UNIVERSIDADE TECNICA DE LISBOA

INSTITUTO

SUPERIOR INSTITUTO SUPERIOR TECNICO
TECNICO

Blind Separation and Blind Deblurring of
Natural Images

Mariana Sa Correia Leite de Almeida

(Licenciada)

Supervisor: Doctor Luis Henrique Martins Borges de Almeida

Thesis approved in public session to obtain the PhD Degree in

Electrical and Computer Engineering

Jury final classification: Pass With Merit (unanimous)

Jury

Chairperson: Chairman of the IST Scientific Board

Members of the Committee: Doctor Luis Henrique Martins Borges de Almeida
Doctor Armando José Formoso de Pinho
Doctor Mario Alexandre Teles de Figueiredo
Doctor José Manuel Bioucas Dias
Doctor Pedro Manuel Quintas Aguiar

Doctor Javier Portilla

2010






UNIVERSIDADE TECNICA DE LISBOA

INSTITUTO

SUPERIOR INSTITUTO SUPERIOR TECNICO
TECNICO

Blind Separation and Blind Deblurring of
Natural Images

Mariana Sa Correia Leite de Almeida

(Licenciada)

Supervisor: Doctor Luis Henrique Martins Borges de Almeida

Thesis approved in public session to obtain the PhD Degree in

Electrical and Computer Engineering

Jury final classification: Pass With Merit (unanimous)

Jury

Chairperson: Chairman of the IST Scientific Board

Members of the Committee: Doctor Luis Henrique Martins Borges de Almeida
Doctor Armando José Formoso de Pinho
Doctor Mario Alexandre Teles de Figueiredo
Doctor José Manuel Bioucas Dias
Doctor Pedro Manuel Quintas Aguiar

Doctor Javier Portilla

Funding Institutions: Fundagao para a Ciéncia e a Tecnologia

Instituto de Telecomunicagoes - polo de Lisboa

2010






Abstract

This thesis addresses two important nonlinear inverse problems in image processing: the sepa-
ration of show-through and the bleed-trough mixtures and the blind deblurring of images. New
solutions to cope with their high levels of indetermination are proposed.

Two separation methods are developed for the first problem. In a first approach, the
indeterminacy of nonlinear Independent Component Analysis (ICA) is reduced through the
use of a physical model with only four parameters. Based on other properties, a wavelet-based
method is also developed. This non-iterative approach performs space-variant non pixel-wise
separation. Both techniques reach separation results competitive with those of other methods.

Regarding blind deblurring, the technique that is developed does not impose strong restric-
tions on the blurring filter, overcoming the ill-posedness of Blind Image Deconvolution (BID) by
initially considering the main image edges and, progressively, handling fainter and smaller ones.
The BID technique is extended for deblurring shift-variant degradations in which the blurred
image consists of two layers that were subjected to different degradations. The approach is
successfully tested on several images, with a variety of synthetic and real-life blurs, both in
shift-invariant and two-layer problems. The deblurring results are visually and quantitatively

better than those obtained with other state-of-the-art methods.

Keywords: Nonlinear image separation, Show-through, Bleed-through, Independent Com-
ponent Analysis (ICA), Blind image deconvolution, Image enhancement, Image restoration,

Sparse distributions, Space-variant blur, Object segmentation.
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Resumo

Esta tese aborda dois problemas nao lineares em processamento de imagem: a separacao de
misturas resultantes dos fenémenos de show-through e bleed-trough e a focagem cega de imagens.
Apresentam-se novas solugoes para ultrapassar os seus elevados niveis de indeterminacao.

Propoem-se dois métodos para o primeiro problema. Numa primeira abordagem, a in-
determinacao existente em andlise nao-linear em componentes independentes é praticamente
eliminada através do uso de um modelo fisico com apenas quatro parametros. Com base
noutras caracteristicas do problema, desenvolve-se um método nao-iterativo que realiza sepa-
racao nao pontual e variante no espaco. Ambos os métodos de separacao alcancam resultados
competitivos com os obtidos por outros métodos.

Desenvolve-se um método de focagem cega de imagens. Sem impor restrigoes fortes no filtro
de desfocagem, o método ultrapassa a indeterminacao da focagem cega comecando por estimar
apenas os contornos principais da imagem, tomando gradualmente em consideracao os seus
detalhes. A técnica proposta é estendida de forma a também recuperar imagens constituidas
por duas camadas que tenham sofrido desfocagens diferentes. O método é testado com sucesso
em varias imagens, varias degradacoes sintéticas e reais, ambas em desfocagens invariantes no
espaco e multi-camada. Os resultados obtidos sao visual e quantitativamente superiores aos

alcancados por outros métodos.

Palavras-chave: Separacao nao-linear de images, Show-through, Bleed-through, Analise em
componentes independentes, Desconvolucao cega de imagens, Melhoramento de imagem, Res-
tauracao de imagem, Distribuicoes esparsas, Desfocagens variantes no espaco, Segmentacao de

objectos.
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Chapter 1

Introduction

1.1 Motivation and problem formulation

A considerable amount of the world’s information is organized in the form of images. Despite
they are originally a function of continuous variables, images are usually stored in computers
in the digital format. Once the possibility of storing information in computers appeared,
(digital) image processing has rapidly emerged as an area of computer science. Nowadays,
image processing has applications in several important engineering areas, such as document
analysis [1-6], photography and video analysis [7-9], astronomical imaging [10], tomography
[11-14] and other medical imaging [15-17], remote sensing [18], etc.

In imaging, such as in other areas, the underlying data are not usually directly accessible.
On the contrary, the sensors’ outputs typically give a corrupted version of the exact desired
information. Up to the final acquisition, the data can pass either through simple degradations,
such as the additive interference of noise that comes from the sensors, or through more complex
signal interactions, such as a convolution. Several image processing application will thus fall
into the class of inverse problems [8], i. e., problems in which one aims at recovering the original
data by inverting a direct degradation process (see Fig. 1.1). In inverse problems, the goal can
either be recovering the original data or characterizing the corrupting process. According to the
nature of the degradation, different inverse problems have appeared in imaging: denoising [19],
deblurring [20, 21|, separation [22], super-resolution [23], in-painting [24], compressed sensing

[25], etc.

This dissertation addresses two inverse problems in imaging. In the field of document
recovery, we start by studying a nonlinear image separation problem (see Section 1.1.1). With

the aim of recovering blurred images, the blind deblurring problem is later addressed (Section
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Figure 1.2: Show-through and bleed-through effects in an old air-mail letter. Acquired front-
page.

1.1.2).

1.1.1 Separation of show-through and bleed-through image mixtures

When a two-sided document is imaged through a copier or a scanner, it is common that the
image of the back page shows through (see an example in Fig. 1.2). This interference is often
due to the partial transparency of the paper (the show-through effect) and gets stronger as
the paper transparency increases. Another possible cause for the mixture is the bleeding of
ink through the paper. This phenomenon is called bleed-through and it is more common in old
documents, in which the ink has had more time to bleed. Both bleed-through and show-through

effects may simultaneously be present in the same document, as happens in Fig. 1.2.
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Figure 1.3: Examples of Show-through and bleed-through mixtures addressed in the thesis.
a) Strong show-through mixture obtained using a tracing paper. b) Bleed-through mixture
existing in an old partiture.

The goal in the show/bleed-through inverse problem is to undo the mixing process, i. e.,
to recover the original images from the acquired mixed ones. This is a restoration problem of
great interest for both academy [1-6, 22] and industry [26, 27]. For example, Xerox has already
registered several patents on the subject [26, 27]. Besides application in the area of photocopy,
show /bleed-through restorations play a special role in the analysis of archives [5, 28, 29] and
old documents, such as old letters [30-32], palimpsets [1], partitures [32] and other historical
documents [31], etc.

In this thesis, different types of show/bleed-through degraded documents are restored (see
examples in Figs. 1.2 and 1.3). Although they have different origins, all documents that were
processed suffered nonlinear real-life mixtures, for which a simple linear separation showed to

be insufficient.

1.1.2 Automatic image deblurring

Acquired images are commonly affected by blur. This kind of degradation happens in various
physical processes and is usually reasonably modeled by a mathematical convolution. An
example of this type of degradation is the well known case of a blurred photo (see Figs. 1.1 and
1.4). Blurring degradations lead us to the inverse problem of Blind Image Deconvolution (BID)
or blind deblurring. In this problem, the goal is to recover the original sharp image form the
blurred one. A wide range of physical processes lead to blurring degradations of practical
interest. Automatic image deblurring is then an inverse problem of great practical interest in

several applications areas, such as photography and video [7—9], astronomy [10], remote sensing
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a) Out-of-focus blur. b) Motion blur.

Figure 1.4: Examples of actual blurred photos that are addressed in the thesis. a) Out-of-focus
blur. b) Blur due to the horizontal motion of the camera.

[18], tomography [11-14] and other biomedical imaging [15-17], etc.

Similar to the document restoration problem of Section 1.1.1, BID is a problem of both
academic and industrial interest. Several deblurring techniques have been patented by different
companies and research centers [33-35].

This dissertation focus on the everyday problem of focusing blurred photographs. Despite
that, the methods that are presented in this thesis are also applicable to other deblurring
problems. Regarding the BID problem, we have initially studied burring degradations which
are invariant along the image, i. e., shift-invariant degradations. Figure 1.4 shows the two most
common types of shift-invariant blurring effects that appear in photography: out-of-focus blur

and motion blur. Both photos shown in Fig. 1.4 are restored, ahead, in this thesis.

Shift-variant image deblurring

Shift-variant image deblurring is an extension of the shift-invariant deblurring problem, in
which the characteristics of the blurring degradation change across the observed image. Shift-
variant deblurring has applications in several engineering problems [36-39]. Besides that, in
areas such as photography, shift-variant models can be more realistic and appropriate than the
shift-invariant one [40-42].

Remaining in the photography area, the thesis addresses a practical situation in which the
blur is not constant across the image. We study the case in which the photographed scene
consists of two layers (a closer object and a farther background) that have been corrupted
by different blurring filters. Two typical degradations of this kind occur when: (1) the closer

object has motion blur and the background scene is static and in focus (or vice-versa); (2) the
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Figure 1.5: Examples of actual two-layered blurred photos. Both photos are restored, ahead,
in the thesis.

closer object and the farther background are both stationary, but have different focus blurs.
Examples of these types of blurred photos are shown in Fig. 1.5. Both of these photos are

restored, ahead, in this dissertation.

1.2 Organization of the thesis

The thesis is organized in five chapters. Chapter 1 is an introductory chapter in which the
problem under study is described. This chapter also gives a general overview of the tech-
niques that were proposed, the results that were attained and the papers that were published.
Chapters 2, 3 and 4 contain the publications regarding the three inverse problems that were
addressed: show /bleed-through image separation (Chapter 2), shift-invariant blind image de-
blurring (Chapter 3) and blind deblurring of images consisting of two layers (Chapter 4).

Finally, general conclusions and future perspectives are the focus of Chapter 5.

1.3 Nonlinear image separation

Considering that we aim at recovering two source images from two mixed ones, the bleed /show-
through inverse problem falls into the class of the Source Separation (SS) problems. Problems
of this class are often addressed by assuming that the sources are independent from each other
and performing Independent Component Analysis (ICA).

The fact that linear ICA has a unique solution apart from a permutation and a scale



factor [43] has allowed the development of several efficient methods for the separation of linear
mixtures [44-47]. However, this development has not occurred for nonlinear mixtures, in which
ICA has an infinite number of solutions, almost all consisting in mixtures of the original sources
[48-50]. Despite being ill-posed, nonlinear ICA has been addressed by several approaches
[51-59]. While the first developed methods [51, 52, 55] are mainly based on the independence
criterion, the latter ones [53, 56, 58, 59] try to cope with the indeterminacies inherent to
nonlinear ICA. 1In [53, 54|, the temporal structure of the signal is exploited, [56] exploits
the smoothness of the signal and [58] the smoothness of the nonlinear map. Despite their
punctual advantages, none of these methods guarantees separation. Uniqueness of the solution
was only assured in a very recent method [59], which forces the sources to be independent not
just in the signal domain, but in the state space of the signals and their derivatives. This
method was, however, only applied to one-dimensional signals. Besides that, the technique is
computationally demanding.

In spite of its indeterminacies, nonlinear ICA has been applied to a few real-life separation
problems. Besides the show-through and bleed-through problems, nonlinear ICA was suc-
cessfully applied to perform nonlinear denoising in [60]. Nonlinear-ICA has been applied to
other real-life separation problems in [58, 61, 62]. However, these publications did not confirm
whether the extracted sources were actually close to real ones or not.

During the past years, bleed/show-through mixtures have been addressed by various ap-
proaches [1-6, 28-31, 63-66]. A considerable part of these works [5, 28-31] was developed
for text documents. The fact that text documents can be seen as binary images makes them
easier to separate than general grayscale images. Text images are typically separated resort-
ing to threshold and/or segmentation techniques. Despite they were developed for text, most
of the mentioned works address actual old manuscripts that present both bleed-through and
show-through effects.

Regarding grayscale (non-text) mixtures, only the show-through effect has been addressed.
The methods presented in [1, 63, 65] achieve separation through linear point-wise models, whose
parameters are trained with linear ICA techniques. Though it works reasonably well in some
cases, linear point-wise separation showed to be inappropriate to separate stronger mixtures,
such as the tracing paper mixtures that are addressed in this thesis.

Tracing paper has a high level of transparency, which leads to nonlinear mixtures [64, 67]
stronger than the ones that are typically treated in the literature. Previously to this thesis,
tracing paper mixtures have already been addressed by other nonlinear approaches [64, 66, 68].

In [68], a multiplicative separation model is trained though the nonlinear ICA Mutual Informa-
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tion SEParation (MISEP) method [55]. MISEP was also applied using a symmetric MLP in the
separation map [64]. In a different approach, the Denoising Source Separation (DSS) method of
linear separation [69] was extended to the nonlinear scenario of image mixtures. This approach
[66], however, does not guarantee the convergence and stability of the separation result.

The first physical model that was proposed for the show-through effect is actually nonlinear
and non pixel-wise [2]. In this and some succeeding works [6, 22, 70], this physical model is
linearized and adaptive linear filtering schemes are used for removing the show-through effect.
Also based on physical principles, the present thesis uses a different pixel-wise nonlinear model
[71]. In a latter publication [72], a similar model was also used. However, the latter work
reached the show-through model based on empirical observations. Based on non point-wise
degradation models, other separation strategies [73] were also proposed for the show-through
inverse problem. In contrast with show-through, bleed-through is a shift-variant process, for
which we are not aware of any accurate model.

Show-through and/or bleed-through mixtures have also been addressed by other methods.
Self-organizing maps (SOM) were used, in [4], in an attempt to compensate for the nonlinearity
of the show-through separation map. Another separation technique [74] only requires the front
page image to perform the separation. This method was, however, only developed for color or

multi-spectral images, and was only tested on relatively weak mixtures.

1.3.1 Nonlinear physical model trained with ICA

In order to studying the show-through effect, a set of five pairs of tracing paper mixtures was
used (the set is shown in Fig. 2.6, on page 46 of the thesis). The nonlinear character of the
mixture under consideration is quite strong and a linear separation model does not lead to
good separation results [64, 67]. It is necessary to resort to nonlinear maps and nonlinear ICA,
which has the handicap of being an ill-posed problem for which there are an infinite number of
solutions, almost all consisting in mixtures of the original sources. The separation problem that
we intend to solve is challenging because it involves a noisy nonlinear mixture. Furthermore,

some pairs of sources are not fully independent [64, 67].

Proposed method

In a first approach, the difficulties of the present problem were overcome through the use of a
physical model that fits the mixture process well and that, similarly to linear ICA, has a small
number of parameters. The small number of parameters of this model restricts the flexibility

of the separating system, eliminating the undesired indeterminacies which characterize unre-

7



stricted nonlinear ICA. After being trained with the MISEP method of nonlinear ICA [55],
the inverse of the mixing model is used to perform the separation. The approach manages to
estimate both the original sources and the parameters of the degradation model.

Based on the halftoning process, the present work represents the show-through effect by a
bi-affine model (the mixtures are affine functions of each of the sources, if the other source is
kept constant):

U= axt + B + yatah +6
nommem TR (1.1
ys = axh + fay + yrixh + 0
in which y; and yo are the observed images that result from the mixture of the source images x;

and x9; 7 indexes the pixel; and «, 5, v and J are the four parameters of the bi-affine mixture

model, which are trained through a nonlinear ICA method [55].

Main results

The structure of the bilinear physical model allowed us to reach good visual separation results.
An example of the quality of the method’s results is shown in Fig. 1.6 ¢). For more separation
results, see Figs. 2.31-2.32 on pages 95-96. Based on three quantitative separation measures
(see Section 2.4.5 on page 84), the proposed method proved to be better than the techniques
[64, 66] that had, until there, been applied to tracing paper mixtures (see Table 2.3 , on
page 38).

The model-based approach was more accurately compared with the use of an MLP separa-
tor. In this comparison the MISEP method was applied using various regularization strategies:
using a symmetric MLP in the separation block [64], either or not addressing the recent MND
principle [58]. For each pair of images and for each separation method, 10 experiments were
run with different sets of training pixels. Regarding the show-through problem, the model-
based approach proved to be, irrespective of the training set, the best separation strategy. The
box-plot of Fig. 1.7 shows a representative example of the comparison results. A summary of

the comparison can be found in Table 2.7, on page 89.

Overview of the publications

The model-based approach was first introduced in a conference paper [71]. The same technique
was further addressed in an article that was recently submitted to a scientific journal [75].

In [71], the physical model that was developed by Miguel Faria and Luis Almeida [76]
is derived, the bi-afinne function is inverted and the model-based method is proposed. As

far as we know, this was the first time that a nonlinear physical model was trained with an
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Figure 1.6: Third pair of real-life tracing paper mixtures: sources, mixtures and some separation
results obtained without contrast compensation.
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Figure 1.7: Box-plots of the 10 values of SNR (after being averaged across the 5 pairs of images)
obtained for the best three separation strategies: MISEP with a symmetric MLP with (“MND-
Sym”) and without (“Sym”) the MND principle and our model-based approach (“Model”).

ICA technique. Considering the quality of the separation results, this work confirms that the
bi-affine model fits, in the low resolution scenario, the show-through process well.

The submitted journal paper [75] addresses the same separation technique. However, a
richer set of experiments and comparisons is carried out. Furthermore, this publication also
shows that, for non-noisy bounded independent sources, the bi-affine mixture (1.1) is separable

through the independence criterion (see Section 2.4.3, on page 80).

1.3.2 Wavelet-based nonlinear separation

In most of the real-life Source Separation (SS) problems, the sources are not fully independent.
In spite of that, linear ICA methods have been successfully used to separate linear mixtures.
This is justified with the rigidity and simplicity of the linear mixing model, which has a small
number of parameters. However, for more flexible mixtures (such as nonlinear ones), ICA
methods become less robust with respect to the independence assumption. The fact that
the sources of opposite pages are not usually fully independent can then be a disadvantage
for nonlinear separation approaches whose cost function is only determined by the indepen-
dence criterion. Despite having a reduced number of parameters, the previous model-based
approach has already shown to reduce its effectiveness when the images pairs are only approx-
imately independent. Furthermore, that technique does not take into consideration variations
of the mixture process along the image. Being specially designed for the show-through degra-
dation, the model-based method adds the drawback of not accounting for the bleed-through

phenomenon.
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Proposed method

In contrast to the previous approach, the second separation method that was proposed is not
directly based on the independence criterion. Instead, the solution consists of a non-iterative
procedure that is based on two simple observations: (1) the high frequency content of images
is sparse, and (2) the image printed on each side of the paper appears more strongly in the
mixture acquired from that side than in the mixture acquired from the opposite side.

The method starts by decomposing the mixtures into wavelet coefficients. Afterward, the
wavelet coefficients are assigned to the corresponding source by a competition process that
consists of a soft-winner-take-all operation. Finally, after assigning the wavelet coeflicients,
the estimated sources are reconstructed using the inverse wavelet transform. The method
can also be applied with a contrast compensation mechanism, whose aim is to compensate
for the reduction of intensity of the edges of one side in the areas where the opposite image is
darker. The method does not require the sources to be independent nor the mixture to be space-
invariant. That makes the method also suitable for separating mixtures such as those produced
by bleed-through, for which we do not have an adequate physical model. This wavelet-based
separation method returns separated estimates without directly inferring the structure of the

degradation process.

Main results

The separation results attained with the proposed wavelet-based approach were visually good
and competitive with those of other existing methods. An example of the method’s separation
quality is shown in Fig. 1.6 d). More tracing paper results can be seen in Fig. 2.20 and Fig. 2.21
on pages 65 and 66. The wavelet-based method was also tested on other kinds of old documents
which exhibit a considerable amount of bleed-through: an old air-mail letter and old manual
transcriptions of music (partitures). An example of a bleed-through separation result is given
in Fig. 1.8. More bleed-through results can be found in Figs. 2.23 — 2.24, on pages 68 — 69.
The contrast compensation mechanism that was developed typically improves the sepa-
ration quality of the method. The advantage of the compensation mechanism is clear if we
compare the tracing paper results obtained with the basis method (Fig. 2.7 on page 47) with
those obtained using the compensation mechanism (Fig. 2.20 and Fig. 2.21 on pages 65 and 66).
In addition to the visual inspection, a comparison based on observers’ opinions is summarized
in Table 2.4, on page 70. Note that the values of that table were obtained before the contrast

compensation mechanism had been implemented.

11



wmiﬂl &uj;‘l‘tll l

b et

oA fu .-

aturzetficfi mtur. ol

b) Wavelet-based separation.

Figure 1.8: Wavelet-based separation of bleed-through mixtures: mixtures and separation re-
sults.

Overview of the publications

The wavelet-based approach was first introduced in a conference paper [77]. The same technique

was further extended and published in a journal paper [32].

In the conference paper [77], the wavelet-based separation method is proposed. The method
is similar to the denoising step used in nonlinear DSS [66], but incorporates two important
improvements. One corresponds to the use of a more suitable wavelet transform, which is
shift-invariant or almost shift-invariant. The other improvement is based on the use of a better
form of competition. Together, these two improvements led to a one-step procedure that is, by
itself, sufficient to separate the images. The proposed method avoids the use of both the MLP
and the iterations that were required in nonlinear DSS [66]. Being non-iterative, the method is
much more efficient than both nonlinear DSS and the nonlinear ICA-based methods that have

previously been proposed [64, 71, 75].
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In the journal paper [32], the contrast compensation scheme is added to the basis method.
This compensation strategy visually improves the separation quality obtained for the tracing
paper mixtures. The journal paper also provides a formal qualitative evaluation, showing that
the separation results attained with the wavelet-based approach are visually competitive with
those of other existing methods [32, 77].

Besides addressing the tracing paper mixtures, the latter publication treats two new kinds
of image mixtures: the mixture existing in an old air-mail letter, and the mixture present in
old partitures. These two kinds of documents exhibit a considerable amount of bleed-through
which was reduced with the proposed method. As far as we know, this is the only method
applicable to grayscale (non-text) images that is simultaneously suitable for both show-through

and bleed-through degradations.

1.4 Shift-invariant Image Deblurring

In the scope of image deblurring, this Section focuses on shift-invariant degradations, i. e.,
degradations in which the blurring filter is the same across the whole image. Shift-variant
deblurring is a more complex problem that will be addressed ahead, in Section 1.5.

Image deblurring methods can be divided into two classes: non-blind, in which we assume
the blurring operator to be known, and blind, in which the blurring operator is unknown. The
method proposed in this thesis (Section 1.4.1) belongs to the latter class. The application range
of non-blind methods is much narrower than the one of blind methods: in most situations of
practical interest the blurring filter’s impulse response, also called Point Spread Function (PSF),
is not known with good accuracy. Since non-blind deblurring methods are very sensitive to
mismatches between the PSF used by the method and the true blurring PSF, a poor knowledge
of the blurring PSF normally leads to poor deblurring results.

Despite its narrower applicability, non-blind deblurring is a challenging inverse problem.
The main difficulty faced by non-blind deblurring methods has to do with the presence of
noise in the blurred image. Since the blurring operator typically is very ill-conditioned, this
noise, even if very weak, can strongly contaminate the deblurred image. The problem is serious
in situations in which the blurring PSF is exactly known, and gets worse if there is even a
slight mismatch between the PSF used for deblurring and the one that has caused the blur.
A considerable amount of the non-blind deblurring methods [78-83] overcome this difficulty
through the use of prior information about the image to be recovered, often doing this within

a Bayesian or Maximum-A-Posteriori (MAP) framework.
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In BID, not only the degradation operator is ill-conditioned, but the problem also is, inher-
ently, severely ill-posed: there is an infinite number of solutions (original image + blurring filter)
that are compatible with the degraded image. An overview of BID methods and applications
can be found in [84, 85].

Most of the previously published blind deblurring methods are very limited, since they do
not allow the use of a generic PSF. Many of them are based, instead, on PSF models with a small
number of parameters [86-91]. For example, to model an out-of-focus blur, they normally use
a circle with uniform intensity, having as single parameter the circle’s radius [86]. Similarly, to
model a motion blur, they normally use straight-line segments with uniform intensity, the only
parameters being the segment length and slope [86-88]. A Gaussian blur, which is completely
defined by its variance parameter, is normally used for modeling atmospheric turbulence [86,
90, 91]. These approaches are very limited, because such models rarely fit actual blurring
PSFs well. For example, the out-of-focus blurring PSF generally is more complex than a
simple uniform circle, and the camera motion that causes a motion blur generally is much
more complex than an uniform, straight-line motion. And, as was said above, even a slight
mismatch between the deblurring PSE and the blurring PSF strongly degrades the quality of
the deblurred image.

In an attempt to encompass less restrictive blurs, a fuzzy technique that uses several pre-
specified PSF models has been considered in [92]. Another blind deconvolution method, which
is fast and has a proof of convergence, is described in [93]. However, this method assumes that
the PSF is zero-phase and, furthermore, depends on the existence of a good initial estimate
of the PSF. References [94] and [95] present a method called APEX. Although this method
covers some blurs which can be found in real-life, it is limited to blurring PSFs modeled by a
symmetrical Lévy distribution with just two parameters.

Some methods have been proposed, which do not impose strict restrictions on the blurring
filter [7, 20, 96-107]. Instead of using rigid model structures, these methods impose priors over
the blurring filter, and do not seem to be able to handle a wide variety of blurs and scenes. Most
of these methods use smoothing regularizers on the blurring filter [20, 96-104, 107, 108]. Total
Variation (TV)-based regularizes, which are appropriate for piece-wise-constant blurs such as
out-of-focus and motion blurs, were used in [20, 97, 102, 104]. Besides considering space-
invariant blurs, the method described in [20] was also applied with success in a synthetic image
with a space-variant blur. Other works [96, 98, 101, 103, 107] address priors that are appropriate
for smoother blurs, such as Gaussian filters. The methods presented in [7, 40, 105, 106] are much

less restrictive than parameterized ones and yield good results. However, these approaches
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were specially designed for motion blurs. The technique of [109] was developed for motion

degradations, but it does not make use of any regularization over the blurring filter.

Prior information about the image and/or the blur is typically used by means of regularizing
terms that have regularizing parameters whose values must be set. Parameter estimation is
a recurrent and challenging issue in various inverse problems. Some strategies have been
developed for automatically estimating the value of the regularizing parameters [83, 110, 111].
However, they were not developed for the BID problem, not being appropriate and robust
for addressing generic types of images, blurring degradations and noise levels. Regarding the
BID problem, most of the existing methods require the regularizing parameters to be somehow
tuned or empirically selected. There are, however, some recent BID approaches [101, 102, 107]
that, under the Bayesian framework, manage to incorporate the estimation of the regularizing
parameters on their methodologies. Despite this advantage, these techniques were specially

designed for and tested on smooth filters, only.

In some BID cases, one has access to more than one degraded image of the same original
scene, a fact which can be used to reduce the ill-posedness of the BID problem [112-116].
There are also BID solutions like the ones presented in [117-119], which cannot be considered

completely blind, since they require the use of additional data for preliminary training.

1.4.1 Proposed blind deblurring method

Blind Image Deconvolution (BID) or blind deblurring of a single-frame image is an ill-posed
problem with an infinite number of possible solutions. In order to reach reasonable deblurring
results, previous BID methods typically restrict the searching range of the blurring filter. These
restrictions have been applied either in a hard way, through the use of parametric models

[86-91], or in a soft way, through the use of priors or regularizing terms [7, 20, 96-107].

