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ABSTRACT

Document image enhancement is a well investigated field of
research. Many approaches based on nonlinear anisotropic
diffusion have been proved efficient for removing some com-
mon artifacts such as bleed-through. However, the proposed
methods are somewhat ineffective in removing bleed-through
artifacts while strengthening original side strokes. The pur-
pose of this work is to propose a novel nonlinear anisotropic
diffusion approach which enhances foreground edges co-
herence while smoothly removes background artifacts. The
proposed method is based on a structure tensor using a new
parameter which permits to better distinguish between fore-
ground and artifacts characters. The diffusion scheme is
expressed through a new set of equations using the tensor
eigenvalues. This system allows to perform a second dis-
crimination between foreground/background strokes. The
performance of the proposed enhancement scheme is evalu-
ated by means of objective measures and perceptual judgment
of the obtained results on real images.

Index Terms— Document image enhancement, Docu-
ment image restoration, Diffusion process, PDE-based ap-
proach, Anisotropic diffusion

1. INTRODUCTION

Degraded document image enhancement represents an im-
portant step in document analysis process. Indeed, the doc-
uments may suffer from many artifacts and degradations such
as noise, bleed-through and ink stains. The objective is to
remove these artifacts and degradations without affecting the
useful information on the original document. Many methods
have been proposed in the literature [1, 2]. Some of the classi-
cal approaches are based on a binarization and enhancement
of the degraded images. A good survey of such approaches
can be found in [3].

One of the simplest and effective approaches used to en-
hance degraded document images is the one based on Par-
tial Differential Equation (PDE) and especially the diffusion
based methods. PDE approaches are based on a iterative pro-
cess by which the input image is smoothed in a controlled
manner [4]. They are roughly classified in [4] and [5] into

two distinct categories, namely linear and nonlinear. Lin-
ear diffusion techniques consist of applying local operators
uniformly to the degraded image. This corresponds to an
isotropic smoothing process. For example, in [6], authors
apply a Gaussian kernel in order to improve the geometri-
cal coherence of the noisy image. Isotropic diffusion filter is
expressed as follows:

{It = div(V(I))

I, = Inoisy

(D

where I, is the original noisy image and I; is the considered
image after ¢ iterations.

However, linear models fail to discriminate edges from
noise. This leads to a blurring effect that may be amplified
during the iterative process. To cope with this problem and
preserve the sharpness of edges, a nonlinear model was de-
veloped by Perona and Malik in [7]. In [7], authors have
proposed to weight the linear diffusion function presented in
equ. (1) by a conductance function that depends on the gra-
dient magnitude. In this way, the conductance varies across
the image according to the signal activity. The idea is then
to stop the diffusion across edges and amplify the diffusion
along contours. The threshold stop diffusion” is controlled
by the conductance parameter K and the process is expressed
as follows:
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where ¢ or

(VD)) = exp
In [8], authors have introduced a novel conductance func-
tion expressed in equ. (3). The proposed expression of C
provides better results for some types of noisy image such
as degraded document images. Furthermore, in [8], a sim-

ple method for estimating the conductance parameter at each
iteration has been proposed.
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Since the pioneer work of Perona and Malik, many im-
provements have been proposed in the literature. The appli-
cation of diffusion equation to document image enhancement
has been proven efficient in some cases.

For example, in [1], authors have used a diffusion process
to model the physical degradation phenomena which may af-
fect document images. They constructed through this model a
reverse diffusion process to enhance degraded document im-
ages. However, this approach was not blind in the sense that
it necessitates the availability of both recto and verso side of
the document. Whereas, in the blind approach the verso side
of the document is replaced by an estimated background from
the recto side [9]. The most recent document enhancement
approach based on diffusion process was proposed by Drira
and LeBourgeois in [4]. The proposed approach is based
on Weickert anisotropic diffusion model [10] using a new
diffusion tensor formalism. Indeed, Drira and LeBourgeois
have introduced a novel scheme based on eigenvalues func-
tions instead of Weickert functions. This new method offers
good performances for degraded document image enhance-
ment. Other nonlinear anisotropic approaches have been pro-
posed for image enhancement and particularly for image in-
painting and image deblurring [11], where new anisotropic
diffusion functions have been introduced. Instead of using
the divergence, authors have proposed to use the trace of the
Hessian matrix of image signal to perform an anisotropic dif-
fusion.

