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Show-Through Cancellation in Scans of
Duplex Printed Documents

Gaurav Sharma, Senior Member, |EEE

Abstract—In scanning pages with double-sided printing, often
the printing on the back-side shows through in the scan of the
front-side because the paper is not completely opaque. This show-
through isan undesirable artifact that one would like to remove.

Inthispaper, thephenomenon of show-throughisanalyzed using
first physical principlesto obtain a simplified mathematical model.
Themodel islinearized using suitable transformationsand simpli-
fying approximations. Based on the linearized model, an adaptive
linear filtering scheme is developed for the electronic removal of
show-through using scans of both sides of the document. Experi-
mental results demonstrating the effectiveness of the method de-
veloped are presented.

Index Terms—Adaptive filtering, restoration, scanning, show-
through.

|. INTRODUCTION

RINTED documents are frequently captured as digital im-

agesfor usein reproduction, communication, or automated
processing. Examplesof applicationsthat involveimage capture
for these different purposes are copying, faxing, electronic doc-
ument distribution and archival, optical-character-recognition
(OCR), and €electronic database storage for automating search
and retrieval. A scanner is the most common device employed
for the capture and digitization of hardcopy documents.

The image captured by a scanner is atwo-dimensional (2-D)
array of pixels, where each pixel valuerepresentsthereflectance
of the document at the physical location corresponding to that
pixel. The most common type of scanner is aflat-bed scanner.
Fig. 1 is a schematic of the optical components of a flat-bed
scanner. The document to be scanned is laid face down on a
transparent glass platen and pressed flat against the platen by
a backing. The scanner lamp illuminates the document through
the platen glass and the light reflected off the spatial location
corresponding to agiven pixel isimaged by alensonto a sensor.
The resulting signal is digitized to obtain arepresentation of the
image as a reflectance profile. Typically, the sensors are laid
out in alinear CCD array, which alows for an entire row of
pixels along one dimension of the document to beimaged in a
single exposure step. The array is moved across the document
and multiple exposures are performed to capture the complete
2-D image.

Images acquired using a scanner suffer from several degra-
dations. Examples of these degradations include scanner noise
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Fig. 1. Schematic of optical components of aflatbed scanner.
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Fig. 2. Scan of duplex printed page.

from various sources [1], optical-blur due to the limited band-
width of the scanner modulation transfer function (MTF) [2],
[3], jitter and other artifacts due to motion errors of the CCD
array [2], [3], and optical integrating cavity effect [4]. A number
of image processing techniques have been devel oped in order to
enhance/restore the degraded images before they are displayed,
archived or processed further [4], [5, Ch. 4], [6].

Hardcopy documents are often printed in duplex (double-
sided) mode, with printed information on both sides of the
page (common examples are most magazine and book pages).
When a duplex printed page is scanned, information from
the back-side printing can often be seen in the scan (of the
front side of the page). We refer to this common artifact
encountered while scanning duplex (double-sided) printed
pages as show-through (since the text/image on the back side
“shows-through” the paper). Fig. 2 graphicaly illustrates the
process of scanning one side of a duplex printed page on a
typical scanner, where the arrangement of the duplex printed
page of paper in relation to scanner lamp, sensor, and backing
is shown in a cross-sectional view. From the figure, it is clear
that if the page is not completely opague and the scanner uses
a white backing behind the page, the sensor receives some
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Fig. 3. Origina image printed on side one of a two-sided page.

Fig. 4. Origina image printed on side two of atwo-sided page.

light that is transmitted through the paper, reflected from the
backing and transmitted back through the paper. If there is
no printing on the back side of the paper, this light produces
no undesirable effect as the paper and the backing can be
thought of asthe effective substrate for the printing on the front
side. If, however, the back side also has printing, then due to
the transmission through the paper, the scan of the front side
contains a residual (transposed) image of the back side. This
contribution from the back side printing to the scan of the front
side is the show-through. Since the transmittance of paper is
low (in relation to its reflectance), in the scanned image, the
dynamic range (i.e., contrast) of the show-through information
istypically much lower than the dynamic range of the printing
on the front side.

Figs. 3 and 4 represent the original “images’ printed on two
sides of a page and Figs. 5 and 6, respectively, are the images
obtained by scanning the two sides of the duplex printed page
with awhite backing. In each scan, show-through from the (cor-
responding) back side can be clearly seen asalow contrast trans-
posed image of the printing on the back side. The show-through
ismost visiblein theregionsin which thereis no printing on the
front side, though it can also be seen in light gray regions of the
image side.

