
verified on the database.
The apparent scale invariance of an ensemble of natural images, which
can be expressed as the power spectra of an ensemble of natural images,
follows a power law in spatial frequencies. We estimated η = 0.202 in the
power law on the database. Ruderman and Bialek [166] estimated η = 0.19
on their database collected in the woods, Huang and Mumford [94] estimated
also η = 0.19 on the van Hateren image database [197] and van der Schaaf
and van Hateren [196] estimated η = 0.12 on their natural image database.
The estimation of η on the database is similar to the previously reported
results.
The distribution of partial derivatives of an ensemble of natural images
can be modeled with a generalized Laplacian distribution. The partial derivative of the image was defined as the scale space derivative at scale t. We estimated αx = 0.37 and αx = 0.78 at scale t = 1 and t = 64. For comparison,
Huang and Mumford estimated α = 0.55 on the van Hateren database [197].
The size distribution of homogenous regions in natural images follows a
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power law. We estimated α = 2.11 in the size power law. Alvarez et al.
[3, 1, 2] reported α close to 2. Again, our result is similar to other reported
results.
Estimation of the three statistics on individual images can to some degree
explain the visual content of the image. Furthermore, the estimations depend
highly on the viewing distance.
Estimation of η in the power spectra power law is in general large if
the image is captured at small viewing distance and the scene contains small
scale details. η is small if the viewing distance is large and the scene contains
large, uniformly colored regions such as trees, lawns and buildings.
Estimation of αx in the Laplacian distribution of the partial derivatives,
is usually large if the viewing distance is small and the scene mainly contains
small scale details. αx is small if the viewing distance is large and the scene
mainly contains geometric structures.
Estimation of α in the distribution of homogenous regions is large if the
viewing distance is small and the scene contains small scale details. α is small
if the viewing distance is large and the scene contains large scale geometric
structures.
The relation between the estimation and the viewing distance can be
explained by two different factors: the spatial composition - the spatial envelope - of the scene and the inner scale. In images captured at large viewing
distances, the sky is often occupying a large region in the image (i.e spatial
composition) and buildings, trees and lawns often appear as uniformly colored regions (i.e. inner scale is rather large). At a small viewing distance the
sky is absent or occupying a small region in the image (i.e. spatial composition) and the details on the trees, the bushes and the lawns are brought out
(i.e. the inner scale is smaller).
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Chapter 4
A SVD-Based Image
Complexity Measure
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abstract
Images are composed of geometric structures and texture, and different image processing tools - such as denoising, segmentation and registration - are
suitable for different types of image contents. Characterization of the image
content in terms of geometric structure and texture is an important problem
that one is often faced with. We propose a patch based complexity measure,
based on how well the patch can be approximated using singular value decomposition. As such the image complexity is determined by the complexity
of the patches. The concept is demonstrated on sequences from the newly
collected DIKU Multi-Scale image database.
Keywords: Image Complexity Measure, Geometry, Texture, Singular Value
Decomposition, SVD, Truncated Singular Value Decomposition, TSVD, Matrix Norm

4.1

Introduction

Images contain a mix of different types of information, from highly stochastic
textures such as grass and gravel to geometric structures such as houses and
cars. Different image processing tools are suitable for different type of image
contents and most tools are very image content dependent. The definition of
what is texture and geometry is not particularly agreed upon in the computer
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vision community. Our hypothesis is that the separation between geometry
and texture is defined through the purpose of the method and the scale of
interest. What may be considered an unimportant structure / texture in one
application may be considered important in another.
For example, segmentation of an image containing objects with clear geometric structures forming boundaries calls for edge-based or geometry-based
methods such as watersheds [148], the Mumford-shah model [141], level sets
[171], or snakes [104]. While segmentation of an image containing objects
only discernable by differences in texture calls for texture based segmentation methods [162]. That is, the type of objects we are attempting to segment
defines our scale of interest, i.e. what type and scale of structure we include
in the model of a segment.
In denoising an image containing geometric structures calls for e.g. an edge
preserving method such as anisotropic diffusion [200] or total variation image
decomposition [169]. For images containing small scale texture, a patch based
denoising method such as non-local mean filtering may be more appropriate
[29]. Again we see that depending on the purpose we include structures at
finer scales into the model of the problem as needed.
As a final example, we mention that total variation (TV) image decomposition, and other functional base methods, are very successful for inpainting
images containing geometric structures [39]. Unfortunately the functional
based methods fails to faithfully reconstruct regions containing small scale
structures, however texture based methods manage to reconstruct such images [52, 48, 86, 49]. In the functional approaches the focus is solely on large
scale structures or geometry, whereas in the texture methods small scale
texture is included in the model.
Prior knowledge about the methods and the image content are therefore essential for successfully solving a task. A natural question is: ”For a given type
of images, which type of methods are suitable?” Often one wants to characterize the methods by analyzing the type of images that it is (un)suitable
for. To be able to characterize the methods in this way, the images must be
characterized with respect to the image contents. An image complexity measure is needed, i.e. a measure that quantify the image contents with respect
to geometric structure and texture or scale of interest.
A patch based complexity measure using Singular Value decomposition (SVD)
is presented. The complexity for the patch is determined by the number of
singular values that are required for good approximation - the matrix rank
of a good approximation. The number of singular values that are required
for approximating an image patch is used for characterizing the patch content. The global complexity measure for the image is computed as the mean
complexity of all patches in the image. The proposed complexity measure is
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evaluated on the baboon image and on the newly collected DIKU Multi-Scale
image sequence database.

4.2

Complexity Measure

In the following section images are viewed as matrices, hence the image
complexity measure transforms into a matrix complexity measure. Basic
matrix properties are used extensively in the following section, which can
be found in e.g. [75]. One obvious approach is to approximate a matrix
A with a simpler matrix Ak and measure the error (residual) between the
original matrix A and the approximation Ak . Here k is a parameter used
for computing the approximation Ak . We assume that, as the parameter k
increases the error between A and Ak decrease (or at least not increase) and
as k → ∞ the error becomes 0. The approximation Ak should also be simpler
than A. To be able to use this approach, an error measure between matrices
and a matrix complexity measure must be defined.

4.2.1

Error Measure - Matrix Norms

To measure the difference between the original image A and a simpler approximation Ak of I, it is natural to use a matrix norm kA − Ak k. One of
the most commonly used matrix norms is the Frobenius norm (which corresponds to the L2 -norm). Let A be a m × n matrix with elements aij , the
Frobenius norm of A is defined as
n X
m
X
1
kAkF = (
|aij |2 ) 2 .

(4.1)

j=1 i=1

Another common type of matrix norms are the so-called induced matrix
norms. Let A be a m × n matrix and x ∈ Rn a colon vector (i.e x =
(x1 , · · · , xn )T ), the matrix norm induced by the vector norm kxk is defined
as
kAxk
kxk=1 kxk

kAk = sup

(4.2)

≤ α for all x). The matrix
(or in words the smallest number α such that kAxk
kxk
norm is here defined in terms of a vector norm kxk. The induced matrix norm
can be viewed as how much the matrix A expands the vectors and is actually
an operator norm. Different vector norms can be used to induce different
matrix norms, most common are the p-norms defined as
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n
X
1
kxkp = (
| xi |p ) p

(4.3)

i=1

1

and especially the 2-norm kxk2 = (xT x) 2 . The matrix norm induced by the
2-norm is
kAxk2
kxk2 =1 kxk2

kAk2 = sup

(4.4)

Both the The Frobenius matrix norm and the matrix 2-norm are invariant
under orthogonal transformation and will be used in the following sections.

