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ABSTRACT

After scanning, a document is typically blurred, and some noise is introduced. Therefore, the enhancement process of a
scanned document requires a denoising and deblurring step. Typically, these steps are performed using techniques
originated in the Fourier-domain. It has been shown in many image processing applications such as compression and
denoising that wavelet-domain processing outperforms Fourier-domain processing. One main reason for the success of
wavelets is that wavelets adapt automatically to smooth and non-smooth parts in an image due to the link between
wavelets and sophisticated smoothness spaces, the Besov spaces. Recently smoothing and sharpening of an image −
interpreted as an increasing and decreasing of smoothness of an image − has been derived using Besov space properties.
The goal of this paper is to use wavelet-based denoising and sharpening in Besov spaces in combination with
characterization of lines and halftone patterns in the wavelet domain to build a complete wavelet-based enhancement
system. It is shown that characteristics of a scanned document and the enhancement steps necessary for a digital copier
application are well-suited to be modeled in terms of wavelet bases and Besov spaces. The modeling results leads to a
very simple algorithmic implementation of a technique that qualitatively outperforms traditional Fourier-based
techniques.
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1. INTRODUCTION

Digital imaging has become a common part of day-to-day life as consumers have easier access to digital cameras,
scanners, printers, etc. Especially in home or industrial offices working without printers and digital copiers is hard to
imagine. A digital copier consist in part of a scanning unit, an image processing unit and a printing unit and is mainly used
for copying documents. Without processing a document between the input and output unit the visual quality of the copied
document is greatly reduced. Scanning introduces a blurring of the original document as well as some scanner noise. The
preparation for printing has to consider toner characteristics and eliminate possible frequency shifts (moiré artifacts) due
to different scanner and printer resolution as well as frequencies contained in the document, e.g. in halftone patterns.

Typical image processing steps to take care of all those issues are deblurring and denoising. Deblurring will create sharp
text, whereas denoising will reduce the scanner noise and suppress some halftone frequencies in order to avoid moiré
artifacts in the printed image. These image processing steps are typically performed via linear filtering of the digitized
document, i.e via multiplication in the Fourier-domain. Common techniques include unsharp masking for sharpening of
text and image contours, bandpass filtering for removal of halftone frequencies and lowpass or Wiener filtering for
removal of scanner noise. Those techniques have a well-developed theoretical background and a long history of use in

applications1,10. However, an important disadvantage of those techniques is that the filters are designed in the Fourier-
domain and Fourier coefficients capture frequency information of the entire image, not local frequency information.
Another more theoretical disadvantage of Fourier-domain processing is that approximation errors can be measures only in

the function space L2 which does not incorporate any information of the smoothness of the image (differentiability). That

means in the L2 space it is not possible to capture or measure the difference between a sharp and a smooth edge.

During the last decade the use of wavelet bases functions have become very popular in signal and image processing.
Wavelets overcome the two disadvantages of Fourier-based methods mentioned above. First, wavelet coefficients contain
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not global, but local frequency information of the image. Secondly, wavelets form bases in a variety of function spaces
that take into account the smoothness of a function. Those function spaces, called Besov spaces, can be interpreted as

generalized Lp spaces that also consider the differentiability of a function. In the following the main facts about wavelets
and wavelet transforms are summarized briefly.

Wavelet coefficients are computed similar to Fourier coefficients from inner products of a function with basis functions –
the wavelets. Typically, a wavelet system used in the dyadic wavelet transform consists of two functions, the scaling
function ϕ and the wavelet function ψ. Those two functions are linked to each other via specific scaling equations. The
representation of a function f in a wavelet basis is given by

, (1)

where ϕjk and ψjk are dilates and translates of ϕ and ψ, namely ϕjk (t) = 2j/2ϕ(2jt-k) and ψjk (t) = 2j/2ψ(2jt-k). The scaling

coefficients cJk are computed as cJk = <f,ϕJk> and the wavelet coefficients djk as djk = <f,ψjk>. The scaling coefficients can
be interpreted as representing a low resolution version of the image, whereas the wavelet coefficients capture the detail

information at various resolution levels j. The functions ϕJk and ψjk (j ≥ J) form an orthonormal bases in the L2 space. The
wavelets used in this paper belong to the family of orthogonal Daubechies wavelets. Those wavelets have compact