The aim of the proposed approach is to enhance fore-
ground coherence characters while removing artifacts in doc-
ument images. In most cases, these artifacts are nothing else
than the reverse side characters which appear on the front side
of the document image. In this paper, a nonlinear anisotropic
diffusion approach which smoothly removes reverse side
strokes and further strengthens foreground side characters is
proposed. This paper is organized into 4 sections. After this
brief survey on the most recent methods based on diffusion
process, the analytic expression of the nonlinear anisotropic
diffusion filter based on structure tensor approach is provided
in section 2. The proposed method is developed and dis-
cussed in details in section 3. The experimental results and
the comparison with some approaches are given in section4.
Finally, the last section is devoted to conclusion and some
potential perspectives.

2. NONLINEAR ANISOTROPIC DIFFUSION

Before discussing the nonlinear anisotropic diffusion, let us
first define {2 as an open discrete rectangle included in R and
I(z,y) as a degraded document image where [z,y]" € Q.
I is defined as a weighted combination of both the original
side (foreground side) I,, and the verso side (background side)
I, including the reverse side strokes and some background
artifacts.

The nonlinear anisotropic diffusion based on image ten-

sor introduced by Weickert is expressed through the diffusion
process given by:

I, =div(D(T)V(I))
{ I, = Inoisy @

Where D(T) is analogous to the conductivity function in
the isotropic diffusion and depends only on the structure ten-
sor T" which is expressed through eigenvalues A1 and eigen-
vectors O as follows:

T=X.0_0" +1;.0,0% (5)

The anisotropic diffusion tensor D(T) is given by:

D(T) = f+(A\+,2-).0-0L + f_(A1,A-).0,0,  (6)
where f(Ay,A_) € [0, 1]

The main characteristic of anisotropic diffusivity filter is
to enhance edges smoothly along their orientations, which
correspond to the eigenvector O, direction. Indeed, if
f+(z,y) > 0, an edge enhancement around (z, ) and along
O, direction is obtained. Furthermore, an isotropic smooth-
ing around (x,y) could appear where fi(z,y) ~ 0. These
properties are generally exploited in the design of anisotropic
diffusion based filter by using various analytic definitions of
f+ eigenvalues functions. Table .1 summarizes the eigen-
values functions used by Drira-LeBourgois and Weickert
approaches.

3. PROPOSED APPROACH

The proposed approach also exploits these observations in or-
der to enhance foreground edges coherence while removing
background artifacts smoothly. One could distinguish be-
tween foreground and background edges through both eigen-
values and a background estimation algorithms. However,
all isotropic/anisotropic diffusion filters, except Moghaddam-
Cheriet approach [9], which is based on isotropic diffusivity
to model degradations, do not consider a degraded document
images as a composition of foreground side edges, reverse
side edges and some background artifacts. Therefore, all
edges present in the document are considered as important;
whereas, background strokes are identified as foreground
edges. The proposed method is then motivated by the last
observation.

3.1. Proposed diffusion process

The proposed diffusion process introduces a novel parameter
called d € [0;1 — €], which represents a normalized differ-
ence between I and the estimated background matrix ;. This
parameter is weighted by the constant a € R. Thus, the pro-
posed process is expressed as:



Table 1. Eigenvalues functions expression of Weickert and Drira-LeBourgois filter

Method f+ functions
_—C _
fo=a+ (1—a)e®+%f A #X_(C=1710)
Weickert fo=a else
f+ =a=0.001
Yy T
_ f-= _
Drira- J-= C_M or o= 1+1K7—
LeBourgois fr =%+ T 1+%
1
I = div(e(1 — d(I,1)).D(T)V (1)) 09 s
— (7) y<5
Io = Inoisy o

where d(z,y) = A|I(z,y) — I(z,y)| + B
with A = 1—c and B = —Amin|I — I|

max|]—I,|—min|I—TI]|

It is worth noticing that weighting the divergence operator
by [1 — d] plays the same role as the conductance parameter
in the case of isotropic diffusion. The matrix d is introduced
to enhance discrimination between foreground edges and
the rest of the degraded document image. Indeed, d(zx,y)
is high around foreground edges and low in reverse side
edges or in background artifacts. Consequently, [1 — d(z, y)]
is higher where I(x,y) is considered as background, and
smaller enough but not null where I(x,y) is considered as
foreground. In addition, it is worth pointing out that to allow
I, to survive the diffusion process, we do not permit to [1 — d|
to attain zero in foreground edges. Thus, D(T') continues to
increase foreground characters coherence on © .. This is one
of the advantages given by the proposed method. However, if
[1 — d] does not decrease enough where I(z,y) is considered
as foreground, this last will be blurred. For these reasons, the
tuning of the parameter « is of great importance.