4.2.2

Matrix Complexity Measure - Matrix Rank

Given a matrix A, a simpler matrix approximation Ak of A should be constructed. But first one must define what ’simpler’ means. A natural approach
to quantify complexity of a matrix is by the rank of the matrix, and a simpler
approximation of a matrix can be viewed as a matrix with lower rank.
Let A be a m × n matrix then the rank of A can be viewed as the dimension
of the subspace spanned by the columns of A = (a1 , · · · , an ),
rank(A) = dim( span{a1 , · · · , an } ).

4.2.3

(4.5)

Optimal Rank k Approximation

It is well known from matrix theory that a m×n matrix A can be decomposed
into
A = UΣV T

(4.6)

where U is a m × m orthogonal matrix, V is a n × n orthogonal matrix and
Σ is a m × n diagonal matrix with elements σ 1 , · · · , σ l where l = min{m, n}.
This is the so-called Singular Value Decomposition (SVD), where the σ i :s
are called singular values and the column vectors ui and v i , of U and V are
called singular vectors. The entries in Σ is ordered such that σ 1 ≥ σ 2 ≥
· · · ≥ σ l ≥ 0.
Using the fact that the Frobenious norms are invariant under multiplication
by orthogonal matrices gives
kAk2F

=

kΣk2F

=
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l
X
i=1

(σ i )2 .

(4.7)

Let Σk be the m × n matrix containing the k largest singular values on the
diagonal and let
Ak = UΣk V T .

(4.8)

Ak is the so-called Truncated Singular Value Decomposition (TSVD) approximation of A where the first k singular values are used, and if rank(A) ≥ k
then rank(Ak ) = k. The image approximation residual is defined as A − Ak
and if, again, rank(A) ≥ k then rank(A − Ak ) = rank(A) − k.
The reconstruction error or the residual error for the Frobenious norm is
kA − Ak kF = (

l
X

1

(σ (i) )2 ) 2

(4.9)

i=k+1

and for the 2-norm

kA − Ak k2 = σk+1 .

(4.10)

The rank(Ak ) ≤ rank(A), so Ak is simpler in the sense that its’ rank is not
larger (and usually the rank is lower). Furthermore Ak is the best rank − k
approximation of A in the sense that
Ak = arg minrank(B)=k kA − Bk2

(4.11)

So any matrix B with rank k has at least as large reconstruction error using the 2-norm as Ak . Ak is also the best rank k approximation using the
Frobenious norm. Singular Value Decomposition can be viewed as a method
for finding the optimal basis and is related to other optimal basis methods
such as Independent Component Analysis (ICA) [96] and Karhunen-Love
Expansion [109].
There are two possibilities to compare images by comparing the norm of
the residual. Either the number of singular values, k, are fixed and the
reconstruction error kAk − Ak using k singular values are compared. The
other possibility is to keep the reconstruction error fixed, σ err , and use as
many singular values that are required for the reconstruction error to be
lower than σ err . Either the rank k or the reconstruction error σ err is kept
fixed.
Let k0 be the number of singular values that should be used in the reconstruction. The residual error (using either the 2-norm or Frobenious norm)
is
kA − Ak0 k = σkerr
0
103

(4.12)

and σkerr
is called the singular value reconstruction error using k0 singular
0
values.
Let σ err be a fixed reconstruction error and let k be the smallest integer such
that
kA − Ak k ≤ σ err

(4.13)

k is called the singular value reconstruction index (SVRI) at level σ err . The
SVRI state the smallest number of singular values that are required to get a
reconstruction with a reconstruction error smaller than σ err .

4.2.4

Global Measure

Instead of computing an approximation of the full image, which is not feasible
for high resolution images, a patch based approach is adopted. The singular
value reconstruction error at level σ err is computed for each p × p patch in
the image.
Based on the patch complexities an image complexity measure should be
computed. The obvious candidate is the mean or the mode complexity computed over all patches in the image. The mean patch complexity is used as
the complexity measure for the image. The interpretation of the mean, is
simply the average number of singular values that are required for an approximation, such that the reconstruction error is less than σ err , of the patches
in the image.

Figure 4.1: Image sequences - 02, 05 and 08 - from the DIKU Multi- Scale
image database (used in the experiments) at three capture scales.
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4.3

DIKU Multi-Scale Image Database

The newly collected DIKU Multi-Scale image database [83], contains sequences of the same scene captured using varying focal length - called capture
scales -, will be used to analyze the distribution of singular values in natural image patches and analyze how the image content changes over different
capture scales.
The database contains sequences of natural images - both man-made and
natural environment - with a large variety of scenes and distances to the
main object in the scene. Each sequence contains 15 high resolution images
of the same scene captured using different focal length. The zoom factor is
roughly 16x and the naming convention is that image 1 is the least zoomed
and 15 the most zoomed. Three examples of sequences are shown in figure
4.1.
Furthermore, the part of the scene that is present at all capture scales has
been extracted, resulting in a sequence of region containing the same part of
scene captured at different capture scales. The part of the scene present in
the image to the right in figure 4.1, has been extracted from the remaining
14 images (of which two are shown in the figure).
Three sequences - 02 building with windows, 05 building without windows
and 08 tree trunk - shown in figure 4.1 are used in the experiments. The
image contents are very different on the different capture scales that can be
seen in the 80 ×80 extracted patches shown in figure 4.2. For example, in the
most zoomed image a brick is almost covering the whole 80 × 80 patch, while
in the least zoomed image a large part of the brick wall is contained in the
patch. (The 80 × 80 patches are only shown for visualization of the contents
differences, while the complete regions are used in the experiments.)

4.4

Singular Value Distribution in Natural
Images

The proposed method depends on the distribution of singular values in natural image patches. The distribution of principal component and independent
components in natural images has received a lot of attention for some years,
partly because its relation to the front-end vision [197].
To analyze the distribution of singular values in natural image patches, 1000
randomly selected 25 × 25 patches from each image in the DIKU Multi-Scale
image database have been selected - approximately 800000 patches - and the
corresponding singular values have been computed.
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Figure 4.2: 80×80 patches extracted from the three sequence shown in figure
4.1 at 3 different scales (index 1, 6 and 15). The patches show the contents
different at the different capture scales.

Figure 4.3: Each column show the patch with the largest (top) and smallest
(bottom) σ25 in the same image. The content difference is striking and clearly
indicate the importance for the small singular values for characterize the
image content.
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The first, not so surprising, conclusion is that patches in natural images
almost always have full rank - i.e. the singular values are almost always
strictly larger than 0.
The distribution of singular values σ1 and σ2 are shown in figure 4.4. The
variance for the distribution of σ1 is large, and it is interesting that many
patches have values close to 25. The distribution for σ2 is peaked at zero but
also have ’heavy tails’ - values relatively far from zero. This is also the case
for σi where i > 2.
In figure 4.3 the patches with the largest σ25 (top) and smallest σ25 (bottom)
in five different images are shown. The contents difference in the different
patches are striking - the patches with the largest σ25 all contain large variations, while the patches with the lowest σ25 contain no or very little visible
variations.
The distribution of the small singular values are peaked at zero, but also
show some variation and ’heavy tails’. Visual comparison of patches with
high and low σ25 clearly indicates a content difference, which implies that
singular value reconstruction index is suitable for measuring image content.

4.5
4.5.1

Experiments
The baboon image

The baboon image is used only for demonstrating the method. The baboon
is a good test image because it contains both very complex texture and
large regions with geometric structures. In figure 4.5 the spatial distribution
of complexity is shown using different patch sizes and error levels. White
regions indicating high complexity and black indicating low complexity. The
highly stochastic texture returns high complexity values at all scales and
error levels, while the geometric structures return low complexity. As the
patch size grows larger the spatial distribution of complexity gets smoother.