Show-through is clearly an unwanted artifact that one would
like to eliminate. If the original information consists of smple

black and white printed text, show-through can be removed by a
simple process of thresholding. Thethresholding convertspixels
whose scanned reflectance is above a specified threshold value
to white. This process converts the light gray regions resulting
from the low-contrast back-si de show-through to white and does
not significantly influence the front-side text which is close to
black.

The thresholding method, however, does not work for prints
containing images or text that have additional gray levels be-
yond pure black and white. For regions with light gray printing
on the front side, the thresholding either does not remove the
show-through, or inadvertently eliminates the information in
these regions by converting them to white.

Prior to this paper, image enhancement and restoration tech-
niques typically did not account for show-through. This paper
presentsimage processing methods for electronic compensation
of show-through [7]. The rest of this paper is organized as fol-
lows. Section Il presents an analysis of show-through from first
physical principles that yields a nonlinear mathematical model
for the show-through phenomenon. In Section I11, the model is
linearized through suitable transformation and simplifying ap-
proximations. The notion of a show-through point spread func-
tion is introduced in Section IV to account for the spreading
of light in the paper substrate. An algorithm for show-through
correction based on adaptive linear filter theory is presented in
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Fig. 5. Scan of side one of atwo-sided page, demonstrating show-through from side two.

Fig. 6. Scan of side two of a two-sided page, demonstrating show-through from side two.

Section V. Experimental results demonstrating the effectiveness  scanned. If thereis no printing on either side, the light reaching
of the methods on actual scans are presented in Section VI and  the sensor has two main components, light that is scattered by

conclusions in Section VII. the paper substrate and light that is transmitted through the
paper, reflected by the backing and transmitted again through
|| S"O\N'THROUGH MODEL AND ANALYS|S the paper ThUS the reﬂectance detected by the Opt|Ca| Sensor

. e . ) for awhite unprinted page is given by
Consider the simplified cross-sectional view of a scanner

shown in Fig. 2, where a duplex printed document is being Ry =5, + TﬁRbk (€N}
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where

S, fraction of light scattered by the paper (in the forward

direction);

T,  transmittance of paper;

Ry, reflectance of the backing.

Note that the superscript w has been used to indicate that ;) is
the reflectance for “white” paper that has no printing on either
side. From (1), one can see that the reflectance of unprinted
paper on black backing (Ryx = 0) is given by S, and that on
white backing (Ryx. = 1) isgivenby S, + 172.

When the scanned page has printed material on either side,
the printing may be viewed as separate layers on either side of
the page, with the printed information represented as the spatial
transmittance profile of these layers. If T;(x, y) represents the
transmittance of the “print layer” on thefront sideand 7;(«, v)
representsthe transmittance of the“ print layer” onthe back side,
the reflectance detected by the sensor when scanning the front
sideis given by

where
z and y 2-D gpatial coordinates on the paper being
scanned;
subscript f  front side;
superscript s denotesthat thisisthe“ scanned” reflectance.

Equation (2) indicates that the reflectance R} (x, y) detected
by the scanner sensor depends on the front-side print layer
transmittance, the paper scattering and transmittance parame-
ters, the reflectance of the backing, and the back-side print layer
transmittance. In particular, the dependence of the scanned
reflectance R (x, y) for the front side on the transmittance
T (x, y) of the back side print layer represents the undesired
show-through in the front side scan.

The goal of show-through correction is to recover the
“image” T;(z, y) printed on the front side with no depen-
dence on the back side “image’ T;,(x, v). Recovery of the
show-through corrected image cannot be accurately done using
the front-side scan alone because it is not possible to reliably
distinguish between light gray printing on the front-side and
low-contrast show-through from the back side. Mathematically,
thisis manifested in the fact that the single equation (2) cannot
be solved simultaneously for the two unknowns Z;(z, y) and
Tz, y).

If the scan of the back-side is also available, then analogous
to (2), the scanned reflectance for the back side can be written
as

where the terms on the right hand side are as defined earlier.

Observe that (2) and (3) represent two equations in the two
unknowns T (x, y) and T(z, y). Therefore one can expect to
remove the show-through if scans of both sides of the page are
available and if these two eguations can be solved for these un-
knowns. There are however, several obstacles that need to be
overcome before this can be done. These will be addressed in
the following sections.