Despite of the blurring regularization which have been used in previous BID method, one
can visually guess, from a blurred image, how should the shape image look and how should the
shape of the blurring filter be. For example, it is visually perceptible that Fig. 1.4 b) suffered
an horizontal motion blur, while Fig. 1.4 a) was most probably blurred by an isotropic filter.
This happens due to the sharp and sparse edges of natural images that retain, after getting
blurred, a trace of the blurring filter. These observations indicate that the shape of the blurring
filer may be automatically learned, and that a less restrictive deblurring method should be able

to be developed.
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Basic method

Based on the previous observations, we have developed a BID method [9, 120] that only makes
very few assumptions on the blurring filter and on the original image: the blurring filter is
assumed to have limited support, and the original image is assumed to be a sharp natural image,
which typically has a strong piece-wise-smooth component. The method can be interpreted
under the regularization and/or the Bayesian framework. Through a MAP approach, we have

obtained a cost function of the form of
C(x,h) = |ly — h*z|5 + ARy (), (1.2)

in which y and = are images which represent, respectively, the degraded image and the recovered
image; h is the PSF of the blurring operator and * denotes the mathematical operation of
convolution. Ry(x) is a regularizing term which favors solutions in which the edges detected by
an edge detector f(.) are sparse, and A\ is a regularization parameter. The edge detector that
was used was specially designed for the proposed method. The cost function (1.2) has a data
connection term (left-hand term of the right-hand side of (1.2)) and a regularizing term (right-
hand term of the right-hand side of (1.2)). Cost functions with a structure similar to (1.2)
have been widely used in image processing. However, a new regularizing term was developed.
Besides that, we have used a new learning strategy which allows to avoid many of the poor local
minima in which a simple optimization would fall. The learning technique starts by minimizing
(1.2) using a large value of A, proceeding with A values which are progressively decreased.
Initial filter estimates are far from the desired ones and a stronger regularization is required.
Over-regularized images are typically piece-wise constant images with sharp edges that (when
compared with the edges of the blurred image) have enough information to start to learn the
filter shape and to improve its estimate. As the filter estimate improves, the regularization
intensity can be reduced, and fainter image details can be gradually learned. Guided by the
piece-wise-smooth component of the images, the proposed optimization strategy manages to
reach a reasonable local minimum, being able to overcome, for a large range of problems, the
indeterminacies of BID. Although designed to blindly undo several blurring degradations, the
method can also be shaped to specific degradations, allowing the inclusion of parametrized

blurs or blur-regularizing terms.

The BID method estimates both the original sharp image and the blurring filter. In this
basis version, the method is only suitable for single-channel and single-frame images. Never-

theless, the technique is easily extensible to multi-channel images and to the multi-frame case,
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as described in the following paragraphs.

Color images

The main motivation for developing a multi-channel version of our BID method was the interest
in addressing color images, whose information is distributed through three different channels.
Besides that, a multi-channel version of the method would allow us to generally treat any
multi-spectral images. In order to avoid spectral misalignments (chromatic aberrations in
color images) a simple and effective approach was implemented: the regularizer, R(.), was
applied to the sum of the edge images obtained from the three channel images, instead of being

applied separately to each channel:

Ry(z) =R (Z f<xc>> : (1.3)

in which f. is the edge image computed by applying f(.) to the ¢ color channel of z. In (1.3),
Y. f(x.) represents the edge image of a colored image x, in which the edge extractor f(.) has
been separately applied to each of the channels, and the results have been added up together.
Assuming that all channels have suffered the same blurring degradation, only a single blurring

filter h needs to be estimated. In this case, the method’s cost function is given by
Cla,h) = llye — hxae|l3 + ARy (x), (1.4)
C

in which . is the ¢® channel of the estimated image z, y. is the ¢'* channel of the degraded
image y and Ry¢(x) is computed as in (1.3). Apart from a slightly different cost function
(1.4), all the method’s details remain unaltered. A suitable pair of image (z, composed by its
channels x.) and filter estimates (h) are reached by starting with a strong regularization, which

is gradually decreased.

Multi-frame scenarios

In multi-frame deblurring one has access to several blurred images (frames), each one degraded
by its own blur, all of them obtained from the same sharp scene. Methods that operate in this
mode can typically take advantage of the extra information which results from the existence of
more than one blurred image of the same scene.

The simplest way to extend the method’s cost function in order to address multi-frame

scenarios is to use a data term which adds up the data terms of all frames. This corresponds
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to assuming that all frames have additive Gaussian noise n, with the same variance. Assuming
that all image channels have suffered the same degradation, the method’s multi-channel, multi-

frame cost function is given by

C(z,h) = A llyae — hax zell; + ARs (), (1.5)

d,c
in which d indexes frames and ¢ indexes channels (color), y,  represents each acquired frame
degraded by a different blurring operator, hy; Ag are parameters which weights each frame
model. As in the basic method, suitable image (x, composed by its channels z.) and filter
estimates (hg) are reached by optimizing the cost function with a strong regularization, which

is later decreased.

We would like to add that, in the initial iterations of the method, the majority of the
model’s data term error does not result from the additive noise n, but from the mismatch
between the blur estimate and the real blur. This should be taken in account in the choice of
the parameters Ay, e.g., a less blurred frame should, at least in the earlier iterations, be more

strongly weighted than a more blurred one.

1.4.2 Main results

The BID method was successfully tested on a wide range of images (Fig . 3.11 on page 128)
degraded with strong blurs (Fig. 3.12 on page 129), with and without additive noise. As an
example of the performance and flexibility of our method, Fig. 1.9 shows the results obtained
for a real-life photo with motion blur and for the “Barbara” image degraded with a randomly
generated blur of size of 9 x 9 pixels. More restoration results can be seen in Figs. 3.13-3.22
on pages 130-138. The method was also tested on multi-channel and multi-frame situations,
and with both hard (parametric) and soft blurring regularizations. The results can be seen in

Figs. 3.18-3.22 on pages 134-138.

The Inprovement in Signal to Noise Ratio (ISNR) measure was adapted to the BID scenario
and its value was computed for each experiment (Tables 3.7-3.11 on pages 147-148). Besides
giving an indication of the method’s performance, ISNR values were also used for a comparison
of methods. The proposed approach was compared with the APEX method [94, 95], whose PSF
estimate only has two parameters, and with a method [20] that uses a T'V-prior on the blurring
filter. Our method was clearly the best one (see Table 3.6 on page 146 and Fig. 3.23-3.24 on

pages 141-142), as well as the most robust with respect to the blurring degradations.
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1.4.3 Overview of the publications

The BID method was first introduced in a conference paper [9]. The same technique was
patented [121] and extended in a journal article [120].

In the first publication [9], the basic BID method is proposed. Along with the method, the
new optimization scheme and the new image prior are introduced. The deblurring results that
are reported show that, in contrast to other existing methods, the proposed technique reaches
reasonable results for a wide range of images (“Lena”, “Cameraman” and other natural scenes),
blurring filters (simulated motion blurs, simulated out-of-focus blurs, quadrangular filters, and
real-life blurring degradations) and noise levels.

The extension of the BID method in order to address multi-channel and multi-frame images
is done in the journal article [120]. In this article, the method is tested in a wider range of images
(Fig. 3.11 on page 128) and blurs (Fig. 3.12 on page 129), with and without additive noise.
Experiments including hard (parametric) and soft blurring regularizations are also reported.
To our knowledge, this BID approach is the only one that is able to produce reasonable results
for such a wide set of scenarios.

The latter publication also extends the ISNR to the BID scenario (see Section 3.2.3 on
page 122). In agreement with our visual inspection, the quality measure shows that the de-
blurring results are good. These values are also used for comparing the proposed approach with
two other BID methods: APEX [94, 95] and the method from [20]. Our approach is shown to

be the best, and the most robust with respect to the blurring degradations.

1.5 Shift-variant Image Deblurring

In shift-variant BID one aims at inverting a blurring degradation that, contrary to the shift-
invariant case (Section 1.4), varies across the image. Considering that the blurring filter is
not shift-invariant, the number of parameters under estimation in the shift-variant case is
considerably larger than in the shift-invariant one, and the deblurring problem gets more
challenging.

In the non-blind setting [36, 122, 123], the challenge of shift-variant deblurring arises not
only from the presence of additive noise, but also from the degradation model, which is more
complex and difficult to invert than the shift-invariant one. The method proposed in [122]
addresses the same two-layer problem of this thesis (Fig. 1.5), in which the blur is approxi-
mately constant within each layer. Blurring degradations that slowly vary across the image are

typically addressed by partitioning the image into small regions in which the blur is assumed
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to be constant [36]. A more recent approach [123] restores shift-varying degradations through
the use of a transform designed for that purpose.

In spite of being highly ill-posed, shift-variant BID has been addressed by a few methods
[20, 21, 37, 38, 124-131]. In most of the existing approaches [21, 37, 38, 124-127, 131], the
problem’s difficulty is reduced by using multiple degraded images of the same scene. Regarding
the single-frame scenario, some methods concentrate on blurring degradations that slowly vary
across the image [20, 132, 133]. Other approaches [128, 129, 134] address problems that are
similar to the two layer degradation that we address here. The methods presented in [128, 129]
are either restricted to motion or to out-of-focus blurs, and do not accurately treat the layers’
boundaries. A recent method [134] manages, through the application of previously published
parametric methods [132, 135], to be suitable for both motion and out-of-focus degradations.
This technique uses, similarly to our shift-variant method, the precise blurring degradation
model. As a consequence of that, the boundary regions are accurately handled in [134].

There are also shift-variant methods [130, 132, 135, 136] that aim at estimating the filter’s
parameters along the image, without performing deblurring. Some other techniques [137-140]
perform shift-variant BID based on camera apparatuses that were specially designed in order

to manipulate the image acquisition process.

1.5.1 Proposed blind deblurring method

Similarly to shift-invariant deblurring methods, existing shift-variant BID solutions are not
flexible enough to adapt to a wide range of blurring degradations. On the contrary, these
methods are typically designed for parametric blurring filters [128, 129, 129, 135]. Given the
flexibility of the shift-invariant BID method that we have developed, it is interesting to extend

the basic method for the two-layer shift-variant problem.

The method

In order to extend the shift-invariant BID method of Section 1.4 to the variant case, the two-
layer degradation process (Fig. 1.5) was first modeled. Let us consider a mask image o, with
the opacity of the foreground layer: if the foreground only contains opaque objects, o is a
binary mask having ones in the pixels corresponding to the foreground objects and zeros in

those corresponding to the background scene. The sharp image x5 is given by

xs=xf-0+xp- (1 —-0)+mn, (1.6)
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in which the operator - denotes the Hadamard product, x; is the background image, z is the
foreground image, and n represents the additive noise. After being blurred with the foreground
filter hy, the blurred mask 6 = hy * o, will measure the contribution of each of the blurred

layers to the degraded image y
y=(hgxxys)-04 (hyxxp) - (1 —06)+n, (1.7)

in which hy is the PSF of the blurring operator that has degraded the background image x.
The two-layer deblurring method is similar to the single-layer one described in Section 1.4.
However, the method has more unknows (x¢, x4, h¢, hy and o), which are estimated through

the minimization of an extended cost function
C = lly — I3 + Xe[Ry(2r) + Rp(xs) + Ry(p)] + ARy (0), (1.8)

in which g is the estimate of the blurred image, constructed from the image and the filter
estimates according to the model (1.7), and x, is the estimated sharp image computed as
in (1.6). Ry is the regularizing function developed for the single-layer method . A, and A,
are regularizing parameters that control the regularization applied to the estimated images
(complete image, background and foreground) and to the opacity mask image, respectively.

Like the single-layer method [120], this two-layer method only restricts the blurring filters
to have a limited support. A suitable deblurring solution is reached by starting with a large
value for the regularizing parameters (A, and \,) and progressively reducing them.

The method needs to be initialized with a small amount of prior information, which is
easily provided by a human. Two compact image regions must be indicated: one that surely
corresponds to a background area, and another one corresponding to a foreground area. Once
these regions have been assigned, a segmentation algorithm [141] is applied to find an initial

estimate for the o mask.

1.5.2 Main results

The two-layer shift-variant BID method was tested on several synthetic degradations of natural
images as well as on actual blurred photographs, with satisfactory results. Figures 1.10 and
1.11 show the method’s performance on two blurred photos which were downloaded from the
Internet. More deblurring results can be seen in Figs. 4.4-4.7 and in Figs. 4.9-4.10, on pages 158-
160 and 164-164.
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1.5.3 Overview of the publications

The shift-variant BID method was introduced in a national [142] and in an international con-
ference [143]. The method is planned to be published in a scientific journal, after some im-
provements.

Being an extension of our shift-invariant BID method , the proposed shift-variant technique
can deal with rather unrestricted blurs in both the foreground and the background layers. The
method is satisfactorily tested on several synthetic degradations of natural images and on actual
blurred photographs.

The approach makes use of an accurate degradation model (1.7), which leads to a more
complex cost function around the layers’ boundaries. The accuracy of the degradation model is
specially important in the single-frame scenario, in which the available information is extremely
limited. Apart form a very recent work [134], we do not know any other single-frame method

that models the layers’s boundaries with the same accuracy.

1.6 List of original contributions

1.6.1 Nonlinear images separation
Model-based approach

Implementation of a new separation technique in which a nonlinear physical model is trained
with an ICA technique. Proof that the bilinear model is separable with the ICA criterion.
Experimental validation of the method’s performance. Comparison showing that the model-

based method clearly outperforms other show-through separation methods.

Wavelet-based approach

Development of a new separation method which is non-iterative and not directly based on
the ICA criterion. The method performs a space-variant separation and is suitable for non-
independent source images. Development of a contrast compensation mechanism.
Experimental validation of the method’s performance in grayscale images with both show-
through and bleed-through degradations. Formal subjective evaluation that assessed the rela-
tive quality of the results: our results were visually competitive with those obtained with two
other state-of-the-art methods. Separation of new kinds of real-life mixtures that exhibit the

bleed-through effect: two old partitures and an old air-mail letter.
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1.6.2 Image deblurring
Shift-invariant deblurring

Development of a new blind deblurring method which does not impose strong restrictions on the
blurring filter, being suitable for inverting a wide range of blurring degradations. Development
of a new image prior and an optimization strategy for the BID method. Extension of the basic
BID method in order to address multichannel images, such as color images, and multi-frame
scenarios.

Experimental validation of the method’s efficiency with a wide range of synthetic blurring
degradation and with some actual blurred photos. Comparison of the BID method with two
other deblurring approaches, clearly showing that our solution is the most accurate one and

the most flexible with respect to the blurring degradation.

Shift-variant deblurring

Extension of the single-layer blind deblurring method in order to address images consisting of
two differently blurred layers. The method uses an accurate degradation model on the layers’
boundaries.

Experimental validation of the method’s performance in several synthetic degradations and

in some actual blurred photos.

1.7 List of publications
1.7.1 Conference papers

Mariana S. C. Almeida and Luis B. Almeida, “Separating nonlinear image mixtures using a
physical model trained with ICA,” in IEEE Int. Worksh. on Machine Learning for Signal
Processing - MLSP, Maynooth, Ireland, 2006.

Mariana S.C. Almeida and Luis B. Almeida, “Wavelet based nonlinear separation of images,”
in IEEE Int. Worksh. on Machine Learning for Signal Processing - MLSP, Maynooth, Ireland,
2006.

Mariana S. C. Almeida and Luis B. Almeida, “Blind deblurring of natural images,” in I[FEE
Int. Conf. Acoustics, Speech, and Signal Processing - I[CASSP, Las Vegas, 2008, pp. 1261-1264.

Mariana S. C. Almeida and Luis B. Almeida, “Blind deblurring of foreground-background
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images,” in IFEFE International Conference on Image Processing - ICIP, Cairo, Egypt, 2009,
pp. 1301-1304.

National conferences

Mariana S. C. Almeida and Luis B. Almeida, “Blind deblurring of two-layer images,” in Por-

tuguese Conf. on Pattern Recognition - RecPad, Aveiro, Portugal, October 2009.

1.7.2 Journal papers

Mariana S.C. Almeida and Luis B. Almeida, “Wavelet-based separation of nonlinear show-
through and bleed-through image mixtures,” Neurocomputing, vol. 72, pp. 57-70, December
2008.

Mariana S. C. Almeida and Luis B. Almeida, “Blind and semi-blind deblurring of natural
images,” IEEE Trans. on Image Processing, vol. 19, no. 1, pp. 36-52, January 2010. (in the
top 10 accessed articles of March 2010)

Mariana S.C. Almeida and Luis B. Almeida, “Separation of nonlinear show-through image
mixtures using a physical model trained with ICA”, Journal of Machine Learning Research -

JMLR, 2010. (submitted)

1.7.3 Patents

Mariana S. C. Almeida and Luis B. Almeida. “Processo de focagem cega de imagens,” Por-

tuguese patent, 2009.
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a) “Barbara” image. b) Sharp photo.

c¢) Blurred “Barbara”.

f) Scene estimate.

g) Blurring filter. h) Filter estimate. i) Filter estimate.

Figure 1.9: BID Results. Left-side: “Barbara” synthetically blurred with a 9 x 9 randomly
generated filter. Right-side: real photo with motion blur.
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a) Blurred photo. b) Recovered image.

Figure 1.10: Variant BID results. a) Blurred photo. b) Sharp image estimate. c¢) Foreground
filter estimate. d) Background filter estimate.

a) Blurred photo. b) Recovered image.

c¢) Background filter estimate.

Figure 1.11: Shift-variant deblurring results. The foreground filter was imposed to be the
identity. a) Blurred photo. b) Sharp image estimate. ¢) Background filter estimate.
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Chapter 2

Nonlinear separation of
show-through and bleed-through

image mixtures

Conference papers

Mariana S. C. Almeida and Luis B. Almeida, “Separating nonlinear image mixtures using a
physical model trained with ICA,” in IEEE Int. Worksh. on Machine Learning for Signal
Processing - MLSP, Maynooth, Ireland, 2006.

Mariana S.C. Almeida and Luis B. Almeida, “Wavelet based nonlinear separation of images,”
in IEEE Int. Worksh. on Machine Learning for Signal Processing - MLSP, Maynooth, Ireland,
2006.

Journal papers

Mariana S.C. Almeida and Luis B. Almeida, “Wavelet-based separation of nonlinear show-
through and bleed-through image mixtures,” Neurocomputing, vol. 72, no. 1-3, pp. 57-70,
December 2008.

Mariana S.C. Almeida and Luis B. Almeida, “Separation of nonlinear show-through image
mixtures using a physical model trained with ICA”, Journal of Machine Learning Research -

JMLR, 2010. (submitted)
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2.1  Separating Nonlinear Image Mixtures Using a Physical

Model Trained With ICA

Abstract

This work addresses the separation of real-life nonlinear mixtures of images, which occur when
a paper document is scanned and the image from the back page shows through. A physical
model of the mixing process, based on the consideration of the halftoning process used to print
grayscale images, is presented. The corresponding inverse model is then used to perform image
separation. The parameters of the inverse model are optimized through the MISEP technique
of nonlinear ICA, which uses an independence criterion based on minimal mutual information.

The quality of the separated images is competitive with the one achieved by other tech-
niques, namely by MISEP with a generic MLP-based separation network and by Denoising
Source Separation. The separation results show that MISEP is an appropriate technique for
training the parameters and that the model fits the mixing process well, although not perfectly.

Prospects for improvement of the model are presented.

2.1.1 Introduction

When scanning or photographing a paper document, interference of the back page image on
the front page one is a common problem, especially if the paper is thin or rather transparent.
In this paper we focus on a difficult version of this problem, in which the paper is of the onion
skin type, which creates a strong, significantly nonlinear mixture. The mixtures that we use
were obtained by printing images and/or text on both sides of a sheet of onion skin, which was
then scanned, on both sides, with a desktop scanner. The scanned images of each pair were
then aligned with each other. The source images were also aligned with the mixture ones, for
quality assessment. A more complete description of the image preparation procedure is given
in [64].

These images have already been used to test other separation methods, mentioned ahead,
and are available at http://www.lx.it.pt/~1balmeida/ica/seethrough/index.html. Due
to lack of space, we only show the first pair of source and mixture images (Fig. 2.3). The other
four pairs can be found in [64] and in the mentioned web location.

Reconstructing two sources from two mixtures can be seen as a blind source separation

(BSS) problem. BSS is often achieved by assuming that the sources are statistically independent
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from each other and performing independent component analysis (ICA). Linear ICA is a well
studied problem with essential uniqueness of the solution [43]. Nonlinear ICA is still much less
studied. With no additional constraints it is an ill-posed problem, having an infinite number

of solutions that are not related to one another in any simple way [48] [49].

The problem under study is especially challenging because it involves a real-life nonlinear,
noisy mixture and, furthermore, some pairs of source images do not satisfy the independence
assumption. Due to the small number of parameters under estimation and to the simplicity
of the mapping, linear ICA often recovers the sources satisfactorily from linear mixtures, even
if they are not completely independent. However, in nonlinear mixtures the quality of the

separation can easily be impaired when the independence assumption is not met [64].

In this paper we first present a physical model of the mixture process. Then, the inverse of
that model is used to perform separation. The parameters of the inverse model are estimated
through an ICA criterion, using the MISEP method [55]. The results show that a separation
with a good quality is achieved. The small number of degrees of freedom of the model eliminates

the ill-posedness that is normally associated with less constrained nonlinear ICA.

To our knowledge this is the first time that a nonlinear, physically based model is trained,
with an ICA criterion, to perform source separation. The same image separation problem,
with the same dataset, has previously been addressed by two other methods. One was based
on the use of the MISEP method of nonlinear ICA with a multilayer perceptron as separating
system and with regularization constraints to deal with the ill-posedness of nonlinear ICA
[64]. The other approach was the use of the nonlinear denoising source separation (DSS)
method [66], which is not based on an independence criterion, but instead uses some basic
prior knowledge about images to perform separation. The separation results presented in this
paper are competitive with those obtained with those methods, as evidenced by objective

quality measures that we include ahead.

The same separation problem is also addressed in another paper in this conference [77] That
paper presents a non-iterative separation method, based on the sparsity of the coefficients of

the wavelet decomposition of images.

This manuscript is organized as follows: Section II briefly describes the MISEP method.
Section III describes the mixing model and its inverse. Section IV presents experimental
results, including objective quality measures. Section V concludes and presents future research

directions.
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Figure 2.1: Network structure used in INFOMAX and in MISEP. In INFOMAX, F is an
adaptive linear block and the 1; are fixed a priori. In MISEP, F can be nonlinear and both F
and 1; are adaptive.

2.1.2 Overview of the MISEP method

MISEP is a generalization of the well known INFOMAX technique of linear ICA [44]. IN-
FOMAX maximizes the entropy of the output of the network depicted in Fig. 2.1. Block F
performs the linear separation. The separated components are s;. Blocks 1); are auxiliary,
being used only during the training phase. Each of these blocks implements an invertible,
increasing transformation z; = ;(s;), whose co-domain is the interval [0, 1]. Ideally each of
these blocks should implement the cumulative distribution function (cdf) of the corresponding
input s; (estimated sources). In that case, maximizing the output entropy corresponds to
minimizing the mutual information (MI) between the extracted components s;. Thus, INFO-
MAX performs linear ICA by indirectly minimizing the mutual information of the sources. Due
to the small number of parameters under estimation, linear separation can often be achieved
by INFOMAX even if the v); blocks implement only crude approximations of the cdfs of the
sources. In nonlinear ICA, however, the correct estimation of the cdfs plays a more crucial

rule.

MISEP extends INFOMAX in two directions. First, MISEP handles nonlinear mixtures,
by allowing block F' to be nonlinear. Second, MISEP uses output nonlinearities that adapt to
the statistical distributions of the extracted components. In MISEP, the maximization of the
entropy of the output of the network of Fig. 2.1 simultaneously optimizes the v; functions and

the separation mapping.

MISEP can use any parameterized, linear or nonlinear block in F. In previous tests with
the present dataset [64], this block was implemented by means of a multilayer perceptron with
suitable regularization. In this paper, block F will consist of the inverse of the mixture model,

to be presented in the next section. For more details on MISEP see [55, 64].
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2.1.3 Mixing Model

The physical mixture model that we use was originally developed by Miguel Faria and Luis B.
Almeida [68], but its parameters had only been manually adjusted, having never been estimated
in a form similar to the one presented in this paper. We present the model in some detail here

because it had not been previously described in any widely available publication.!

The model takes into account that the printer produces only black dots, using a halftoning
process to produce gray tones. Halftoning consists of using a very large number of tiny black
dots, whose intensities are averaged out by our eyes, giving the appearance of gray. The level of
gray depends on the fraction of area covered by black dots. With the low scanning resolution
that was used in the dataset (100 dpi), each scanned pixel encompasses a large number of
halftoning dots, and therefore the pixel’s intensity also depends on the fraction of area covered

by the dots.

We represent the actual printed intensity at a given point in the page by §. Since the
printer only produces black and white, § € {0,1}, with 0 representing black and 1 representing
white. The halftoning process is modeled by considering § to be a random variable which
takes independent values in different locations of the image, with a distribution defined by the
probability P(§ = 1). This probability is equal, at each point, to the intensity of the image
being printed (the source image). The mean intensity at a given point is given by the expected

value

s=E(3) =P =1) (2.1)

at that point. We denote it by s since it corresponds to the intensity of the source image.
Labeling the two sides of the paper with subscripts 1 and 2 respectively, we have the following

relationships for the two sources:

SS9 = P(§2 :1) (22)

With a semi-transparent paper like onion skin, the observed intensity on each side of the

paper depends on what is printed on both sides. Assume that we are observing the document

! An equivalent model was developed by Stefan Harmeling without any physical considerations, based only on
the observation of the source and mixture data from the “bars” images (S. Harmeling, private communication).
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from side number 1. The observed intensity at each point can take only four levels:

ll if §1:0 and §2:0
lQ if §1:0 and §2:1

l3 if §1=1 and §2=

l4 if §1:1 and §2:1

The values of [y, --- , 14 depend on the physical properties of the paper and of the scanner, and
also on the printing process. Due to physical constraints, we know that [; <y <3 <4, with

strict inequality holding if the paper is not completely opaque and not completely transparent.

The mean intensity at each point, observing from side 1 of the paper, is given by the

expected value

r = E(i‘l)

This is what corresponds, in our model, to the intensity acquired by the scanner.

We shall assume that $; and §; are independent from each other. Taking (2.2) into account,

xr1 = 11(1 — 81)(1 — 82) + 12(1 — 81)82 + l381(1 — 82) + 1481 89. (2.4)

Assuming that the printing and acquisition systems are symmetrical, i.e., that they treat both

sides of the paper in the same way, we have

T = 11(1 — 81)(1 — 82) + 1281(1 — 82) + l3(1 — 81)82 + 1481 89. (2.5)

In order to simplify these equations we can define the following parameters:

04213—11

—ly—1

b=h-h (2.6)
Y=+l —la—13

6=1
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Substituting into (2.4) and (2.5) we get the following equations

1 = s+ 88y +ys189+0 (2.7)

To = asSg+ Bs1 4+ Y8182 + 0, (2.8)

This shows that the mixture is bi-affine (it is affine as a function of each of the sources,
if the other source is kept constant). The parameters of the mixture («, 3,7,9) have a direct
correspondence with the intensity levels [; of the four possible combinations that result from
the halftoning process. If the paper is not perfectly transparent, I3 # [ and consequently
« # 3, which is required for the model to be invertible.

To recover the sources from the mixtures, we must now invert the model (2.7, 2.8). Sub-

tracting (2.7) from (2.8) we see that s; and s are related by

sg =81+ (x2 — x1) /(v — B). (2.9)

Substituting now (2.9) into (2.7) we get a quadratic equation,

To— T afre —x
SO P (.- ) PP S ot ) Y (2.10)
a—p a—p
which can be explicitly solved. We first define
a="-
_ (z2—x1)
b=t g4 2o (2.11)
¢ =~y + 0 + 22zl
Source s1 is then given by
—b+ Vb2 —4
5 = 2 ac (2.12)

2a
One can check that using a minus sign before the square root, in the latter expression, would
not yield a solution of (2.7, 2.8). Only the plus sign yields a valid solution.

It would be possible to find an equation similar to (2.12) for s;. However, once we have
computed s1, we can use (2.9) to calculate so. This simplifies the calculation of both s and its
derivatives, which are needed in MISEP. The use of the intermediate variables a, b and ¢ not
only helps to invert the system but also greatly simplifies the computation of the derivatives

that are required in MISEP, allowing a significant increase in optimization speed.

The model that we have described doesn’t take into account any lateral diffusion of light
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Image pair « 15} ~y 1)

1 0.426 | 0.030 | 0.020 | 14.242
0.412 | 0.083 | 0.011 | 13.349
0.433 | 0.137 | 0.010 | 21.938
1.040 | 0.603 | 0.023 | 50.69
1.905 | 1.784 | -0.015 | 0.946

QU | W N

Table 2.1: Parameters obtained after training the model using, as training set, each of the five
pairs of mixtures.

in the onion skin paper. At the low scanning resolution that was used this seems to be a

reasonable approximation, as evidenced by the results presented ahead.

2.1.4 Experiments

The inverse model (2.12, 2.9) was used as the separation block F of Fig. 2.1. The MLPs used
in the v; blocks had 10 hidden units each. All of these blocks were optimized using the MISEP
method. The parameters of block F were initialized close to the identity function (o = 1,
£ =0.01, v =0.001, 6 = 0.001).