4.5.2

DIKU Multi-Scale Image Database

The image complexity measure is computed over the different capture scales
using different patch sizes and error levels. The results are shown in figure
4.6.
The plot to the left and right, in figure 4.6, has the same error level 0.35,
but different patch sizes, 15 respective 25 pixels. Still the shape of the curves
are very similar. On the other hand the plot in the middle and to the right
have same patch sizes - 25 pixels -, but different error level - 0.05 and 0.35 107

Distribution σ

1

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0

0

5

10

15

20

25

Distribution σ

2

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

0

1

2

3

4

5

6

7

Figure 4.4: The distribution of singular values σ1 and σ2 for natural images
patches of size 25 × 25. The variance for the distribution of σ1 is large (as
expected), the distributions for σ2 is peaked at zero but also have ’heavytails’.
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Figure 4.5: Patch based complexity measure of the baboon image. Different
patch size are used in the colon, from left to right, the sizes are 9,15 and 25
pixels, and different reconstruction errors are used in the rows, from top to
bottom, 0.1, 0.3, and 0.5.
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Figure 4.6: Complexity measure (y-axis)computed over different capture
scales (x-axis) using different patch sizes and error levels. From left to right:
patch size 15 and σ err = 0.05, patch size 25 and σ err = 0.35, and patch size
15 and σ err = 0.05.
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and the curves are very different which indicate that the error level is more
important than the patch size.
For sequence 02 the complexity at error level 0.05 first decreases roughly for
the first 7 capture scales, and then increases for the last 7 capture scales. For
sequence 08 the complexity at error level 0.05 decrease quite rapidly at the
first scales and then decreases slower for the remaining capture scales. For
sequence 05 the complexity decreases with increasing capture scale.
The average number of singular values required for an approximation at a
fixed error level varies a lot over the different capture scale. This indicate
that the contents in terms of complexity, change over the capture scales which
is clearly visiable from figure 4.2.

4.6

Conclusion

A patch based image complexity measure based on the number of singular
values that are required to approximate a patch at a given error level is
presented. The number of singular values is used to characterize the image
content in terms of geometric structures and texture.
The proposed method is motivated by the optimal rank-k property of the
truncated singular value approximation. The distribution of singular values
in patches from natural images seems to be peaked at zero and have ’heavytails’. The image content in patches with relatively large smallest singular
value are very different from the patches with relatively small smallest singular value.
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Chapter 5
On the Rate of Structural
Change in Scale Spaces
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abstract
We analyze the rate in which image details are suppressed as a function of the
regularization parameter, using first order Tikhonov regularization, Linear
Gaussian Scale Space and Total Variation image decomposition. The squared
L2 -norm of the regularized solution and the residual are studied as a function
of the regularization parameter. For first order Tikhonov regularization it is
shown that the norm of the regularized solution is a convex function, while
the norm of the residual is not a concave function. The same result holds for
Gaussian Scale Space when the parameter is the variance of the Gaussian,
but may fail when the parameter is the standard deviation. Essentially this
imply that the norm of regularized solution can not be used for global scale
selection because it does not contain enough information. An empirical study
based on synthetic images as well as a database of natural images confirms
that the squared residual norms contain important scale information.
Keywords: Regularization, Tikhonov Regularization, Scale Space, TV, Total Variation, Geometric Structure, Texture

5.1

Introduction

Images contain a mix of different type of information - from fine scale stochastic textures to large scale geometric structures. Image regularization can be
viewed as approximating the observed original image with a simpler image,
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where simpler is defined by the regularization (prior) term and the regularization parameter λ. Here an image is considered to be simpler if it is smoother
(or piece-wise smoother). Regularization can also be viewed as decomposing
the observed image into a regularized (smooth) component and a small scale
texture/noise component (called the residual, because it is the difference between the regularized solution and the observed image). By increasing the
regularization parameter λ smoother and smoother approximations are generated. The rate in which image details are suppressed as a function of the
regularization parameter depends on the image content and regularization
method. The image residual contains the details that are suppressed during the regularization and the norm of the residual is a measurement of the
amount of details that are suppressed. The norm of the residual as a function of the regularization parameter gives important information about the
image content. For images containing small scale structure a lot of details
are suppressed even for small λ and the norm of the residual will be large
for small λ. For images containing solely large scale geometric structures few
details will be suppressed for small λ and the norm of the residual will be
small. The rate in which details are suppressed can be viewed as the derivative of the norm of the residual with respect to the regularization parameter,
and reveals the amount of details that are suppressed if the regularization
parameter increases.
First order Tikhonov regularization, Gaussian linear scale space (which
is equivalent to infinite order Tikhonov regularization [143]) and Total Variation image decomposition are studied. The squared L2 -norm of the regularized solution and the residual are studied as functions of the regularization
parameter. Of special interest is the convexity/concavity of those norms
viewed as functions, because it relates to the possibility that the rate in
which details are suppressed can increase/decrease. In section 5.2, first order
Tikhonov regularization is revisited and it is shown that the norm of the regularized solution is a convex function, while the norm of the residual is not a
concave function. In section 5.3, linear Gaussian Scale Space is revisited, and
it is shown that the norm of the regularized solution is convex as a function
of the Gaussian variance, or equivalently diffusion time, but may fail to be
convex when the parameter is the Gaussian standard deviation. The squared
norm of the residual is in general not a concave function of its parameter.
In section 5.4, Total Variation (TV) image decomposition is revisited. In
section 5.5 experimental results are presented, the norm of the Sinc function,
synthetic image containing image structures at different scales and natural
images are studied.
These studies tend to show that the square residual norm contains scale
information, particularly at values where local convexity/concavity behavior
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changes.

5.1.1

Related work

Characterization of images by analyzing the behavior of the norm of the
regularized solution and the residual as functions of the regularization parameter has not received much research attention. Sporring and Weickert
[181, 182] view images as distributions of light quanta and use information
theory to study the structure of images in scale space. The entropy of an
image as a function of the scale (in scale-space) is analyzed and shown to be
an increasing function of the scale. The result holds both for linear Gaussian
scale space and non-linear scale-space. Furthermore the derivative of the
entropy with respect to the scale is shown, empirically, to be a good texture
descriptor. The derivative of the scale-space entropy function with respect
to the scale is a global measure of how much the entropy of an image changes
at different scale. Where Sporring and Weickert studies monotone functions
of images across scale, we study norms of the scale space image and residual.
Buades et.al [27] introduced the concept of Method Noise in denoising.
The Method Noise is the image details that are removed in the denoising
- i.e. the residual image - and the content is used for comparing denoising
methods. The residual image has often been used for determine the optimal
regularization parameter. (See Thompson et.al [189] for a classical study.)
Selection of the optimal stopping time for diffusion filter was studied by
Mrazek and Navara [139], which also relate to the Lyapunov functionals
studied by Weickert [200].