support, have D vanishing moments and a Hoelder regularity σ.5

If a function or signal is given in the form of its wavelet coefficients, modifying individual coefficients only affects a
region of the entire image. This characteristic in combination with the multiresolution nature of the decomposition has
lead to enormous success in various fields of image processing over the last years. Especially in denoising and
compression wavelet-based techniques have become state-of-the-art and outperform classical Fourier-based techniques in

most applications.4,7 Theoretical results involving modeling of functions in Besov spaces explain the performance of

wavelet-based techniques.6

Naturally the question arises whether other image processing steps such as deblurring could benefit from the use of
wavelet bases. Several methods are known that combine a classical Fourier-based deblurring step with wavelet-based

denoising 11. Those methods require a switching of image processing domains. It would be of greater benefit if the entire
processing for deblurring and denoising could be performed in one wavelet domain. A theoretical definition of sharpening
and smoothing in Besov spaces using wavelet-based representations has been derived and compared to classical Fourier-

based and the hybrid Fourier-wavelet-based methods.2 Based on those results it is very easy to combine deblurring with
denoising in one wavelet domain. Since an enhancement system for a scanned document has to apply different degrees
denoising and deblurring to different regions of the document, the locality of wavelet coefficients provides another
advantage.

In this paper the use of wavelet-domain representations for digital copier enhancement processing is studied. Four
different types of images most commonly contained in compound documents are targeted: text, halftone patterns,
background and photographic images. After introducing Besov spaces and their relations with wavelet bases, their use in
denoising and deblurring applications is explained. The important step for the digital copier application is the modeling of
original and scanned documents as well as the enhancement processing steps in terms of wavelet bases and Besov spaces.
A theoretically motivated model is presented in this paper. Suppression of halftone frequencies is shown to benefit greatly
from the ability to modify individual localized coefficients after a characterization of halftone-versus-line patterns is
performed in the wavelet domain. Experimental results are presented along with conclusions at the end of this paper.

2. ENHANCEMENT OF SCANNED COMPOUND DOCUMENTS

The enhancement of a scanned document combines three image processing tasks: deblurring, denoising, and moiré
reduction. The most obvious one is perhaps deblurring since the blurring introduced by the scanner is easily recognizable,
especially around text characters.
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Scanner blurring is typically modeled as a convolution with a point-spread function which is equivalent to a multiplication
in the Fourier-domain. The theoretically exact way to invert the blurring is to divide the blurring filter in the Fourier-
domain of the scanned document. However, it is well known that this theoretical approach is not applicable most of the
time due to several reasons. Noise is typically introduced during the scanning process which makes inversion of the
blurring by division in the Fourier-domain an ill-posed problem. The other reason is that if the blurring filter has zeros in
its frequency response, an inversion by division does not exist. In both cases, typically, a regularized inverse filtering is
applied. This filter contains a regularization parameter that controls the trade-off between noise suppression and filter

inversion.1,10 Another point that makes filter inversion in the Fourier-domain problematic is that in many applications the
point-spread function is not known and has to be estimated. This introduces another source for error in the enhancement
process.

In studying the inversion problem it becomes clear that a denoising step has to be coupled with the deblurring step. If no
denoising is being performed scanner noise pixels may be enlarged and dominate the overall image appearance. Another
category of noise is found in halftone areas. Common halftoning techniques are error diffusion and ordered dither.
Whereas error diffusion introduces some randomness into the placement of halftone dots, ordered dither shows
periodically, isolated dots. If those dots are enhanced by a deblurring filtering procedure, the enhancement can lead to
severe moiré artifacts in the enhanced image. Those might become even worse after printing the enhanced page on a laser
printer with a specific resolution (dpi) that interferes with the enhanced halftone frequency.

Therefore, a desired enhancement technology should be able to remove scanner and halftone noise while deblurring other
areas such as text and photographic content. One approach would be to segment a document first and then apply different
filters to the different segments. However, a segmentation technique will have difficulty performing a detailed
segmentation in areas where text or image contours overlay noisy background or halftone pattern. In those areas
modifications of pixels are required on a very fine scale. Another problem arises in the combination of different filtering
results along the boundaries between segments.