I1l. LINEARIZED SHOW-THROUGH MODEL

The nonlinear nature of equations (2) and (3), and the lack
of knowledge of the parameters S, and 7}, make an analytic or
numerical solution impractical in their present form. In order to
simplify these equations, it is advantageous to use the notion of
a show-through corrected image. For the purposes of the dis-
cussion in this paper, it will be assumed that the “ show-through
corrected image” to be recovered from the scan, is the image
that would have been obtained from the scanner if there was no
printing on the back side of the scanned page (alternate defini-
tions of the “show-through corrected image” are also possible,
one benefit of thisdefinition will beindicated in SectionV). The
assumption that there is no printing on the back-side is mathe-
matically equivalent to setting the transmittance 7; (z, v) of the
back side print layer to unity in (2). Making this substitution the
show-through corrected reflectance for the front sideisgiven by

Rf(xﬁ y) = T)%(xv y) (SP + TﬁRbk) 4)

and similarly, the show-through corrected reflectance for the
back side is given by

Ry(z, y) = T; (x, y) (Sp + T Rex.). (5)

Dividing equation (2) by the reflectance of white (unprinted
on either side) paper in (1), and taking the negative natural log-
arithm of the resulting equation we obtain

Di(x, y)
Rz, y)
=_In L~ (6)
Ry
- I TJ%('Tv v) (SP + TI?RkabQ('Tv y))
Sp + TﬁRbk

T2 Ry (1 — T (z, y))
= —In(T?(z, —lnf1--2 bA
TQRbk
= D(x, —Inf1-——2" 1—T2x, 7

where
—ln 2% = _1In (Tf(az, u)) . (8

It may be noted here that the negative logarithm of the re-
flectance (or transmittance) is by definition the optical density.!
Thus, the operation of dividing by the paper reflectance and
taking the natural logarithm is a conversion from reflectance
into (paper normalized) densities and the terms Di(x, y)
and Dy(x, y) in the above equations represent the (paper
normalized) density of the front side seen by the scanner and
the (paper normalized) density of the show-through corrected
front side.

For typical paper substrates, thefraction of light transmittedis
much smaller than the fraction of light scattered, i.e., T < S),.
This assumption is directly supported by the observation that
most paper substrates appear closeto white even when placed on

INormally, the logarithm to the base 10 is used in defining optical density but
the natural logarithm is equally valid and is used here for notational simplicity.
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a black backing [see (1)]. This assumption alows a significant
simplification of (7) using the approximation
In(1—¢t) ~ —t for |t] < 1 9
with
T2 Ry,
=L — (1-17 .

With this approximation, (7) becomes

TQRbk
D5 ~D P (1177
=D Ll 10
=Dy(z, U)‘f‘m »(z, ¥) (10
where
Ry(x,

I4
is the absorptance of the back side “print layer.”
Using the same transformation and simplification for (3), the
corresponding equation for the back side is obtained as

Ry(z, y)
Dj(z,y)=—In b—w
B
T2 Ry,
p T Tp Ry
where
Rb(xv y) 2
Dy(z, y) = —In =222 = —In (T3 (x, v)) (13)

P
is the paper-normalized density for the show-through corrected
back-side and

Agfw, )= (1= T3 ) =1~ LD qg
P
is the absorptance of the front side “print layer.”

Equation (10) states that the paper-normalized density of the
front side scan can be approximated by the sum of the paper-
normalized density of the show-through corrected front side
and the absorptance of the back-side print layer weighted by
a small factor. It is clear that the second term represents the
show-through. Equation (12) can be similarly interpreted for the
back side. The major significance of these equationsisthat in
the density domain the show-through separates into an additive
distortion, which is further characterized as being a scalar mul-

tiple of the opposite side print layer’ s absorptance.

IV. SHOW-THROUGH POINT SPREAD FUNCTION

The show-through model developed so far in (10)—(12) is
based on an extremely simplified physical view of the show-
through phenomenon. One serious shortcoming of the simplifi-
cation is its assumption of purely point-wise spatial interaction
between the front and the back sideimages. In reality, spreading
of light in the paper causes blurring of the show-through image.
The spreading of light in paper has been studied extensively in
the context of its impact on the reflectance of printed images
[8]-{10]. For the show-through model, the blurring can be in-
corporated into the show-through model, by replacing the scalar
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term 172 Ry, /(Sp + 1,7 Rus.), in (10) and (12) with an empirical
“show-through” point spread function (PSF) to obtain

Di(x, y) =Dy(x, y) + Wz, y) @ Ay(z,y) (19
Di(z, y) = Do(x, y) + 1z, y) @ Ap(z, y)  (16)

where h(z, y) isthe “ show-through point spread function” and
@ represents the convol ution operator. Since show-through PSF
isareplacement for theterm 1.2 Ry, / (S, + 1.2 Ry ) inthe phys-
ical model, itisclear that .(x, ) issmall in comparisonto unity
and physically accounts for the transmission and spreading of
light in the paper and the reflectance of the backing.

