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Abstract. State-of-the-art OCR/ICR algorithms and software are the
result of large-scale experiments on the accuracy of OCR systems and
proper selection of the size and distribution of training sets. The key
factor in improving OCR. technology is the degradation models. While
it is a leading-edge tool for processing conventional printed materials,
the degradation model now faces additional challenges as a result of the
appearance in recent years of new imaging media, new definitions of text
information, and the need to process low quality document images. In
addition to discussing these challenges in this paper, we present well-
developed degradation models and suggest some directions for further
study. Particular attention is paid to restoration and enhancement of
degraded single-sided or multi-sided document images which suffer from
bleed-through or shadow-through.

1 Introduction

Despite enormous advances in DIAR and the development of state-of-the-art
technologies in document recognition and interpretation, the basics of DIAR
have not changed. Almost all OCR systems consist of a multi-parameter de-
cision algorithm and a training set. If a large enough training set that is also
well-distributed is available, the error rate will be very small. But, in real appli-
cations, the results are not usually very promising. The main problem is that the
document Images (DIs) that users feed to the trained systems are not exactly
the same as the source images stored in the computer. Even the print process
itself may introduce minor changes to the document (these changes are inten-
tional modifications which are made to make the document easier to read). It
has therefore been suggested, according to the results of several tests [TI2I3], that
the training sets used be as real as possible. For a number of small and specific
applications, this strategy, with manual preparation of the training sets, will
solve the problem. However, in many applications, manually generating large
training sets is actually impossible, as well as being subject to errors. Also, for
huge applications, such as universal OCR systems, very general datasets with
controlled distribution are needed. For these reasons, among others, degrada-
tion modeling (DM) in DIAR has been developed. In the next section, DM in
general will be discussed from several points of view. Special attention will be
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given to the modeling of physical degradations, which are common in very old
handwritten documents. In section Bl some methods are presented for enhancing
and restoring physically degraded DIs.

2 Degradation Modeling

A degradation model is, by definition [3], an algorithm which is able to generate,
based on some user-specific parameters and distributions, a set containing an
unlimited number of DIs (usually single characters) which suffer from some sort
of defect, and substitute a real dataset for it (if one exists). DMs not only
reduce the need to compile a real dataset and consequently the labor and costs
associated with projects, but they also provide (or, more accurately, are built
on) a basic understanding of the defect and degradation phenomena, and can
therefore be used in the development of enhancement and restoration techniques
to address such degradations. The most important impact of DMs is their ability
to provide frameworks for comparing different and competitive recognition and
restoration algorithms in an unlimited number of repeatable benchmark tests.
Although the idea behind them is very simple, there are some fundamental
questions to be addressed, which is why it has taken so long to develop state-of-
the-art DMs. Briefly, DMs must be:

1. Capable to be calibrated: It should be possible for the model to be expressed
by a set of numerical parameters. For a specific application, the model can
be calibrated by adjusting its parameters.

2. Resistant to over-training: The model should behave somewhat randomly,
and its effects should have that characteristic as well. This intrinsic behavior
ensures that the training sets will be independent of one another, even if
they are produced with the same parameter values.

3. Able to differentiate parameter distributions: For any set of defective Dls, it
should be possible to deduce which distributions of model parameters may
result in the same set of DlIs.

4. Able to repeat results: As with any engineering task, the model should gen-
erate the same set of defective documents if the same parameters and seeds
are used.

Below, we divide DMs into two subcategories. The first contains DMs which
have been developed for printed documents and are state-of-the-art. DMs in
this category mainly focus on the defects that arise in the printing and imaging
phases. The second consists of DMs which represent the defects that are the
result of some external phenomena and that persist in the document itself. This
type of defect is very common in very old documents, and also in printed media
in which low-quality ink and paper have been used.

2.1 Document Image Degradation Modeling (DIDM)

Document Image Degradation Modeling (DIDM) has a long history and has been
recognized since the beginning of DIAR [45]. The main objective of DIDM is to
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model imaging defects such as coarsing, thinning, thickening, geometry deforma-
tion, etc. These and other similar defects usually appear when the document is
either imaged or printed. Some are due to human error (which will be discussed
in more detail in subsection Z3]) and many are the result of the nonlinear and
variable nature of the material and equipment used in imaging devices. Human
error can be avoided by training users (or by changing the definition of degra-
dation [6]). However, for the nonlinear properties of imaging devices, calibration
is the only solution. Practically every month, a new material in optics or some
other field of imaging technology is introduced, and, without a general DM which
is capable of estimation, calibration is actually impossible. There are many DMs
in the DIDM category [BI7I]] (for a review see [3]). The most sophisticated model
is presented in [BI3]. It has several parameters, such as output sampling rate, ro-
tation, scaling factors for horizontal and vertical directions, translation offsets,
jitter, defocussing, sensitivity, and threshold [3]. Among these many parameters,
the two most important are defocussing and threshold [9]. By applying parame-
ter estimation, the proper parameter value can be estimated for any application
[TOTTIT2]. Work on validating DMs has been carried out in [I3I14].