5.1.2

Convexity, Fourier Transforms, Power Spectra

Recall that a function f (x) defined on a convex set C is convex if
f (λx + (1 − λ)y) ≤ λf (x) + (1 − λ)f (y)
for all 0 ≤ λ ≤ 1 and for all x, y ∈ C. If f (x) is convex on a convex set C
then −f (x) is said to be concave on C. When f (x) is twice-differentiable, a
necessary and sufficient condition for convexity is
∀x ∈ C,

f 00 (x) ≥ 0

(5.1)

(in the multidimensional case a the Hessian matrix is positive semi-definite).
Two elementary facts will be used in the sequel: 1) let h(λ) be a function of
the form
Z
h(λ) = d(λ, x)s(x)dx
(5.2)
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where d(λ, x) is convex in λ and s(x) ≥ 0 then h(λ) is convex. 2) Assume
that f (x) = h(g(x)) where g : Rn → Rk and h : Rk → R. Then
• if h is convex and non-decreasing and g is convex, then f is convex,
• if h is convex and non-increasing and g is concave, then f is concave.
ˆ Parseval’s
The Fourier transform of a function f is denoted with f.
theorem asserts that this is an isometry of L2 : kf kL2 = kfˆkL2 where
ZZ
2
kf (x, y)k2 =
|f (x, y)|2dxdy.
(5.3)

The frequency domain variables are denoted (ωx , ωy ) =: ω. The power spec2
ˆ
trum function of a function f is the function ω 7→ |f(ω)|
. f is said to follow
α
ˆ
a (α-)power law if |f(ω)| ∼ C/|ω| , where C and α are some constants. It is
well known that the power spectra computed over a large ensemble of natural
image approximate a power law in spatial frequencies with α around 1.7 or
at least in (0, 2) [166, 58].
We use often implicitly the following classical result from Calculus. Let
B := B(0, 1) the unit ball of Rn and B c its complement. Let g a positive
function
defined on Rn . Assume that Rg ∼ kxk−α in B (resp B c ). Then
R
g dx < ∞ if and only if α < n (resp. Bc g dx < ∞ if and only if α > n).
B
Finally, to conclude this paragraph, given a regularization, the functions
s(λ) and r(λ) will denote the squared L2 -norm of respectively the the regularized solution and of the residual as a function of the regularization parameter
λ.

5.2

Tikhonov Regularization

The first order Tikhonov regularization is defined as the minimizer of the
energy functional
ZZ
Eλ [f ] =
(f − g)2 + λ|∇f |2dxdy
(5.4)

where g is the observed data and λ is the regularization parameter. The
energy functional is composed of two terms: the data fidelity term kf − gk22
and the regularization term k∇f k22 . Note that Wiener filter can be regarded
as a Tikhonov regularization method applied to the Fourier domain. Thanks
to Parseval’s theorem all calculation can be performed in the Fourier domain
where this energy becomes
ZZ
ˆ
Eλ [f ] =
(fˆ − ĝ)2 − λ(ωx2 fˆ2 + ωy2 fˆ2 )dωx dωy .
(5.5)
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Using the Calculus of Variations, a necessary condition for a function f
to minimize the functional (5.4) is given by its Euler-Lagrange equation:
(f − g) − λ∆f = 0. In the Fourier domain, it becomes
fˆ − ĝ + λ(ωx2 fˆ + ωy2fˆ) = 0 i.e fˆ =

ĝ
1 + λ|ω|2

(5.6)

1
that is, the original signal multiplied with the filter function F (λ, ω) = 1+λ|ω|
2
which is a non-increasing convex function w.r.t λ (for λ ≥ 0). Set d(λ, ω) =
F (λ, ω)2. It is important to remark that defining the regularization in frequency domain by λ → F (λ, ω)ĝ(ω) extends Tikhonov regularization beyond
the case where g ∈ W 1,2 (R2 ), the Sobolev space of L2 functions with L2 weak
derivatives, which is the natural space for Tikhonov regularization as defined
by minimization of (5.4). Indeed, the corresponding function s(λ) is given
by
ZZ
2
s(λ) = kF (λ, ω)ĝk2 =
d(λ, ω)|ĝ|2 dω.
(5.7)

This is the integral of the squared filter function times the power spectrum
of the original signal g, and we have the following result:

Proposition 1 The squared L2 -norm s(λ) of the minimizer of the Tikhonov
regularization functional as a function of the regularization parameter λ is,
for non-trivial images, a monotonically decreasing convex function (for λ ∈
(0, ∞)), when it exists.
If g follows an α-power law, then from the Calculus fact recalled in the
previous section, g 6∈ L2 (Rn ), however s(λ), s0 (λ) and s00 (λ) exist and are
finite for λ > 0 if and only if α ∈ (0, 2) (which is the case for natural
images). Both s0 and s00 diverge for λ → 0+ .
The square of a non-increasing convex function is a convex function, and
from Section 5.1.2 we have the first part of the proposition. Now
dλ (λ, ω) = −

2|ω|2
,
(1 + λ|ω|2)3

dλλ (λ, ω) = 6

2|ω|4
.
(1 + λ|ω|2)4

RR
RR
s0 (λ) =
dλ (λ, ω)|g|2 dω and s00 (λ) =
dλλ (λ, ω)|g|2 dω and the rest of the
proposition follows by elementary analysis.

Set R(λ, ω) = 1 − F (λ, ω) and e(λ, ω) = R(λ, ω)2 . The Fourier image
residual is R(λ)ĝ and its squared norm is
ZZ
2
r(λ) = kR(λ, ω)ĝk =
e(λ, ω)|ĝ|2 dω
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An elementary calculation gives eλ (λ, ω) = 2λ|ω|2/(1 + λ|ω|2)3 and this function, is for λ fixed, bounded in ω while it satisfies
∀ω,

lim eλ (λ, ω) → 0, lim eλ (λ, ω) → 0

λ→0+

λ→∞

The same holds for r 0 (λ) when it is finite and therefore by the mean value
theorem, as it is positive, it must have a maximum and r 00 (λ) must change
sign and we can state the following:
Proposition 2 Assume first that g ∈ W 1,2 (R2 ) is non trivial. Then, although s(λ) is convex and decreasing, the squared norm residual r(λ) of
Tikhonov regularization, while increasing from 0 to kgk22, is neither concave
nor convex.
Note that when g is a α−power law with α ∈ (0, 2), g 6∈ L2 (R) while its
regularization gλ is when λ > 0, thus g − gλ 6∈ L2 (R2 ) and r(λ) = kg − gλk22 =
+∞.

5.3

Linear Scale-Space and Regularization

Linear scale-space theory [111, 202, 98] deals with simplified coarse scale representation of an image g, generated by solving the diffusion (heat) equation
with initial value g:
∂f
= 4f, f (−, 0) = g(−)
(5.8)
∂t
where 4 = ∂xx + ∂yy is the Laplacian. Equivalently, this coarse scale representation can be obtained by convolution with a Gaussian kernel:
1 − x2 +y2 2
e 2σ
fσ = g ∗ Gσ , Gσ (x, y) =
(5.9)
2πσ 2
and the link between the two formulations is given by fσ = f (−, 2σ 2 ). A third
formulation of Linear Scale-Space is obtained as “infinite order” Tikhonov
regularization, the 1-dimensional case was introduced by Nielsen et al. in
[143]. In dimension 2, one defines for λ > 0
2
ZZ
ZZ X
∞
k  
X
λk
∂k f
k
2
E[f ] =
(f − g) dxdy +
dxdy (5.10)
` ∂x` ∂y k−`
k!
k=1
`=0

where k` is the (`, k)-binomial coefficient. By a direct computation, its
associated Euler-Lagrange equation is given by
f −g+

∞
X
(−1)k λk
k=1

k!
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4k f = 0

where 4k is the k-th iterated Laplacian
k

4 = 4◦···◦4 =
|
{z
}
k times

k  
X
k
`=0

∂ 2k
.
` ∂x2` ∂y 2(k−`)

Via Fourier Transform, the Laplacian operator becomes the multiplication
by −|ω|2 operator and as in 1st order Tikhonov regularization, the solution
is given by filtering:
fˆ =

1+

ĝ
P∞

2

λk |ω|2k
k=1
k!