In order to “solve” (15) and (16) for the show-through
corrected densities Ds(xz, y) and D,(x, y) ,the absorptances
for the back and front side “image layers,” i.e,, A;(x, y) and
Ays(z, y) may further be approximated by the corresponding
absorptances from the scans, to obtain

Dz, y) =Dj(z, y) — bz, y) @ Ap(z,y)  (17)
Db(ﬂ?, y) :Di(xa y) - h’(x’ y) ® Aj‘(x’ y) (18)
where
Az, y)=1- L%; v (19)
X R (z, )
Az, y) =1 - ’}T (20)
(21)

are the absorptances corresponding to the back and front side
scans respectively. Note that this approximation can be avoided
through an iterative use of (17) and (18), where the recovered
show-through images from the previous iteration are used in
computing A, (x, y) and A;(x, y) for the next iteration. The
impact of the approximation above and in (9) is analyzed more
completely in the Appendix.

Inactual practice, the scanned imagesarein fact sampled over
adiscrete grid and (17) and (18), need to be approximated by
their discrete versions

Dy(m, n) =Dj(m, n) — h(m, n) @ Aj(m, n) (22)
Dy(m, n) = Dy(m, n) — h(m, n) @ A3(m, n) (23)

where m and n represent the sample indices for samples along
the xz and y spatia dimensions, respectively, and the other terms
are as before.

V. SHOW-THROUGH CORRECTION ALGORITHM

In order to use the “solution” of (22) and (23), the show-
through point spread function should be known a priori and the
relative alignment of the images of the front and the back-side
should be known precisely. Since neither of these requirements
are satisfied in practice, these equations cannot be directly used
for the cancellation of show-through. Note however, that the
linearity of these equations implies that the problem of show-
through cancellation can be viewed as the 2-D equivalent of the
one-dimensional (1-D) echo-cancellation problem in speech
telephony. Methods from linear filter theory applied to the
problem of speech telephony can therefore be adapted to the
problem of show-through cancellation. In particular, adaptive
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1) For pixel location (m,n), compute show-through corrected density

D = D S X WD Akeml
f(m,n) = f(m,n) T P (k) A (k-m,l-n)

2) Convert density back to reflectance
Rf(m,n) = R;)" exp (- Df(m,n))
3) If no more pixels remain go to step 6, else set (m’,n’) to next pixel location.
4) If front-side image has no activity and back-side has activity, then
Update adaptive filter coefficients:

m' m,n s

w (k)= w (kD) + p Ayfk-ml-n) Df(m,n)

w ") = max(w k1), 0)
Return to step 1.

6) Stop. Output show-through corrected front-side image.

M N

}k:-M.‘.M, I=-N..N

Show-through Corrected
Front Side Image
R f(m,n )

Fig. 7. Show-through cancellation agorithm.

linear filters can be used for automatically estimating and
tracking the show-through PSF. For the following description,
it is assumed that the show-through is to be cancelled from
the “front-side” scan. The processing for the back side can be
similarly described.

The complete process of show-through correction is de-
scribed as follows. First, approximate alignment for the front
and back side scansis determined by identifying corresponding
image features in the front side show-through and the back side
scan. The reflectance K7 of white paper unprinted on both
sides (with the scanner backing) is estimated by averaging the
reflectance values over aregion of the scan that has no printing
on either side. Note that the fact that no additional parameters
other than R’ (such as the paper scettering fraction S, or the

paper transmittance 1, or the reflectance of the backing R;.)
are required for the show-through correction algorithm is a
direct result of the definition of the show-through corrected
image that has been adopted here. The definition was chosen
for this very reason.

Using theestimateof R}/, scan datafromthefront sideiscon-
verted to density relative to paper white as per (6) and data for
the back side is converted to absorptance using (19). Theimage
pixelsare processed one at atimein an order that preserves spa
tial contiguity, for example, by processing along a serpentine
raster. Maintaining spatial contiguity in the processing ensures
that the inevitable changes in alignment between the front and
back side images over the page can be tracked more readily by
the adaptive filter.
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Fig. 8. Side one scanned data after show-through correction.

Fig. 9. Side two scanned data after show-through correction.

At each pixel location (m, n), the show-through corrected The scanned image values for the front and back side images

density is computed as are then examined and compared to the paper white reflectance
[ to determine if the local neighborhood about the current pixel
Dg(m, n) = Dj(m, n) Z Z (&, 1) location (and including it) contains any printing on either side.