2.2 Document Degradation Modeling (DDM)

The analysis of handwritten and very old documents has introduced new DIAR
requirements, as this type of document is usually suffering from severe degrada-
tions prior to the imaging stage. Although the degradations are very different,
they fall into two distinct classes: those that have an external source, and those
originating in the document itself. External degradations consist of unrecoverable
defects (such as the loss of some part(s) of the document paper itself) and recov-
erable problems (such as small cracks and thin overlays). The defects originating
in the document itself are more common, and reduce the documents readabil-
ity and recognition rate very seriously. For example, bleed-through and shadow-
through are two challenging problems in double-sided documents of poor-quality
materials [T5].

In Figure [0 a real] double-sided DI which suffers from the bleed-through
problem is presented [16]. In Figures[I(a) and [[[(b), the best estimations of the
source document are presented (obtained using the restoration method proposed
in subsection B2). The input images are shown in Figures [[lc) and [(d). To
observe the nonlinear and complex nature of the bleed-through problem, the
ICA method [TTIT8T9] is applied to the input images, and the results are shown
in Figures [[(e) and [{(f), and normalized for better visualization. It can easily
be seen from the outputs that some minor interference problems remain in the
images, especially associated with the boundaries of the strokes. This effect can
be related to the nonlinear nature of the seepage phenomenon, which results in
the spreading of ink and the smoothness of the stroke edges. Another reason
for the remaining interference patterns is weak registration of the two sides
of the document. The high level of sensitivity of the linear methods, such as
ICA, to registration limits their application to the restoration of bleed-through

! http://www.site.uottawa.ca,/ edubois/documents/
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Fig. 1. Performance of the ICA method in a real case. a) and b) show the source images
of the recto and verso sides of the document; ¢) and d) show the degraded images, which
are linear combinations of the source images; e) and f) display the results of applying
the ICA method.

(a) (b) (c) (d) (e) ()

Fig. 2. Performance of the ICA method in a linear case. a) and b) show the source
images of the recto and verso sides of the document; ¢) and d) show the degraded
images, which are linear combinations of the source images; e) and f) display the
results of applying the ICA method.

interference patterns. In section Bl restoration methods which work on the same
basis (and based on the same physics) as the bleed-through phenomenon are
proposed. These methods are less sensitive to registration and to the nonlinear
nature of the phenomenon. A ground-truth test is presented in Figure 2 in
the form of a linear seepage case, in which ICA is able to exactly separate
the main text from the interference patterns. This test not only confirms the
accuracy of ICA codes, but also proves that the failure of ICA in Figure [
is due to the nonlinear nature of the phenomenon in the real example. The
nonlinear nature of the bleed-through effect has been observed in many studies.
For example, in [20], it was found that the edges of the interference patterns are
very weak and smooth. This smoothing effect is due to smearing of ink through
the paper. The nonlinear behavior of defects can only be addressed if we use
proper nonlinear modeling of the phenomenon. If we look at the degradation
problems in documents from a physical point of view, many of the degradations
are the result of seepage processes which occur over time. The seepage of ink
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through paper is a very complex phenomenon, and several parameters, such as
the thickness of the paper, the distribution of the paper fibers, and ink quality,
all play an important role. Seepage is actually the flow of ink through the porous
medium of paper [2]]. From this point of view, the paper can be considered as a
collection of many small units which can contain a fraction of the ink. At the same
time, each unit is able to transfer the ink to other units based on its saturation
state and other nonlinear parameters [2I]. Many similar phenomena occur in
the physical world, such as in water-soil [22123] and oil-soil [24]systems, in which
seepage and containment of the soil bulk are of great importance. Several models
for the ink-paper system have been developed, such as Brownian motion [2526],
cellular automaton-based simulation [27], and the balance method [2829)30].
Almost all these models are based on diffusion processes of some kind, because
these processes are closely related to the physics of seepage phenomena.

We propose to construct a DM based on some diffusion processes which pro-
vide an exchange of information between several sources of information, such as
the recto-side image and the verso-side image, as well as additional background
information (which represents the surface of the paper after a long period of
time). To our knowledge, there is only one other DDM. In that model, the
shadow-through effect is modeled using blurring and transformation operators
[31]. Our model is based on a physical understanding of degradation. In math-
ematical terms, our DM can be written in the form of the following governing

equation [32]:

tht = 3 DIFF (u, s;, - --) (1)

i counts on the sources

where u is the DI and s; is the i source (for example, the verso side of docu-
ment). Every process of information exchange is formulated by a diffusion pro-
cess DIFF, which also depends on certain parameters. Any DM of this kind
should have at least the following parameters for controlling various aspects of
the model:

1. Time period: the aging of the document.

2. Diffusion parameter for the ink and paper: the extent to which ink can
become smeared on the paper.

3. Interference growth parameter: the thickness and quality of the paper.

4. External overlay growth parameter: the parameter takes into account the
effects of the environment of the document on the quality of the text (aging
of the paper is also affected by this parameter).