For each pair of mixture images, 1000 pairs of pixels were randomly chosen as training set.
One separation model was trained, during 1000 epochs, for each pair of images, leading to the
parameter values shown in Table 2.1.%2 It is interesting to note that the estimated parameters
differ somewhat among the various pairs of images, although the printing and acquisition was
performed in as similar a manner as possible for all images, leading one to expect that the
same model would fit all mixtures.

Each mixture was separated using the model trained for that mixture (which we call the
mixture’s “own model”). The results are shown in the left half of Fig. 2.4. The model trained for
the “bars” images can, in some sense, be considered to be the most basic and most “universal”
one, because in that case the source images are independent from each other by construction,
and have almost uniform intensity distributions. For that reason we also tried using that model
(which we call the “bars” model) to separate the other four mixtures. The results are shown
in the right half of Fig. 2.4. The results obtained with the two models are similar in all cases
except for the last image pair, which corresponds to a mixture of images containing mostly
text. This is also the pair for which the estimated parameters differ most from those of the
“bars” images (see Table 2.1).

The scatter plots of the sources, mixture components and separated components, for the

In the tests, the range of image intensity values that was used was [0, 255], instead of the range [0, 1] used
in the derivations of Section 2.1.3. The parameter values shown in the table correspond to the range [0, 255].
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Figure 2.2: Scatter plots corresponding to the “bars” pair.

“bars” pair, are shown in Fig. 2.2. We can see that the model achieved a good, but not
perfect separation. The fact that the scatter plot of the separated components shows curved
boundaries is probably due to some imperfection of the model. We discuss this further in the

Conclusions.

Quality measures

To analyze the quality of the separated images in a more objective way we computed three
quality measures that had already been used for the same mixing problem in [64], [66]. The
first quality measure, @)1, is simply the signal to noise ratio (SNR) between each extracted
component and the corresponding source. The second quality measure, (o, is the signal to
noise ratio, compensated for possible nonlinear transformations of the intensity scales of the
estimated sources. The third measure, (03, is the mutual information between each extracted
component and the corresponding source. The mutual information was estimated, in each case,
from a set of 5000 randomly selected pixel pairs, chosen independently from those forming the
training set, and was computed using the I(1) estimator described in [144], with k£ = 3. More
details about these measures can be found in [64]. We didn’t use measure (4, from that
reference, because it had shown, in previous tests, not to be a reliable measure of separation
quality [64, 66].

Table 2.2 contains the values of the quality measures of the components obtained, for each
pair, with the “own” model and with the “bars” model. Table 2.3 shows the results obtained
with the “own” model, together with results obtained with MISEP using an MLP as a separator
[64], and with results obtained with nonlinear DSS [66]. The table also shows, for comparison,
in column MSE, the quality values of what could be considered an “ideal” separation: the
result obtained by training an MLP with the two mixture pixels as inputs and with the two
source pixels as desired outputs. The results for the fourth and fifth image pairs are not shown
in the table because they were not available for both of the other separation methods. The

model proposed in this paper performed better, on average, than both MLP-based MISEP and
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Img. | Quality | “Own” model | “Bars” model
pair | measure | src 1 src 2 src 1 src 2
Q1 (dB) | 13.1 13.2 13.1 13.2
1 Q2 (dB) | 15.2 14.8 15.2 14.8
Qs (bit) | 2.55 247 2.55 247
Q1 (dB) | 10.6 15.3 10.7 15.4
2 Q2 (dB) | 115 15.9 11.6 15.9
Qs (bit) | 1.90 2.06 1.90 2.09
Q1 (dB) | 14.9 7.6 14.7 8.6
3 Q> (dB) | 15.8 8.5 15.7 9.4
Qs (bit) | 2.27 1.46 2.25 1.59
Q1 (dB) | 4.6 13.7 4.5 13.3
4 | @Q2(dB) | 9.1 14.4 9.1 14.0
Qs (bit) | 0.90 2.23 0.89 2.19
Q1 (dB) 4.4 2.3 4.9 3.2
5 Q2 (dB) | 6.0 4.6 8.9 7.8
Qs (bit) | 0.75 0.53 0.88 0.66

Table 2.2: Values of the quality measures for the results obtained with the “own” model and
with the“bars” model. The best results are shown in bold.

nonlinear DSS.

2.1.5 Conclusions

The inverse of a physical model of the mixture process was used to perform the separation of
a nonlinear real-life mixture of images. The model’s parameters were estimated by the MISEP
method, which uses an ICA criterion.

The separation results are competitive with those obtained with other methods, namely
with MLP-based MISEP and with nonlinear DSS. They show, on the one hand, that the
mixture model is appropriate for the problem being addressed and, on the other hand, that
MISEP is an adequate technique for estimating the model’s parameters.

The model that was used showed not to be perfect. One possible cause could be the existence
of gamma correction in the scanning process, which was not accounted for in the model, and
which would produce a nonlinear distortion of the gray scales of the mixture images. This
could explain the curvature observed in the boundaries of the scatter plot of the separated
components. Incorporating gamma correction in the model will involve the addition of just
one more parameter and may lead to a more perfect separation.

Another planned improvement involves the explicit incorporation of noise in the model.
Noise is clearly present in the mixture process, as evidenced by the scatter plots that were
presented. The strongest source of noise probably is the inhomogeneity of the paper. The

incorporation of noise in the model may lead to a better estimation of the source images.
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Img. | Quality | “Own” | MISEP | Nonl. | MSE
pair | measure | model MLP DSS

Q1 (dB) 13.2 13.5 14.4 | 14.9

1 Q2 (dB) 15.0 14.5 15.0 | 15.3

Q3 (bit) 2.51 2.42 2.54 | 2.55

Qi (dB) | 13.0 11.6 100 | 134

2 Q2 (dB) 13.7 13.0 123 | 13.8

Q3 (bit) 1.98 1.89 1.77 | 2.00

Q1 (dB) 11.2 10.3 11.4 | 125

3 Q2 (dB) 12.1 11.6 12.7 | 13.1

Q3 (bit) 1.87 1.74 1.93 | 1.95

Q. (dB) | 124 11.8 119 | 136

Mean | @, (dB) | 13.6 13.0 13.3 | 14.1

Q3 (bit) | 2.12 1.98 2.07 | 2.18

Table 2.3: Values of the quality measures, averaged across all image pairs, for three separation
methods. The best results are shown in bold. For comparison, column MSE shows the quality

of what could be considered an “ideal” separation.

a) Sources.

b) Mixtures.

Figure 2.3: Sources and mixtures of the first pair of images.

A more complex improvement will consist of taking into account the non-local character of

the mixture. This will become important as the scanning resolution is increased above the one

used in this work.
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a) “Own” model. b) “Bars” model.

Figure 2.4: Images separated using the proposed model. From top to down: Pair #1, Pair #2,
Pair #3, Pair #4 and Pair #5.
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2.2 Wavelet based nonlinear separation of images

Abstract

This work addresses a real-life problem corresponding to the separation of the nonlinear mixture
of images which arises when we scan a paper document and the image from the back page shows
through.

The proposed solution consists of a non-iterative procedure that is based on two simple
observations: (1) the high frequency content of images is sparse, and (2) the image printed on
each side of the paper appears more strongly in the mixture acquired from that side than in
the mixture acquired from the opposite side.

These ideas had already been used in the context of nonlinear denoising source separation
(DSS). However, in that method the degree of separation achieved by applying these ideas was
relatively weak, and the separation had to be improved by iterating within the DSS scheme. In
this paper the application of these ideas is improved by changing the competition function and
the wavelet transform that is used. These improvements allow us to achieve a good separation
in a single step, without the need to integrate the process into an iterative DSS scheme. The
resulting separation process is both nonlinear and non-local.

We present experimental results that show that the method achieves a good separation

quality.

2.2.1 Introduction

If we scan or photograph a paper document, the image from the back page often appears super-
imposed on the image from the front page, especially if the paper is thin or rather transparent.
Here we deal with a difficult version of this problem, corresponding to the use of onion skin
paper. This creates a strong nonlinear mixture. In our case the mixture images were obtained
by printing photos and/or text on both sides of a sheet of onion skin, and then using a common
desktop scanner to scan both sides of the onion skin. A more complete description of the way
in which the mixture images were obtained is given in [64]. The source and mixture images are
available online at http://www.1lx.it.pt/~1lbalmeida/ica/seethrough/index.html,
and are shown in Fig. 2.6.

Extracting the source images from the scanned mixtures is a nonlinear blind source sepa-
ration (BSS) problem. This kind of problem is often approached by assuming that the sources

are statistically independent from each other, which then justifies the use of an Independent
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Component Analysis (ICA) method. Linear ICA is a well understood problem. One of its
main properties is the essential uniqueness of the solution [43]. Nonlinear ICA is still much
less studied, however, and suffers, in general, from non-uniqueness of the solution. The prob-
lem studied in this paper involves real-life nonlinear, noisy mixtures of images, some of which
are not independent from each other. This non-independence, together with the nonlinear
character of the mixture, affects the quality of the results of ICA-based methods [64].

The image separation problem that we study here has been previously addressed by two
other methods. The one described in [64] was based on the MISEP method of nonlinear ICA
[55], using a multilayer perceptron as separating system. The other one [66] was based on the
nonlinear denoising source separation (DSS) method, which uses some of the basic ideas that
are used in this paper, albeit in a less efficient manner. The same image separation problem is
also addressed in another paper in this conference [71]. That paper presents a solution based
on a physical model of the mixture process, the model’s parameters being trained by means of
an ICA criterion through the MISEP method.

In contrast to ICA-based methods, the solution proposed in this paper does not assume
independence of the sources. It uses, instead, other properties of images and of the mixture
process. More specifically it uses, on the one hand, the sparsity of the coefficients of the
wavelet decomposition of images and, on the other hand, the fact that, in this kind of mixture,
each source image appears more strongly in the mixture acquired from the side of the paper
in which that image is printed than in the mixture acquired from the opposite side. Since
no independence assumption is made, this method is able to separate images that are not
independent from each other.

The separation method proposed here is similar to the denoising step of the nonlinear DSS
method described in [66]. However, while that denoising step yielded only a partial separation
which had to be improved by iterating within the DSS scheme, the improvements proposed
here allow a rather complete separation to be performed in a single step, without the need
for any iterative DSS procedure. In contrast to nonlinear DSS, and also to the ICA-based
methods mentioned above, which perform a pixel-by-pixel mapping, the method proposed here
is non-pointwise, due to its use of wavelets.

This manuscript is organized as follows: Section 2.2.2 describes the separation method.
Section 2.2.3 presents experimental results. Section 2.2.4 concludes and presents future research
directions.

In the printed version of this paper, small details of the images are not visible. However,

in the electronic version, images can be zoomed into, to view small details.
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2.2.2 Separation Method
High frequency competition

The separation procedure that we propose manipulates the images through a wavelet based
representation, and uses only very basic information about the sources and the mixture process.

More specifically, the information that is used consists of two observations:

1. The high frequency components of common images are sparse. In a wavelet based repre-
sentation this is translated into the fact that wavelet coefficients have sparse distributions
[145]. As a consequence, the wavelet coefficients from two different source images will

seldom both have significant values in the same image location.

2. Each source is more strongly represented in the image acquired from the side of the paper

in which that source is printed than in the image acquired from the opposite side.

The separation method is summarized in Fig. 2.5. After performing wavelet decomposition
for a certain number of levels, we perform a competition between the corresponding wavelet

coefficients from the two mixture images, according to

i — \/@ (2.13)

1
mi = 2_ 2
P
1+ exp ( a:r?Jr:r%,i)

7

(2.14)

Ty

Yi = 0y—F/————
\(@im?)

where i € {1,2} indexes the two sides of the paper, x; are the wavelet coefficients of a given

(2.15)

type (for example vertical coefficients at the first decomposition level) of the decomposition of
the ith mixture image, x3_; are the corresponding coefficients from the other mixture image,
and y; are the corresponding coefficients that are used for synthesizing the ith separated image;
(.) denotes the mean computed across the coefficients of a given type, and a is a parameter
that controls the strength of the competition.

This competition was applied to all horizontal, vertical and diagonal wavelet coefficients at
all decomposition levels (represented, in Fig. 2.5, by blocks H; — horizontal coefficients at level
J, V; — vertical coefficients at level j, and D; — diagonal coefficients at level j). The competition

computes mask m; through a soft winner take all function given by Eq. (2.14), and then applies
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Figure 2.5: Schematic representation of the wavelet-based separation method.
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this mask to the wavelet coefficients of the mixture image, so that the coefficients are much
intensified in the image in which they originally were strongest and much weakened in the
image in which they were weakest.

The separated images were synthesized using, at all levels (except for the low frequency
coefficients of the deepest level), the wavelet coefficients computed by this form of competition.
For the low frequency coefficients at the deepest level (4,, in Fig. 2.5) we have used, in some
cases, the coefficients from the corresponding mixture image and, in other cases, a value of

zero, as detailed ahead.

Improvements in the separation method

One of the important aspects of the separation method has to do with the choice of the
wavelet representation. The commonly used decimated wavelet transform showed not to be
very appropriate for the task at hand, leading to a rather incomplete separation. This was
probably due to its shift-varying character, which makes it represent edges better or worse
depending on their exact location. We tried two different wavelet transforms, to circumvent

this limitation:

e The discrete complex wavelet transform [146], which is almost shift-invariant and is rather
directionally selective. This transform has the disadvantage of having to use wavelets
with a relatively large support, which make it less effective in handling the finer details

of images.

e The stationary discrete wavelet transform [147], which is shift-invariant and can use short-
support wavelets (e.g. Haar), at the cost of using a largely redundant representation,

which translates into a somewhat higher computational cost.
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An important improvement of the proposed separation method relative to the denoising step
used in nonlinear DSS [66] consists of the use of a shift-invariant (or almost shift-invariant)
wavelet transform instead of a decimated one. Another important improvement consists of
the use of the competition procedure described in Eqs. (2.13-2.15). Together, these two im-
provements make it possible to perform the separation in a single step, just by means of the
wavelet-based competition. The method avoids both the use of the multilayer perceptron and
of the iteration that were needed in nonlinear DSS. Being non-iterative, the method is much

more efficient than both nonlinear DSS and the ICA-based methods mentioned above.

Preprocessing

While the separation method that we’'ve described can be directly applied to the mixture
images, it makes sense to perform a partial separation by a linear procedure, as a preprocessing
step. Many linear ICA methods use decorrelation for this purpose. In our case we were
constrained by the fact that the mixture process was symmetrical (i.e. both sides of the paper
were handled in virtually identical ways). Therefore the preprocessing procedure should also
be symmetrical. Symmetry, in this context, means that the matrix that multiplies the mixture
vector, (), should obey ¢12 = ¢o1 and ¢11 = ¢o2. A decorrelation matrix doesn’t normally obey

the latter condition. We used a “quasi-decorrelating” matrix given by

aii1+agg a9

Q= 2 , (2.16)

as a11J2ra22

where a;; are the elements of A, which is a decorrelating matrix given by the square root of

the autocovariance matrix of the mixture data (A already obeys aj2 = as1).

2.2.3 Experimental results

The separation method described in Section 2.2.2 was applied to the five pairs of mixtures
shown in Fig. 2.6, both with and without the preprocessing described in Section 2.2.2. In
the reconstruction of each separated image we used, for the low frequency coefficients (A, in
Fig. 2.5) the coefficients from the corresponding preprocessed image, in the cases in which
preprocessing was used. In the cases in which no preprocessing was used, we have set A, =0
for the reconstruction. This yielded somewhat better results than keeping the coefficients from
the corresponding mixture image. The value of parameter a used in Eq (2.14) was 510, which
corresponds to a strong competition, the mask implementing almost a hard winner take all

function.
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Figure 2.6: Images used in the tests. Left: Source images. Right: Mixture images. From top
to down: Pair #1, Pair #2, Pair #3, Pair #4 and Pair #5.

We performed separations both with the complex wavelet transform and with the stationary
wavelet transform with Haar wavelets. The depth of wavelet analysis was 7 for pairs 1, 2 and
3, and 8 for pairs 4 and 5. Using a 1.6 MHz Pentium-M (Centrino) processor, the separations
of pairs 1 to 3 took approximately 3 seconds each with the complex wavelet transform, and
20 seconds each with the stationary wavelet transform. For pairs 4 and 5, which consist of
larger images and which used a deeper wavelet analysis, the separations took approximately 14

seconds with the complex wavelet transform and 3.5 minutes with the stationary transform.

The best separation results were obtained with the stationary wavelet transform with pre-
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Figure 2.7: Results obtained with the stationary wavelet transform with preprocessing.

processing, and are shown in Fig. 2.7. Due to lack of space we only present all the separation
results for this variant of the method. For other variants (without preprocessing and/or with
complex wavelets) we only present a subset of the results. Results obtained with complex
wavelets with preprocessing are shown in Fig. 2.8. Results obtained without preprocessing are

shown in Figs. 2.9 and 2.10.

The quality of the results obtained with stationary wavelets and preprocessing (Fig. 2.7)
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Figure 2.9: Results obtained with the stationary wavelet transform without preprocessing.

is quite good. The main imperfection is a decrease in the contrast of each image in regions
where the other image is darker. This is probably due to the fact that, in each mixture, the
contrast of each source is strongly reduced in areas where the other source is dark. Since the
separation method only performs a competition, without any attempt to compensate for this

contrast reduction, the contrast variation appears in the separated images.
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Figure 2.10: Results obtained with the complex wavelet transform without preprocessing.

The results obtained with complex wavelets and preprocessing (Fig. 2.8) are still quite
good, although they show somewhat stronger imperfections. The results obtained without

preprocessing (Figs. 2.9 and 2.10) show significantly stronger degradations.

2.2.4 Discussion and future work

We presented a non-iterative method for separating a real-life nonlinear mixture of images.
The method is fast and yields images that have a good perceptual separation quality. It does
not assume independence of the sources, making use of other properties of images. Therefore
the quality of the results is not affected by the possible non-independence of the source images.

The main imperfection of the separation results is a variation in the contrast of each image.
This contrast depends on the other image’s intensity in the same area. In the future we plan
to incorporate a contrast compensation mechanism in the separation method, to eliminate this
imperfection.

Contrary to other separation methods that have been presented in the literature, which are
pointwise (in the sense that the intensity of each pixel of a separated image depends only on
the intensities of the corresponding pixels of the mixture images), the method presented here
is not pointwise. If we take into account that the largest Haar wavelets have 128 x 128 pixels in
a 7 level decomposition and 256 x 256 pixels in an 8 level one, we see that the separation that

is performed is strongly non-pointwise. Therefore, pointwise quality measures such as those
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that have been used with other separation methods [64, 66] are not appropriate for evaluating
the perceptual quality of this method’s results. We plan to assess the separation quality with

other more perceptually oriented measures, such as those proposed in [148, 149].

2.2.5 Acknowledgment
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2.3 Wavelet-based separation of nonlinear show-through and

bleed-through image mixtures

Abstract

This work addresses the separation of the nonlinear real-life mixture of images that occurs
when a page of a document is scanned or photographed and the back page shows through.
This effect can be due to partial paper transparency (show-through) and/or to bleeding of the
ink through the paper (bleed-through). These two causes usually lead to mixtures with different
characteristics.

We propose a separation method based on the fact that the high-frequency components of
the images are sparse and are stronger on one side of the paper than on the other one. The
same properties were already used in nonlinear Denoising Source Separation (DSS). However,
we developed significant improvements that allow us to achieve a competitive separation quality
by means of a one-shot processing, with no iteration. The method doesn’t require the sources
to be independent or the mixture to be invariant, and is suitable for separating mixtures such

as those produced by bleed-through, for which we don’t have an adequate physical model.

keywords: Nonlinear separation, image mixture, show-through, bleed-through, image en-

hancement.

2.3.1 Introduction

This paper focuses on the separation of two-image mixtures that occur in a well known practical
situation: when we scan or photograph a document and the back page shows through. This
effect is often due to partial transparency of the paper (which we designate by show-through).
Another possible cause is bleeding of ink through the paper, a phenomenon that is more
common in old documents, in which the ink has had more time to bleed. The latter phenomenon
is commonly designated by bleed-through. The two phenomena may be simultaneously present
in the same document.

In this work we use, as test examples, three different kinds of mixtures. The first kind
essentially only contains the show-through effect: five pairs of images were printed on the two

sides of five sheets of tracing paper?® which, due to its high transparency, creates very strong

3In previous publications, this tracing paper has been improperly called “onion skin paper”. The latter is,
for example, the very thin paper commonly used, some decades ago, for air mail letters, and actually appears in
the “air mail letter” mixture that we used in this work. Tracing paper is the semi-transparent pater often used
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mixtures. The second type corresponds to an old manuscript letter written in very thin “air
mail” paper (also called onion skin paper, which is rather transparent, causing show-through to
occur). This document also has some areas in which bleed-through appears to have occurred.
The third kind of mixture corresponds to images of old manual transcripts of music (partitures),
which mostly contain the bleed-through effect. For each document, scanning or photographing
both sides allowed us to obtain two different mixtures of the contents of the two pages. In this
paper we address the source separation problem whose aim is to recover, form the two acquired
images of each document, the original page images.

Show-through is known to lead to nonlinear mixtures [64, 66, 71]. A physical model of the
show-through mixture of gray-level images printed with halftoning has been presented in [71].
Bleed-through probably is a much more complex phenomenon, which is much harder to model.

Source separation is often performed by assuming that the sources are statistically inde-
pendent from each other, an assumption which leads to the use of independent component
analysis (ICA) techniques. While linear ICA is a well studied problem for which several effi-
cient solutions exist [44, 45, 47], nonlinear ICA is a much less studied problem [52, 53, 55, 56].
Nonlinear ICA has the additional difficulty of being ill-posed, having an infinite number of
solutions without any simple relationship with one another [48, 49]. The mixtures addressed in
this work are nonlinear and noisy, and the letter and partiture mixtures are spatially variant.
Besides these challenging properties, most of the sources studied in this work don’t completely
obey the independence assumption, a fact which affects the quality of the results obtained
through ICA-based methods [64, 66].

Instead of assuming independence of the source images, we propose a solution that uses
other properties of images and of the mixture process. We use the well known fact that high-
frequency components of images are sparse (and that high-frequency wavelet coefficients are
also sparse), and we formulate a competition based on the observation that each source is
more strongly represented in one of the mixture components than in the other one. Making
assumptions that are suited to the present problem, our method achieves a good perceptual
separation quality even when the sources are non-independent and the mixture is spatially
variant. The separation method that we propose is similar to the denoising step used by
nonlinear DSS [66]. However, we use an improved form of competition, and also a wavelet
transform that is more suited to the problem at hand. These improvements lead to a method
that performs the separation in a single step, without the iterative procedure required by

nonlinear DSS.

in professional drawing.
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Both the old manuscript letter and the old partitures with the bleed-through effect are
addressed for the first time in this paper. On the other hand, the tracing paper mixtures
have already been studied in other works [64, 66, 71]. Contrasting with the method proposed
here, which, due to its use of wavelets, performs a non-point-wise transformation, all the other
mentioned methods performed point-wise separation. One of them [64] used the MISEP method
of nonlinear ICA [55] to train a regularized MLP which performed the separation. In another
one [71], MISEP was used to train a nonlinear physical model of the mixture process. Nonlinear
DSS has also been applied to some of the tracing paper mixtures [66]. Nonlinear DSS doesn’t
assume independence of the sources, but assumes spatial invariance of the mixture. It uses the
same basic ideas that are used in this paper, albeit in a less efficient manner. Show-through
and/or bleed-through mixtures have also been addressed in [1, 2, 29, 31, 63], but in different
settings from the one considered here. In [2] and [1] separation is archived through linear
models, which were shown to be too restrictive to separate tracing paper mixtures [64]. [29]
and [31] focus only on the restoration of text documents, for which linear separation yields
relatively good results (see [64]). In [63], the contents of both pages are assumed to consist
of text, and separation is linear and is based on a single color image from one side of the
document.

This manuscript is structured as follows: Section 2.3.2 describes the three kinds of mixtures
that were studied, as well as the processes of image acquisition and alignment. Section 2.3.3
describes the proposed separation method. Section 2.3.4 presents experimental results, and
Section 2.3.5 concludes.

The Matlab separation routines and the images used in this work are available at http:
//www.lx.it.pt/~mscla/. The routines for performing image alignment are available at http:

//www.lx.it.pt/~1balmeida/ica/seethrough/.

2.3.2 Experimental setup
Mixtures and acquisition

The method proposed in this work was applied to three kinds of image mixtures. Although they
have completely different origins, all the three mixture processes are from real life (i.e., they
are not synthetic), and are noisy and significantly nonlinear. Some of them also are spatially

variant.

e Tracing paper images - Five different pairs of images (including synthetic bars, photos

and text) were used as sources of five pairs of mixtures. These pairs of sources, shown in
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Figs. 2.11 and 2.12, were printed on opposite pages of tracing paper, which was chosen
for its high transparency. Image printing and scanning were performed as symmetrically
as possible, regarding the two images of each pair. Printing was performed with a 1200
dpi laser printer, using the printer’s default halftoning system. Both pages were then
scanned with a desktop scanner at a low resolution of 100 dpi, which was chosen so that
the printer’s halftoning grid would not be apparent in the scanned images. Figures 2.13
and 2.14 show the acquired images after the alignment procedure that is described below.
The mixtures involved here are highly nonlinear and, except for the pair of text images,
linear approaches do not archive reasonable separation results (see [64] for a detailed

analysis).

e Air mail letter - The document used in this case was an old, handwritten air mail
letter. Old air mail paper was very thin, having a high transparency that, as can be
seen in the acquired pages shown in Fig. 2.15, leads to strong mixtures. Since the letter
was very thin and old, it was hard to place in the scanner in a good position, without
any wrinkles. The letter had three folds and, although the acquisition was preformed as
carefully as possible, these folds and some wrinkles could not be eliminated (the wrinkles
are especially visible in the bottom corners of the acquired images). This led to a mixture
that is not space-invariant, but instead has characteristics that vary from one place to
another. This mixture is not compatible with a global mixture/separation model. Also,
differently from the tracing paper images, whose middle-tone levels were generated by
a halftoning process, the middle-tones in these sources are due to variable transparency
of the ink. The acquired images show that the ink wasn’t homogeneously distributed in
different words: its density depended on the pressure applied by the writer. Furthermore,

in a few areas, the ink seems to have bled through the paper.

Many of the lines of text of both pages are aligned with one another, which makes the
original images non-independent. This is a disadvantage for ICA-based methods, and
also a challenge for our method due to the increase in the number of superimposed edges
from both pages. The images were acquired using the same desktop scanner that was
used for the tracing paper mixtures. However, since the writing ink was blue, the images
were acquired in color. They were then converted to grayscale, specifically for this work.
Contrary to the tracing paper mixtures, which were specially produced for studies of this

kind, we couldn’t access the actual sources corresponding to the air mail letter.

e Old partitures - These mixtures were obtained from very old handwritten partitures,
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in which bleed-through is the main effect. We used two partiture sheets (see Fig. 2.16)
which were chosen, among those that we had available, for presenting the strongest
bleed-through effects. Bleed-through is present, to a significant level, in a few areas of
these documents. The images were acquired by a photographic process, and only the
photographs were available to us, not the original documents. As with the air mail letter,
they were originally acquired in color and then converted to grayscale. They also show
some evidence of wrinkles. And, as in the case of the air mail letter, we didn’t have access

to the original source images.

Alignment

Image separation methods usually require that the components of the mixture be precisely
registered with one another. This alignment is essential both in ICA-based methods and in our
method, which explicitly assumes edges to be in the same spatial position in the two mixture
components. To achieve this correspondence, one of the images of each pair had first to be
horizontally flipped. After that, an alignment procedure was applied, to correct misalignments
due to the different positions of the paper during the two scanning acquisitions. In order for
it to be precise, the alignment had to be performed locally. This local alignment was needed
even for documents that were not wrinkled, probably due to some geometrical imperfections
of the scanner. In the case of the air mail letter, which was significantly wrinkled, the local
alignment was even more important.

All mixture pairs were subject to an initial crude alignment, which was performed by
hand, with the aid of an image editing program. After this manual alignment, the tracing
paper and air mail letter mixtures were subject to a local alignment procedure, which was
specially developed for this problem. Mixture images were first expanded in resolution, by
a factor of four in each direction, using bicubic interpolation. Then, one of the images of
the pair was divided into 100x100 pixel squares (corresponding to 25x25 pixels in the original
image) and, for each square, the best displacement was found, based on the maximum of
the cross-correlation with the other image. Aligned images were then reduced to the original
resolution. Therefore this alignment method performed a local alignment with a resolution
of 1/4 pixel. More information about the tracing paper images and the alignment process is
available in [64]. Since the partitures only presented significant bleed-through in a few areas
of the images, showing a weak mixture on most other areas, the alignment routine based on
small-block correlations didn’t work satisfactorily for this case. Therefore, these mixtures were

only subject to a careful manual alignment.
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Figure 2.11: The first three first pairs of tracing paper source images. In this and all subsequent
figures containing images, one of the images of each pair has been horizontally flipped.