. k=—Mi==N If the local neighborhood has printing on the back-side but no

Aj(k —m, I —n) (24) printing on the front-side (this corresponds to “far-end single-

where w™ "(k, I) is a 2-D adaptive finite-impulse-response  talk” in the speech-telephony echo-cancellation analogy), the
(FIR) filter with support [-M ---M] x [-N x N] that filter coefficientsw™ ™ (k, [) are adapted. The adaptation of the
represents the show-through point spread function. filter coefficients can be done in accordance with any of the
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Fig. 10. Side one scanned data after thresholding.

Fig. 11. Side two scanned data after thresholding.
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several known algorithmsin adaptivefilter theory [11], [12]. For
the following description, the simplest and perhaps best-known
least-mean sgquare (LMS) algorithm [11, p. 302] will be used.
For the LM S algorithm, the filter coefficients for the next pixel
location (m', n') are computed as

W™ (k, 1) =™ (k, 1) + pDy(m, n) A3 (k —m, L= n)

where 1 is the LMS adaptation step-size parameter. Note that
at pixels where the filter coefficients are adapted, there is
no printing on the front side, therefore, the desired show-
through corrected density at the pixel (m, n) is zero and
the value D;(m, n) computed in (24) represents the error
term used in the more genera specification of the LMS
algorithm [11, p. 302]. Since the adaptive filter represents
the show-through PSF which is expected to be nonnegative
[because it represents the physical quantity 7.7 Rux/(S), +
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Fig. 12.  Side one scanned data after show-through correction and thresholding.

Fig. 13. Side two scanned data after show-through correction and thresholding.

TﬁRbk)], any coefficients that turn negative as a result of the
adaptation are truncated to zero. Note that since the white
reflectance i) is an estimate based on an average of a pixel
region, the actual scanned reflectance values at the different
pixels will vary above and below this average. The computed
values for Dy and Aj therefore take on both negative and
positive values. This allows the adaptation in (25) to occur in
either the positive or negative direction.

The processing is then repeated for the next pixel location,
continuing until the complete image has been processed. The
show-through corrected density for the front-side Ds(m, n) is

converted to reflectance by inverting the relation of (8) to ob-
tain the output show-through corrected image. Note that the
show-through correction of (24) isapplied at each pixel, though
the adaptation is performed only in regions where the back-side
has printing and the front-side does not. Since the desired output
isnot known for regionswith printing on thefront side, thefilter
coefficients cannot be adapted in those regions. No adaptation
is performed for regions that have no printing on either side to
keep thefilter coefficients from drifting due to the noise (and no
signal) in these regions. The complete show-through cancella-
tion algorithm is summarized in Fig. 7.
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V1. EXPERIMENTAL RESULTS

The show-through model and the cancellation agorithm
developed here were tested using a UMAX powerlook
desktop scanner. The scanner has an optical resolution of 600
dots-per-inch (dpi) and is capable of scanning in 24-bit color
or 8-hit gray-scale. For the purposes of the experiment, the
scanner was operated in a linear mode (i.e., gamma of 1.0),
in which the scanner output is linearly related to scanned
reflectance.2 A duplex printed page with the printing on the two
sides as shown in Figs. 3 and 4 was used as the input. The two
printed sides of the page were scanned at 600 dpi resolution
as 8-hit gray-scale images. In scanning the images, care was
taken to minimize skew by keeping the upper edge of the page
closely aligned with the edge of the scanner platen (the effect
of arelative skew between the front and back side image on the
algorithm will be discussed later in this section). The resulting
scanned images have been presented earlier in Figs. 5 and 6,
and will be referred to as the “text-side” and “image-side”
scans, respectively. In both images, show-through from the
other side, can clearly be seen as mentioned earlier.

The relative alignment between the scanned images for the
two sides was obtained by locating the position of the intersec-
tion of the two lower 45° stroke lines at the bottom of the upper
case“ X" onthefirst line (thefirst “X” in“The Document Com-
pany Xerox”). In actua applications, if an automatic document
feeder is utilized for scanning the page in duplex mode, the rel-
ative alignment between the images on the two sides can be ob-
tained from the feeder’ s geometry and the detected paper edges.
Alternately, techniques from image registration [13], [14] may
be adapted for aligning the images.

For theimagesin Figs. 5 and 6, the (scaled) reflectance R} of
white paper unprinted on either side was computed by averaging
the scanned values over a 400 pixel by 400 pixel square in the
top corner of theimage-side scan. Thisaverage valuewas 250.56
(for the 8-bit scan with pixel digital valuesranging between 0 and
255). In order to estimate the level of show-through, the average
value over aregion with black printing on the back side and no
printing on the front sides was a so computed and found to be
245.68. Notethislatter valueisnot required in the show-through
correction algorithm and isincluded here only to give the reader
aquantitative estimate for the magnitude of show-through.