3.2. Eigenvalues functions construction

In our framework, we propose to estimate eigenvalues con-
ductance functions as follows:

{ fr = gltanh (v — Z-A4) +1]
I3

ltanh (y — 2-A_) + 1]
The construction of the proposed eigenvalues functions is
inspired from Monteil and Beghdadi conduction function.
Indeed, constructing eigenvalues diffusion functions through
hyperbolic tangent allows:

®)

1. Controlling the stop diffusion eigenvalues A% which
depends on both K and 7. Theoretically, A3 should
play a role of a separator between foreground strokes
and artifacts eigenvalues. Indeed, this feature seems
useful to stop the anisotropic diffusion when we deal
with the bleed-through effect.
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Fig. 1. The proposed eigenvalues function with many de-
creasing speed parameter. (red curve: the used decreasing
speed parameter (7 = 5), blue curves: speed parameter infe-
rior to 5, black curves: speed parameter superior to 5)

2. Controlling the decreasing speed of the diffusion
through ~; this feature seems useful particularly when
reverse side strokes are close to foreground strokes
gray-level values. In this case, the coefficient ~
should be higher to decrease f. immediately in back-
ground/foreground transition pixels.

The stop diffusion eigenvalues are computed with fi (\5)
p, where\?. is given by:

A% = S5 ! (29~ 1) ©)

For the experiment p is set to % and ~ is set to 5. Therefore,
the stop diffusion controller is nothing else than the coeffi-
cient K. Figure 1 illustrates this behavior through f. .

3.3. Background estimation algorithm

Background estimation in still and moving picture has been
well investigated during the past decades [12]. Here we intro-
duce a simple background estimation algorithm based on an
average operation. The proposed algorithm should be robust



and computationally efficient since it is used at each iteration
of the diffusion process.

To achieve this, we decompose the document image [,
into blocks bl; ; of size z x z and compute the average in-
tensity in each block. This is considered as the first back-
ground estimation. Thereafter, we re-estimate the average of
the block bl; ; computed in the last iteration by computing
the average in the n order neighborhood blocks in order to
smooth out local irregularities. This routine is iterated un-
til the maximum number of iteration t,,,, fixed a priori is
reached.

With the aim to reduce the computation time, in the exper-
iment, the parameters bloc size z and the maximum number
of iteration t,,,, are set to 8 and 3, respectively. Likewise,
only the 18t order neighborhood is considered and the func-
tion AvgNeig(A, z,y) is used to compute the 18t order aver-
age around (z, y) in the matrix A. Algorithm (1) summarizes
the proposed background estimation process.

Algorithm 1 Background estimation
Require: 7,t,,42,2
for iter = 110 ;4. doO
for each bl; ; € I do
if iter = 1 then
AVg[L]] = E[blld]
else
Avgli, j] = E[AvgNeig(Avg, i, j)]
end if
end for
end for

4. EXPERIMENT RESULT

The performance of the proposed method is evaluated and
compared subjectively and objectively with some methods of
the state-of-the-art. The subjective comparison is based on
subjective visual inspection of the obtained results. Whereas,
the objective evaluation is performed on the binarized en-
hanced images. The original degraded images and the cor-
responding enhanced versions are binarized using some effi-
cient gray-level thresholding algorithms.

4.1. Perceptual evaluation

For this purpose, we compare, visually, the proposed ap-
proach with the most effective document enhancement ap-
proaches of the state-of-the-art, on document images col-
lected form DIBCO databases' and some documents col-
lected from these previous works [1, 8].

For the purpose of ensuring a fair comparison between
the considered methods, all the parameters are set to their op-
timal values in order to get the best perceptual quality of the

Uhttp://utopia.duth.gr/ ipratika/DIBCO2013/resources.html

outputs. Figure 2 depicts performances of Weickert, Monteil-
Beghdadi, Drira-LeBourgois and the proposed method.

From the obtained results, it could be noticed that the pro-
posed approach as well as Drira-LeBourgois approach gives a
good visual result compared to others as expected since these
methods are elaborated especially to deal with document im-
ages. Moreover, the proposed method outperforms the Drira-
LeBourgois one on all the considered document images (both
handwritten and machine printed document). However, the
proposed technique is more time consuming. This is mainly
due to the estimation of the background at each diffusion it-
eration. This is the case even if all the background estimation
algorithm parameters are optimized to minimize the computa-
tion time (see sec. 3.3). However, since this algorithm is used
to compute the matrix d, which allows to blindly discriminate
foreground strokes and background artifacts from the first it-
eration, all enhanced document images presented in figure 2
are obtained after 4 to 7 iterations. Furthermore, using both
d(1,1I,) and D(T) to discriminate foreground strokes from
document images gives a far better flexibility to set K1 in a
wide range of values. For example, the proposed scheme ap-
plied to the second document image shown in figure 2 gives
good results in K € [150, 250] and K_ € [30, 100].