2.3.3 Separation method

Instead of assuming independence of the source images, the method that we propose uses a
property of common images and a property of the mixture process to perform the separation.

These properties are:

1. High-frequency components of common images are sparse. This translates into the fact
that high-frequency wavelet coefficients have sparse distributions [145]. Consequently,
the high-frequency wavelet coefficients from two different source images will seldom both

have significant values in the same image location.
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Figure 2.12: The fourth and fifth pairs of tracing paper source images.

2. In the mixture processes considered here, each source is represented more strongly in one
of the mixture components (the one acquired from the side where that source is printed

or drawn) than in the other component.

High-frequency competition

The separation method, which is summarized in Fig. 2.18, manipulated the images through
a wavelet-based representation. First, both images were subject to a wavelet decomposition
down to a certain depth. Then, the corresponding high-frequency wavelet coefficients of both

mixture images were subject to the following competition process:

m; = 5.2 (217)

‘_x
1+exp(—a——3=
PitTT3_;



Figure 2.13: First three pairs of tracing paper mixtures.

where ¢ € {1,2} indexes the two sides of the paper, x; are the wavelet coefficients of a given

b mixture

type (for example, vertical coefficients at the first decomposition level) from the 4!
image, x3_; are the corresponding coefficients from the other image of the same mixture, and
y; are the coefficients that are used for synthesizing the i*® separated image; a is a parameter
that controls the strength of the competition. The first equation computes a soft winner-
take-all mask m; which is then used, in the second equation, to control the strength of the
corresponding high-frequency component in the separated image. This procedure preserves the
coefficients that are stronger in the mixture component under consideration than in the opposite

component, and weakens the coefficients that are weaker than in the opposite component.

Fig. 2.17 illustrates how the soft winner-take-all mask (2.17) rules the competition process
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Figure 2.14: Fourth and fifth pairs of tracing paper mixtures.

The competition process described in (2.17-2.18) was applied to all horizontal, vertical and

H; — horizontal coefficients at level j, V;

coefficients at level j).

The separated images were obtained by wavelet reconstruction using the high-frequency

with no change.
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described in (2.17-2.18). We should note that the exact definition of the competition mask is

not important, as long as it has the general behavior illustrated in Fig. 2.17.

diagonal wavelet coefficients at all decomposition levels (represented, in Fig. 2.18, by blocks

— vertical coefficients at level j, and D; — diagonal

coefficients (Hj, V}, D;) after competition. For the low frequency coefficients (4,, in Fig. 2.18)

we used the coefficients obtained from the decomposition of the corresponding mixture image,
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Figure 2.15: Acquired images of the old air-mail letter.

Wavelet representation

An important aspect of the proposed method has to do with the choice of the wavelet represen-
tation. The commonly used decimated wavelet transform showed not to be very appropriate
for the task at hand, leading to a rather incomplete separation. This was probably due to
its shift-varying character, which makes it represent edges better or worse depending on their
exact locations. Since this representation didn’t yield satisfactory results, we tried two different

wavelet transforms which circumvent this limitation:

e The stationary discrete wavelet transform [147], which is shift-invariant and can use short-
support wavelets (e.g. Haar). This transform uses a very redundant representation, which

translates into a somewhat higher computational cost.

e The discrete complex wavelet transform [146], which is almost shift-invariant and is rather
directionally selective. This transform has the disadvantage of having to use wavelets
with a relatively large support, making it less effective in handling the finer details of the

images.
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Figure 2.16: Acquired images of the old partitures. The squares indicate the areas that were
selected for separation.

Comparison with nonlinear DSS

The method that we propose is similar to the denoising step used in nonlinear DSS [66], but
incorporates two important improvements. One corresponds to the use of a more suitable
wavelet transform, which is shift-invariant or almost shift-invariant. The other improvement
has to do with the use of a better form of competition. Together, these two improvements
led to a one-step procedure that is, by itself, sufficient to separate the images. The proposed
method avoids the use of both the multilayer perceptron and the iteration that were required

in nonlinear DSS. Being non-iterative, the method is much more efficient than both nonlinear
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Figure 2.18: Schematic representation of the wavelet-based separation method.

DSS and the ICA-based methods that have previously been proposed.

Linear preprocessing

Although the separation method that we have described can be directly applied to the mixture
images, it can make sense to use a preprocessing step that performs an initial linear decorre-
lation. This is a form of preprocessing that is used by many linear ICA methods. We used
an approximate decorrelation that was constrained to be symmetrical (i.e., it processed both
mixture components identically). This constraint is translated into the fact that the matrix @

that multiplies the mixture vector must obey qio = ¢o1 and 11 = ¢92. It is not possible, in
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Figure 2.19: Fourth pair of tracing paper mixtures separated without using contrast compen-
sation.

general, to perform an exact decorrelation that is symmetrical in this sense. Designating by A
the square root of the autocovariance matrix of the mixture vector, A satisfies a1 = a9; but,

in general, a1 # a22. The linear preprocessing that we performed used a matrix ) defined by

ai1+ag2

P) ai2
= 2.19
Q asy all‘;a22 ( )

This preprocessing was only applied to the tracing paper mixtures. Both the manuscript
letter and the old manuscript documents contain space-variant mixtures, and this linear pre-

processing, which treats the whole mixture equally, was found not to be appropriate for them.

Contrast compensation

The previously described method tries to identify, through the competition detailed in Section
2.3.3, which edges correspond to each source. Since edges contain the main information that a
human being extracts from an image [150, 151], edge identification leads to a good perceptual
separation of images. However, the intensity of the reconstructed edges may not be correct.
When the separation method described above was applied to the tracing paper mixtures, the
contrast of each recovered source image was found to be reduced in the areas where the other
source image was darker. This effect is quite visible in Fig. 2.19, which shows the separation
obtained for the fourth pair of tracing paper mixtures without contrast compensation. One
can observe a reduction of the contrast of the separated text in the areas where the opposite
component is darker (castle and ground areas). This imperfection was to be expected since, in
each mixture component, the contrast of each source is lower where the other source is darker,
and the competition that we described above doesn’t compensate for this effect: it simply

assigns the high-frequency components to the sources, but does not correct their intensities.
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We incorporated a contrast compensation mechanism in the separation method, to reduce
the imperfections resulting from the interference from the opposite source’s intensity. This
mechanism compensates that interference by applying a gain that is a function of the other
source’s estimated intensity.

The contrast compensation uses a parameter (gmq, > 1) that controls how strong the
maximal compensation will be. The gain applied to each estimated source is an affine function
of the other source’s estimated intensity, varying between 1 (when the other source is white)
and gmae (wWhen the other source is black). For this contrast compensation we need to use an
estimate of the other source’s intensity. At each wavelet reconstruction level j, we have access
to the low-frequency image of that level (A;), obtained from the wavelet reconstruction of the
lower levels, which were already subject to the competition process. In the proposed method,
this low-frequency image is used for estimating the other source’s intensity, to control the gain
to be applied to each of the high-frequency wavelet coefficients in the reconstruction at level j
(referring to Fig. 2.18, the reconstructed image A; from one component is used to control the
gain applied to H;, V; and D; of the other component). This contrast compensation mechanism
is thus applied while the sources are being reconstructed, using the information of lower levels
that have already been reconstructed. It leads to a moderate increase of the computational

complexity of the separation method, as will be detailed ahead.

2.3.4 Experimental results

In this section we present the experimental results obtained with the proposed method, and
a brief comparison with results from other methods. Due to space limitations, the images are
shown much smaller than real size. In the electronic version of this paper it is possible to zoom
in on the images to better examine their details.

The separation method presented in Section 2.3.3 was applied to the three mixture sets that
were described in Section 2.3.2. For all experiments, the value of the competition parameter a
(see (2.17)) was set to 1024, which yields a mask that is almost a hard winner-take-all function.

The tracing paper mixture pairs were separated using the proposed method with and with-
out decorrelation preprocessing, with and without contrast compensation, and using both the
complex wavelet transform and the stationary discrete wavelet transform with the Haar wavelet.
All separations were performed with a 7-level wavelet analysis. The results that we considered
to be best are shown in Figs. 2.20 and 2.21, and correspond to using the stationary discrete
wavelet transform with the Haar wavelet, with decorrelation preprocessing and with contrast

compensation using gmq.. = 3. The separation results of other variants of the method, for the
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Figure 2.20: Best separation results for the three first pairs of tracing paper mixtures.

bars mixture, are shown in Fig. 2.22. The impact of the various options (preprocessing, contrast
compensation and choice of wavelet transform) is clearly visible. The results of Figs. 2.20 and
2.21 have a perceptual separation quality that we consider better than the one of the results
obtained with the other existing methods (see [64, 66, 71]. In Section 2.3.4 we present a formal

evaluation of some of these results.

Regarding the choice of wavelet transform, we subjectively considered all separations ob-
tained with the shift-invariant transform with Haar wavelet better than those obtained with

the complex wavelet transform, which typically presented some oscillatory artifacts in the sep-
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Figure 2.21: Best separation results for the fourth and fifth pairs of tracing paper mixtures.

arated images. This difference in performance is probably due, to a large extent, to the fact
that the complex wavelet is oscillatory, and to the difference in support size of the complex
and Haar wavelets. The latter, having a much smaller support, handles fine details better. It
has the disadvantage of being computationally heavier, since the stationary transform uses a

redundant representation.

Contrast compensation allows a better restoration of the edge intensities, leading, for the
tracing paper mixtures, to substantially better results. On the other hand, the use of this
compensation also reinforces imperfections resulting from mis-handling of edges (which was
mainly due to small edge misalignments between the two mixture components). The advantage
of using contrast compensation in the air-mail and partiture mixtures was found to be much
smaller than for the tracing paper mixtures, and therefore we didn’t use it in the results

presented ahead.
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a) Stationary wavelet transform with e) Complex wavelet transform
decorrelation, gmaee = 3 (same as Fig. 2.20) with decorrelation, ¢gmaez = 3.

b) Stationary wavelet transform f) Complex wavelet transform

with decorrelation, gmar = 1. with decorrelation, gmaz = 1.

c¢) Stationary wavelet transform g) Complex wavelet transform
without decorrelation, gmaez = 10. without decorrelation, gmaez = 10.

d) Stationary wavelet transform h) Complex wavelet transform
without decorrelation, gmas. = 1. without decorrelation, gmas = 1.

Figure 2.22: Effect of different variants of the method on the separation of the bars mixture.

The results for the air mail letter, presented in Fig. 2.23, were obtained using the stationary
Haar wavelet transform with a 7-level decomposition, no decorrelation (as justified above) and
no contrast compensation. Taking into account the complexity of this mixture, we consider the
separation quality to be quite good. It is possible to read the separated letter more easily than
the original one. As expected, our method performed better in areas of the letter where the
lines of text of both sides were not aligned with one another, since, in those areas, the edges
from the two sides coincide much less frequently. The zones where bleed-through appears to

have occurred seem to have been well separated.
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Figure 2.23: Manuscript letter after separation.

Regarding the partitures, we selected form each one a block of size 1024 x 1024 containing the
area where the bleed-through effect was stronger (the selected blocks are identified in Fig. 2.16).
These blocks were processed by the proposed separation method, with no decorrelation and
no contrast compensation. Fig. 2.24 shows the separation results obtained using a 7-level
stationary transform with the Haar wavelet. Although the separation is not perfect, most of
the bleed-through effect was removed. It became possible to read the transcription without
the strong interference from the opposite page. For image areas where there was no strong
bleed-through, our method behaved almost perfectly. This is, as far as we know, the first time
that a bleed-through mixture of this kind was separated using the images from both sides of

the document.

In a 1.6 MHz Pentium-M processor, images with 512 x 512 pixels (from the first three trac-
ing paper mixtures) took 3 seconds to be separated with the complex wavelet transform and 21
seconds with the stationary transform with Haar wavelet, both of them without contrast com-
pensation. Images with 1024 x 1024 pixels (from the last two pairs of tracing paper mixtures)
took 16 seconds and 70 seconds, respectively, with the same transforms. The reconstruction
of the stationary transform incorporated an optimization which was not compatible with the
proposed contrast compensation mechanism. As consequence, the use of contrast compensation

led, for results obtained using the stationary transform, to an increase of the separation time
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Figure 2.24: Partitures after separation.

(a total separation time of 40 seconds for images with 512 x 512 pixels and of 120 seconds for
images with 1024 x 1024 pixels). In the case of the complex transform, contrast compensation
did not cause any significant increase in computation time. We don’t have separation times
for images larger than 1024 x 1024. Those images (the ones of the manuscript letter) were

processed in blocks of size 1024 x 1024, due to memory limitations.

Subjective evaluation

Previous works [64, 66, 71] have used point-wise quality measures to objectively assess the
performances of the various methods. Those measures are not suitable for evaluating the
separation quality achieved with our method, which is strongly non-point-wise (note that the
size of the Haar wavelet, at the 7t level, is 128 x 128 pixels). There are image quality estimators
that are perceptually oriented [148, 149, 152, 153]. These estimators normally use a linear
combination of several perceptual measures, and are adjusted to fit mean opinion score results.
Most of these perceptual estimators were developed for compression or denoising problems,
focusing on distortions that are quite different form the ones found in this work. For these
reasons we considered that they were not appropriate for our case, and that a formal subjective
evaluation would provide the most reasonable indication of separation quality.

Before the contrast compensation mechanism had been implemented, we submitted the
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Image | MISEP | MISEP | Nonlinear | Physical | Proposed
pair (best) | (worst) DSS model method
1 1.2 4.7 2.6 3.7 2.9

(0.42) (0.59) (0.70) (0.97) (1.29)
2 2.8 3.2 4.3 2.2 2.5
(1.29) | (1.11) (1.27) (1.15) (1.38)
3 3.4 4.6 3.6 2.4 1.1
(0.70) (0.62) (1.34) (0.70) (0.23)
4 3.1 2.8 - 2.8 1.3
(0.68) (1.06) (1.09) (0.69)
) 3.6 2.8 - 2.4 1.2
(0.50) (0.81) (1.04) (0.43)

Table 2.4: Mean rank, for different methods, of the separated images from the tracing paper
mixtures. Lower ranks are better. For each pair, the best result is shown in bold. Standard
deviations are given in brackets.

results of our method to an opinion evaluation. Since no contrast compensation was used, these
opinions don’t consider the best results shown in Figs. 2.20 and 2.21 but, instead, consider the
ones that correspond to gma, = 1 (published in [77]). Nine people (those, among the authors’
close colleagues, who volunteered for the test, and none of them working on source separation or
on image processing) were asked to order, according to separation quality, the images obtained
with our method and with four other methods: best and worst images obtained in [64] with
MISEP and a MLP separator, images separated with nonlinear DSS [66], and images separated
with an inverse physical model trained with MISEP [71]. The evaluators numbered the images
from 1 (best) to 5 (worst). They had access to source and mixture images, and their evaluation
considered both the similarity with the corresponding source and the amount of interference
from the opposite source. The mean rankings are shown in Table 2.4. As an indication of
the confidence of these rankings, the table also presents, in brackets, the standard deviation

computed over the nine rankings corresponding to each method and each pair of images.

The method proposed in this paper was chosen as best for the last three mixture pairs, and
was among the three best for the other two pairs. Based on the improvement achieved with
the introduction of contrast compensation (compare Fig. 2.22 with Fig. 2.20) we expect that, if
contrast compensation had been used, the classification of the method would have been better

still.
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2.3.5 Conclusions

A non-iterative method for separating real-life nonlinear mixtures of images was presented.
The method is fast and yields images with a perceptual separation quality that is competitive
with the one obtained with previous methods.

The proposed method does not assume independence of the sources, but uses other prop-
erties of the problem. Therefore the quality of the results is not affected by the possible
non-independence of the source images. Since the method processes wavelet coefficients down
to a deep level, it performs a strongly non-point-wise separation. In contrast with previous
solutions, this method doesn’t assume the mixture to be invariant, and is therefore suitable
for mixtures with varying local characteristics, such as those that result from bleed-through or
from wrinkled documents.

A contrast compensation mechanism was proposed, to better recover the local contrast of
the separated images. While this mechanism resulted in a clear improvement in the separation
quality of the tracing paper mixtures, no significant improvements were obtained when it was
applied either to the air mail letter or to the partitures. So far, contrast compensation requires
the user to set the value of a parameter. In future we plan to develop a criterion to automatically
set this value.

None of the existent objective quality measures for images seems appropriate for evaluating
the results of the proposed method. We used a subjective opinion evaluation to assess the
relative quality of our results. The evaluation of the results without contrast compensation
was quite positive. Due to the practical complexity of the evaluation, it was not applied yet to
the results obtained with contrast compensation. That evaluation will be addressed in future
work.

As was said above, the old letter and partiture mixtures that we used resulted from con-
verting the original color images to grayscale. Quite probably, better results could be obtained
by separately processing the three color channels of the original images. This also is a subject

of future work.
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2.4 Separation of nonlinear show-through image mixtures us-

ing a physical model trained with ICA

Abstract

Often, when we scan a document, the image from the back page shows through, due to partial
transparency of the paper, giving rise to a mixture of two images. We address the problem of
separating these images through the use of a physical model of the mixture process. The model
is nonlinear but invertible, and we use the inverse model to perform the separation. The model
is trained through the MISEP technique of nonlinear ICA. Similarly to linear ICA, bounded
independent sources can be recovered apart from scale and permutation indeterminacies.

We compare our results with results previously obtained with other approaches, namely
with nonlinear denoising source separation and with the use of a generic MLP-based separator
trained with MISEP. For the latter case we try both the previously used, symmetry-based
regularization and the more recently proposed minimal nonlinear distortion regularization.
Quantitative quality measures show that the approach that we propose is superior to the other

methods.

keywords: Independent Component Analysis (ICA), nonlinear separation, image mixture,

MISEP method, Minimal Nonlinear Distortion (MND).

2.4.1 Introduction

When we scan a document, it is common that the image of the back page shows through, due
to partial transparency of the paper. This results in a nonlinear mixture of the images from
both pages. This is the so-called show-through effect. It is desirable to be able to obtain the
image from the front page without the interference from the back page.

If we scan the document on both sides, we’ll obtain two mixture components, from which
we would like to recover the two original page images. This is a nonlinear source separation
problem. If the images on the two pages can be considered statistically independent from each
other, one can address the problem through independent component analysis (ICA) techniques.
However, nonlinear source separation through ICA is a severely ill-posed problem, since there is
an infinite number of ICA solutions, and almost all of them yield non-separated sources [48-50].
In spite of this, nonlinear ICA has been studied by several authors [51-59] and applied to a

few real-life separation problems. Besides show-through image separation problems such has

73



the one addressed in this paper, nonlinear ICA has been successfully used to perform nonlinear
denoising [60]. It has also been applied to other real-life data [58, 61, 62|, although, in these
cases, it was not confirmed whether the extracted sources were actually close to the real ones
or not.

A method that has been used to handle the indeterminacy of nonlinear ICA is the use of
regularization: show-through mixtures can be assumed to be smooth, and, depending on the
scanner that was used, may be symmetrical. While the corresponding regularization generally
yields good results, it is known to have some shortcomings, the main one being that it doesn’t
always yield a good separation, especially if the independence assumption is not closely met
by the images to be separated.

In this paper we describe a different method to perform the separation. We first develop
a physical model of the mixture process. This model is invertible, and we use the inverse to
perform separation. The model’s parameters are estimated through the MISEP technique of
nonlinear ICA. The model has just four parameters, and has only the same indeterminacies
as linear ICA: scale and permutation. Therefore, by strongly constraining the type of allowed
mixture in a way that is appropriate to the problem at hand, we are able to overcome the
strong indeterminacies that normally exist in nonlinear ICA.

The same pairs of images presented in this paper have previously been separated using
nonlinear ICA with a symmetric multilayer perceptron (MLP) as separator, with smoothness
and symmetry-based regularization [64]. In this paper we also test a modification of that
method: the use of the MLP-based separator with the recently proposed Minimal Nonlinear
Distortion (MND) regularization strategy, which favors solutions corresponding to mixtures
that are closer to linear. The same image pairs have also been separated using nonlinear
denoising source separation [66]. According to objective quality measures presented ahead, the
separation quality achieved with the model-based solution proposed in this paper is better than
the one obtained using those other techniques.

Another separation method that has been proposed [32, 77] is not based on ICA, but rather
on the observation that the high frequency features of images normally are sparse and can be
assigned, in a relatively simple manner, to the appropriate source image. That method yields a
separation that is excellent in perceptual quality and that can also handle other situations, such
as bleed-through, in which the image superposition is due to bleeding of ink through the paper,
and not to paper transparency. However, the separation quality of that method cannot be easily
assessed through quantitative means, because the separation is not point-wise. Furthermore,

if the assumption of sparse high frequency features is not met, the method cannot perform a
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good separation.

The method that we describe here was first proposed in a conference paper [71]. The phys-
ical model that is used had been developed earlier [76], but separation was then performed
only by manual adjustment of the model parameters. At about the same time, the same mix-
ture model was proposed by Stefan Harmeling (private communication), based only on the
observation of mixture data, without any physical considerations. In [72] a similar model was
proposed, again based only on observation of mixture data, without a physical basis, and was
only tested on text images involving much weaker mixtures than the ones considered here.
Other separation models have been developed for the see-through problem [2, 6, 22]. In those
approaches, the parameter selection and image separation were not performed through nonlin-
ear ICA, and those models were also only tested on mixtures whose strength was considerably
lower than what we consider in this paper.

Show-through and/or bleed-through mixtures have also been addressed by other methods.
In some of those works [1, 63, 65, 154] the separation is achieved through linear models, which
have been shown in [64] not to be adequate for strong mixtures. Regarding nonlinear techniques,
the separation is not typically achieved through ICA. In [3, 5, 6, 29, 31|, the separation is
based based on histogram information and/or segmentation techniques. Most of these methods
were specially developed for text documents, for which linear separation yields relatively good
results (see [64]). In [4], self-organizing maps were used in an attempt to compensate for the
nonlinearity of the separation map. The technique proposed in [74] only requires the front page
image to perform the separation, but only deals with weak mixtures of color images.

This paper is organized as follows: Section 2.4.2 briefly describes the MISEP method of
nonlinear ICA. Section 2.4.3 introduces the physical model used to represent the mixture, and
derives the inverse model to be used as separator. In Section 2.4.4, we describe the tracing paper
mixtures to be used in the experimental tests. Section 2.4.5 describes the quality measures
that will be used to assess the experimental results, which are shown in Section 2.4.6. Section

2.4.7 concludes.

2.4.2 The MISEP method

The MISEP method [55], whose name stands for Mutual Information-based SEParation, is an
extension of the well known INFOMAX technique of linear ICA. INFOMAX performs ICA by

maximizing the Shannon entropy of the output z of the network depicted in Fig. 2.25:

H(z) = — /pz(u) log p,(u)du, (2.20)
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Figure 2.25: Network structure used in INFOMAX and in MISEP. In INFOMAX, F is an
adaptive linear block and the 1); are fixed a priori. In MISEP, F can be nonlinear and both F
and 1); are adaptive.

where p,(.) is the probability density function (PDF) of the vector-valued output random
variable z. The separation is preformed by the F block, whose outputs §; are, at the end
of the training, the separated components. The auxiliary blocks 1; implement monotonically
increasing transformations whose co-domain is the interval [0, 1], and which should equal the
cumulative distribution functions (CDFs) of the corresponding ;. If the ¢; blocks do implement
the CDFs of these components, all the z; will have uniform distributions in [0, 1], and thus

H(z;) = 0. In this case,

H(z) = Y H(z)-I(2)
— 1)

= -16s),

where I(s) is the mutual information of the components of § (see [55] for further details).
Therefore, maximizing the entropy of the network output z will correspond to minimizing the
mutual information of the components §;. Minimization of this mutual information will yield

maximally independent components.

Due to the small number of parameters under estimation in linear source separation, INFO-
MAX is able to achieve good results even if the v); blocks implement only a crude approximation
of the CDF's of the components. In contrast, nonlinear separation, to be described ahead, gen-

erally requires the v; blocks to yield a fairly good estimate of the CDFs.

MISEP uses the same basic structure of Fig. 2.25, extending it in two directions. The F
block in the MISEP method can implement a nonlinear function, allowing the separation of
nonlinear mixtures. On the other hand, in the MISEP technique, the v); blocks are adaptive,
which allows them to fit the CDF's of the data. As mentioned above, a good estimate of the

CDF's of the sources is crucial to achieve nonlinear ICA. By maximizing the entropy of z, MISEP
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learns the separation map in the F block, as explained for INFOMAX, and simultaneously
learns the CDFs of the separated components in the 1; blocks. To see why, note that the
maximum of H(z;) is reached when z; has a uniform distribution, which occurs when each

implements the CDF of the corresponding separated component. For details see [55].

As noted above, despite performing nonlinear ICA, MISEP alone cannot guarantee that
the extracted components will be the original sources, due to the basic ill-posedness of non-
linear ICA. Often, regularization and/or constraints on the separation block F are imposed to

overcome this indeterminacy.

MISEP can use essentially any parameterized function in the F block. In the method
proposed in this paper, the separator block (F) implements the inverse of the physical model
of the mixture, which is developed in Section 2.4.3. For comparison, we also implement a
separation through MISEP using, as the F block, a multilayer perceptron (MLP) with a few
different forms of regularization. More details about MISEP can be found in [55, 155].

Entropy maximization

Both INFOMAX and MISEP perform ICA by maximizing the Shannon entropy of the output
of the network depicted in Fig. 2.25. If we have the same number of outputs (or sources), as
inputs (mixture components) and the map z = V[F(x)] is invertible, the output entropy (2.20)

can be written

H@) = - [ puw)loglpe(u)/|det | du (2.21)
= H(x)+ (log|detJ]), (2.22)

in which (.) denotes the expected value and

0z

T = 0%

(2.23)

is the Jacobian of the transformation W[F(.)]. Considering (2.22), and taking into account
that H(x) doesn’t depend on F or ¥, we see that we can maximize the entropy of H(z) by

minimizing the cost function

K
1
C = = kz:llog]deth] ~ (log|detJ]) , (2.24)
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in which J;, is the value of J for the k*" training pattern, and K is the number of training

patterns.

2.4.3 Physical model of the mixture process

The physical model takes into account the halftoning process used by printers. Halftoning
consists of printing tiny black dots which create different gray levels according to the percentage
of area covered by the dots. At the scanning resolution used in our dataset (100 dpi) each pixel
covers many black dots, and the pixel’s intensity depends on the percentage of area covered by
the dots within the area of the pixel.

In this model each point of a page is represented by a binary random variable s € {0,1}
which, at the halftoning resolution, indicates whether that point is black (value 0) or white
(value 1). The intensity of a pixel is given by the expected value of the random variable § at

the pixel location,

s=(8)=P(3=1). (2.25)

We have two binary random variables §; and $o, for pages 1 and 2 respectively. The intensity

of each pixel of each page is then given by:

S1 = P(§1

S9 = P(§2

1)
1).

At a high resolution, enough to discriminate the halftoning dots, the mixing process yields

(2.26)

four possible combinations of the variables §; and §o. When the document is observed, say,
from side number 1, these four combinations will result in four different acquired intensities

(still at the high resolution),

ll if §1:0 and §2:O

lp if =0 and $,=1
? ' ? (2.27)

=
il
I

l3 if §1=1 and §2=0

l4 if §1:1 and §2:1.

The mixing process is fully determined by the four parameters l1, lo, I3, 4, whose values de-
pend on the characteristics of the material that was used (paper and scanner). This model does
not account for lateral diffusion of light within the paper, which is a reasonable approximation

at the scanning the resolution that was used (100 dpi).
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Still assuming that the page is being observed from side 1, the intensity of each pixel at the

scanning resolution, x1, is given by

T = (I1)
= l1P(§1:O,§QZO)+ZQP(§1:0,§2:1)+
lgP(§1 =1,5 = 0) + l4P(§1 =1,5 = 1)

Assuming that s; and sy are mutually independent, we have

xr1 = 11(1 — 81)(1 — 82) + 12(1 — 81)82 + l381(1 — 82) + 1481 89. (2.28)

If both sides of the paper are processed in the same way, we obtain a similar equation for the

intensity of the pixels of mixture xs:

T = 11(1 — 81)(1 — 82) + 1281(1 — 82) + l3(1 — 81)82 + 1481 89. (2.29)

Defining the parameters

o = l3 — ll
=ly—1
F=b—h (2.30)
y=l+h —la—13
=10
and substituting them in (2.28) and (2.29) we obtain the bi-affine mixture
Ty = asy + Bsy+ys152+ 6 (2.31)

To = asy + 51 + ys152 + 0.