Using the alignment information and the estimated white re-
flectance, theimageswere processed using the algorithm of Sec-
tion V. The sequence for processing pixels was chosen along
a serpentine raster, i.e., even scanlines were traversed |eft-to-
right and odd scanlines were traversed right-to-left. For the pro-
cessing, the filter size was chosen to be 31 x 31 (i.e, M =
N = 15), thefilter was initialized to all zeros at the start, and
the LM S adaptation parameter ;. was set to 0.001. For checking
for the presence of printing on either side (detecting “far-end
single talk”), a 15 x 15 neighborhood was used. Printing was
deemed present on a given side if the minimum value over the
neighborhood wasbel ow 75% of the estimated white reflectance
Ry (adigital value of 190 for the example presented here).

20bviously, the algorithm can be used for any known scanner gamma setting
with appropriate pre and post conversions. The linear mode was chosen to keep
the presentation simpler.
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Fig. 14. Adaptive filter coefficients w™ ™(k, I) a two different image
locations.

The show-through corrected images for the text-side and
the image-side obtained from the show-through cancellation
algorithm developed are shown in Figs. 8 and 9, respectively.
The results clearly indicate that the algorithm is successful in
cancelling show-through. In comparison to the original scans,
both the show-through corrected images have no apparent
show-though and very minor processing artifacts (these minor
artifacts can be seen better in the electronic versions of these
images when displayed on a cathode-ray-tube (CRT) monitor).

As mentioned in the introduction, simple thresholding
provides an efficient way for elimination of show-through from
black and white text images. The thresholding method was
tested on the images used in the above example. The images
were thresholded, so as to convert values above 200 to white
i.e, 255. This threshold was determined by progressively
reducing the threshold value starting at the average for aregion
with printing on the back side alone (which as noted earlier, was
245.68), till the show-through was significantly reduced and
text was not significantly degraded. The results of thresholding
the scanned images for the text and the image-side in this
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Fig. 15. Scan of side two of atwo-sided page, demonstrating show-through.

manner are shown in Figs. 10 and 11, respectively. Note that the
thresholding method eliminates most of the show-through over
the text-side. Over the image-side, however, the thresholding
significantly lightens the light gray regions (the state of Texas
in the map) and does not fully eliminate the show-through from
these regions. Compared to the printed versions of the images,
these artifacts can be seen more clearly when the images are
viewed on a CRT display.

The thresholding operation does have the advantage that
it reduces the noise present in the white regions since it
eliminates most of the variations caused by scanner noise and
by changes in the paper reflectance. The white background
in Figs. 10 and 11 therefore appears a lot cleaner than in

Figs. 8 and 9. The same benefit can be realized for the show-
through correction technique presented in this paper by adding
thresholding as a final post-processing step. Since the purpose
of thresholding in this case is elimination of background
variation and not show-through removal, the threshold value
used can be significantly higher. For the 400 pixel by 400 pixel
square over which the average value of white was computed,
the observed standard deviation was o,, = 5.94. In order
to eliminate the background variation, a threshold value of
226 ~ Ry — 4% o0, was used, and dl pixels above this
threshold were converted to white. The resulting images are
shown in Figs. 12 and 13 for the text and image sides,
respectively. The background noise in the white regions of
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Fig. 16. Scan of side two of atwo-sided page, demonstrating show-through.

these images is significantly reduced. In addition, unlike the
directly thresholded images in Figs. 10 and 11, there is no
residual show-through in the light gray region of the image
(corresponding to the state of Texas).

In order to visualize the show-through PSF, the adaptive
filter coefficients w™ ™(k, [) were recorded at several posi-
tions in the processing of the image-side scan. The filter coef-
ficients at two different image locations are shown in Fig. 14.
The filter coefficients have a primarily unimodal distribution,
which is consistent with what is expected physically for the
show-through PSF. The spatial extent of the significant filter
coefficientsis considerably smaller than the 31 x 31 filter used,
but the position of the filter coefficient’s peak is shifted in the
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second plot in relation to the first. Changein relative alignment
of the front and back side images for the two image locations
is the probable cause of this shift. Note that a skew between
the front and back side scans is one example of mis-alignment
that would produce a variation in the relative alignment of the
front and back side images over the page. Even a small skew
angle results in a large pixel shift over the length/width of the
page and therefore the adaptive filter needs a large support
size in order to track any “shifts’ due to skew (for example,
at 600 dpi scan resolution, a skew of just 0.2° corresponds
to a pixel shift of almost eight pixels over a page length of
11.5in). If, however, the images on the front and the back side
can be aligned well with minimal skew (for instance, when an
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Fig. 17. Show-through corrected version of the scan in Fig. 15.

automated document feeder is used for scanning), the support
of the adaptive FIR filter can be significantly reduced, thereby
obtaining a significant reduction in computation. Since optical
distortions and mechanical positioning errors in the scanner
also contribute to relative mis-alignment between the front
and back side images a perfect global alignment is usually
impractical at useful scan resolutions.