= e−λ|ω| ĝ.

(5.11)

The solution of the filtering problem for a given λ > 0 is the same as solving
(5.8) with t = λ. By setting λ = 2σ 2 and applying the convolution theorem
to (5.9) one gets the above equation. Using the Fourier formulation, the
squared norm of the solution at λ of (5.11) s(λ) the squared-norm residual
r(λ) are given by
ZZ
2
−λ|ω|2
2
s(λ) = ke
ĝk2 =
e−2λ|ω| |ĝ(ω)|2 dω,
ZZ 
2
−λ|ω|2
2
−λ|ω|2
1−e
r(λ) = k(1 − e
)ĝk2 =
|ĝ(ω)|2 dω.
2

2

If one defines d(λ, ω) = e−2λ|ω| and e(λ, ω) = (1 − eλ|ω| ), they have with
respect to convexity/concavity, the same properties as their Tikhonov counterpart defined in the previous section and one can state the following, in
term of heat equation / Gaussian variance
Proposition 3
1. The squared L2 -norm s(t) of the solution of heat equation as a function of the diffusion “time” t (or equivalently the convolution by the Gaussian kernel in function of the kernel variance) is,
for non-trivial images, a monotonically decreasing convex function (for
t ∈ (0, ∞)), when it exists.
2. The squared norm residual r(t) of the solution of the heat equation at
time t, while increasing from 0 to kgk22, is neither concave nor convex.
If, instead of using the diffusion time / variance as parameter, one uses the
standard deviation σ of the Gaussian kernel, the resulting solution squared
norm function s(σ), although increasing, may fail to be convex as the function
2
2
σ 7→ e−σ |ω| is not convex in σ, this is a half Gaussian bell. A simple example
showing the convexity failure is provided by the band limited function b whose
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Fourier transform is b̂(ω) = 1 if |ω| ≤ 1 and b̂(ω) = 0 otherwise. A direct
calculation gives

π
2
s(σ) =
1 − e−σ
σ
which is neither convex nor concave. In the other hand, for a function g
following a α−power law with α < 2, s(σ), this seems to be convex (for
instance if α = 0, s(σ) = π/σ, if α = 1, s(σ) = π 3/2 /σ 2 ).
If,again, the power spectrum of the image g is following a power law in spatial
frequencies, while its regularized L2 - norm is finite, the residual norm is not
as the initial datum is not square-integrable.

5.4

Total Variation image decomposition

Bounded Variation image modeling was introduced in the seminal work of
Rudin et al. in [169], where the following variational image denoising problem
is considered. Given an image g and λ > 0, find the minimizer of the following
energy
Z
ZZ
2
E(f ; g, λ) = (g − f ) dxdy + λ
|∇f | dxdy
(5.12)
The regularized image fλ can be interpreted as a denoised version of g, but
also as the “geometric” content of g while the residual νλ = g − fλ contains
the “noise/fine texture” component. Several methods have been proposed to
solve the above equation, by solving a regularized form of the Euler-Lagrange
equation of the functional
f − g − λ∇ ·

∇g
=0
|∇g|

where ∇· denote the divergence operator, but also for instance the non linear
projection method of Chambolle ([34]), which we have used in this work. λ is
a regularization parameter that determines the level of details that ends up
in the (noise/texture) component νλ . As λ increases νλ will contain details
of larger and larger scale, that will not appear in fλ .
Again it is interesting so see how the image content changes as λ increases.
The component vλ is the residual of the regularization and contains the
details that are suppressed in the cartoon component fλ and we set
r(λ; g) = kvλ k22 = kg − fλ k22

(5.13)

i.e. the squared L2 -norm of the residual image as a function of the regularization parameter λ. Related to the norm of the residual is the norm of the
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cartoon component as a function of λ
s(λ; u0) = kuλk22

(5.14)

s0 (λ) encodes the rate in which details are suppressed in the cartoon component uλ . Due to the high non linearity of the TV-regularization problem,
there is no relatively simple expression for s(λ), r(λ) and their respective
derivatives.
A norm study for the dual norm of the TV norm was done by Meyer in
[132]. A more direct behavior for the 2-norm can be computed in a few cases.
For instance Strong and Chan [186] showed that if g is the function g(x) = 1
if x ∈ B(0, 1) the unit disk, g(x) = 0 if x 6∈ B(0, 1), then its regularization
has the form cg, where c ∈ (0, 1) is a constant, therefore attenuating the
contrasts of the image.
In general situation, we cannot expect these type of simple results. We
have instead decided to study the behavior of these functions experimentally
on an image database.

5.5
5.5.1

Experiments
Sinc in Scale Space

Let g(x) = sin(x)/x be the Sinc function where x ∈ [−∞, ∞]. The squared
L2 norm of the residual as a function of the regularization parameter is in
the Tikhonov case
Z 1
λx2 2
r(λ) =
(
) dx
(5.15)
2
−1 1 + λx
and in the scale space case

r(σ) =

Z

1

−1

(1 − e

−ω 2 σ 2
2

)2 dω.

(5.16)

The result is presented in figure 5.1. The plots clearly indicate that the
residual norm - in both cases -is not concave.

5.5.2

Black squares with added Gaussian noise

The first experiment is done on an artificially generated 100 × 100 image
containing four 3 × 3 black squares, one 20 × 20 black square and added
Gaussian white noise with σ 2 = 12. The white background has intensity 125
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Figure 5.1: The residual norm as a function of the regularization parameter
. The plots clearly indicate that residual norm function are,
for g(x) = sin(x)
x
in both case, increasing functions, but not concave.
and the black square 10, after the noise has been added the image is zero
mean normalize.
In figure 5.2 the regularized and residual image are shown for increasing
regularization using first order Tikhonov Regularization. As the small scale
noise is suppressed, the large scale geometric structures are also smoothed
out. The norm of the residual is an increasing function of the scale and it
seems to be concave, and in fact it can be concave for the shown λ. However
λ may be small at the inflection point.
In figure 5.3 the regularized and residual images are shown for increasing
regularization using linear gaussian scale space. The results for the linear
Gaussian scale-space is similar to the result using first order Tikhonov regularization.
In figure 5.4 the regularized and residual images are shown for increasing regularization using Total Variation image decomposition. The different
structures are suppressed at using different λ while the large scale structures
are well preserved. At λ = 12 the gaussian white noise is suppressed, and at
λ = 210 is the small boxes remove and finally the large box is suppressed at
λ = 550. The residual norm as a function of the regularization parameter is
not a concave function of λ.
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Figure 5.2: Result for the squares and noise image using first order Tikhonov
regularization. On the first row the regularized and the residual images for
λ = 3, 10, 20 and 50 are shown. The plots contain the L2 −norm of the
residual as a function the scale λ, followed by the first order derivative in
log-scale.
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Figure 5.3: Result for the squares and noise image using linear scale space.
On the first row the regularized and the residual images for σ 2 = 1, 7, 13 and
64 are shown. The plots contain the L2 −norm of the residual as a function
the scale σ, followed by the first order derivative in log-scale.
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Figure 5.4: Result for the squares and noise image using TV-decomposition.
On the row regularized and the residual images for λ = 12, 38, 100 and 200
are shown. The plots contain the L2 −norm of the residual as a function
the scale λ, followed by the first order derivative in log-scale. The residual
norm seems to be a monotonically increasing non-concave function. The
residual norm has three points of ’high’ curvature: one at λ = 12 - the noise
is suppressed - and λ = 210 - the small squares are suppressed, and λ = 580
- the large square is suppressed.