For the model to be invertible, it is required that o # [ , or equivalently, that I, # I3
(otherwise we would have z1 = x3). The condition Iy # I3 is always true if the paper is not

fully transparent.

Separation model

To perform separation, we use the inverse of the mixing model (2.31) in block F of Fig. 2.25. The
mixing model has four parameters, and therefore its inverse also does. These four parameters

are to be estimated by means of the MISEP method.

4 Affine in each of the independent variables, s1 and ss.
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To obtain the explicit form of the inverse model, we first subtract the second equation of

(2.31) from the first,
sg =81+ (v2 —x1) /(v — B). (2.32)

Substituting (2.32) in the first equation of (2.31), we obtain a quadratic equation for sy,

Ty —T a(re —x
'ys%Jr a+ﬂ+7(271) s1— T2+ 0+ (2 1):0. (2.33)
a—p a—p
If we define
a=r
_ (z2—z1)
b=a+f+Lem) (2.34)
c=—Ty+ d+ 0(22:;1)’
source s; will be given by
b+ Vb2 —4
o =% =y (2.35)

2a

It is possible to show that for images with positive-intensity pixels, such as the ones used in
this work, the positive sign in the square root of Eq. (2.35) is the one that leads to the original
source. The other source could be obtained from an equation similar to (2.35). However, once
s1 is known, it is easier to use (2.32). The relationship (2.32) and the auxiliary variables a, b, ¢
help to simplify the inverse model and also to simplify the computation of the derivatives that

are required in the MISEP method.

Model separability

In this Section we shall show that, for bounded sources, any bi-affine mixture that is non-
singular (i.e., that is invertible) is separable through the independence criterion, apart from a
possible permutation and from indeterminations of scale and additive offset. The proof will be
given for two sources for simplicity, but is easily extendable to any number of sources.
Consider the convex hull of the support of the joint distribution of the two sources. If
these are bounded and independent, that hull will be a rectangle with its sides parallel to the
coordinate axes. Figure 2.26-a) depicts such a rectangle, and shows how we identify a generic
point, X, of the rectangle. We use two parameters, Aj, Ao € [0, 1], which indicate the fractions
of the total width and height of the rectangle, respectively, at the point where X is located.

Considering points as two-dimensional vectors, we can write

X = Ag[MA+ (1= M)B]+ (1= A)[MC + (1= A\)DJ. (2.36)
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Figure 2.26: Geometric scheme of the bilinear transformation of rectangles (contiguous sources).

Figure 2.26-b) shows, schematically, the result of the bi-affine transformation of the rectan-
gle ABC'D. Denoting the transformation by T" and recalling that it is affine along the directions
of both coordinate axes, we can say that, if two points U and V are aligned parallel to one of

the coordinate axes, then
TINU+ (1 =XNV]=AT(U)+ (1 =\NT(V). (2.37)
Applying this property along each of the coordinate directions, we have

T(X) =T{A[MA+ (1= )B4+ (1 = A2)[MC + (1 = A1) D]}
= )\QT[)\lA + (1 — )\1)B] + (1 — )\Q)T[)\lC + (1 — )\1)D]

Consider a candidate separating transformation, 777!, of the mixture, such that 7" also is
bi-affine, and that the result of the transformation 7"~! of the mixture has components that
are mutually independent. Figure 2.26-c) shows, schematically, the convex hull of the support

of the resulting distribution. This convex hull will again be a rectangle with its sides parallel

81



to the coordinate axes. The orientation of the rectangle can, however, be different from the
orientation of the original rectangle in the source space. The change in orientation can involve
translation, rotation by a multiple of 907 and possibly flipping. In the figure we have marked
A" = T'71[T(A)], and similarly for the other vertexes. Of course, A’ and B’ must be on the
same side of the rectangle, and similarly for (A’,C"), (B’,D’) and (C’, D").

Let us now consider the point X’ of this rectangle that corresponds, in terms of fractions

of length in both directions, to X in the source rectangle:

X = )\2[)\114’ + (1 — )\1)B/] + (1 — )\2)[}\10/ + (1 — )\1)D/] (239)

Using the same reasoning as above, we have

T/(X') = Ml T(A) + (1= A\)T(B)] + (1= A)NT(C) + (1= \)T(D)],  (2.40)

Therefore, T'(X’) = T(X) and X' = T'~}[T(X)], i.e., X’ is the point that results from X
through the mixture followed by separation. Since X' is the point of the rectangle A’B’'C’'D’
that corresponds to X in terms of fractions of length, the mapping from X to X’ can only
involve scaling and translation of each of the coordinates, and possibly also permutation of the
two coordinates. Therefore, the output components must be related to the sources through

scaling, additive offset and a possible permutation.

2.4.4 Experimental setup
Mixtures

We used, in our tests, the same mixtures that were used in [64], which we briefly describe
here. The mixtures were obtained by printing images on both sides of sheets of tracing paper,
and then scanning those sheets with a common desktop scanner. Five different pairs of source
images (including synthetic bars, photos and text) were used. They are shown in Figs. 2.27

and 2.28, and have different properties:

1. The first pair is formed by synthetic images. The first one contains 25 randomly ordered
vertical bars with intensities uniformly distributed between white and black. The second
source is simply the first one rotated by 90°. In this pair, by construction, the intensity

distribution of each source is close to uniform and the two source images are independent.

2. The second pair consists of two natural scenes, containing tiny details. The two source

images are approximately independent.
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3. The third pair consists of two natural scenes which have large areas with approximately
constant intensities. This often happens in natural images, and, in this case, causes the
pair of sources not to follow the independence assumption as closely as the other pairs

(64, 66].

4. The fourth pair consists of a natural scene and an image of printed text. While the
natural image presents a wide variety of intensity values, the text image is, approximately,

a binary image with just black and white. The images are approximately independent.

5. The fifth pair consists of two text images. Both source images are essentially binary.
Some source dependence exists due to the alignment of the lines on the two sides of the

paper which occurs in several places because lines are spaced equally in both images.

These five pairs of images were printed on opposite pages of sheets of tracing paper, which
was chosen for its high transparency. Image printing and scanning were performed as sym-
metrically as possible, regarding the two images of each pair. Printing was performed with a
1200 dpi laser printer, using the printer’s default halftoning system. Both pages were scanned
with a desktop scanner at a low resolution of 100 dpi, which was chosen so that the printer’s
halftoning dots would not be apparent in the scanned images. Figures 2.29 and 2.30 show the
acquired images after the alignment procedure that is described ahead (Section 2.4.4).

This set of image mixtures was intentionally created for testing separation methods, and

has some important characteristics:
e The mixtures are among the strongest that can be found in show-through situations.

e The set contains degradations (noise, misalignments, etc.) that are typical of real-life

scenarios.
e The set includes source images of a wide variety of types.
From a more theoretical perspective, the set also has some interesting properties:

e The mixtures are highly nonlinear, and, except for the pair of text images, linear separa-

tion does not lead to good results (see [64])
e Some image pairs (#3 and #5) are not completely independent.

e We have access to the original sources, which allows the computation of objective mea-

sures of separation quality.
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Image alignment

Image separation methods usually require the components of the mixture to be precisely regis-
tered with one another. To achieve this registration, one of the images of each pair had first to
be horizontally flipped. After that, an alignment procedure was applied, to correct misalign-
ments due to the different positions of the paper during the two scanning operations. In order
to be precise, the alignment had to be performed locally, probably due to some geometrical
imperfections of the scanner.

All mixture pairs were subjected to an initial crude alignment, which was manually pre-
formed with the aid of an image editing program. After this manual alignment, the mixture
images were subjected to a local alignment procedure which was specially developed for this
problem. The images were first expanded in resolution by a factor of four in each direction,
using bicubic interpolation. Then, one of the images of the pair was divided into 100 x 100 pixel
squares (corresponding to 25 x 25 pixels in the original image) and, for each square, the best
displacement was found, based on the maximum of the cross-correlation with the other image.
Aligned images were then brought back to the original resolution. Therefore this procedure
performed a local alignment with a resolution of 1/4 pixel.

More information about the tracing paper mixtures and the alignment procedure is available
in [64]. The routines for performing image alignment are available at http://www.1lx.it.pt/

~lbalmeida/ica/seethrough/.

Minimal Nonlinear Distortion (MND)

The Minimal Nonlinear Distortion (MND) principle [58, 156] is a regularization technique whose
underlying idea is to favor maps that are closer to linear, in order to remove the ill-posedness
of nonlinear ICA. Among the infinite number of solutions of nonlinear ICA, MND, as described
in the above references, favors the one that corresponds to a mixture that is closest to linear.
It starts with a linear mixing map and progressively allows the map to learn nonlinearities. In

the experimental tests described ahead, we used the MND implementation described in [58].

2.4.5 Separation measures

Objective measures of separation quality have the advantage, over visual evaluation, of not
depending on the viewer nor on the inspection conditions. Objective measures presented in
this section compare the separated components with the original sources. Therefore, they can

only be computed for situations in which one has access to the source images, as in the present
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case.

The three quality measures presented ahead were initially defined for to the see-through
problem in [64], and were later used in several other works [32, 66, 67, 71, 77]. Denoting
the original source by s; and the corresponding separated source by s;, the three objective

separation measures are the following:

e ()1 — SNR between the original and the estimated source image, compensated for possible

differences in brightness and contrast:

((si = (s0))?)

2
(In1(si, 5:) — (na(si, 5:))]%)

in which nq is the error between s; and §; computed after an affine transformation of s;,

(2.41)

Ql(si, §z’) = 1010g10

nl(si, 5@) =8; — (a§z~ + b), (2.42)

in which a and b are the parameters that minimize ((n1)?).

e (o — SNR between the original and the estimated source image, compensated for a

possible nonlinear transformation of the intensity scale of the estimated source:

(2.43)

in which ny is the error between s; and s5; computed after a nonlinear transformation of
§Z'a

na(si, 5i) = si — 1(8;), (2.44)
in which [(.) is the nonlinear monotonic function that minimizes ((n1)?).

e (Y3 — Mutual information between the source image and the estimated one:
Qg(sz‘,gi) = I(Si,gz‘). (2.45)

For computing ()3, the mutual information I(.,.) was estimated from a set of 5000 ran-
domly selected pixel pairs, and was computed using the I(1) estimator described in [144],

with k& = 3.

While 1 is insensitive only to changes in the brightness and contrast of the estimated image,

()2 and (3 are insensitive to all monotonic transformations of the image’s intensity scale. For
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all three measures, higher values, are better. In [64] a fourth quality measure was also used.
However, it was found to be less significant than the three measures indicated above, and

therefore we didn’t use it in this work.

2.4.6 Experimental results

In this Section we describe the tests that were performed to assess the performance of the
proposed separation method. The method was compared to the one presented in [64], which
uses an MLP with symmetry constraints as a separator, and also to the use of that same

MLP-based separator with other forms of regularization, as described ahead.

Model-based separation

The model-based separation was implemented using the inverse of the physical model as sep-
arator block F and an MLP with 20 hidden units in each of the 1; blocks (see Fig. 2.25).
For each pair of mixture images, the system was trained 10 times, using, as training set, 5000
randomly selected pairs of pixels, with a different training set for each of the 10 runs. The
inverse model was initialized near the identity function (a =1, § = 0.01, v = 0.001, § = 0.001,
which is equivalent to Iy = 0.001, I, = 0.011, I3 = 1.001 and 4 = 1.012) and the network was
trained for 500 epochs.

For each pair of mixtures and each of the training runs, the quality measures described
in Section 2.4.5 were computed. Table 2.5 shows the means of the 10 values for each pair of
mixtures, averaged over the two estimated source images. The table also shows the standard
deviations of the quality measures. These standard deviations are relatively low, showing that
the method is rather stable with a training set of 5000 pixels. In a previous work [71], the
physical model was trained using only 1000 training points, and the results that were obtained
were consistent with the ones presented here.

Table 2.6 shows the model parameters obtained with each of the five pairs of mixtures,
averaged over the 10 tests. Although the five mixtures have been generated using essentially
the same system, the five sets of estimated parameters are not the same, suggesting that they
are somewhat specialized for the images they were estimated from. The parameters generated
by the first three pairs of mixtures (which don’t include any text image) are relatively similar
to one another, while the last two are the most different ones. This indicates a stronger
specialization of the last two models, probably due to the small diversity of gray levels of the
text images.

Figures 2.31 and 2.32 show examples of separation results obtained with the proposed
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Image | Q1 Q2 Q3
pair

1 13.36 | 15.09 | 2.530
(0.07) | (0.03) | (0.009)
2 12.97 | 13.66 | 1.974
(0.06) | (0.05) | (0.005)
3 11.27 | 12.19 | 1.860
(0.05) | (0.05) | (0.008)

1 9.16 | 11.73 | 1.561
(0.03) | (0.02) | (0.006)
5 3.80 | 5.94 | 0.682

(0.08) | (0.13) | (0.009)

Mean | 10.11 | 11.72 | 1.721
(0.03) | (0.04) | (0.003)

Table 2.5: Separation measures averaged, for each image pair, across the two separated images
and the 10 randomly initialized experiments. Standard deviations are shown in parentheses.

‘ Image pair ‘ I ‘ lo ‘ I3 ‘ ly ‘
1 0.080 | 0.258 | 0.478 | 1.751
(0.009) | (0.038) | (0.056) | (0.296)
2 0.049 | 0.187 | 0.414 | 1.468
(0.006) | (0.016) | (0.023) | (0.122)
3 0.159 | 0.360 | 0.608 | 1.572
(0.020) | (0.035) | (0.055) | (0.300)
4 0.202 | 0.600 | 1.842 | 2.742
(0.012) | (0.038) | (0.051) | (0.281)
5 0.185 | 0.759 | 0.830 | 1.020
(0.070) | (0.068) | (0.074) | (0.059)

Table 2.6: Model parameters obtained for the five mixtures, averaged over the 10 random
experiments. Standard deviations are given in parentheses.

approach. These images are representative of the average performance of the model-based
separation, since the values of their quality measures are close to the average values listed in
Table 2.5. We see that the proposed approach led to good results, in which the interference of

the opposite source is strongly reduced.

Comparison with MLP-based separation

In this Section we compare the results of the proposed model-based separation with those

obtained using an MLP as separator. For the latter, we test a few regularization schemes:

e No regularization, beyond the one that is implicitly performed by the MLP (denoted “No
Reg”, ahead).

e Symmetry constraints and regularization as described in [57] (denoted “Sym”, ahead).

87



e Regularization through Maximum Nonlinear Distortion (MND), as described in [58] (de-
noted “MND”, ahead).

e Combination of the two previous systems: symmetry constraints and MND regularization

(denoted “Sym-MND”, ahead)

In all of these situations, the F block of Fig. 2.25 was implemented using an MLP with 20
hidden units and with linear output units. Of the 20 hidden units, 10 were connected to one of
the output units, and the other 10 to the other output unit. “Shortcut” connections between
input and output units were also used. The ; blocks were implemented with MLPs with 20
hidden units each, as in the model-based separator. For each of the four types of regularization
and for each pair of images, the system was trained during 500 epochs using each of the 10
training sets that had been used with the model-based separator. As in [57], during the first
100 epochs, the separator MLP was constrained to be linear, by keeping the weights of the
hidden units set to zero. In the two settings involving MND regularization, the regularizing
parameter \ was set to 10 during the first 150 epochs, and was then reduced according to the
schedule shown in Fig. 2.33. This logarithmic schedule showed to be slightly better, in our
problem, than the linear schedule proposed by MND’s authors.

The three quality measures Q1 — Q3 were computed for all separated images. Figures 2.34,
2.35 and 2.36 show box plots of the results, encompassing all image pairs and all initializations.
Table 2.7 gives numerical values. The model-based approach was the best in all situations,
both in terms of the quality values and of their variability: the method yielded the highest
values of the separation measures and, simultaneously, was the most robust regarding variations
in the training set. In what concerns the MLP-based separators, the advantage of imposing
symmetrical separation constraints was also clear, since it led to higher values of separation
measures, with a lower dispersion. The use of regularization based on minimum nonlinear
distortion was somewhat advantageous when no symmetry constraints were used, but was

disadvantageous when those constraints were used.

A more detailed set of values is given in Table 2.8, in the Appendix. In those values, we
see that the proposed approach was the best for all images pairs except the fifth. That was
the pair composed of two text images, which can be reasonably separated with a linear system

[64].
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Quality || No Reg | MND | Sym | Sym-MND | Model

measure

Q1 [dB] 6.80 8.18 9.49 9.30 10.11
(4.069) | (4.70) | (1.22) (1.31) (0.24)

Q2 [dB] 9.24 10.36 | 11.41 11.24 11.82
(2.85) (4.07) | (1.33) (1.02) (0.75)

Q3 [bit] 1.41 1.53 1.64 1.63 1.73
(0.34) (0.45) | (0.15) (0.12) (0.03)

Table 2.7: Quality measures averaged across the 10 random runs and the five pairs of images.
The standard deviation across the 10 random initializations is shown in brackets. For each
quality measure, the best method is shown in bold.

2.4.7 Conclusions

We have proposed a method for the separation of images affected by show-through degradations.
The method is based on the use of a physical model of the degradation process, the inverse of
that model being used for separation. The model is nonlinear, and its parameters are estimated
through an ICA criterion, using the MISEP technique. The number of parameters is just four,
which allows the method to have only the same kinds of indeterminations that exist in linear
ICA (scale and permutation), despite the fact that the mixture is nonlinear.

The proposed approach was compared with separation based on an MLP with a few different
kinds of regularizations. The results showed that the model-based approach improved over the
MLP-based one in almost all cases. We conclude that MISEP is a useful method for estimating
the parameters of nonlinear separation models, and that the proposed physical model fits the
mixture process reasonably well.

In spite of the good results that were obtained, there is still room for improvement in the
method. For example, not all scanners treat both faces of the sheet of paper in the same
way. Such scanners would require a non-symmetric model. Some scanners (or the associated
software) introduce nonlinearities such as gamma correction, which could be accounted for in
the model. And for higher-resolution scans, the model would also need to incorporate lateral

diffusion of light within the paper.
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Image | Quality | No Reg | MND | Sym Sym-MND | Model
pair | measure

Q1 [dB] 2.93 8.12 13.64 12.94 13.46

(4.31) (4.09) (0.45) (1.24) (0.07)

] Q2 [dB] 6.05 9.90 14.43 14.05 15.09
(3.27) (3.36) (0.54) (0.71) (0.03)

Qs [dB] 1.41 1.86 2.417 2.363 2.531
(0.34) (0.40) | (0.079) (0.104) (0.009)

Q1 [dB] 8.43 9.90 10.88 11.05 12.97

(1.59) (1.05) (0.57) (0.44) (0.06)

9 Q2 [dB] 10.62 11.82 12.73 12.82 13.66
(1.46) (1.06) (0.51) (0.18) (0.05)

Q3 [bit] 1.628 1.734 1.817 1.832 1.973
(0.131) | (0.097) | (0.052) (0.032) (0.004)

Q1 [dB] 9.96 9.92 10.27 10.22 11.27

(0.75) (0.21) (0.68) (0.23) (0.05)

3 Q2 [dB] 11.28 11.53 11.49 11.42 12.18
(0.66) (0.13) (0.62) (0.13) (0.04)

Q3 [dB] 1.754 1.773 1.783 1.771 1.860
(0.062) | (0.022) | (0.063) (0.019) (0.009)

Q1 [dB] 8.52 8.86 8.34 7.96 9.16

(0.70) (0.66) (0.38) (0.38) (0.03)

4 Q2 [dB] 10.80 11.12 10.88 10.39 11.73
(0.56) (0.67) (0.50) (0.48) (0.02)

Qs [dB] 1.519 1.538 1.447 1.410 1.561
(0.037) | (0.041) | (0.044) (0.030) (0.006)

Q1 [dB] 4.180 4.097 4.322 4.322 3.802
(0.357) | (0.635) | (0.009) (0.014) (0.076)

5 Q2 [dB] 7.46 7.45 7.52 7.51 5.94
(0.08) (0.10) (0.05) (0.04) (0.13)

Qs [dB] 0.747 0.747 0.752 0.754 0.682
(0.009) | (0.024) | (0.006) (0.006) (0.009)

Table 2.8: Average values of the separation measures computed for each image pair. Separation
measures were averaged across the 10 random runs. The standard deviations are shown in

brackets. For each line, the best method is shown in bold.

European Community fund, under project POSC/EEA-CPS/61271/2004 and under the PhD
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Figure 2.31: First four pairs of separated images.
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Figure 2.32: Fifth pair of separated images.
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Figure 2.35: Box plots of the values of (05 obtained for the MLP-based separator with various
regularization strategies, and for the proposed model-based separator.
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3.1 Blind deblurring of natural images

Abstract

A new method to perform blind image deblurring is proposed. Very few assumptions are
made on the blurring filter and on the original image: the blurring filter is assumed to have
limited support and the original image is assumed to be a sharp natural image. A new prior is
used, which gives higher probability to images with sharp edges. The estimation of both the
deblurred image and the blurring filter is made in a progressive way, first taking into account
the main features of the image, and then proceeding to smaller details.

The results obtained with synthetically blurred images are good, even when the blur oper-
ator is rather ill-conditioned and the blurred image is noisy. The method also yields improve-

ments in real-life photographs with focus and motion blurs.

keywords: Blind image deconvolution, Image enhancement, Image restoration, Image edge

analysis, Sparse distributions.

3.1.1 Introduction

Image deblurring consists of attempting to recover an image which has been degraded by a
linear shift-invariant filtering operation, possibly with noise. This has applications in fields
such as astronomy [10], remote sensing [18] and biomedical imaging [16], as well as in everyday
life, for the enhancement of blurred photos.

Part of the previous work on image deconvolution has been done in the non-blind setting,
in which the blur operator is exactly known. Although that is not a valid assumption in
many real-life situations, the problem is still hard, because the blur operator typically is very
ill-conditioned. Several approaches to this problem, using prior information on the estimated
image, can be found in [78, 79, 157].

In blind image deconvolution (BID), both the image and the blur operator are unknown.
The problem is ill-posed, having an infinite number of solutions. Furthermore, as above, the
blur operator often is rather ill-conditioned. For an overview of BID see [84].

To the authors’ knowledge, there is no previous general solution for blind deblurring without
making relatively strong assumptions on the blurring operator and/or on the image. A common
approach is to restrict the problem to some blur model, such as motion blur or focus blur

[87, 88]. Among recent works on BID we emphasize [92, 93, 117, 118]. Both [117] and [118]
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require extra data for a preliminary training. [92] attempts to encompass less restrictive blurs
through a fuzzy technique, which is applied under the output of blur models known a priori. A
non-iterative, fast method with proof of convergence is presented in [93]. This method assumes
the blur to be zero-phase and depends on a good initial estimate of the blur.

The approach that we propose in this paper makes very few assumptions on the blurring
filter: only that it has a support of size no larger than a given value and that it generally has
a low-pass character. We use maximum a posteriori approach with a new prior which favors
images with sharp edges. This leads to a regularizer which generalizes the well known total
variation (in its discrete form) [158].

Directly estimating the image using the new prior doesn’t easily lead to good solutions. We
guide the optimization to a good solution by first concentrating on the main features of the
image, and progressively dealing with smaller details. This leads to quite good results, even
for blur operators that are rather ill-conditioned.

This paper is structured as follows: Section 3.1.2 describes the proposed method and intro-

duces the new regularizer. Results are presented in Section 3.1.3. Section 3.1.4 concludes.

3.1.2 Deblurring method

The image degradation can be formulated as
y=Hx+n, (3.1)

where H is a square matrix corresponding to the linear blurring operator, and y, x and n
are column vectors that represent, respectively, the degraded image, the original image and
additive noise, all vectorized in lexicographic order.

The method that we propose can be explained with the aid of Fig. 3.1, where z is the
estimated deblurred image, H the estimated blur filter and ¢ a reconstructed approximation
to the blurred image. Block F' represents an edge extractor: for each pixel of the image x, it
computes the intensity of a possible edge passing through that pixel. The estimation of both

x and H is performed through the minimization of the objective function
C(x, H) = ||y — Hz||3 + AR(F (=), (3.2)

where A in (3.2) is a regularization parameter and R(F'(z)) is a regularizing term which favors

solutions in which the deblurred image = has a sparse response to the edge extractor F'. More
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— H

Figure 3.1: Schematic representation of the deblurring method. Block F extracts edge intensi-
ties.

Initialization:

1 — Set H to the identity operator.

2 — Set z equal to y.

3 — Set A\ and the prior’s sparsity to the initial values of the corresponding
sequences.

Optimization loop:

4 — Find new z estimate: x = argmin, C(x, H) (H fixed).

5 — Find new H estimate: H = argming C(z, H) (z fixed).

6 — Set A and the prior’s sparsity to the next values in sequence.

7—1If A > \nin go back to 4; otherwise stop.

Table 3.1: Deblurring method

details on F, on the prior and on the regularizer R are given in Sections 3.1.2 and 3.1.2.

The blurring filter H is restricted to a limited support. The learning is guided to the
desired solution by starting with a large regularization parameter A, which is then progressively
reduced, and by starting with a less sparse prior, which is then made sparser. For efficiency
reasons, optimizations relative to z and H are performed in alternation. An outline of the
method is shown in Table 3.1. We assume that we have chosen a decreasing sequence of values
for A and a non-decreasing sequence of values for the prior’s sparsity.

In the beginning of the optimization, with a large A, only the main features survive in the
estimated image. It makes sense to start by considering only these features. In fact, while the
estimate of H is poor, an image estimate with little regularization would contain many wrong
high frequencies, and only the stronger and largest features would remain approximately intact.
By using a strong regularization we force the process to only consider these features, eliminating
the wrong high frequencies. As the optimization proceeds and the estimate of the blurring filter
becomes better, smaller and fainter features can progressively be used for the estimation. By
progressively lowering A during the optimization, we guide the method to progressively consider
smaller features, leading it to a good solution. An early image estimate, with a large A, is shown
in Fig. 3.3 b).

A very sparse prior doesn’t easily allow edges to move. If, initially, the estimated position
of an edge is slightly offset relative to the correct position, it will be hard for the edge to move

to the right position during the optimization. For this reason, we often start the optimization

103



Figure 3.2: The edge detection filters in the four orientations that were used.

process with a prior that is less sparse than the one used in the final phases of the optimization.

Edge detector

The edge detector uses a set of edge detection filters, which are rotated versions of a basic filter
(Fig. 3.2). Filter rotation is performed by rotating the basic filter’s point spread function, using
bicubic interpolation. For each pixel, the edge detector computes the outputs of the filters for

all orientations under consideration, gg, where 6 denotes the filter’s orientation. The detector’s

f= 1> g, (3.3)
0cO

where © is the set of orientations under consideration.

output is given by

Image prior

Edges, in natural images, are known to be sparse. They are sparser in sharp images than in
blurred ones, because, in the latter, edges are “spread” over a larger width. Therefore, a sparse
prior on edges will favor sharp images over blurred ones. The prior that we use assumes that
edge intensities at different pixels are independent from one another (which obviously is a large
simplification, but still leads to good results). The edge intensity at each pixel is assumed to

follow a sparse prior with density

p(f) oc e IHI, (3.4)

where k adjusts for the scale of edge intensities and ¢ controls the prior’s sparsity; € allows us
to obtain finite lateral derivatives at f = 0 (with 0 < ¢ < 1), making the prior closer to actual
observed distributions and also making the optimization easier.

Assuming, for the noise n in (3.1), a Gaussian prior with zero mean and variance o2, the

likelihood of the estimated pair (image + filter) is given by

pla, Hly) o e~ 22 170 TT ke, (3.5)
7

where ¢ is an index running through all pixels. The log-likelihood is, apart from an irrelevant
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constant,

1
Lz, Hly) = =55 [|He = yl3 = kY (fi +€)". (3.6)

Maximizing this is equivalent to minimizing the cost function

Cla H) = |Hz =yl + A D _(fi + )", (3.7)
i
where \ = 2ko?. This cost function is of the form given in (3.2).

We recognize, in this equation, the data connection term, |[Hz —yll3, and the
regularizer, > .(fi + €)9. The latter has the well known total variation regularizer (in its
discrete form) as a special case, which is obtained by using just two filters which compute
horizontal and vertical differences, and setting ¢ = 0 and ¢ = 1.

As was said above, we decrease A during the optimization. Therefore, except for the last
phase of the optimization, A is not given by 2ko?. And in fact, even during that last phase, A
still is not given by that expression because the noise n, besides allowing for possible noise in
the blurred image, also allows for a mismatch between the estimated filter H and the true one.
This mismatch leads to a difference between the reconstructed blurred image and the actual

one, this difference being treated by the method as noise.

3.1.3 Experiments

In this section we present several practical examples illustrating the performance of the pro-
posed method. The first four experiments involve synthetic blurs and the last two involve
actual blurred photos.