As a test, in Figure[3l a synthesized double-sided document image which suffers
from the bleed-through problem is presented. The degraded images are obtained
using our DM, equation (). After applying the ICA method, the remaining
patterns are very similar to the real case in Figure [T, which shows that the DM
can be used to generate large-scale datasets which suffer from bleed-through or
similar problems.
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(f)

Fig. 3. Performance of the ICA method in a simulated case. a) and b) show the source
images of the recto and verso sides of the document; ¢) and d) show the degraded
images, which are linear combinations of the source images; e) and f) display the
results of applying the ICA method.

2.3 Human Originated Degradations

“O Lord, help me not to despise or oppose what I do not understand. William
Penn”

Many state-of-the-art OCR systems are trained and developed under specific
and controlled conditions and assumptions. Although these conditions and as-
sumptions can easily be applied to many cases of DIAR, because of their focus
on achieving better scanned output, the users of OCR systems usually prevent
the fulfillment of these requirements. Indeed, this focus has a major impact on
the degradation level of DIs [6]. It has been found, for example, that the thresh-
old and edge spread play a significant role in personal preferences. Studies of
this kind help us to better understand readability and user viewing preferences,
with the result that OCR systems can now be trained and optimized based on
the same parameters that are compatible with user-created DIs.

The printing stage is another area where human preferences play a significant
role in changes that have been made to DIs. Based on the limitations of printing
technology and computer graphics, and the differences between them, printed
material is usually modified for better readability and clarity. The methods used
to change printed material are very different, and have been developed and
exploited by the manufacturers of printers and copiers [33]. Again, DMs can be
used to study and model print-stage defects. A better solution for defects of
human origin is to change the principles underlying DIAR systems and make
them more perception-oriented [34].

3 Processing of Degraded Document Images

Restoration of defects not only results in improved readability, but also has a sig-
nificant impact on the recognition rate of OCR systems. Once again, DMs have a
major role to play in DI restoration. These models can provide a detailed under-
standing of defects, and therefore a proper restoration technique and values can
be adapted to address them. In this section, we focus on the defects that have a
physical origin and which persist on the document. One of most important and
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challenging problems for both printed media (newspapers and magazines) and
very old documents is the bleed-through (or shadow-though) problem. Restora-
tion of this type of defect has often been studied. In [35I36/37], for example, some
transformations have been used for the recovery of the recto and verso sides of
double-sided scanned documents. Also, some restoration methods have been de-
signed based on the smart binarization methods [38/39]. Statistical methods such
as Independent Component Analysis (ICA) and Blind Source Separation (BSS)
have also been used for double-sided documents [40/41J42]. Neural networks have
been used for separation and modeling in this field as well [43]. Finally, methods
which are a combination of several techniques, such as segmentation and inpaint-
ing [44120], have been suggested and used to obtain interference-free outputs.

In the following subsections, some restoration methods based on the DDM
discussed in the previous section (subsection 22)) will be proposed. These meth-
ods are basically diffusion-based, and are very similar to the physical phenomena
involved in the degradations.

3.1 Single-Sided Document Images

In single-sided DIs, the main problem and defect is the degraded, complex, and
variable background. Also, interference from other sources of information may
reduce the readability of the document. With the basics of DM in mind (sub-
section 2.2 we can propose a diffusion-based restoration method which consists
of two sources of information: the input image and the estimated background.
The method uses the diffusion process on the input image for enhancement and to
sharpen edges and boundaries. At the same time, another diffusion process based
on the estimated background information will clean up the degraded background
and other interference patterns on the input image. The estimated background
will limit the background diffusion to the regions without text and strokes, and
will therefore preserve the main strokes of the input DI.

3.2 Double-Sided Document Images

In double-sided DIs, complex degradations, such as the bleed-through effect, can
be restored using extra information from the verso side of the DI. By including
the information of both the recto and verso sides of a DI, a proposed restoration
method is able to remove the interference patterns, even when the intensity of
the interference patterns is higher than that of the main strokes. The method
is the same as the single-sided method (see subsection B except that it has
an extra inverse diffusion process from the verso-side information to the recto-
side information. The effect of this extra diffusion process is to convert the
interference patterns of the verso side (which actually constitute meaningful
information) to the background information, by pushing them to higher gray-
level values. This discrimination of interference patterns will be followed by the
clean-up operation of the background diffusion, which will fill up and remove the
replaced interference. In actual processing, all three diffusion processes (regular
diffusion on the recto side, background diffusion, and inverse diffusion from verso
to the recto side) will perform simultaneously.
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Conclusion

The problem of degradation modeling is discussed. A new category in degrada-
tion modeling is introduced which covers the physical and persistent defects. The
basic parameters and requirements of this class of models are presented. Then,
the human factor in the production and introduction of defects is discussed. Fi-
nally, based on the degradation model, some restoration methods are proposed
which can be used to recover physical degradations such as bleed-through and
shadow-through.
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