3. WAVELET-BASED DENOISING, SHARPENING AND SMOOTHING IN BESOV SPACES

3.1  Wavelets and Besov spaces
One of the most important properties of orthogonal wavelet systems is that they form an unconditional basis in a large
class of smoothness spaces, the Besov spaces. Besov spaces collect functions that have a specific degree of smoothness in

their derivatives. The Besov space Bα
q(Lp) consists, roughly speaking, of functions that have α bounded ‘‘derivatives’’ in

Lp. The parameter q is an additional refinement parameter. The exact definition of Besov spaces in the spatial domain is

very complex.8 In general it can be said that the smoothness of a function in Bα
q(Lp) increases with increasing α. Given

the wavelet decomposition of a function f in scaling and wavelet coefficients computed using an orthogonal wavelet
system (ϕ, ψ) of order D as in Eq. (1) there exists a wavelet-based characterization of the Besov norm of f, namely

. (2)

This sequence norm bα
q(Lp) is equivalent to the norm Bα

q(Lp) which is defined directly on the function f. A function

belongs to the Besov space Bα
q(Lp) if the Besov norm is finite.

A closer look at the norm definition in Eq. (2) shows that the Besov norm can be interpreted as an Lp norm with special
weighting of the detail coefficients. In contrast to the complicated and impractical formulation of a Besov norm in the
spatial domain the wavelet representation of a function suddenly provides an easy way to compute the norm. The norm in
Eq.(2) is only defined for a parameter α in the limited range 0 < α < γ, where γ reflects the regularity of the orthogonal
wavelet system. If σ is the maximal Hoelder smoothness of ψ and D the order of the wavelet system, then the regularity γ
of the wavelet system is defined as
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γ = min(σ, D). (3)

In order to understand how Besov spaces compare to more familiar function spaces we give two examples of relations to
other function spaces.

• Hoelder spaces Cα are equivalent to Besov spaces Bα
q(Lp) for q = p = ∞.

• A Besov space Bα
q(Lp) is embedded between the two Sobolev spaces Wα+ε

p and are Wα−ε
p.

In general, the parameter α can be interpreted as characterizing the smoothness of a function. The larger α the smoother
the function. A smooth function has typically a sharper decay of wavelet coefficients at larger scales then a function of
little smoothness. Therefore, coefficients of a smooth function can be weighted at each scale by the weights wj =

and still maintain the finiteness of the sum in Eq. (1). If coefficients of a non-smooth function would be
weighted by those weights, the sum would diverge.

Examples for the association of familiar functions to Besov spaces are the following.

• A step-edge function is in Bα
1(L1) for all α < 1 and in Bα

2(L2) for all α < 0.5, but not in Bα
∞(L∞) for any α > 0.

• The Gaussian kernel is in Bα
∞(L∞) for all α > 0.

• The hat function (f(x) = |x|) is in Bα
∞(L∞) for all α <1.

The important point to notice is that a step edge still has some regularity in terms of α > 0 measured in the spaces Bα
1(L1)

and Bα
2(L2), compared to no measurable regularity in Bα

∞(L∞). This facts leads to interesting results in the theory of

nonlinear approximation of functions with applications to image compression.7

3.2  Denoising

One of the first applications taking advantage of Besov spaces was denoising studied by Donoho and Johnstone6 and is
known as wavelet-shrinkage. The two most commonly known shrinkage techniques are hard-thresholding and soft-
thresholding. For hard-thresholding, all coefficients with magnitudes below a given threshold are set to zero. For soft-
thresholding, in addition, all coefficients with magnitudes above the threshold are shrunk by the thresholding amount. If
the noise is modeled as Gaussian white noise, the threshold is derived only from the number of samples and the noise
variance and is independent of the function and the wavelet system.

One of the most powerful theoretical properties of wavelet-shrinkage is the smoothness of the denoised function. In
summary: Start with noisy samples of an unknown function in a specific Besov space and perform soft thresholding on
wavelet coefficients with the specifically derived threshold. Then there exists an interpolation of the reconstructed samples
that is almost surely at least as smooth as the original unknown function its Besov space with decreased Besov norm.
Since, in general, the reconstructed function is always in the same Besov space as the original unknown function Donoho

et al. talk about ‘‘Adaption to unknown smoothness via wavelet shrinkage.’’6 It is not possible to obtain a similar result
using Fourier transform coefficients.

A big advantage of wavelet shrinkage in applications is its simplicity. The theoretically derived threshold for hard- or soft-
thresholding is computed usually from one level of wavelet coefficients at fine scales and then applied to all coefficients.