We have used, in the experiments, the method described above, outlined in Table 3.1. The
support of the blurring filter estimate was limited to a square of size s x s pixels (the specific
values of s are given ahead for each case). In step 5 of the method, where we estimate the
blurring filter, we used a safety margin of width 3 around that square. This means that the
filter’s support was limited to a size (s + 6) x (s + 6) and that, at the end of step 5, the filter
estimate was truncated to the central square of size s x s. This safety margin was used because
we found that there were some undesirable border effects in the filter estimate, in the initial
phases of the optimization.

The sequences of values of A and g were set, for all experiments, at 2, 0.6, 0.2, 0.06, -- -,
2 x10~7 and 0.8, 0.8, 0.6, 0.6, 0.6, 0.6, 0.4, 0.4, ---, 0.4, respectively (a total of 15 values

each). In the tests that involved noise (artificial or natural) these sequences were truncated,
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so that the final value of \ was larger. Parameter ¢ was set to 0.002. Pixel intensities were
represented on a scale of 0 (black) to 1 (white). All images had a size of 256 x256 pixels. The
edge detection filters that we used are shown in Fig. 3.2. They correspond to the basic filter

1 2 2 1
with point spread function (PSF) Fy_ = [ /12, with rotations of 45°.

1 2 2 -1

The results of the first four experiments are shown in Figs. 3.3 and 3.4. In the printed
version of the paper the images are small, but in the electronic version one can zoom in on
the images to see finer details. In the first experiment the blur PSF was a uniform square of
size 9 x 9. In the second one it corresponded to a simulated motion blur of length 9 pixels,
in a direction at 45° with the horizontal. In the third one it was a simulated defocus blur (a
uniform circle of diameter 11 pixels). The size of the support of the estimated filter (s, above)
was 15, 15 and 17, respectively. The fourth experiment was similar to the third, but Gaussian
noise with o = 0.01 (SNR of 25dB) was added to the blurred image. In this case, the sequence
of values of A was truncated at 0.0006, followed by a last iteration with A = 0.0004. This
last value was found, by visual inspection, to provide the best trade-off between sharpness and

noise in the deblurred image.

The last two experiments, whose results are shown in Fig. 3.5, involved actual photographs,
intentionally taken with a focus and a motion blur, respectively. The sequence of values of A
was truncated at 0.0002. In the case of the motion blur, a further iteration with A = 0.0001
was performed. Again, these values were experimentally found. The filter size s was set to 15

in both cases.

These results show that, in synthetic blurs with no noise, the estimates of the original image
and of the blurring filter were rather good. Even in the noisy case, the recovered image was
significantly sharper than the blurred one and didn’t have too much noise, although the filter
estimate was rather noisy. In the case of the photographs, the recovered images had somewhat
a synthetic look and presented some artifacts, but they were significantly sharper and had more
details than the blurred ones. The somewhat lower quality of the results with photos probably
means that the blurs didn’t exactly follow the model (3.1), perhaps due to nonlinearities in the

camera’s processing and to the JPEG encoding of the photos.

The optimization of the deblurred image x was performed by gradient descent with adaptive
step sizes (150 iterations for each value of A). The filter H was optimized by conjugate gradients
(100 iterations for each value of A). On an Intel Core 2 Duo system running at 2 GHz,
programmed in Matlab and running only on one of the chip’s processors, the optimization took

about 30 seconds for each value of A (7.5 minutes for the 15 values).
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h)

Figure 3.3: Results of synthetic experiments. a) Original image. b) Estimate for the first
A value, for the square blur. Next rows: left, square blur; right, motion blur. Second row:
Blurred images. Third row: Deblurred images. Fourth row: Filter estimates.

3.1.4 Conclusions and future work

A new method for blind image deblurring was proposed. The only strict assumption of the
method is that the blurring filter has limited support, no larger than a given size. A new prior
is used, which tends to enforce the sharpness of edges, by making them sparse. Edges are found

by means of a new detector, which uses several rotated versions of a basic edge-detection filter.
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Figure 3.4: Results of synthetic experiments. a) Original image. b) and c¢) Filter estimates.
Next rows: Left, without noise; Right, with noise. Second row: Blurred images. Third row:
Deblurred images.

The learning is guided to a reasonable solution by first concentrating on the main features of
the image, and progressively taking into account smaller details. Experimental results, both on

synthetic blurs and on actual blurred photographs, show the good performance of the method.

The prior that was introduced in this paper will probably be useful in other image restora-
tion problems as well. Quite probably, it will also be possible to improve the prior itself.
We also plan to explore efficient techniques, such as majoration-minimization, to improve the

optimization speed of the method.
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Figure 3.5: Results with actual blurred photos. a) Sharp photo. b) and c) Filter estimates.
Next rows: Left, defocus blur; Right, motion blur. Second row: Blurred images. Third row:
Deblurred images.
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3.2 Blind and semi-blind deblurring of natural images

Abstract

A method for blind image deblurring is presented. The method only makes weak assumptions
about the blurring filter, and is able to undo a wide variety of blurring degradations. To over-
come the ill-posedness of the blind image deblurring problem, the method includes a learning
technique which initially focuses on the main edges of the image and gradually takes details
into account. A new image prior, which includes a new edge detector, is used.

The method is able to handle unconstrained blurs, but also allows the use of constraints or
of prior information on the blurring filter, as well as the use of filters defined in a parametric
manner. Furthermore, it works in both single-frame and multi-frame scenarios. The use of
constrained blur models appropriate to the problem at hand, and/or of multi-frame scenarios,
generally improves the deblurring results.

Tests performed on monochrome and color images, with various synthetic and real-life
degradations, without and with noise, in single-frame and multi-frame scenarios, showed good
results, both in subjective terms and in terms of the increase of signal to noise ratio (ISNR)
measure. In comparisons with other state of the art methods, our method yields better results,

and shows to be applicable to a much wider range of blurs.

keywords: Blind image deconvolution, Image enhancement, Image restoration, Image de-

blurring, Sparse distributions.

3.2.1 Introduction

Image deblurring is an inverse problem whose aim is to recover an image from a version of that
image which has suffered a linear degradation, with or without noise. This blurring degradation
can be shift-variant or shift-invariant. Although there have been some proposed methods for
recovering shift-variant linear degradations [20, 21, 37, 38, 126, 143, 159, 160] , the majority of
existing deblurring methods was developed for invariant degradations, and the blind recovery
from shift-invariant degradations is still considered a rather challenging problem. This paper
focuses on shift-invariant blurs, and, in the context of this paper, “blur” will refer to a linear,
shift-invariant degradation, i.e., a convolution, with or without noise, unless stated otherwise.

Automatic image deblurring is an objective of great practical interest for the enhancement

of images in photo and video cameras [7-9], in astronomy [10], in remote sensing [18], in
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tomography [12, 13], in other biomedical imaging techniques [15-17], etc.

Image deblurring methods can be divided into two classes: non-blind, in which we assume
the blurring operator to be known, and blind, in which we assume that the blurring operator is
unknown. The method that we describe here belongs to the latter class. The application range
of non-blind methods is much narrower than the one of blind methods: in most situations of
practical interest the blurring filter’s impulse response, also called Point Spread Function (PSF),
is not known with good accuracy. Since non-blind deblurring methods are very sensitive to
mismatches between the PSF used by the method and the true blurring PSF, a poor knowledge
of the blurring PSF normally leads to poor deblurring results.

Despite its narrower applicability, non-blind deblurring already is a difficult problem. The
main difficulty faced by non-blind deblurring methods has to do with the presence of noise
in the blurred image. Since the blurring operator typically is very ill-conditioned, this noise,
even if very weak, can strongly contaminate the deblurred image. The problem is serious in
situations in which the blurring PSF is exactly known, and gets worse if there is even a slight
mismatch between the PSF used for deblurring and the one that caused the blur. Most non-
blind deblurring methods [78-82] overcome this difficulty through the use of prior information
about the image to be recovered, often doing this within a Bayesian or maximum a posteriori
framework.

In blind image deblurring (BID), not only the degradation operator is ill-conditioned, but
the problem also is, inherently, severely ill-posed: there is an infinite number of solutions
(original image + blurring filter) that are compatible with the degraded image. For an overview
of BID methods see [84, 85].

Most previously published blind deblurring methods are very limited, since they do not
allow the use of a generic PSF. Most of them are based, instead, on PSF models with a small
number of parameters [86-89, 107]. For example, to model an out-of-focus blur, they normally
use a circle with uniform intensity, having as single parameter the circle’s radius [86]. Similarly,
to model a motion blur, they normally use a straight-line segment with uniform intensity, the
only parameters being length and slope [86-88]. These approaches are very limited, because
such models rarely fit actual blurring PSFs well. For example, the out-of-focus blurring PSF
generally is more complex than a simple uniform circle, and the camera motion that causes
a motion blur generally is much more complex than a uniform, straight-line motion. And, as
was emphasized above, even a slight mismatch between the deblurring PSF and the blurring
PSF strongly degrades the quality of the deblurred image.

A recent work [107] manages to estimate the blur under the variational Bayesian approach.
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However, this method models the blur by means of a Gaussian filter, which is completely
defined by a single parameter (the Gaussian’s variance), and is a very weak model for real-life
blurs.

In an attempt to encompass less restrictive blurs, a fuzzy technique that uses several pre-
specified PSF models has been considered in [92]. Another blind deconvolution method, which
is fast and has a proof of convergence, is described in [93]. However, this method assumes that
the PSF is zero-phase and, furthermore, depends on the existence of a good initial estimate of
the PSF.

References [94] and [95] present a method called APEX. Although this method covers some
blurs which can be found in real-life, it is limited to blurring PSFs modeled by a symmetrical
Lévy distribution with just two parameters. In Section 3.2.4 we present an experimental
comparison of our method with APEX.

Some methods have been proposed, which impose no strong restrictions on the blurring
filter [20, 96, 97, 99, 101]. These methods typically impose priors over the blurring filter, and
don’t seem to be able to handle a wide variety of blurs and scenes. In [97] and [20], total
variation (TV) is used to regularize the blurring filters. Besides being used for space-invariant
blurs, the method described in [20] was also applied with success in a synthetic image with
a space-variant blur. We present an experimental comparison with that method in Section
3.2.4. The method recently presented in [7] is much less restrictive than parameterized ones
and yields good results, but is only designed for motion blurs.

An interesting method for blind deblurring of color images was proposed in [100]. This
method appears not to pose any strong restrictions on the blurring filter. In the cited paper,
several experimental results on synthetic blurs are shown, but little information is provided
about them. From the information that is given, it appears that the blurring filters that were
used in the experiments were either circularly symmetric (including simulated out-of-focus
blurs), or corresponded to straight-line motion blurs. There seems to be no reason for the
method not to be able to successfully deal with other kinds of blurs, however. The blurring
PSF's that are shown in that paper appear to have a maximum size of about 5 x 5 pixels (or a
length of 3 pixels, in the case of the motion blur). The improvements in signal to noise ratio
(ISNR, see Section 3.2.3 for a definition) seem to be between 2dB and 4dB for the circularly
symmetric blurs, and of 7dB for the motion blur. The experimental results presented in Section
3.2.4 show that, with much stronger blurs (much larger blurring PSFs), our method normally
yielded larger improvements than the method of that paper.

In some cases, one has access to more than one degraded image from the same original
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scene, a fact which can be used to reduce the ill-posedness of the problem [37, 112-116]. There
are also solutions like the ones presented in [117-119], which cannot be considered completely
blind, since they require the use of additional data for preliminary training.

Contrary to previously published blind deconvolution methods such as those mentioned
above, the method that we propose only makes a weak assumption on the blurring PSF: it
must have a limited support. The method also assumes that the leading (most important)
edges of the original image, before the blur, are sharp and sparse, as happens in most natural
images. To the authors’ knowledge, this is the first method to be proposed, which is able to
yield results of good quality in such a wide range of situations.

The method uses a new prior which depends on the image’s edges, and which favors images
with sparse edges. This prior leads to a regularizing term which generalizes the well known
total variation (TV), in its discrete form [158]. The estimation is guided to a good solution
by first concentrating on the main edges of the image, and progressively dealing with smaller
and/or fainter details. Though the method allows the use of a very generic PSF, it can also
take into account prior information on the blurring PSF| if available. If a parameterized model
of the PSF is known, the method allows the estimation of the model’s parameters. Although
initially developed for the single-frame scenario, the method can also be used in multi-frame
cases, benefiting from the existence of the additional information from the multiple frames.

The performance and the robustness of the method were tested in various experiments,
with synthetic and real-life degradations, without and with constraints on the blurring filter,
without and with noise, using monochrome and color images, and under the single-frame the
multi-frame paradigms. The quality of the results was evaluated both visually and in terms of
ISNR. Detailed comparisons with two other methods available in the literature [20, 94] were
performed, and show that the proposed method yields significantly better results than these
other methods.

This paper is organized as follows: Section 3.2.2 describes the proposed method and presents
the new prior for images. Section 3.2.3 describes some special aspects of the computation of
the ISNR measure in the blind deblurring case. Experimental results are presented in Section

3.2.4. Section 3.2.5 presents conclusions and future research directions.

3.2.2 Deblurring method

The degradation that we aim to recover from, is modeled by

y=hxx+n, (3.8)

114



in which y,  and n are images which represent, respectively, the degraded image, the original
image and additive noise; h is the PSF of the blurring operator, and * denotes the mathematical
operation of convolution.

The deblurring method is based on two simple facts:

e In a natural image, leading edges are sparse.

e Kdges of a blurred image are less sparse than those of a sharp image, because they occupy

a wider area.

Due to these facts, a prior which tends to make the detected edges sparser will tend to make
the image sharper, while preventing it from becoming unnatural (i.e., from presenting noise or
artifacts).

Let us designate by f(-) an edge detection operation, such that f(z) is an image with the
intensities of the edges that exist in the image . The deblurring method that we propose finds

a local minimum, with respect to both the image x and the blur A, of the cost function
1
Cla,h) =5 lly = hxall + AR[f (), (3.9)

where R[f(x)] = Ry(x) is a regularizing term which favors solutions in which the edges present
in f(x) are sparse, and A is a regularization parameter. More details on the edge detector f(-)
are given in Section 3.2.2. Both the regularizer R¢(.) and the prior from which it is obtained
are described in Section 3.2.2. The estimate of the blurring filter’s PSF, h, is restricted to have
a limited support, which should not be smaller (but may be larger) than the support of the
actual blur.

A local minimum of the cost function, that corresponds to a good deblurring result, is
reached by starting with a large value of the regularizing parameter A and progressively reducing
it. That local minimum usually is not the global one. For example, for images with a significant
amount of texture, we have found that the (image + filter) pair formed by the blurred image
and the identity filter often yields a lower value of the cost function than the value that we
obtain at the end of the deblurring process, when the estimated image is much sharper than
the blurred one. We don’t know whether the global minimum of the cost function would yield
a good deblurred image, but we have reasons to believe that it might not do so. Of course, this
leads us to think that there should be a better cost function, whose global minimum will yield
a good deblurred image. We don’t presently know such a function, however, and this clearly

is an important topic for further research.

115



The deblurring method is outlined in Table 3.2, for which a decreasing sequence of values of
A and a non-increasing sequence of values of ¢ are assumed to have been previously chosen (g
controls the regularizer’s sparsity, as will be discussed ahead). In our experiments, we have used
a geometric progression for the sequence of values of A (\,+1 = A, /7). The filter estimation,
performed in step 5 of the method, can take into account constraints or prior information on
the filter, if these are available.

Initialization:

1 — Set h to the identity operator.

2 — Set x equal to y.

3 — Set A and ¢ to the initial values of the respective sequences.

Optimization loop:

4 — Find a new x estimate: z = argmin, C(z,h)

5 — Find a new h estimate: h = argmin; C(z,h)

6 — Set A and ¢ to the next values in sequence.
7 —If A > Ain go back to 4; otherwise stop.

Table 3.2: Deblurring method

In the early stages of the deblurring process, the estimate of A is still poor, and a strong
regularization is required to make edges sharp in the estimated image, and to eliminate the
wrong high frequency components that could otherwise appear. During these early iterations,
A is large and only the main edges of the estimated image survive (see an example in Fig. 3.6).
The surviving edges are sharp, however, due to the strong edge-sparsifying regularization, and
these sharp edges allow the estimate of the blurring filter to be improved. In the next iteration,
the improved filter, together with a somewhat lower value of A, allows some smaller and/or
fainter edges to be extracted. As the iteration proceeds and the filter estimate improves, smaller
and/or fainter features are progressively handled, at a rate which is controlled by the rate of
decrease of the value of A. This procedure results in a guidance of the optimization, which

leads it to a local minimum that normally corresponds to a good deblurring result.

Edge detector

In order to be able to apply a prior over the image edges, an edge detector was developed. This
edge detector showed to yield better deblurring results than those obtained using detectors
described in the literature, such as [161-164]. The edge detector is based on a set of filters
obtained, from a base filter dp, through successive rotations (see Fig. 3.7). The base filter
(leftmost filter in Fig. 3.7) is a detector of edges in a given direction and, naturally, its rotated

versions are detectors of edges in the corresponding rotated directions. Designating by dy the
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Figure 3.6: Left: “Lena” image blurred with a 9 x 9 square blur. Right: Image estimate
obtained for the first value of \.

Figure 3.7: The set of edge detection filters, in the four orientations that were used. The
leftmost filter is the base filter dj.

filters of the set and by
go(x) =dpxx (3.10)

the filters’ outputs, the output of the edge detector is given by a combination of those outputs

Fa) = |3 gola)2, (3.11)
6cO

in which © is the set of filter orientations under consideration. As an example of the detector’s

through an Lo norm,

operation, Fig. 3.8 shows the edges that were extracted, from the “Lena” image, by this edge

detector, using the set of filters shown in Fig. 3.7.

Image Prior

The prior that we use for images assumes that edges are sparse, and that edge intensities at
different pixels are independent from one another (which obviously is a large simplification,
but still leads to good results). The edge intensity at each pixel i, denoted f;(z), is assumed

to follow a sparse prior with density

plfi(x)] o e Flfi@)+d?, (3.12)
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Figure 3.8: Edges of “Lena” computed using the proposed edge detector.

where k adjusts for the scale of edge intensities and ¢ controls the prior’s sparsity; € is a small
parameter which allows us to obtain finite lateral derivatives at f = 0 (with 0 < ¢ < 1), making
the prior closer to actual observed distributions, and also making the optimization easier.
Assuming, for the noise n in (3.8), a Gaussian prior with zero mean and variance o2, the
likelihood of the estimated pair (image + filter) is given by
1 2
p(z, hly) ¢~ 207 ly—hrllz H e~ klfi@)+et (3.13)
i
where ¢ is an index running through all pixels. The log-likelihood is, apart from an irrelevant

constant,

L bly) =~y Iy = ool — £ 3 ([fie) + 7 (3.14)

Maximizing this likelihood is equivalent to minimizing the cost function
1
Clah) =5 lly =z + A ([filw) + €], (3.15)
i

where A = ko?. This cost function is of the form given in (3.9). We can identify the data
fidelity term, 3 |ly — h* x5, and the regularizer, R[f(z)] = Y;[fi(x) + €]?. The regularizer
R(f;) is plotted in Fig. 3.9, for the parameters that were used in the experiments, and for
typical values of the edge intensity.

This regularizer was chosen both because it favors sharp edges and because, for certain
values of the parameters, the corresponding prior is rather close to actual observed distributions
of the edges obtained from our edge extractor. A regularizer which favors sparse edges, such
as this one, which is non-smooth and non-convex, typically favors piece-wise constant image
estimates [165]. In our method this is quite visible in the first iterations (see Fig. 3.6), but is
almost imperceptible in the final estimate, if there is no noise, because the final regularization

is then very weak. When the image to be deblurred is noisy, the final regularization cannot
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Figure 3.9: Plot of R(]f;|), computed for the values of the parameters used in the experimental
tests.

be made so weak, to prevent the appearance of a strong amount of noise in the deblurred
image, and that image will still retain some piece-wise constant character, as can be seen in the
experimental results shown in Section 3.2.4. This is a compromise that has to be made, in our
method and in several other ones, when one is simultaneously doing deblurring and denoising.

The cost function of (3.15) is similar to cost functions that have been used in other works
on image deblurring (see [97, 99], for example). The well known total variation regularizer (in
its discrete form) is a special case of our regularizer: it is obtained by using just two filters
which compute horizontal and vertical differences, and by setting ¢ = 1 and € = 0. Despite
these similarities with other methods, there are some important differences, in our approach,

that are worth emphasizing:

e We use more elaborate edge detection filters than the simple horizontal and vertical

differences used in many other works.

e We use ¢ < 1, which makes the cost function non-convex, and therefore harder to opti-

mize, but yields considerably better results.

e We use an optimization technique that leads to a good local minimum. As noted above,
it is possible that the global minimum would not yield good deblurring results, but that

is not the minimum that we seek in our method.

These three differences are crucial for the performance achieved by our method.

As was said above, we decrease A during the optimization. Therefore, except for the last
phase of the optimization, A is not given by ko?. And in fact, even during that last phase,
A still is not, in general, given by that expression, because the noise n, besides allowing for

possible noise in the blurred image, also allows for a mismatch between the estimated filter h
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a) b)

Figure 3.10: Filter estimate at an early stage of the method. a) With the safety zone. b) After
discarding the safety zone.

and the true one. This mismatch leads to a difference between the reconstructed blurred image

and the observed one, this difference being treated by the method as noise.

Border effects

Since, in the first iterations of the method, the image estimates only contain the main image
edges, the optimal filter estimates, at this stage, would not (even approximately) have a limited
support. We constrain, in step 5 of the method, the filter estimate to have a limited support.
This gives rise to undesired border effects in that estimate (see Fig. 3.10-a). These effects
decrease in subsequent iterations, as the estimate of the deblurred image gets better. To avoid
the influence of these effects, we use, in step 5 of the method, a “safety zone” with a width of
a few pixels, around the desired filter support, and discard this zone, in each iteration, after
the filter has been estimated (see Fig. 3.10-b).

A border effect of a different kind, this time relating to the estimated image, is due to the
fact that, near the border of the image, a part of the filter’s support would fall outside the
image. There is, therefore, a zone, adjacent to the image border, where estimation cannot be
correctly performed. Estimation in this zone would typically lead to ringing artifacts parallel to
the image borders. This border zone is not estimated, and is not included in the cost function

of Eq. (3.15).
Color and hyperspectral images

The method that we propose can also address color and hyperspectral images. A color image is
a multichannel image which typically has three channels (red, green and blue). A hyperspectral
image takes this concept much further, usually containing more than one hundred channels,
which correspond to different frequency bands. In what follows we’ll speak of color images, but
what is said can be extended, without change, to hyperspectral images.

To restore a color image, each of its channels should be restored. However, during the

restoration process, one should take into account that the various channels should remain
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aligned with one another. In the case of color images, even a small misalignment between the
channels would lead to a significant visual degradation (color fringing along edges). Conse-
quently, the color channels should be jointly processed, so that they maintain their alignment.
A simple way to favor aligned solutions, is to apply the regularizer to the sum of the edge images
from the three channels, instead of applying it separately to each channel. This corresponds

to using the regularizer

Rp(x) = RI[f(z)] (3.16)

> fc(w)] (3.17)
S [z (o) +e

i

= IR

(3.18)

in which f¢ is the edge image computed by applying f(.) to the ¢ color channel of z, and
f£(x) is the ith pixel of that image. The image

fl@)=>" f(x) (3.19)

is the edge image obtained, from the color image x, by separately applying the edge extractor

f(.) to each of the channels, and adding the results.

If we assume that all channels have suffered the same blurring degradation, we only need
to estimate a single blurring filter. In this case, the cost function which is used to recover the

color image is given by

Cleh) = 53 e = el + A 1) + (320)

in which . is the ¢® channel of the estimated image z, y. is the ¢'* channel of the degraded
image y and f;(x) is, as before, the ith pixel of the image f(x). On the other hand, if we
assume that different channels have suffered different blurs (which can happen, for example, if
there is a significant amount of chromatic aberration from the lens that produced the image),

then the cost function should be
1
Cla,h) = 53 llge = hewacll3 + A _[filw) + 47, (3.21)

where h, is the blur corresponding to the ¢* channel.
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Multi-frame scenarios

The method can also be easily extended to address multi-frame scenarios, in which one has
several frames, each with its own degradation, but all obtained from the same sharp scene. In
this case, we can take advantage of the extra information that results from the existence of
more than one blurred image of the same scene. Instead of using a single degradation model,
the data connection term of the cost function must now take into account the degradation
models of the various acquired frames. We index the frames with the subscript s, and assume
that each acquired frame, y,, was degraded by a different blurring operator, hg, and a different
additive noise, ng:

Ys = hs * T + Ng. (3.22)

Assuming that all frames have Gaussian noises with the same variance, the multi-frame

cost function is

1
Cla,h) = 5 3 llgs — hs o} + ARy (2), (3.23)

Filter prior

The method was developed so that it would yield a good restoration performance without using
any “strong” information on the blurring filter. Nevertheless, if prior information about the
blurring filter is available, it can be used to advantage. If hard constraints on the blurring
filter are known, they can be used in the filter optimization step (step 5 in Table 3.2). “Soft”
constraints on the filter can be incorporated through the use of an additional regularizing term.

If we assume a prior over the blurring filter
p(h) oc ntinth), (3.24)
we are led to the cost function
Clash) = 3 lly— ol + RIS )]+ M Ra(h), (3.25)

in which A, and Ry (h) are, respectively, the regularizing parameter and the regularizing term
of the blurring filter. Rj(h) can be a TV regularizer, as in [20, 97], for example, but other

regularizers can also be used.

3.2.3 Quality measure

The measure that we used for evaluating the quality of the results of blind deblurring tests was

the increase in signal to noise ratio (ISNR), similarly to what is commonly done in non-blind
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deblurring. However, the computation of a meaningful ISNR in blind deblurring situations

raises some special issues that we now address.

We start by recalling the basic concept of ISNR. Assume that x( is an original image, y
is a degraded version of that image and z is a recovered (enhanced) image, obtained from .
We start by defining the “signal” as image xg, the “noise” of y as y — xg, and the “noise” of x
as © — xg. The ISNR of the recovered image x relative to the degraded image y is, then, the
difference between the SNR of x and the SNR of y. It can be computed, in dB, as
Sy — )’
> (@t —ap)?

where the superscript ¢ indexes the images’ pixels, and the sums run through all pixels.

The special issues that arise in the computation of this measure in blind deblurring sit-
uations, are due to the following. The blind deblurring problem is strongly ill-posed. This
means that non-regularized solutions have a large variability. There are two different kinds of
variability that we need to distinguish here. One corresponds to changes in the shape of the es-
timated blurring filter’s PSF h, compensated by matching changes in the estimated image x. In
this case, different estimated images will, in general, exhibit different amounts of residual blur
and/or different artifacts (e.g. ringing), which affect their quality. These degradations should
be taken into account by the quality measure. However, two forms of variability that are of a
different kind are (1) affine transformations of the intensity scale of the filter, compensated by
affine transformations of the estimated image, and (2) small translations of the blurring filter’s
PSF, compensated by opposite translations of the estimated image. These degradations do not
affect the quality of the deblurred image, and the restoration measure should be insensitive
to them. As an example of the latter kind of variability, filter translations are visible in the
positions of some of the estimated filters obtained in our tests, which are not fully centered

(see Fig. 3.16 and Fig. 3.17).

The translation variability gets a bit more involved when we take into account that the
images are processed in discrete form: There can be translations by a fractional number of
pixels, which do not correspond to simple discrete translations of the discrete images, and

involve interpolation between pixels.

To address these invariance issues, we have performed an image adjustment (spatial align-
ment and intensity rescaling) before comparing the images with the original sharp one. The
estimated image was spatially aligned, and the pixel intensities were rescaled by an affine trans-

formation, so as to minimize the image’s squared error relative to the original sharp image. As
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a result, the noise energy of an image x relative to the sharp image xy was given by
N(z) = mingpa, A, llaza,,a, +b—ol[3, (3.27)

in which za, A, is the x image shifted by A, and A, pixels in the horizontal and vertical

directions, respectively, and a and b are the parameters of the affine transformation.

The spatial alignment was performed with a resolution of 1/4 pixel, and with a maximum
shift of 3 pixels in each direction. The estimated image x was saturated to the maximum and
minimum values of the degraded image xg, before alignment and rescaling. For the comparison
to be fair, the alignment and rescaling were performed on both the deblurred image and the

blurred one.

The ISNR of the recovered image x relative to the blurred image y was then computed as

ISNR = 10logy, % (3.28)

The sum on 4, involved in the computation of N(-) (see Eq. (3.27)) was restricted to the valid
pixels. By “valid pixels” we mean all pixels of the image, except for the zone, adjacent to
the image borders, where the estimation could not be correctly performed, as explained in
Section 3.2.2, this zone being augmented by a width of 3 pixels to account for the maximal
possible displacement due to the spatial alignment. The Matlab routines for image adjustment
(alignment and rescaling) and for computing the ISNR are available at http://www.1lx.it.

pt/~mscla/BID_QM.htm

In order to be able to compare the reconstruction of the color images with the reconstruction
of the corresponding grayscale ones, the ISNR of color images was computed on the luminance
component (z) through the expression used in the NTSC television standard, obtained from

the image’s RGB channels x,, x, and x; through

I(z) = 0.2989z, + 0.5870z4 + 0.1140x;,. (3.29)

3.2.4 Experimental results

We tested the proposed method both on synthetic blurs and on actual blurred photos. We also
performed comparisons with two other blind deblurring methods, published in the literature

20, 94].