5.5.3

DIKU Multi Scale Image Sequence Database I

The newly collected DIKU Multi-Scale image sequence database [85], contains sequences of the same scene captured using varying focal length. The
sequences contain both man-made structures and nature, the distance to the
main objects in the scenes also show a large variation (from a few meters to
a few kilometers).
Each image has first been normalized by an affine intensity range change
so that that the intensity range becomes [0, 1], followed by subtracting the
mean value (i.e. the mean intensity is 0 in each image).
The mean residual norm was computed on the normalized images in the
database, using fixed scales σ = 2i where i = 0, · · · , 12, using linear gaussian
scale space. The result is a feature vector hr̄(0), · · · , r̄(12)i containing
r̄(i) =

1 X
r(i; I)
N I∈F

(5.17)

where F is the set of all N normalized images in the database.
The (signed) distance function d(I0 ) of a normalized image I0 ∈ F to the
mean is defined as
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d(I0 ) =

12
X
i=0

r(i; I0 ) − r̄(i)

(5.18)

The (signed) distance to the mean has been computed for all images in
the DIKU database. Images with large positive values have a larger than
average residual and images with large negative values have a smaller than
average residual.
The first row in figure 5.5 contains the 4 images with the largest positive distance to the mean, on the second row the 4 images with the largest
negative distance to the mean. The image contents difference is striking
and clearly indicate that the residual norm contains important contents information. The same experiment was performed using first order Tikhonov
regularization with similar, but not identical, result.

Figure 5.5: The top row show images where f (σ) is much larger than the
average and bottom row show images where f (σ) is much smaller than the
average. The contents difference is striking! The images in the first row
contain small scale details (texture), while the images in the bottom row
contain large scale geometric structures.

5.6

Conclusions

For square-integrable images, the squared L2 -norms of the regularized images
in first order Tikhonov regularization and linear Gaussian Scale Space are, in
general decreasing convex functions of the regularizing parameter. This may
fail for Linear Scale space when Gaussian standard deviation is used as a
parameter. Their squared residual norm are however not concave functions.
For the the Total Variation regularization too, it is shown empirically that
the squared norm of the residual is not concave.
This confirms that the squared norm of the residual may be an indicator
of image structure, both for 1st order Tikhonov regularization, Gaussian
124

Scale Space as well as Total variation regularization. The behavior of the
latter will be studied further in future research.
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Contour Matching of
Non-Rigid Moving Object

126

This chapter contain a slightly re-formatted version of

David Gustavsson, Ketut Fundana, Niels-Ch. Overgaard, Anders Heyden,
and Mads Nielsen.
Variational Segmentation and Contour Matching of Non-Rigid Moving
Object.
In Proceding of Workshop on Dynamical Vision WDV 2008, 2008.

Variational Segmentation and Contour Matching of Non-Rigid
Moving Object
David Gustavsson1,2 , Ketut Fundana3 , Niels Chr. Overgaard3 , Anders
Heyden3 , and Mads Nielsen1
1
DIKU, University of Copenhagen
Universitetsparken 1,DK-2100 Copenhagen Ø, Denmark
{davidg,madsn}@diku.dk
2
IT University of Copenhagen
Rued Langgaards Vej 7,DK-2300 Copenhagen S, Denmark
3
Applied Mathematics Group,School of Technology and Society, Malmö
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abstract
In this paper we propose a method for variational segmentation and contour
matching of nonrigid objects in image sequences which can deal with the
occlusions. The method is based on a region-based active contour model
of the Chan-Vese, augmented with a frame-to-frame interaction term which
uses the segmentation result from the previous frame as a shape prior. This
method has given good results despite the presence of minor occlusions, but
can not handle significant occlusions. We have extended this approach by
adding a registration step between two consecutive contours. This registration step is based on a novel variational formulation and gives also a mapping
of the intensities from the interior of the previous contour to the next. With
this information occlusions can be detected from deviations from predicted
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intensities and the missing intensities in the occluded areas can then be reconstructed. The performance of the method is shown with experiments on
synthetic and real image sequences.

6.1

Introduction

Segmentation is an important and difficult process in computer vision, with
the purpose of dividing a given image into one or several meaningful regions
or objects. This process is more difficult when the objects to be segmented
are moving and nonrigid and even more when there are severe occlusions. The
shape of nonrigid, moving objects may vary a lot along image sequences due
to, for instance, deformations or occlusions, which puts additional constraints
on the segmentation process. In particular we would like to distinguish real
shape deformations of the object from apparent shape deformations due to
occlusions.
There have been a number of methods proposed and applied to this problem. Active contours are powerful methods for image segmentation; either
boundary-based such as geodesic active contours [33], or region-based such
as Chan-Vese models [35], which are formulated as variational problems.
Those variational formulations perform quite well and have often been applied based on level sets. Active contour based segmentation methods often
fail due to noise, clutter and occlusion. In order to make the segmentation
process robust against these effects, shape priors have been proposed to be incorporated into the segmentation process. In recent years, many researchers
have successfully introduced shape priors into segmentation methods such as
in [36, 44, 46, 43, 42, 165, 120].
We are interested in segmenting nonrigid moving objects in image sequences. When the objects are nonrigid, an appropriate segmentation method
that can deal with shape deformations should be used. The application of
active contour methods for segmentation in image sequences gives promising results as in [137, 153, 154]. These methods use variants of the classical
Chan-Vese model as the basis for segmentation. In [137], for instance, it
is proposed to simply use the result from one image as an initializer in the
segmentation of the next.
Another major problem for segmentation methods for image sequences is
the presence of occlusions. Minor occlusions can usually be handled by some
kind of shape prior. However, major occlusions is still a big problem. In order
to improve the robustness of the segmentation methods in the presence of
occlusions, it is necessary to detect the occlusions. The occluded area can
then either be excluded from segmentation process or reconstructed [185, 70,
114].
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The main purpose of this paper is to propose and analyze a novel variational segmentation method for image sequences, that can both deal with
shape deformations and at the same time is robust to noise, clutter and occlusions. The proposed method is based on minimizing an energy functional
containing the standard Chan-Vese functional as one part and a term that
penalizes the deviation from the previous shape as a second part. The second
part of the functional is based on a transformed distance map to the previous
contour, where different transformation groups, such as Euclidean, similarity
or affine, can be used depending on the particular application. This variational framework is then augmented with a novel contour flow algorithm,
giving a mapping of the intensities inside the contour of one image to the
inside of the contour in the next image. Using this mapping, occlusions can
be detected by simply thresholding the difference between the transformed
intensities and the observed ones in the novel image.
This paper is organized as follows: in Sect. 6.2 we discuss the proposed
segmentation of image sequences. The variational contour matching is described in Sect. 6.3 and how this can be used to detect and locate the
occlusion is described in Sect. 6.4. Experimental results of the model are
presented in Sect. 6.5 and we end the paper with some conclusions.

6.2

Segmentation of Image Sequences

In this section, we describe the region-based segmentation model of ChanVese [35] and a variational model for updating segmentation results from one
frame to the next in an image sequence.