3.3  Sharpening and smoothing
As mentioned above, the smoothness of functions in Besov spaces is mainly determined by the magnitude of the exponent
α − increasing α means increasing smoothness. From the definition of the Besov norm in Eq. (2) it becomes clear that a
change of the Besov space association of a function can be achieved by rescaling the wavelet coefficients in a special

fashion.2

In detail, a function g is called a smoothed version of the function f ∈ Bα
q(Lp) if the wavelet coefficients dj,k[g] of g are

rescaled versions of the wavelet coefficients dj,k[f] of f, namely

2
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dj,k[g] = 2-j τ dj,k[f] for τ > 0. (4)

This rescaling shifts the function f from the Besov space Bα
q(Lp) into the space Bα+τ

q(Lp) as long as α+τ < γ, where γ is
the regularity of the wavelet system. In contrast g is a sharpened version of f if

dj,k[g] = 2-j τ dj,k[f] for τ < 0, as long as α+τ > 0. (5)

As a consequence, using Besov space properties of wavelet systems it has become possible to unify the two image

processing steps smoothing and sharpening as being a switch between smoothness spaces.2

This definition of sharpening or smoothing is very different from the classical approach using Fourier-domain
representations. In the classical approach smoothing of function is being considered as a convolution with a smoothing
kernel, e.g. as low-pass filtering, where smoothing means a suppression of high-frequencies. The opposite operation,
sharpening, is typically considered to be high-pass filtering, i.e. a suppression of low-frequencies and enhancement of
high-frequencies.

Sharpening and smoothing in Besov spaces influences the differentiability of a function by changing the scaling behavior
of wavelet coefficients in some frequency bands, namely those that correspond to frequencies up to level J of the
decomposition. The lowpass component at level J is neither enhanced nor suppressed. A deblurring of a function via
sharpening in Besov spaces can be interpreted as inversion of the smoothness introduced by the blurring by rescaling the
wavelet coefficients as in Eq. (5) using an exponent τ < 0. If the original blurring is modeled by a smoothing in Besov
spaces as described in Eq.(4) the smoothing is completely invertible. If the original blurring has been modeled by a
convolution in the Fourier-domain, the sharpening in the wavelet domain may theoretically not fully invert the blurring in
the case that the blurring kernel is invertible. However, in most experiments, the wavelet-domain deblurring of a Fourier-
domain blurred signal is enough to obtain an visual acceptable deblurring result. Besov space deblurring of a convolution-
blur has the advantage, that in case the convolution kernel is not invertible or in the presence of noise, the Besov space
deblurring still inverts the smoothness of the function and is not at all effected by the ill-posed problem in the Fourier-
domain. Another advantage of Besov space deblurring is for the case that the exact shape of the blurring kernel is not
known, but its regularity can be estimated. In this case the regularity estimate can be used in the Besov space deblurring

and no information on the kernel shape is necessary.2

4. MODELING OF DOCUMENT ENHANCEMENT IN BESOV SPACES

4.1  Modeling of documents in Besov spaces
The goal of this paper is to use thresholding of coefficients for denoising and rescaling of coefficients for deblurring of a
scanned document. For achieving this goal an estimation of the smoothness of a document before and after the blurring
procedure in terms of Besov space smoothness is required. A document typically contains white background, text, and
photographic as well as halftoned image areas. The objects of minimal smoothness in such a document are step edges in
text and dots in halftone areas. Using the results from the previous section, the original document can be considered to be

in Bα
1(L1) for all α <1 or in Bα

2(L2) for all α <0.5 or in B0
∞(L∞). Depending on which space is chosen, the generalized

energy of the document is given by the corresponding Besov norm.

Background or a photographic image can be modeled as a very smooth function at fine scales. The energy will mostly be
contained in the scaling coefficients. Those will neither be thresholded nor rescaled.

During scanning blurring is introduced and scanner noise added. The smoothness degree of the blurring can be estimated
as being at least of degree 1, i. e. the blurred document is at least one times differentiable. The noise can be modeled as
independent additive Gaussian noise of a given standard deviation ε. The parameter ε can be estimated from wavelet
coefficients at a high resolution level.



.

• The image processing steps deblurring and denoising are simple processing steps on wavelet coefficients, namely
thresholding and rescaling.

Results of enhanced scanned images using the propose wavelet-based technique are compared to a traditional Fourier-
based technique. The high quality performance and simple algorithmic implementation of the technique makes it an
attractive tool for applications in digital imaging products.

Figure 5 — Top left: Example of a scanned magazine page containing image contours and halftone pattern. Top right:
Result after applying the Photoshop unsharp masking filter (pixel radius = 4, amount = 100%). Bottom left: Line
classification as described in Section 5. Bottom right: Result after wavelet-based deblurring and denoising using

classification data from bottom left image.