Our method was implemented as outlined in Table 3.2, with the edge detection filters that

are shown in Fig. 3.7. The PSF of the base filter that was used to generate these edge detection
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filters (i.e., the PSF of the leftmost filter in Fig. 3.7) was

1 2 2 1
do = /12, (3.30)
102 2 -1

)

in which each matrix entry gives the value of a pixel of the PSF, and the arrangement of the
matrix entries corresponds to the spatial arrangement of the corresponding pixels in the PSF.
The other filters were obtained by rotating this base filter, with bicubic interpolation, by angles
multiple of 45°. In the figures that we show ahead, the estimated image was first subjected to
the affine transformation mentioned in Section 3.2.3, and was then saturated to the maximum

and minimum values of the blurred image.

The blurred images were normalized so that black corresponded to —0.5 and white (or max-
imum intensity, in the case of color channels of a color image) corresponded to 0.5. Parameter

e was set to 0.002.

The sequence of values of A was a geometric progression (A,+1 = A, /r), initialized at A\ = 2.
The values that were used for r are given ahead for each specific case. For real-life photos, the
iteration on A was stopped on the basis of visual evaluation. In the synthetic experiments, we
used the ISNR for deciding when to stop the iteration. The selection of the stopping point was
rather important for noisy blurred images because, after the “optimal” point, the estimated
image quickly became degraded with noise. For non-noisy blurred images, the method typically
stopped progressing after a certain value of A\. After that value, the choice of the stopping point

had almost no influence on the result.

All experiments were performed using the same sequence of values for parameter ¢: 0.8,
0.8, 0.6, 0.6, 0.6, 0.6, 0.4, ..., 0.4. The sequences of values of A\ and ¢q were experimentally found
to be adequate for a wide variety of images and blurs, and can be used, without change, in

most situations.

The support of the estimate of the blurring filter was limited to a square of size s X s pixels,
chosen to be slightly larger than the size of the actual blur (the value of s is given ahead for
each case). We used a safety zone (see Section 3.2.2) with a width of three pixels around the

support of the filter.

In most cases, the cost function was quadratic in h, and the optimization relative to A
was performed by a relatively fast method (conjugate gradients, with 100 iterations for each
value of A). In the cases in which this function was not quadratic (the cases in which a TV
regularizer was used on the blurring filter and the cases in which we used a parametric model

for the filter), gradient descent with adaptive step sizes [166] was used, because it can easily
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deal with strongly non-quadratic functions and still is relatively fast. The optimization relative
to the deblurred image = was also performed by gradient descent with adaptive step sizes (150
iterations for each value of \), because the cost function is a strongly non-quadratic, non-
smooth function of z, and this method can also easily deal with non-smooth functions. The
numbers of iterations mentioned above were experimentally chosen so as to achieve a good
convergence of the corresponding optimizations. These numbers are not crucial: they could
have been increased without negatively impacting the deblurring results, but such an increase
would obviously also have increased the running time of the algorithm, with no significant
advantage.

On an Intel Core 2 Duo system running at 2 GHz, programmed in Matlab and running on
only one of the chip’s processors, an iteration of the method, corresponding to one value of A,
took, for monochrome images of size 256 x 256, about 30 seconds, when conjugate gradients
were used for the optimization relative to h. For color images, each iteration took about 70
seconds, also with conjugate gradient optimization of h.

The total deblurring time depended on the number of iterations in A, which depended on the
ratio r and on the stopping point of the A\ sequence. Experiments with blurred monochrome
photos (Section 3.2.4) were processed using r = 3 and with around 10 values of A, having
taken about 5 minutes to be processed. Synthetic experiments were processed using a lower
ratio of r = 1.5 and approximately 55 and 23 iterations for non-noisy and noisy experiments,
respectively, having taken about 28 and 12 minutes, respectively. Results with only slightly
lower quality were obtained with a ratio of » = 3 and with a somewhat higher stopping value
for A\ (see [9]), resulting in a much shorter processing time of 7.5 minutes for non-noisy images.

For color images, all these times were multiplied by about 2.5.

Synthetic degradations

In this section we first describe the main experiment, which was intended at showing that
the proposed method can effectively deal, in a blind way, with a large variety of images and
of blurs. After that, we describe additional tests that were performed to check some other
aspects of the method’s performance. All of these experiments were run with a ratio of r = 1.5
in the sequence of values of A\. The iteration was run up to As5 = 6.2 x 107°, and the best
stopping iteration was chosen based on the values of the ISNR measure, computed as described
in Section 3.2.3.

The main experiment was performed with the five grayscale images shown in Fig. 3.11.

Each image was blurred with each of the blurring filters shown in Fig. 3.12 (for a better
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Blur | #1 | #2 | #3 | #4 | #5 | #6 | #7
Without | o | 533 | 6.43 | 5.87 | 6.20 | 5.82 | 3.21
noise
With |5 0| 419 | 3.61 | 5.46 | 5.50 | 6.34 | 1.99
noise

Table 3.3: Summary of the ISNR values obtained with our method, with no constraints and
no regularization on the estimated filter. Each entry gives the average of the ISNRs obtained
for the five test images, under the indicated conditions.

visualization, these filters, as well as the filter estimates to be presented further ahead, are
shown with a band of zero-valued pixels around them). All filters were normalized to a DC
gain of 1. The PSF of filter #1 is a uniform-intensity circle, and simulates an out-of-focus blur.
Filter # 2 simulates a linear, uniform motion blur. The PSF of filter # 3 is a uniform-intensity
square. Filter #4 was formed by choosing random pixel intensities with a uniform distribution
in [—0.3,0.7], post-normalized to a DC gain of 1. Filter #5 simulates an irregular motion blur.
Filter #6 corresponds to a circular motion blur, and was chosen because its frequency response
has somewhat a non-lowpass character, and therefore is rather different from the most common
blurs. Filter #7 is Gaussian, with a standard deviation of two pixels.

Filter #1 had a radius of [ pixels, and filters #2, #3 and #4 had a size of [ x [ pixels. We
used different values of [ for different cases: [ =9 for “Lena”, “Barbara” and “Testpatl”, and
I =11 for “Cameraman” and “Satellite”. For the “Lena”, “Barbara” and “Testpatl” images,
the size of the estimated filters was set to s x s pixels, with s = 15; for “Cameraman” and
“Satellite” we used s = 17, due to the larger size of the blurs. No constraints were imposed
on the estimated filters. Each blurred image was used both without noise and with Gaussian
i.i.d. noise at a blurred signal to noise ratio (BSNR) of 30 dB.

Figures 3.13-b to 3.15-b show a sample of the 70 blurred images used in this experiment,
and the second rows of Figs. 3.13 to 3.15 show deblurred images that were obtained by the
method. Table 3.3 gives a summary of the results, in terms of ISNR. Detailed results are
given in Appendix 3.2.7. We can see that the method yielded, in almost all cases, a significant
improvement in image quality. The blurring filters also were reasonably recovered, especially
when there was no noise (see Figs. 3.16 and 3.17). As mentioned in Section 3.2.2, the images
recovered in noisy situations had a slight piecewise-constant character.

The worst results corresponded to the Gaussian blur (#7). This has a simple explanation.
Although, visually, the Gaussian filter doesn’t look worse than, say, the square or the circular
ones, its frequency response decays much faster than those of the other filters. At the spatial

frequency of fi4 = 1/(2 pixels), which is the maximum frequency allowed by the sampling
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Figure 3.11: Set of images used for synthetic experiments. a) “Lena”. b) “Cameraman”. c)
“Satellite”. d) “Testpatl”. e) “Barbara”.

theorem, the Gaussian filter presents an attenuation above 150 dB. At the frequency fiaz/2,
the attenuation is of more than 40 dB. This means that the filter eliminates essentially all the
high frequency content from the original image, and there is no way to recover it (recall that,

even without added noise, the blurred images do have noise due to rounding errors).

Our second test concerned the use of constraints on the blurring filter. In this test we
used all blurring filters except #4 and #b5, for which no simple constraints existed. For filter
#1, we used as parametric model a uniform circle, with the diameter as parameter. Since the
diameter could take any real, positive value, the filter’s PSF was obtained by computing the

pixel intensities according to the fraction of each pixel that was covered by the circle with the
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Figure 3.12: Set of blurring filters used in synthetic experiments. #1 - Out-of-focus blur. #2 -
Linear motion blur. #3 - Uniform square. #4 - Random square. #5 - Nonlinear motion blur.
#6 - Circular motion blur. #7 - Gaussian.

prescribed diameter; the gradient of the cost function relative to the diameter was computed
taking this model into account. For filter #2, the constraint was symmetry relative to the
central pixel. For filters #3, #6 and #7, the constraint was symmetry relative to the four axes
that make angles multiple of 45° with the horizontal axis. The tests were run on all images
of Fig. 3.11, without noise and with noise at 30 dB BSNR. Figures 3.13-d,f to 3.15-d,f show
a sample of the noisy estimates (we don’t show the noisy blurred images because, visually,
they are almost indistinguishable from the non-noisy ones). Table 3.4 shows a summary of
the ISNR values (the complete list of values is given in Appendix 3.2.7). It can be seen that,
in most cases, the use of constraints improved the quality of the results. In some cases the
improvement was quite impressive, and, on the other hand, in a very few cases, there was a
very slight decrease in quality.

As mentioned above, we used a parametric model as constraint for filter #1. Therefore, in
this case, the estimation of the blurring filter actually consisted of the estimation of its single
parameter (the diameter). In the noiseless case, the estimated diameter values were of 8.84,
10.96, 10.96, 8.56 and 8.94 pixels, respectively, for the five images. These values compare well
with the true diameter values of 9, 11, 11, 9 and 9 pixels, respectively.

A third test, performed only on the “Lena” image, concerned the use of a TV regularizer

on the estimate of the blurring filter’s PSF (without constraints). For this test, we used the
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Figure 3.13: “Lena” image with blur #5. a) Sharp image. b) Blurred image. Next rows:
Deblurred images. Left: Without noise. Right: With noise. Second row: Without filter
constraints or regularization. Third row: Using TV regularization on the blurring filter.

cost function of (3.25), with a ratio A\j,/A\ = 100. The ISNR values, given in Table 3.7 in
Appendix 3.2.7, show that the use of the regularizer improved the SNR, in all cases, relative to
the estimation without constraints. Although this regularizer yielded an improvement in the
results, it was used here only as an example. Other regularizers may be more useful for specific
situations.

The ISNR values attained in the tests described so far can be considered rather good, taking
into account that the method under test is blind. In fact, these ISNR values are relatively close

to the values attained by state of the art non-blind methods. For example, the recent work
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Figure 3.14: “Barbara” image with blur #2. a) Sharp image. b) Blurred image. Next rows:
Deblurred images. Left: Without noise. Right: With noise. Second row: Without filter
constraints or regularization. Third row: With constraints.

[82] presents the ISNR values attained by several state of the art non-blind methods on the
restoration of the “Lena” image blurred with a 9x9 uniform blur, with 30dB BSNR. Those
values range from 5.58dB, corresponding to the method from [102], to 6.1dB, attained by
the method from [82]. Our method blindly attained, in the same problem, about 1.5 dB less
(4.07dB without constraints, 4.47dB with constraints and 4.27 dB with TV regularization). The
majority of the non-blind deblurring approaches have been tested with blurs produced with
circular convolutions, while our method used linear convolutions. The circular convolutions
introduce, in the original image, an artificial, long, straight, horizontal edge, corresponding to

making the image top and bottom adjacent to each other, and also introduce a similar artificial
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Figure 3.15: “Cameraman” image with blur #1. a) Sharp image. b) Blurred image. Next
rows: Deblurred images. Left: Without noise. Right: With noise. Second row: Without filter
constraints or regularization. Third row: With constraints.

vertical edge. The presence of these artificial edges would have helped our method to better
estimate the blurring filter, slightly improving the deblurring results (evidence of this can be
found in some results presented later, in Table 3.6, in which we find improvements between
0.03dB and 1.18dB, for our method, due to the use of circular convolutions).

We performed another test to check the method’s performance on color images. We used
the cost function given by (3.20). For this test, we used the color “Lena” and “Barbara”
images, with all the blurs described above, without constraints. Figures 3.18 and 3.19 show

some results. The ISNR of the results is shown in Tables 3.7 and 3.10, in Appendix 3.2.7.
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Figure 3.16: Filter estimates, for non-noisy experiments. First row: without restrictions.
Second row: with restrictions. Third row: with TV regularization.

Figure 3.17: Filter estimates, for noisy experiments. First row: without restrictions. Second
row: with restrictions. Third row: with TV regularization.

The results on color images were, in general, slightly better (and, in a few cases, significantly
better) than those for grayscale images. This is not surprising, since the three color channels
of color images contain more information about the blur than the single channel of grayscale
images.

For testing the deblurring of multi-frame images, as described in Section 3.2.2, we used the
“Lena” image with two blurred frames, both with motion blurs. Both blurs had a length of

11 pixels, and they had directions that made angles of 45° and 135°, respectively, with the
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Blur

| #1 | #2 | #3 | #6 | #7 |

Without
Without | Constraints 6.48 | 538 | 6.43 5.82 | 3.21
notse Wlth. 12.01 | 8.61 | 10.22 | 11.94 | 4.72
Constraints
Without
With Constraints 3.69 4.19 3.61 6.34 1.99
nowe With 5.34 | 6.64 | 5.25 | 10.09 | 3.14
Constraints

Table 3.4: Comparison of the results obtained without and with constraints on the estimated
filter. Each entry gives the average of the ISNRs obtained for the five tested images, under the

indicated conditions. The best result for each case is shown in bold.

Figure 3.18: Deblurring of a color image. a) Sharp image. b) Image degraded with blur #2
and 30dB of noise. ¢) Image estimate without noise. d) Image estimate with noise.

horizontal axis. We used the noiseless blurred images, and also noisy images with BSNRs of
40 dB and 30 dB. To assess the advantage of using multiframe deblurring, we compared the
images recovered in multiframe mode with the images recovered, in single-frame mode, from
each of the two frames. Figure 3.20 shows the results for the 30dB noise level. Table 3.5 gives
the ISNR values. We can see that the multiframe method was advantageous in situations with

noise, but had no clear advantage in the situation without noise.
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Figure 3.19: Deblurring of a color image. a) Sharp image. b) Image degraded with blur #5
and 30dB of noise. ¢) Image estimate without noise. d) Image estimate with noise.

Mode Blur directions | Noise BSNR || SNR of the result
Single-frame 45° 15.50
Single-frame 135° - 16.22
Multi-frame 45°,135° 16.09
Single-frame 45° 15.35
Single-frame 135° 40dB 15.14
Multi-frame 45°,135° 15.88
Single-frame 45° 14.12
Single-frame 135° 30dB 13.83
Multi-frame 45°,135° 15.19

Table 3.5: Multi-frame performance versus single-frame performance (“Lena” image with mo-
tion blurs of 11 pixels). The last column shows the SNR (in dB) of the deblurred images,
relative to the original sharp one. The best results for each case are shown in bold.

Blurred photos

Besides testing the method on synthetic degradations, we also applied it to real-life blurred
photos. We used two different color scenes (Figs. 3.21-a and 3.22-a). The corresponding
grayscale images were also processed (grayscale results are presented in Section 3.2.4).

We addressed two kinds of real-life degradations: the pictures in Fig. 3.21-d and Fig. 3.22-c
were purposely taken with the camera wrongly focused, while in Fig. 3.21-e the camera was
purposely rotated in the horizontal direction while the photo was being taken, to produce a

motion blur. The photos of Fig. 3.21 were taken with a Canon S1 IS camera, and were coded
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Figure 3.20: Multi-frame and single-frame estimates obtained with 30dB BSNR. First row:
Degraded images. Second row: multi-frame image estimate. Third row: single-frame image
estimates.

in JPEG format (this camera can’t save images in RAW format). The photos of Fig. 3.22 were
taken with a Panasonic DMC-FZ18 camera, and were coded in RAW format (i.e., using actual
sensor data, after the demosaicing that interpolated colors among pixels).

The noise that was present in the photos was quite significant. The cameras that we used
have small image sensors (about 1 cm diagonal), which yield images with a significant amount
of noise (much larger than the 30 dB that we used in the synthetic experiments). In the images
with full sensor resolution, the noise was too high to allow any significant improvement by

means of the deblurring method. In order to simulate cameras with larger sensors, we reduced
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Figure 3.21: Results with real-life blurred photos. a) Sharp photo of the scene. b) and c) Filter
estimates. Next rows: Left - out-of-focus blur. Right - motion blur. Second row: Blurred
photos. Third row: Deblurred images.

the resolution of the camera images by averaging in squares of 6x6 pixels, for the Canon
camera, and of 9 x 9 pixels, for the Panasonic camera. This reduced the noise to acceptable
levels.

The size of the blur estimate was limited to a square of size 15 x 15 pixels. We used a
sequence of A values with a ratio of r = 3, and truncated this sequence at \g ~ 3.05 x 10~ for
the experiments of Fig. 3.21 and at Ao ~ 1.02 x 10~ for the experiment of Fig. 3.22.

All the recovered images were significantly sharper and had more visible details than the

blurred ones, even though they had somewhat a “patchy” look, corresponding to somewhat a
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Figure 3.22: Results with an actual blurred photo. a) Sharp photo of the scene. b) Filter
estimate. ¢) Blurred photo. d) Deblurred image.

piecewise-constant character. As had happened with the synthetic degradations, the restoration
was slightly better for color photos than for monochrome ones (compare Fig. 3.21-f with Fig.
3.23-d, and Fig. 3.22-d with Fig. 3.24-d).

The results obtained with these photos were of lower visual quality than those obtained

with the synthetic blurs. Two of the reasons for this probably were:

e The blurs that were present in the photos probably didn’t exactly follow the model
of Eq. (3.8). One of the main reasons may have been the presence of non-linearities
in the image acquisition. It is known that image sensors may not be perfectly linear,
due to the presence of anti-blooming circuits, for example. Furthermore, in the case of
the Canon camera, for which we didn’t have access to RAW data, we suspect that the
camera also performed some nonlinear operations like denoising, sharpening and gamma
compensation. In an actual application (for example, if deblurring is to be incorporated
in the image processing performed in the camera itself), it should be possible to avoid,

or to compensate for, these nonlinearities.

e The noise produced by image sensors is not Gaussian and (probably more important) its

intensity is not independent from the image’s intensity, contrary to the assumptions of
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our method.

Comparison with other methods

We compared our method with two other methods from the literature: APEX [94, 95] and
the method from [20] (which we shall call YK method). These were the only two methods for
which we were able to obtain implementations. APEX was simple enough for us to implement
ourselves within useful time, and the authors of the YK method kindly provided a demo, coded
in C++.

The APEX method [94, 95] is quite fast, but is limited to blurs which belong to the Levy
family. This is a family with just two parameters, in which all functions have circular symmetry,
and which encompasses the Gaussians. The method has two regularizing parameters (M and
s), whose values we have set to those recommended by the author (M = 500 and s = 0.01). The
method has two further parameters (designated by A and ¢, respectively). For A, we used the
values 2.00, 2.25, 2.50, ..., 7.75, 8.00, which cover the recommended interval. Parameter ¢ can
be varied between 1 and 0, ¢ = 1 corresponding to the blurred image, and ¢ = 0 to a “completely
deblurred” one. We used the values 1, 0.75, 0.5, 0.25 and 0. For synthetic blurs, the ISNR
values were computed for all combinations of values of A and ¢, and the best combination was
selected. For real-life blurred photos, the best pair was chosen by visual inspection, since no
ISNR values could be computed.

The YK method does not constrain the blur PSF, but assumes that it is piecewise smooth
(and, from the comments made in [20], one can see that the method has some bias toward
piecewise constant PSFs). The method has four parameters that must be manually chosen.
We started by trying the values used in [20] but, with our blurred images, this produced results
with very strong oscillatory artifacts. After several tests, we chose the following values, which
seemed to produce the results with fewest artifacts: 1 and 2000 for the regularizing parameters
of the image and of the PSF, respectively; 0.1 and 0.001 for the threshold parameters of the
diffusion coefficients of the image and of the PSF, respectively. We should note that our tests
were severely limited by the fact that the deblurring of each image, with this method, took
about 12 hours, despite the fact that the method was coded in C++4. Besides preventing us
from doing a more extensive search of parameter values, this also prevented us from testing
the method on noisy synthetic degradations.

The APEX method uses circular convolutions in the blurring model. The YK method
uses convolutions computed from products of discrete cosine transforms (DCTs). Our method

normally uses linear convolutions, but can easily be modified to use circular or DCT-based
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convolutions. We tested all methods with degradations produced with linear convolutions, and
also tested both our method and APEX with degradations produced with circular convolutions.
Given the very poor results (to be seen ahead) obtained by the YK method with DCT-based
convolutions, and the limited time that was available to us, we didn’t consider it necessary to
test our method with DCT-based convolutions.

For the comparison, we used both synthetic and real-life degradations. The synthetic
degraded images were obtained from the grayscale “Lena” image, with blurs #3, #4, #5 and
#7. Blur #7 is Gaussian, and therefore is within the family of blurs for which the APEX
method is appropriate. Blur #3 is piecewise constant, and therefore appears to be appropriate
for the YK method. Blur #5 may also be considered piecewise constant. Blur #7 is smooth,
and therefore appears to be at least partially appropriate for that method, too. The real-life
degraded images that we used were grayscale versions of two of the photos presented above,
one with a motion blur and the other with an out-of-focus blur. The size of the estimated
blurring filter was limited to 15 x 15, both in our method and in the YK one. APEX doesn’t
assume a limited size of the blurring filter.

Table 3.6 shows the ISNR values obtained with the synthetic degradations. We can see
that, with linear convolutions, our method clearly surpassed the other two methods. APEX
only yielded a significant improvement in the image quality for the Gaussian blur, as expected.
When we used blurs produced with circular convolutions, which are the most appropriate ones
for APEX, the results of our method improved slightly, in all cases but one. The results of
APEX improved significantly in the case of the Gaussian blur (especially without noise), and
improved only slightly for the other blurs. The APEX method only surpassed ours in the case
of the Gaussian blur without noise. Even in that case, the advantage of APEX over our method
was sonly slight, despite the fact that the Gaussian blur is within the class of blurs for which
APEX was designed, and that APEX was only estimating two parameters, while our method
was estimating 225.

The performance of the YK method was rather poor, which was somewhat a surprise to us.
A possible explanation for the difference between these results and the ones presented in [20]
is that, while the tests described in that reference involved the estimation of PSFs with up to
49 parameters, the tests performed by us involved PSFs with 15 x 15 = 225 pixels. However,
we should note that, with four parameters to be manually chosen in that method, it is hard
to find a good set of values, and it may be questioned whether the method really should be
considered blind. Still another explanation could be the fact that, as the algorithm’s authors

themselves say, the algorithm suffers quite severely from the problem of local minima.
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Figure 3.23: Deblurring of an actual photo with several methods. a) Blurred photo. b) Image
deblurred with APEX. ¢) Image deblurred with the YK method. d) Image deblurred with our
method.

Figures 3.23 and 3.24 show the results obtained with actual photos. The APEX method
produced almost no improvement in the motion blur case, and produced a moderate improve-
ment in the out-of-focus blur case. Both of these results are understandable: Motion blurs
are well outside the family of blurs for which the method is appropriate, and the PSF of the
out-of-focus blur that exists in the second photo seems not to be too far from a Gaussian
(see Fig. 3.22-b), and probably is close to the family of blurs for which APEX is appropriate.
Nevertheless, the result produced by our method was sharper, even in this case.

The results produced by the YK method show the kind of problem that affected many of
the results obtained with that method: there were strong oscillatory artifacts, even with the
parameter values that we used. We should note, however, that, for the test images sent by the
method’s authors, the method did yield results similar to the ones published by them. This
gives us some confidence that the method was correctly applied. We have already speculated

above about possible reasons for the poor results obtained in our tests with that method.

Final comments

We stress that, although our method involves a few parameters, only one of them is crucial

(and only for noisy blurs): the stopping point of the iteration. In fact, our tests have shown
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Figure 3.24: Deblurring of an actual photo with several methods. a) Blurred photo. b) Image
deblurred with APEX. c¢) Image deblurred with the YK method. d) Image deblurred with our
method.

that the same sequences of values of A and of ¢ yielded good results for a wide range of images
and of blurs!. Therefore, these sequences can be fixed a priori, without knowing which image
and which blur are to be handled. This being said, we should note that, by tuning these
parameters, somewhat better results can be obtained than the ones that we have shown in this
paper. In several practical applications, it may be quite possible to pre-tune such parameters.
For example, in a digital camera, pre-tuned values can exist for different apertures, focal

lengths, etc.

The choice of the stopping point of the iteration is not crucial for non-noisy images, as we
said above. For noisy images, we don’t have any good stopping criterion yet. The choice of the
stopping point is very similar, in character, to the choice of the ¢t value in the APEX method,
and is a known difficult problem, even for non-blind methods, for which several solutions
have been proposed (e.g. [110]). None of these solutions showed to be robust enough for our

application.

"'We have used two different values of the ratio r in different situations, but the smaller value can be used
in all cases, with the only disadvantage of needing more iterations, and therefore taking a longer time, to reach
the final value.
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3.2.5 Conclusions

We have presented a method for blind image deblurring. The method differs from most other
existing methods by only imposing weak restrictions on the blurring filter, being able to recover
images which have suffered a wide range of degradations. Good estimates of both the image
and the blurring operator are reached by initially considering the main image edges, and pro-
gressively handling smaller and/or fainter ones. The method uses an image prior that favors
images with sparse edges, and which incorporates an edge detector that was specially devel-
oped for this application. The method can handle both unconstrained blurs and constrained

or parametric ones, and it can deal with both single-frame and multi-frame scenarios.

Experimental tests showed good results on a variety of images, both grayscale and color,
with a variety of synthetic blurs, without and with noise, with real-life blurs, and both in
single and in multi-frame situations. The use of information on the blurring filter and/or of

multi-frame data, when available, typically led to improvements in the quality of the results.

We have adapted the ISNR measure to the evaluation of the restoration performance of
BID methods. The restoration quality of our method was visually and quantitatively better

than those of the other methods with which it was compared.

So far, whenever the blurred image has noise, the processing has to be manually stopped,
by choosing the iteration which yields the best compromise between image detail and noise or
artifacts. An automatic stopping criterion will obviously be useful. This is a direction in which

further research will be done.

The method can be extended in other directions: For example, (1) to address problems in
which we aim at super-resolution, possibly combined with deblurring, and (2) to deblur images
containing space-variant blurs (for example, a sharp scene containing one or more motion-
blurred objects, or a scene containing objects at different distances from the camera, with

different out-of-focus blurs). This latter extension has already shown useful results [143].

Finally, on a more theoretical level, but with possible practical implications, is the problem
that we mentioned above, that the best deblurring solutions generally don’t correspond to the
global minimum of the cost function. This apparently means that a more appropriate cost
function should exist. If it were found, it would probably lead to a better deblurring technique,
both in terms of speed and of the quality of the results. This clearly is an important research

direction.
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3.2.7 Appendix

Tables

Tables 3.7 to 3.11 show detailed ISNR values from several of the tests mentioned in this paper.

Gradients

Gradients of the method’s cost function are explicitly given in this appendix. The cost function
is
1

Cx, h) = 5\Iy*h*xllg+>\2[fi(x)+€]q, (3.31)

in which

fl@)= > (dg =) (3.32)

0cO

Cost function (3.31) is quadratic on the filter h:
1
Clx,h) = 5 |lvee(y) — Xvec(h) |3 + AR(f(x)). (3.33)

in which X is a matrix, corresponding to the linear operation of convolving an image with x,
and vec() is the operation that vectorizes a matrix lexicographically. Considering (3.33), the

gradient of (3.31) with respect to h is given by

oC(x,h)

Bvoclh) = X1 [vec(y) — Xvec(h)], (3.34)

in which X7 is the transpose of X. Matrices X and X7 were not explicitly computed. Instead,
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their corresponding operations were performed in the frequency domain:

Xvec(w) = ifft2[fft2(x). x fft2(w)], (3.35)

XTvec(w) = ifft2[conj(fit2(x)). * Ft2(w)], (3.36)

in which fft2() is the 2D discreet Fourier transform and ifft2() is its inverse. The notations .k
and conj() denote the point-wise product and complex conjugation operations, respectively.