The influence of the different parameters used in the show-
through correction algorithm was studied experimentally by
varying these parameters. The effect of errorsin the estimated
white reflectance K7 was studied by varying over the range
from 245 to 255 the value actually used for R, in the conver-
sion to density and absorptance (instead of the actua estimate

value of 250.56). Only minor degradation was observed in the
output of the show-through cancellation algorithm due to this
variation, indicating that the algorithm is fairly robust to small
errors in the estimated white reflectance. Next, the impact of
using different size support for the adaptive filter (changing M
and N) was investigated. For filter sizes, smaller than 21 x 21
residual show-through artifacts could be seen in the images
after correction. The artifacts observed are even more severe
if the adaptive filter coefficients at a given image location are
recorded and used as a fixed filter over the entire image. As
noted in the last paragraph these artifacts are probably because
the smaller areas of support for the adaptive filter do not allow
the filters to track any location dependent changes in the align-
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Fig. 18. Show-through corrected version of the scan in Fig. 16.

ment of the front and back side images resulting from relative
skew. The impact of changing the adaptation parameter 1. was
similar to that observed in other applications of the LMS al-
gorithm [11]: larger values of ;. provided better tracking but
also increased noise and smaller values took longer for the
filter to converge and also produced some artifacts due to
slower tracking of any changes caused by change in relative
aignment.

At theend of Section IV, it was mentioned that the error intro-
duced due to the approximation of the other side's “print-layer
absorptance” with the scan absorptance [ A, (xz, y) ~ Aj(z, y)

for the front-side correction] can be reduced by iterating the
show-through correction algorithm by using the output of the
last show-through correction step as the input images for the
next iteration. This iterative scheme was also tested on the im-
ages presented in this section and the second application of
show-through correction algorithm was seen to reduce any re-
maining show-through artifactsin the images after the first cor-
rection step, when the imagesin el ectronic form were displayed
on the screen. However, the remaining show-through artifacts
were too small for the improvement to be distinguishable in the
printed images and has therefore not been included here.
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Fig. 19. Thresholded version of the scan in Fig. 15.

Finaly, it is worth noting that the excellent results obtained
from the show-through correction al gorithm are due to the com-
bination of a good physical model with the adaptive linear fil-
tering and not exclusively due to the use of adaptive filters.
If the model is not explicitly used, i.e., the adaptive filtering
is performed with both images in the same reflectance/absorp-
tance/density space, the resulting cancellation is typically good
for regions where there is no printing in the front side, but re-
sults in residua show-through or over correction in other re-
gions. For the samereason, the algorithm presented in this paper
makes significant improvements over the method described in
[15], wheretheidea of compensating for show-through by using
scans of both sides of the page was first proposed.

To demonstrate the performance of the show-through cor-
rection algorithm on additional documents, a duplex printed

page from the May 2000 issue of |IEEE SPECTRUM [16] was
used as the input document. The page was scanned in using the
UMAX scanner and the settings described for the above experi-
ment. The scans of the two sides of paper corresponding to this
pageare showninFigs. 15 and 16. Corresponding show-through
corrected versions of these scans are shown in Figs. 17 and
18, respectively, and the results obtained from thresholding are
shown in Figs. 19 and 20, respectively. The images in these
figures reinforce the conclusions obtained from the scans pre-
sented in the earlier figures. The show-through correction al-
gorithm successfully eliminates the show-through in al regions
of the image, whereas the simple thresholding method |eaves
residual show-through artifacts in the light gray regions and
also causes degradation of these light gray regions due to the
thresholding process. In order to better demonstrate the advan-
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Fig. 20. Thresholded version of the scan in Fig. 16.

tage of the show-through cancellation algorithm over the simple
thresholding scheme, cropped regions of the show-through cor-
rected images in Figs. 17 and 18 are shown in Figs. 21 and
23, respectively. Corresponding cropped versions of the thresh-
olded images are shown in Figs. 22 and 24, respectively. In the
thresholded images, one can clearly see the abrupt contouring
in the light gray regions caused by the thresholding and also
the residual show-through in several image regions. Theimages
obtained from the show-through correction algorithms are free
from both these artifacts.