4.2. Quantitative evaluation

The quantitative evaluation of the proposed method is based
on the binarization of the processed images. Both proposed
approach and Drira-LeBourgois approach are applied to en-
hance all document images suffering from bleed-through
in DIBCO 10-11-12 databases. Binarization algorithms
are performed on the enhanced document images resulting
from these filters. Thereafter, we use FMeasure (equ. (10)),
Pseudo-FMeasure (this metric is computed as the same man-
ner as FMeasure with substituting the recall by the pseudo-
recall function defined on equ. (11)), DRD (this metric is used
on DIBCO competition since 2011, and introduced in [13])
and the PSNR criterion to evaluate the proposed method and
Drira-LeBourgois method. The images are binarized using
the grey-level thresholding algorithms of Otsu [14], Tsai [15]
and Howe [16], which is the winner of H-DIBCO 2012 com-
petition.

As in the perceptual evaluation, parameters K associ-
ated with the number of iterations of Drira-LeBourgois filter
and parameters K1 associated with the number of iterations
of the proposed filter are all optimized to obtain the best re-
sults in terms of FMeasure criterion.

Table 2 shows the obtained results. Note that the pro-
posed approach outperforms Drira-LeBourgois approach for
all the considered binarization algorithms. However, even if
the proposed method globally gives better results than the oth-
ers in the case of Howe binarization, the obtained results do
not differ significantly. This small gain is due especially to
the coherence enhancement of foreground characters given
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Fig. 2. From left to right: Original degraded document image, Weickert filter, Monteil-Beghdadi filter, Drira-LeBourgois filter,
the proposed filter.

Fig. 3. Performances of the proposed approach in strengthening foreground coherence characters, left: degraded document
image sample, right: enhanced document image with the proposed approach.



by the proposed approach and the fact that Howe binariza-
tion algorithm is well-adapted to eliminate bleed-through in
degraded document images. Therefore, the performances of
these methods when combined with the Howe binarization
algorithm are somehow comparable. Figure 3 illustrates the
strengthening foreground coherence characters performances
given by the proposed approach.
2 x PR xRC

=100 x —p—2G (10)
where RC = TP/(TP + FP) and PR = TP/(TP + FN) and
TP, FP and FN represent respectively, the true positive, false
positive, and false negative values in the binarized image.

FMeasure

M N . .
Zi:l Zj:l Ibin(la ])]sg(27.7>
M N T
dim1 Zj:l Isg(i, )
where I,;, and Isg represent the binarized document image,

of size MxN, and its corresponding skeletonized ground truth
version, respectively.

Pseudo-RC =

an

Table 2. FM and PSNR results on applying both proposed
and Drira-LeBourgois filter on degraded document images
suffering from bleed-thorough in DIBCO 10-11-12 databases

OTSU | TSAI | HOWE

Drira-LeBourgois 76,54 | 76,80 94,11

FM Proposed filter || 80,52 | 80,19 | 94,14
Drira-LeBourgois 79.03 | 77.92 95.81

P-FM Proposed filter || 83.40 | 81.69 | 95.97
Drira-LeBourgois 3091 | 17.49 1.83

DRD Proposed filter || 28.26 | 15.12 1.86
Drira-LeBourgois 0,23 | -0,55 13,71

PSNR Proposed filter || 4,25 | 2,77 | 14,11

5. CONCLUSION

In this work, we have introduced a novel blind approach
for document image enhancement based on a nonlinear
anisotropic structure tensor diffusion. The obtained results
confirm its efficacy to eliminate bleed-through smoothly
while strengthening foreground characters. The presented ap-
proach includes a novel anisotropic diffusion process system
based on the background estimation of the processed docu-
ment. Furthermore, the proposed anisotropic diffusion pro-
cess introduces a new eigenvalues functions driving properly
structure tensors. The subjective and objective evaluations
performed on the obtained results on a set of images confirm
the outperformance of the proposed method over the other
considered methods. However, as Drira-LeBourgois the most
recent and effective filter adapted to document images, the

proposed approach also requires some efforts for tuning the
parameters. Nevertheless, we have shown that the proposed
approach offers a flexible way to tune the parameter K in a
wide range of values. One of the promising direction for fu-
ture works is then to develop strategies for automatic setting
of this parameter.
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