6.2.1

Region-Based Segmentation

The idea of the Chan-Vese model [35] is to find a contour Γ such that the
image I is optimally approximated by a gray scale value µint on int(Γ), the
inside of Γ, and by another gray scale value µext on ext(Γ), the outside of Γ.
The optimal contour Γ∗ is defined as the solution of the variational problem,
ECV (Γ∗ ) = min ECV (Γ),
Γ

(6.1)

where ECV is the Chan-Vese functional,
 Z

Z
1
1
2
2
ECV (Γ) = α|Γ| + β
(I(x) − µint ) dx +
(I(x) − µext ) dx .
2 int(Γ)
2 ext(Γ)
(6.2)
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Here |Γ| is the arc length of the contour, α, β > 0 are weight parameters,
and
Z
1
µint = µint (Γ) =
I(x) dx,
(6.3)
| int(Γ)| int(Γ)
Z
1
µext = µext (Γ) =
I(x) dx.
(6.4)
| ext(Γ)| ext(Γ)
The gradient descent flow for the problem of minimizing a functional
ECV (Γ) is the solution to initial value problem:
d
Γ(t) = −∇ECV (Γ(t)),
dt

Γ(0) = Γ0 ,

(6.5)

where Γ0 is an initial contour. Here ∇ECV (Γ) is the L2 -gradient of the energy
functional ECV (Γ), cf. e.g. [179] for definitions of these notions. Then the
L2 -gradient of ECV is
∇ECV (Γ) = ακ + β


1
1
(I − µint (Γ))2 − (I − µext (Γ))2 ,
2
2

(6.6)

where κ is the curvature.
In the level set framework [151], a curve evolution, t 7→ Γ(t), can be
represented by a time dependent level set function φ : R2 × R → R as
Γ(t) = {x ∈ R2 ; φ(x, t) = 0}, φ(x) < 0 and φ(x) > 0 are the regions inside
and the outside of Γ, respectively. The normal velocity of t 7→ Γ(t) is the
scalar function dΓ/dt defined by
d
∂φ(x, t)/∂t
Γ(t)(x) := −
dt
|∇φ(x, t)|

(x ∈ Γ(t)).

(6.7)

Recall that the outward unit normal n and the curvature
 κ can be expressed
in terms of φ as n = ∇φ/|∇φ| and κ = ∇ · ∇φ/|∇φ| .
Combined with the definition of gradient descent evolutions (6.5) and the
formula for the normal velocity (6.7) this gives the gradient descent procedure
in the level set framework:
1

1
∂φ 
2
2
= ακ + β (I − µint (Γ)) − (I − µext (Γ)) |∇φ|,
∂t
2
2
where φ(x, 0) = φ0 (x) represents the initial contour Γ0 .

130

6.2.2

The Interaction Term

The interaction EI (Γ0 , Γ) between a fixed contour Γ0 and an active contour Γ
may be regarded as a shape prior and be chosen in several different ways, such
as the pseudo-distances, cf. [43], and the area of the symmetric difference of
the sets int(Γ) and int(Γ0 ), cf. [36].
Let φ0 : D → R denotes the signed distance function associated with the
contour Γ0 and a ∈ R2 is a group of translations. We want to determine the
optimal translation vector a = a(Γ), then the interaction EI = EI (Γ0 , Γ) is
defined by the formula,
Z
EI (Γ0 , Γ) = min
φ0 (x − a) dx.
(6.8)
a

int(Γ)

Minimizing over groups of transformations is the standard devise to obtain
pose-invariant interactions, see [36] and [43].
Since this is an optimization problem a(Γ) can be found using the gradient
descent procedure. The optimal translation a(Γ) can then be obtained as the
limit, as time t tends to infinity, of the solution to initial value problem
Z
ȧ(t) =
∇φ0 (x − a(t)) dx,
a(0) = 0.
(6.9)
int(Γ)

Similar gradient descent schemes can be devised for rotations and scalings
(in the case of similarity transforms), cf. [36].

6.2.3

Using the Interaction Term in Segmentation of
Image Sequences

Let Ij : D → R, j = 1, . . . , N, be a succession of N frames from a given image
sequence. Also, for some integer k, 1 ≤ k ≤ N, suppose that all the frames
I1 , I2 , . . . , Ik−1 have already been segmented, such that the corresponding
contours Γ1 , Γ2 , . . . , Γk−1 are available. In order to take advantage of the
prior knowledge obtained from earlier frames in the segmentation of Ik , we
propose the following method: If k = 1, i.e. if no previous frames have
actually been segmented, then we just use the standard Chan-Vese model,
as presented in Sect. 6.2.1. If k > 1, then the segmentation of Ik is given by
the contour Γk which minimizes an augmented Chan-Vese functional of the
form,
A
ECV
(Γk−1, Γk ) := ECV (Γk ) + γEI (Γk−1 , Γk ),
(6.10)
where ECV is the Chan-Vese functional, EI = EI (Γk−1 , Γk ) is an interaction
term, which penalizes deviations of the current active contour Γk from the
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previous one, Γk−1, and γ > 0 is a coupling constant which determines the
strength of the interaction.
The augmented Chan-Vese functional (6.10) is minimized using standard
gradient descent (6.5) described in Sect. 6.2.1 with ∇E equal to
A
∇ECV
(Γk−1 , Γk ) := ∇ECV (Γk ) + γ∇EI (Γk−1 ; Γk ),

(6.11)

and the initial contour Γ(0) = Γk−1 . Here ∇ECV is the L2 -gradient (6.6) of
the Chan-Vese functional, and ∇EI the L2 -gradient of the interaction term,
which is given by the formula,
∇EI (Γk−1 , Γk ; x) = φk−1 (x − a(Γk )),

(for x ∈ Γk ).

(6.12)

Here φk−1 is the signed distance function for Γk−1 .
We use the Chan-Vese model to segment a selected object with approximately uniform intensity and apply the proposed method frame-by-frame.
First we compute the optimal translation vector (6.9) based on the previous
contour, we then use this vector to translate the previous contour until it is
aligned to the optimal position (6.12). Then the minimum of the functional
(6.10) is obtained by the gradient descent procedure (6.11) implemented in
the level set framework outline in Sect. 6.2. This procedure is iterated until
it converges.

6.3

A Contour Matching Problem

In this section we are going to present a variational solution to the following
contour matching problem: Suppose we have two simple closed curves Γ1 and
Γ2 contained in the image domain Ω. Find the “most economical” mapping
Φ = Φ(x) : Ω → R2 such that Φ maps Γ1 onto Γ2 , i.e. φ(Γ1 ) = Γ2 . The latter
condition is to be understood in the sense that if α = α(s) : [0, 1] → Ω is a
positively oriented parametrization of S1 , then β(s) = Φ(α(s)) : [0, 1] → Ω
is a positively oriented parametrization of Γ2 (allowing some parts of Γ2 to
be covered multiple times).
To present our variational solution of this problem, let M denote the set
of twice differential mappings Φ which maps Γ1 to Γ2 in the above sense.
Loosely speaking
M = {Φ ∈ C 2 (Ω; R2 ) | Φ(Γ1 ) = Γ2 }.
Moreover, given a mapping Φ : Ω → R2 , not necessarily a member of M,
then we express Φ in the form Φ(x) = x + U(x), where the vector valued
function U = U(x) : Ω → R2 is called the displacement field associated with
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Φ, or simply the displacement field. It is sometimes necessary to write out
the components of the displacement field; U(x) = (u1 (x), u2 (x))T .
We now define the “most economical” map to be the member Φ∗ of M
which minimizes the following energy functional:
Z
1
E[Φ] =
kDU(x)k2F dx,
(6.13)
2 Ω
where kDU(x)kF denotes the Frobenius norm of DU(x) = [∇u1 (x), ∇u2 (x)]T ,
which for an arbitrary matrix A ∈ R2×2 is defined by kAk2F = tr(AT A). That
is, the optimal matching is given by
Φ∗ = arg min E[Φ].