Fig. 25 demonstrates the adaptive filter coefficients for two
different image locations for the above case. Note that in com-
parison to Fig. 14 the coefficients in Fig. 15 demonstrate a
smaller physical spread. This difference is to be expected be-
cause the paper sheets used in the two cases are different and
therefore have different show-through PSF's corresponding to
their differing light transmission and spreading characteristics.
If perfect alignment of the two sides were to be achieved
by independent means, and a fixed filter was utilized for the
show-through correction, it would be necessary to account for
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these differing characteristics of different papers by having sep-
arate fixed filters for each type of paper and incorporating a
mechanism for identifying the different papers. The use of an
adaptive filter allows these differences in the PSF to be auto-
matically accounted for in the show-through correction.

VII.

In scanning duplex printed pages, show-through, i.e, a
residua low-contrast image of the back side in the scan of
the front side, is a commonly encountered image degradation.
This paper presented a physical analysis of the phenomenon
of show-through, that resulted in a nonintuitive but elegant
linear model for the phenomenon. Based on the analysis, an
image processing method was developed for the correction
of show-through using scans of the two sides. The method
cancels show-through using adaptive linear filters in much
the same way as echo cancellation is achieved in speech
telephony.

The agorithm is found to be very effective in correction
of show-through in tests performed on actual scans of duplex

CONCLUSIONS
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Using the series expansion

1359

=451, n

SHARMA: SHOW-THROUGH CANCELLATION IN SCANS OF DUPLEX PRINTED DOCUMENTS
m:

for |t < 1

—~ —~ —~~ —~~ —~ —~
N~ [o0] (o] (@] — A
N N N ™ ™ ™
N—r N—r N—r N—r N—r N—r
=
T~ ~ B
= = & - &
< S B Py
= = < 2 by =
= = _ < = < _
- - — h e —
< < E | € AL ]
= Nl N ~ ~ [y \.U/u
= = —~ o~ SN
|2 = = s = = i .
— |~ — |~ - &8s 3
TN - 3 9 3 R ~—
PN 7 n ~ R R OB OB == Py
b 8 .ﬁ MZE = o Do %o L $7 o
T3
! + + & Rp D_ | | | = _ L
> > o g & & g = = v,
- ~ > > » ¥ ~— ~ <)
8 = | 3 3 @ 3 — 3
—~ -~ = — | | | | 2 Py —
= [ Il [ [ [ Il [ [
(e} ~ ~ —~ \.U/u
= = = = »
o &) &) &) )
w p— p— g e WD
o @ S DD A.ﬂb Nu
[4) © <
= & =

m=1975, n=4150

B A
QOB
COMBAAAN0N
.
Y
..........:......”.....

SO

)
i

o
S
() )

0.015
0.01
£0.005
0.025
0.02
0.015

(34)

@ y)
"LU
p

R

1

)
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Making the appropriate substitutions the exact versions of

(17) and (18) can be obtained as

isthe absorptance corresponding to the back side scan. Likewise
here

Dy(z, y)

(26)

#(z, y). In this

APPENDIX
MODEL APPROXIMATION ERROR
T;Rbk
Sp + TﬁRbk )

sz, y) and Ap(x, y) =~

Equations (17) and (18) were obtained through from the
model of (7) using the approximation in (9) and assuming

while successfully eliminating (low-contrast) show-through
that Ay(z, y) =

from the back side.
obtaining corresponding exact expressions using the complete

Taylor series expansions instead of the approximations. For
notational simplicity, in the following analysis, the notion of

a show-through point spread function will not be introduced.

in that it preserves low-contrast information in the front-side W
Denote

printed documents. In particular, the agorithm offers great
improvement over the commonly used method of thresholding

Fig. 25. Adaptive filter coefficients w™ "(k, I) a two different image

locations.
Appendix, the impact of these approximations is analyzed by
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=1
Dy(w, y) =Dj(w, y) = 3 _ 7 (hAs(z, v))'
=1
Rs , o> o>
+ h# Z (hAy(z, y)* — Z %hl
P k=1 =2
l
S iz, 4) &
Af(xv y) - wa Z (hAb(xv y))
P k=1

(36)

From these expressions, it is clear that the approximationsin
(17) and (18) are obtai ned from the above equations by dropping
the terms in h? and higher powers of h. As has been already
noted, h <« 1 for typical paper substrates and therefore the
approximation error is quite small.
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