Let H and Dy be the matrix operators corresponding to convolving an image with h and

dg, respectively. Cost function (3.31) can also be written as
1
5 lIvec(y) — Hvec(w)|l3 + AR[f (2)], (3.37)

in which

R(f(x) =Y > (Dovec(z))? | +e| (3.38)

i 0co

i

The derivative of (3.31) with respect to z is then given by

M = H7T [vec(y) — Hvec(z M
in which
dvec(z) _ZDG ['Vec[f(x)]' [(f(@) + )" ), (3.40)

0co
and .—. is the point-wise division operator. Again, the products by H, H”, Dy and DGT can be

computed in the frequency domain, similarly to (3.36).
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Lena Linear convolutions Circular convolutions DCT-based conv.
256 x 256 Our method APEX | YK Our method APEX YK
BSNR | Blur Without With | With TV Without With
constraints | constr. prior constraints | const.
# 3 7.81 9.55 8.78 0.39 -6.89 8.74 9.58 0.52 0.43
# 4 7.26 - 9.82 0.39 -1.39 6.29 - 0.56 -4.14
) #5 8.87 - 11.21 0.38 -3.59 10.05 - 0.55 -0.27
# 7 3.93 3.99 3.99 1.69 -7.99 4.03 4.12 4.21 -3.02
# 3 4.07 4.47 4.27 0.60 - 4.26 4.48 0.74 -
30dB # 4 5.99 - 6.74 0.59 - 6.03 - 0.59 -
#5 6.76 - 8.04 0.53 - 7.56 - 0.69 -
H# 7 2.23 2.33 2.29 1.77 - 2.40 2.50 2.29 -

Table 3.6: ISNR values (in dB) obtained for several methods.

For each degradation, the best results are shown in bold.
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Lena Grayscale Color
256 x 256
BSNR | Blur | Without | With | TV Without
const. const. | prior | constraints
#1 7.87 9.68 9.66 10.75
# 2 7.09 6.92 7.83 8.83
# 3 7.81 9.55 8.78 9.70
- # 4 7.26 - 9.82 12.37
#5 8.87 - 11.21 10.00
# 6 8.50 11.51 | 9.59 9.38
#7 3.93 3.99 3.99 4.62
#1 4.42 4.15 4.45 5.05
# 2 5.56 5.33 5.74 6.15
# 3 4.07 4.47 4.27 4.91
30dB | #14 5.99 - 6.74 6.85
#5 6.76 - 8.04 8.02
#6 7.35 8.93 7.36 8.24
#7 2.23 2.33 2.29 3.15

Table 3.7: ISNR (in dB) computed for experiments performed with the “Lena” image. For
each degradation of the grayscale image, the best value is shown in bold.

Cameraman No noise BSNR at 30dB
256 x 256
Blur Without With Without With
constraints | constraints || constraints | constraints

#1 6.32 14.47 4.27 5.20
# 2 4.87 6.60 4.15 5.24
# 3 5.51 6.72 4.07 4.24
# 4 5.62 - 4.90 -
#5 6.18 - 6.20 -
# 6 8.06 8.30 6.64 7.42
# 7 2.72 3.24 1.81 2.30

Table 3.8: ISNR (in dB) computed for experiments performed with the “Cameraman” image.
For each degradation, the best value is shown in bold.

Satellite No noise BSNR at 30dB

256 x 256
Blur Without With Without With

constraints | constraints || constraints | constraints

# 1 8.60 13.60 5.42 6.34
# 2 7.07 8.37 5.99 7.38
# 3 8.76 10.24 5.14 5.33
# 4 7.76 - 8.17 -
#5 8.72 - 7.08 —
#6 8.56 12.23 7.19 10.92
H#7 3.29 3.44 2.33 2.75

Table 3.9: ISNR (in dB) computed for experiments performed with the “Satellite” image. For
each degradation, the best value is shown in bold.
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Barbara Grayscale Color
230 x 288
BSNR | Blur Without With Without
constraints | constraints | constraints
#1 5.66 4.31 5.83
# 2 4.77 5.68 5.12
# 3 6.22 7.43 6.19
- # 4 4.56 - 7.04
#5 6.17 - 6.87
# 6 6.07 13.43 6.06
H#7 2.99 3.01 3.02
#1 3.26 2.67 3.99
# 2 3.37 4.19 4.26
# 3 3.73 3.72 4.18
30 dB # 4 4.56 - 4.87
#5 4.83 - 5.77
#6 5.18 8.19 5.13
H#7 1.78 1.81 2.21

Table 3.10: ISNR (in dB) computed for experiments performed with the “Barbara” image. For
each degradation of the grayscale image, the best value is shown in bold.

Testpatl No noise BSNR at 30dB

256 x 256
Blur Without With Without With

constraints | constraints || constraints | constraints

#1 16.91 17.99 8.43 8.32
# 2 13.85 15.49 10.23 11.05
# 3 16.70 17.14 8.24 8.50
# 4 15.98 - 14.59 -
#5 14.11 - 13.63 -
#6 9.56 14.22 18.05 14.98
H# 7 9.53 9.94 5.77 6.51

Table 3.11: ISNR (in dB) computed for experiments performed with the “Testpatl” image.
For each degradation, the best value is shown in bold.
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Chapter 4

Two-layer blind image deblurring

Conference papers

Mariana S. C. Almeida and Luis B. Almeida, “Blind deblurring of foreground-background
images,” in IEEFE International Conference on Image Processing - ICIP, Cairo, Egypt, 2009,
pp. 1301-1304.

Mariana S. C. Almeida and Luis B. Almeida, “Blind deblurring of two-layer images,” in Por-

tuguese Conf. on Pattern Recognition - RecPad, Aveiro, Portugal, October 20009.
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4.1 Blind deblurring of foreground-background images

Abstract

This paper presents a method for deblurring an image consisting of two layers (a foreground
layer and a background layer) which have suffered different, unknown blurs. This is a situation
of practical interest. For example, it is common to find images in which we have a foreground
object (e.g. a car) which has motion blur while the background is sharp (or vice-versa), or in
which a foreground object and the background have different out-of-focus blurs.

We develop a model for this foreground + background degradation, and extend a previ-
ously introduced blind deblurring method to deal with this situation. As in the original blind
deblurring method, the method presented here does not impose any strong constraints on the
blurring filters. The method is almost completely blind, requiring, form the user, just a coarse
indication of which are the foreground and background areas of the image.

The method has been tested with synthetic degradations and with real-life photos. We
present some of the results. In all the experiments, the method was able to reasonably re-
cover, from single degraded images: the complete deblurred image, the deblurred foreground
and background images, and a mask providing the segmentation between foreground and back-

ground.

keywords: Blind image deconvolution, Space-variant blur, Image enhancement, Object

segmentation.

4.1.1 Introduction

Image deblurring is an inverse problem whose aim is to recover images that have suffered
blurring degradations. The blurring degradations can be shift-invariant (modeled by a convo-
lution) or shift-variant (approximated by local convolutions). The present manuscript focuses
on a special class of shift-variant degradations, in which two different regions of the image
(that we call foreground and background, respectively) have different blurs. This is a situation
often encountered in photography, when the scene is composed of an object that is closer to
the camera, and a farther background. In this case, two typical scenarios are: (1) the closer
object has motion blur and the background scene is static and in focus (or vice-versa); (2) the
closer object and the farther background are both stationary, but have different focus blurs.
These are two scenarios on which we make experimental tests in this paper, but it should be

clear that the method to be presented is much more general, allowing the recovery from wide
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classes of degradations both in the foreground and in the background. In the context of this
paper, we shall call the images composed of foreground and background “two-layer images”,
and the corresponding blurs “two-layer blurs”, while the ordinary images, with shift-invariant

blurs, shall be called “single-layer”.

In single-layer blind image deconvolution (BID), both the image and the blur operator are
unknown. This is an ill-posed problem, since there is an infinite number of pairs (original
image + blurring filter) that could have led to the observed degraded image. Additionally, the
blurring operator of BID typically is very ill-conditioned, making the estimate of the deblurred
image very sensitive to noise and to mismatches between the estimated blurring filter and the
true one. In shift-variant blind deblurring, the number of parameters to be estimated is even
larger than in shift-invariant BID. In spite of the fact that the problem is rather challenging, a
few shift-variant deblurring methods have been developed [20, 21, 37, 38, 126, 128-130, 160].
In [21, 37, 38, 126, 160], the problem’s difficulty is reduced by using multiple degraded images
of the same scene. Results presented in [20] assume a highly restricted blur model (only
out-of-focus), which is only tested on a simple synthetic image. [37, 126, 128, 129] address
problems that are similar to those of the present work. However, [37, 126] use multi-frame
scenarios. Methods of [128, 129] are either restricted to motion or to out-of-focus blurs, and
do not correctly treat the regions’ boundaries. Furthermore, [37, 126, 128, 129] only address
parameterized blurs, while the one that we present here handles more generic, non-parametric
blurs. The method in [130] is restricted to motion blurs and estimates only the blur, without

estimating the sharp image.

The approach that we propose in this paper evolved from a previously developed single-layer
blind deblurring method [9, 120]. That method can satisfactorily deblur a wide range of degra-
dations, without imposing any strong restrictions on the blurring filter. The flexibility of that
method carries on to the method that we propose here, which can deal with rather unrestricted
blurs in both the foreground and the background layers. The method is quasi-blind, requiring
only a crude initial guess of the foreground and background zones, for region segmentation.
The method’s performance was satisfactory when tested with synthetic degradations of natural

images and with actual blurred photographs.

The structure of this paper is as follows: The single-layer deblurring method is briefly
reviewed in Section 2. The two-layer method is then presented in Section 3. Section 4 reports

experimental results.
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4.1.2 Single-layer method

We consider the blurring model

y=hxx+n, (4.1)

in which z is the original image, h is the PSF (point spread function) of the blurring filter and
n is additive noise. The symbol * denotes mathematical convolution.

The deblurring method is based on two basic observations:
e In natural images, leading edges are sparse.

e In general, edges of a blurred image are less sparse than those of a sharp image, because
they occupy a wider area (here, “edges” refers to continuously-valued variables that are

related to the speed of spatial variation of the image’s intensity).

These two observations lead to the method’s central idea: using an objective function which

favors images with sparse edges. The cost function that is used is of the form
C = lly =l + ARy (), (4.2)

in which y is the observed blurred image, y is the estimate of the blurred image, obtained
through §y = h * x, where x is the estimated original image and h is the estimated blurring
filter. Ry(x) is a regularizer which favors images with sparse edges. It uses an edge detector

based on several directional edge-detecting filters (see Fig. 4.1). The output of the edge detector

f)y= 1> g, (4.3)
fcO

where gy is the output of the edge detection filter with orientation # and © is the set of

is given by

orientations under consideration. The regularizer R(.) operates on the edge intensity image
f from Eq. (4.3):
Ry(z) = Rlf(x)] = Y (fi +€)", (44)

7

where 7 is an index running through all pixels, ¢ controls the prior’s sparsity and € is a small
parameter which yields finite lateral derivatives at f = 0 (with 0 < ¢ < 1), making the
corresponding prior closer to actual distributions and also making the optimization easier.
Direct minimization of the objective function in (4.2), by itself, doesn’t generally lead to
good deblurring results. The deblurring method uses a guiding procedure which essentially
consists of starting with a large value of A (heavy regularization) and progressively decreasing

it as the estimate of the blurring filter becomes better. This guiding procedure allows the
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Figure 4.1: The set of edge detection filters, in the four orientations that were used.

method to be able to deblur a wide range of natural and artificial images with a wide range of
blurs, without imposing any strict constraints on the blur PSF. References [9, 120] give more

details, as well as experimental results.

4.1.3 Two-layer method

We now designate by x; the background image, by xo the foreground image, and by o an “opac-
ity” mask, which describes the opacity of the foreground layer: If the foreground only contains
opaque objects, o is a binary mask having ones in the pixels corresponding to the foreground
objects and zeros in those corresponding to the background scene. If the foreground contains
semi-transparent objects, then o is supposed to also contain that transparency information.

We assume that a sharp image would be formed according to
xy=x1-(1—0)+x2-0. (4.5)
The operator - denotes the Hadamard product. We model the blurred image by
y=(h1*xz1) (1 —0)+ (ha*xx2)-6+n, (4.6)

in which hy is the PSF of the blurring operator that has degraded the background image, and
ho is the PSF of the blurring operator that has degraded the foreground image. n represents

additive noise, and 6 is the blurred opacity mask, given by
0= hg * 0. (47)

The estimation procedure is an extension of the single-layer one briefly presented in Section

2. All unknowns (z1, 2, h1, he and o) are estimated by minimizing the cost function
C = |ly — 9ll5 + Aa[Ry(zr) + Ry(z1) + Ry(22)] + AR (0), (4.8)
in which ¢ is the estimate of the blurred image,
9= (hy*xx1)-(1—0)+ (hg *x2) - 0, (4.9)

and x, is the estimated sharp image, which is constructed as in (4.5). A is a regularizing
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Figure 4.2: First synthetic degradation. a) Background image. b) Foreground object. c)
Background blurring filter. d) Foreground blurring filter. e) Region segmentation. f) Blurred
image.

parameter that controls the regularization applied to the estimated images (complete image,
background and foreground), and A, is another regularizing parameter, controlling the regu-

larization applied to the opacity mask o.

Like the single-layer method, the two-layer method only restricts the blurring filters to have
a limited support. Among the infinite number of solutions, a suitable one is reached by starting
with a large value for the regularizing parameters (A, and \,) and progressively reducing them.
Since we have two regularizing parameters (A, and \,), it is convenient to fix a relationship

between them. A good value for the ratio (\,/A;) was empirically found to be 0.1.

For efficiency reasons, the images (z1,r2), the filters (h, hy) and the segmentation (o) are
not simultaneously optimized. Table 4.1 outlines the method, for which a decreasing sequence
of A\, (and, consequently, of \,) values and a non-increasing sequence of ¢ values are assumed

to have been previously chosen (g controls the regularizer’s sparsity, as we’ll see ahead).

During early iterations of the method, A, is large and only the main edges of the estimated

image will survive, but they will be sharp [9, 120]. The sharp edges of the over-regularized
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Initialization:

1 — Set hy and hg to the identity operator.

2 — Set z1 and z2 equal to y.

3 — Initialize o (as detailed in Section 4.1.3)

4 — Set Az, Ao and ¢ to the initial values of their sequences.

Optimization loop:
5 — Find new estimates for x1 and x2:
(w1, 2) = argmin, .. C(z1,22,h1, h2,0)
6 — Find a new o estimate: o = argmin, C(z1,x2, h1, h2,0)
7 — Find new estimates for h; and ha:
(h1,h2) = argmin,, ;. C(x1,x2, h1, h2,0)
8 — Set Az, Ao and ¢ to the next values in sequence.
9 - If As > Az, 80 back to 5; otherwise stop.

Table 4.1: Method for deblurring a single image composed by two differently blurred areas.

images lead the estimates of the blurring operators to improve, and this, in iteration, allows
smaller and fainter features to be progressively estimated, at the same time that the estimates
of the blurring operators also improve. The gradual reduction of A, and A, results in a guiding

technique which progressively considers smaller and fainter features.

Prior information and preprocessing

The method needs to be initialized with a small amount of prior information, which is easily
provided by a human. It consists of the indication of two compact regions in the image: one that
is known to correspond to the background area, and another one that is known to correspond
to the foreground area. Once these regions have been assigned, a preprocessing phase applies
a segmentation algorithm [141] to find an initial estimate (o) for the o mask (step 3 of Table
4.1). The method of [141] was implemented using horizontal and vertical image differences
as features, with probability density functions that were estimated from the statistics of the

assigned areas.
4.1.4 Experiments

The proposed method was tested with synthetic and real-life degradations. The edge detector

was implemented using the filters shown in Fig. 4.1, which were obtained from the basic filter

12 2 1
Fo—o = /12 (4.10)
12 -2 -1,

by applying rotations by multiples of 45°. For all the experiments, we have used the same
settings as in [9]: the images were normalized so that their intensity values would cover the
interval [-0.5,0.5]; € was set to 0.002; the sequence of values for parameter g was: 0.8, 0.8, 0.6,

0.6, 0.6, 0.6, 0.4, ..., 0.4; the sequence for \; was geometric: Ay p+1 = Az /7 with Ay o = 2, and
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with values of r that are given ahead. The sequence of values of A\, was manually truncated
at a value which led to the best compromise between image detail and noise or artifacts. We
have manually chosen \,/A, = 0.1, as said above. The supports of the blurring filter estimates
(h1 and hg) were limited to squares of size 11 x 11 pixels each, and we used a safety margin of
width 3 around these supports (see [9, 120] for details). All minimizations (steps 5, 6 and 7 of
Table 4.1) were performed by gradient descent with adaptive step sizes.

In the first set of experiments, the method was tested with synthetic degradations. The
sharp scene was constructed from two natural sharp images, corresponding to the background
(Fig. 4.2-a) and foreground (Fig. 4.2-b). This sharp scene had 240 x 320 pixels and was subjected
to three different synthetic degradations: in the first degradation (Fig. 4.2-f) the foreground
image was sharp and the background one had an out-of-focus blur; in the second degradation
(Fig. 4.4-a) the foreground image had motion blur and the background was sharp; the third
degradation (Fig. 4.5-a) combined the previous two degradations: the foreground image had
motion blur and the background one had an out-of-focus blur.

For these experiments, we have set 7 = 2 and the sequence of A values was stopped at A\; 24 =
1.19 x 1077, Fig. 4.6-a shows the manually chosen foreground and background regions that
were used for this set of experiments. White corresponds to the manually chosen foreground
region, black to the manually chosen background region, and gray to the unassigned region.
The estimates obtained for the first degradation are shown in Fig. 4.3. For the other two
degradations we only show the estimated sharp scene and blurring filters, due to lack of space
(Figs. 4.4-b, ¢, d and 4.5-b, ¢, d). All these experiments led to sharper reconstructed images,
in which more details were visible than in the corresponding blurred images. The estimated
blurring filters and segmentation were also close to the true ones.

Another experiment was made with a real-life degradation corresponding to an actual photo
obtained from the web (Fig. 4.7-a). The manually selected segments used for this experiment
are shown in Fig. 4.6-b. We have set r = 1.5 and the iteration was stopped at A;23 =
1.78 x 107%. As we see from Fig. 4.7-b, the estimated scene was sharper than the original. In
judging these results, one should take into account that photos normally involve some nonlinear

processing, and thus do not exactly conform to our blurring model.

4.1.5 Conclusions and future work

We have presented a method for deblurring shift-variant image degradations which often occur
in photography. This kind of degradations often occurs when the photographed scene has

a foreground object and a farther background. The approach presented in this paper is an
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Figure 4.3: Results of the first synthetic experiment. a) Estimated background image, b) esti-
mated foreground image, c) segmentation, d) estimated sharp scene, e) estimated background
blur, f) estimated foreground blur.

<)

Figure 4.4: Second synthetic experiment. a) Blurred image. b) Estimated sharp scene. c)
Estimated background blur. d) Estimated foreground blur.

extension of the shift-invariant BID method [9, 120]. As happens with that method, the one
proposed here does not impose any strong restrictions on the blurring filter, and is able to deal
with a wide range of blurs. The method’s performance was tested on synthetic and real-life

degradations.

In the future, we plan to extend the presented method in order to address more than two
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) d)

Figure 4.5: Third synthetic experiment. a) Blurred image. b) Estimated sharp scene. c)
Estimated foreground blur. d) Estimated background blur.

a) b)

Figure 4.6: Manual supervision. a) Synthetic experiments. b) Photo. White: foreground.
Black: Background. Gray: Unspecified.

blurred regions. We also plan to extend the originating BID method [9, 120] to address other

shift-variant degradations of practical interest.
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Figure 4.7: Deblurring a real photo. a) Blurred photo. b) Estimated sharp scene. c¢) Estimated
background blur. d) Estimated foreground blur.
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4.2 Blind deblurring of two-layer images

Abstract

This work presents a method for deblurring an image consisting of two layers (a foreground
layer and a background layer) which have suffered different, unknown blurs.

We extended a previously proposed blind deblurring method to the present foreground +
background degradation. As in the original method, the approach presented here does not
need to impose strong constraints on the blurring filters. The method is almost completely
blind, requiring just a coarse indication of which are the foreground and background areas of
the image.

Synthetic and real-life experiments show that the method is able to reasonably recover,
from a single degraded image: the complete deblurred image, the deblurred foreground and
background images, and a mask providing the segmentation between foreground and back-

ground.

4.2.1 Introduction

The present paper focuses on a special group of shift-variant degradations, in which two different
regions of the image (that we call foreground and background, respectively) have different blurs.
This is a common degradation in photographs that are composed by a closer object a farther
background. Two typical photography scenarios which will be addressed are: (1) the closer
object has motion blur and the background scene is static and in focus (or vice-versa); (2)
the closer object and the farther background are both stationary, but have different focus
blurs. In this paper, we shall call “two-layer images” the images composed by foreground and
background, while we shall call “single-layer” the images which hav suffered a space-invariant
blur.

Single-layer blind image deconvolution (BID) is an ill-posed inverse problem with and infi-
nite number of solutions. In the two-layer blind deblurring problem the number of parameters
under estimation is considerably larger than in the single-layer case, and the deconvolution
problem gets even more challenging.

In this paper we present a method [120] which was evolved from a previously developed
single-layer blind deblurring method [120]. That method was shown to overcome BID inde-
terminacies without the need to impose strong restrictions on the blurring filter [120]. The

flexibility of this method carries on to the method that we propose here, which can deal with
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rather unrestricted blurs in both the foreground and the background layers. The method only

requires a crude initial guess of the foreground and background areas. Our approach is tested

on a synthetic degradation and on an actual blurred photograph, with satisfactory results.
The manuscript is structured as follows: The two-layer method is briefly presented in

Section 4.2.2. Section 4.2.3 reports experimental results and Section 4.2.4 concludes.

4.2.2 Two-layer method

We designate by x1 the background image, by x4 the foreground image, and by o an “opacity”
mask, which describes the opacity of the foreground layer. Assuming that a sharp image would
be formed according to

xy=x1-(1—0)+x2-0, (4.11)

in which the operator - denotes the Hadamard product, we model the degraded image by
y=(h1*z1)- (1 —0)+ (ha *xx2)-06+n, (4.12)

in which hy is the PSF of the blurring operator that has degraded the background image, and
ho is the PSF of the blurring operator that has degraded the foreground image. n represents
additive noise, and 6 is the blurred opacity mask (0 = ha * 0).

The estimation procedure is an extension of the single-layer method [120]. All unknowns

(1, x2, h1, hy and o) are estimated by minimizing the cost function
C = lly = I3 + Xa[Ry (/) + Ry(z1) + Ry (2)] + ARy (0), (4.13)

in which ¢ is the estimate of the blurred image, constructed according to the model (4.12),
and x, is the estimated sharp image (4.11). Ry is the regularizing function developed in [120].
Az and A, are regularizing parameters that control the regularization applied to the estimated
images (complete image, background and foreground) and to the opacity, respectively.

Like the single-layer method [120], this two-layer method only restricts the blurring filters
to have a limited support. A suitable deblurring solution is reached by starting with a large
value for the regularizing parameters (A, and \,) and progressively reducing them.

The method needs to be initialized with a small amount of prior information, which is easily
provided by a human. Two compact image regions must be indicated: one that corresponds to
a background area, and another one corresponding to a foreground area. Once these regions
have been assigned, a segmentation algorithm [141] is applied to find an initial estimate for the
o mask.

More details about the single-layer and the two-layer method can be found in [120] and
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Figure 4.8: Synthetic degradation. a) Background image. b) Foreground object. c¢) Background
blurring filter. d) Foreground blurring filter. e) Region segmentation. f) Blurred image.

[143], respectively.
4.2.3 Experiments

The proposed approach was tested, using the same parameters as in [143], on the synthetic
degradation of Fig. 4.8 -f) and on the real blurred photo shown in Fig. 4.10 -a). For both
experiments, the reconstructed image is sharper than the degraded one and the filter estimates
are in acccordance with the corresponding degradations (see Fig. 4.9 for the synthetic results

and Fig. 4.10-b,c,d for the actual photo).

4.2.4 Conclusions

We have presented a method for deblurring two-layer image degradations which often occur in
photographs composed by a closer foreground object and a farther background. The approach
is an extension of the shift-invariant BID method presented in [120]. The method’s performance

was successfully tested on synthetic and real-life degradations.
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Figure 4.9: Synthetic experiment. a) Estimated sharp scene. b) Estimated background blur.
c¢) Estimated foreground blur.

Figure 4.10: a) Blurred photo. b) Estimated sharp scene. c) Estimated background blur. d)
Estimated foreground blur.
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Chapter 5

Conclusions and future work

5.1 Conclusions

This dissertation focuses on two interesting nonlinear inverse problems in image processing and
proposes new solutions to cope with their high levels of indetermination.

The first problem consists of inverting mixtures resulting from the show-through and bleed-
trough effects. Two efficient solutions for this separation problem are proposed in Chapter 2.
The first one uses an ICA approach in which the show-through mixing process is physically
modeled by a bi-affine function with four parameters. Due to the short number of parameters,
this model manages to essentially eliminate the indeterminacy of nonlinear ICA, leading to
separation results quantitatively better than those obtained with existing methods.

Based on simple proprieties of natural images and of the mixing process, a different sepa-
ration method was also designed for both the show-through and the bleed-through processes.
Since it does not directly resort to the independence criterion, this solution is not affected by
the possible non independence of the source images. In contrast to previous approaches, the
method does not assume the mixture to be space-invariant. It is, thus, suitable for mixtures
with locally varying characteristics, such as those resulting from bleed-through or from wrinkled
documents. This solution is non-iterative and achieves separation results visually competitive
with those of other strategies.

Image deblurring is addressed on Chapters 3 and 4. Chapter 3 proposes a deblurring
method for shift-invariant degradations, which is extended, in Chapter 4, to the shift-variant
case of images consisting of two layers. In contrast to other existing methods, this deblurring
technique only imposes weak restrictions on the blurring filter, being able to recover images
which were subject to a wide range of degradations. The ill-posedness of blind image deblurring
is overcome by initially considering the main image edges, and progressively handling smaller

and/or fainter ones. Besides being originally a single-frame BID technique that does not
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impose strong restrictions on the blurring filter, the method can deal with hard and soft filter
constraints, and can be applied to multi-channel and multi-frame scenarios. The approach was
tested on a wide set of images, both grayscale and color, with a variety of synthetic and real-
life blurs, without and with noise, both in single and in multi-frame situations. The method
reached good deblurring results. Compared to two other state-of-the-art methods, the proposed
technique yielded better results and showed to be applicable to a much wider range of blurs.
The shift-invariant BID method was extended in order to address the shift-variant problem
of images consisting of two layers (a foreground layer and a background layer) which may have
suffered different blurring degradations. As in the original blind deblurring method, the shift-
variant deblurring solution does not impose strong constraints on the blurring filters. Being
almost completely blind, the method only requires, form the user, a coarse indication of which
are the foreground and background areas of the image. The performance of the shift-variant

deblurring method was successfully tested on synthetic and real-life degradations.

5.2 Future perspectives

This dissertation proposes solutions for separating show-through/bleed-through mixtures and
for blindly restoring blurred images. Despite the good results that were obtained, each approach

still deserves further research:

e The bi-affine model used in our first separation method has shown to fit the show-through
process reasonably well. In spite of that, there is still room for model improvements:
allowing bi-affine non-symmetric degradations (duplicating the number of the parameters
of the model), using an extra parameter for a possible gamma correction, or, in a more
complex scenario, accounting for light diffusion within the paper. More complex models

can, however, become too flexible for an effective ICA-based approach.

e The two separation methods proposed in this thesis were designed for grayscale images.
An interesting subject for future work is their extension to color images. Besides enabling
the separation of color images themselves, an appropriate processing of multichannel

images may lead to better separation results.

e So far, whenever the blurred image has noise, the BID method that was proposed involves
a manual stop (by choosing the iteration that yields the best compromise between image

detail and noise or artifacts). An automatic stopping criterion will obviously be useful.

e The BID method can still be extended in other directions. For example, (1) to address
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problems in which we aim at super-resolution, possibly combined with deblurring, and
(2) to deblur images containing space-variant blurs. Besides the two-layer case addressed

in this thesis, there are other interesting shift-variant deblurring problems.

On a more theoretical level, although with possible practical implications, is the issue
that the best deblurring solution does not generally correspond to the global minimum
of the cost function that was used. This apparently means that a more appropriate cost

function should exist.

Similarly to the shift-invariant deblurring method, the two-layer method described in this
thesis is also extensible to multi-channel images and to multi-frame situations. These
extensions have evident practical applications and would most probably lead to better

deblurring results.

The BID method proposed in this dissertation is relatively heavy in terms of computa-
tional cost. This drawback may become an issue for images with a large number of pixels,

and clearly is an interesting topic for further research.

Besides developing more efficient optimization techniques, we expect to improve the two-

layer deblurring method through the use of techniques for matting estimation.
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