(6.14)

Φ∈M

Using that E[Φ] can be written in the form
Z
1
|∇u1(x)|2 + |∇u2(x)|2 dx,
E[Φ] =
2 Ω

(6.15)

it is easy to see that the Gâteaux derivative of E[Φ] is given by
Z
dE[Φ; V ] =
∇u1 (x) · ∇v1 (x) + ∇u2 (x) · ∇v2 (x) dx
ZΩ
=
tr(DU(x)T DV (x)) dx,
Ω

for any displacement field V (x) = (v1 (x), v2 (x))T . After integration by parts
we find that the necessary condition for Φ∗ (x) = x + U ∗ (x) to be a solution
of the minimization problem (6.14) takes the form
Z
0 = − ∆U ∗ (x) · V (x) dx,
(6.16)
Ω

for any admissible displacement field variation V = V (x). Here ∆U ∗ (x) =
(∆u1 (x), ∆u2 (x))T is the Laplacian of the vector valued function U ∗ = U ∗ (x).
Since every admissible mapping Φ must map the initial contour Γ1 onto the
target contour Γ2 , it can be shown that any displacement field variation V
must satisfy
V (x) · nS2 (x + U ∗ (X)) = 0 for all x ∈ Γ1 .

(6.17)

Notice that this condition only has to be satisfied precisely on the curve
Γ1 , and that V = V (x) is allowed to vary freely away from the initial contour. The interpretation of the above condition is that the displacement field
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variation at x ∈ Γ1 must be tangent to the target contour Γ2 at the point
y = Φ(x). In view of this interpretation of (6.17) it is not difficult to see that
necessary condition (6.16) implies that the solution Φ∗ of the minimization
problem (6.14) must satisfy the following Euler-Lagrange equation:
(
∆U ∗ − (∆U ∗ · n∗Γ2 ) n∗Γ2 ,
on Γ1 ,
(6.18)
0=
∆U ∗ ,
otherwise,
where n∗Γ2 (x) = nΓ2 (x + U ∗ (x)), x ∈ Γ1 , is the pullback of the normal field
of the target contour Γ2 to the initial contour Γ1 . The standard way of
solving (6.18) is to use the gradient descent method: Let U = U(t, x) be the
time-dependent displacement field which solves the evolution PDE
(
∆U − (∆U · n∗Γ2 ) n∗Γ2 ,
on Γ1 ,
∂U
(6.19)
=
∂t
∆U,
otherwise,
where the initial displacement U(0, x) = U0 (x) ∈ M specified by the user,
and U = 0 on ∂Ω, the boundary of Ω (Dirichlet boundary condition). Then
U ∗ (x) = limt→∞ U(t, x) is a solution of the Euler-Lagrange equation (6.18).
Notice that the PDE (6.19) coincides with the so-called geometry-constrained
diffusion introduced in [5]. Thus we have incidentally found a variational formulation of the non-rigid registration problem considered there.
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Figure 6.1: Given two closed curves Γ1 and Γ2 contained in two images F1
and F2 , Φ maps F1 onto F2 such that Γ1 is mapped onto Γ2 (i.e. Φ(Γ1 ) = Γ2 ).

6.4

Detect and Locate the Occlusion

The mapping Φ = Φ(x) : Ω → R2 such that Φ maps Γ1 onto Γ2 is an
estimation of the displacement (motion and deformation) of the boundary of
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an object between two frames. By finding the displacement of the contour, a
consistent displacement of the intensities inside the closed curve Γ1 can also
be found. Φ maps Γ1 onto Γ2 and pixels inside Γ1 are mapped inside Γ2 .
This displacement field which only depends on displacement - or registration
- of the contour (and not on the image intensities) can then be used to map
the intensities inside Γ1 into Γ2 . After mapping, the intensities inside Γ1 and
Γ2 can be compared and then be classified as the same or different value.
Since we can still find the contour in the occluded area, therefore we can also
compute the displacement field even in the occluded area.
After the occlusion has been detected, the segmentation can be further
improved by again employing the previously described Chan-Vese-method
augmented with an interaction term. However, in this second stage, the
integration is only performed over the area of the image where no occlusion
has been detected. This procedure treats the occluded area in the same way
as a part of the image with missing data as in [12], which is reasonable .

6.5

Experiments

6.5.1

Segmentation

In this section we present the results obtained from experiment using synthetic image sequence. We use the Chan-Vese model to segment a selected
object with approximately uniform intensity and apply the proposed method
frame-by-frame. The minimization of the functional is obtained by the gradient descent procedure (6.11) implemented in the level set framework. See
also [151].
The classical Chan-Vese method will have problems segmenting an object if occlusions appear in the image which cover the whole or parts of
the selected object. In Fig. 6.2 and Fig. 6.5, we show the segmentation results for a non-rigid object in a synthetic image sequence and for a
walking human in a real image sequence (available at http://homepages.inf.
ed.ac.uk/rbf/CAVIAR/), respectively, where occlusions occur. The classical
Chan-Vese method fails to segment the selected object when it reaches the
occlusion (Left column). Using the proposed method, which uses the frameto-frame interaction term, we obtain much better results (Right column).
In both experiments the coupling constant γ is varied to see the influence
of the interaction term on the segmentation results. The contour is only
slightly affected by the prior if γ is small. On the other hand, if γ is too
large, the contour will be close to a similarity transformed version of the
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Figure 6.2: Segmentation of a non-rigid object in a synthetic image sequences
with additive Gaussian noise (Frame 1-7). Without the interaction term,
noise in the occlusion is captured (Left column). This is avoided when the
interaction term is included (Right column).
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Figure 6.3: Left: Deformation field. Right: Frame 4 after deformation according to the displacement field onto Frame 5.

Figure 6.4: The occluded regions of the Frame 3-6 of Fig. 6.2 can be detected
and located
prior.

6.5.2

Contour Matching and occlusion detection

As described in Sect. 6.3 and Sect. 6.4, occlusion can be detected and
located by deforming the current frame according to the displacement and
compare the deformed frame with the next frame (inside the contour Γ2 ).
First we compute the displacement field based on the segmentation results
of two frames. In Fig. 6.3, we show the displacement field of Frame 4 and
5. With this displacement field, we can do full deformation of the Frame
4 onto Frame 5 (Fig. 6.3 right) and then compare the intensities between
Frame 5 and deformed Frame 4. By comparing, we can then classify the
intensities as having the same or different value by thresholding. The results
for the artificial sequence are presented in Fig. 6.4 and for the walking person
sequence in Fig. 6.6.
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Figure 6.5: Segmentation of a person covered by an occlusion in the human
walking sequence. Left column: without interaction term, and Right column:
with interaction term
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Figure 6.6: The occluded regions of the Frame 3 and 4 of Fig. 6.5 are detected
and located by predicting the intensities inside the contour of the walking
person.

6.6

Conclusions

We have presented a new method for segmentation and contour matching of
image sequences containing nonrigid, moving objects, that also can handle
occlusions. The proposed segmentation method is formulated as variational
problem, with one part of the functional corresponding to the Chan-Vese
model and another part corresponding to the pose-invariant interaction with
a shape prior based on the previous contour. The optimal transformation as
well as the shape deformation are determined by minimization of an energy
functional using a gradient descent scheme. This segmentation method is
augmented with a contour flow estimation algorithm based on a novel variational formulation. The estimated contour flow makes it possible to extract
occluded areas and then further refine the segmentation. Preliminary results
are shown and its performance looks promising both in terms of segmentation
and occlusion detection.
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