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Abstract

In this paper, we propose a shape reconstruction and im-
age restoration method for paper documents with curved
surfaces or fold lines by using a stereo vision system. Char-
acters in images of thick book’s pages acquired with an im-
age scanner are difficult to recognize because they are de-
formed under the influence of curved surface. Therefore,
3-D shape reconstruction of the book’s surface is executed
from the result of the stereoscopic measurement by putting
the book upward, and an image of a flat surface is recov-
ered from the curved or folded surface. The validity of the
proposed method is shown through experiments.

1 Introduction

The digitization of documents that are provided only in
print is an important subject. Usually, images of books’
pages are acquired with an image scanner and character
recognition is executed. However, the midst areas become
curved shapes and page surfaces cannot be in contact com-
pletely when scanning thick books. For this reason, dark
shadows, distortions and blurs come into existence at the
midst areas, and the quality of images becomes insufficient
for character recognition. The same is true of non-flat doc-
uments such as a sheet of paper with folds.

In order to solve this problem, SFS (Shape-from-
shading) method that can recover the shape of unfolded
book’s surface from scanner images is proposed [1]. This
method assumes that the book surface is cylindrical and the
cross section shape is uniform. Therefore, the reconstructed
shape is the 2-D cross section shape. However, when the
scanline of the camera is not parallel nor perpendicular to
the edge of the book surface, this assumption does not al-
ways approved in the case of thick books like dictionaries
or conference proceedings. Moreover, in the case of rare
books [2], there is a possibility of damaging them when they
are pushed on a scanner by force.
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Figure 1. Overview of our system.

Furthermore, there is an another problem that it will take
time to digitalize numbers of pages if a book is placed
downward and scan it. Therefore, a shape recovery method
of book surface using two shade images under the condition
that a camera is placed above books [3] is proposed. Dis-
tortion recovery methods with a camera and a laser range
finder [4] or a light projector [5, 6], and methods that need
no auxiliary device [7, 8] are also proposed. However, these
methods only use one camera and an image is acquired from
a certain direction. Therefore, acquired images are distorted
very much in the region where the angle between the optic
axis of the camera and the normal vector of the book sur-
face is large. If they are transformed into the plane surface
images, the resolution of images is not high.

Therefore, we propose a new shape reconstruction and
image restoration method based on the 3-D measurement
by using a stereo vision system (Figure 1). A new image
that has no distortion and high resolution can be generated
by correcting and merging two images from two cameras
whose directions of optic axes are different from each other.

2 Distortion recovery method

The procedure of distortion recovery method is divided
into three steps; 1) 3-D measurement, 2) shape reconstruc-
tion, and 3) image restoration. At first, corresponding points
are detected from the left and right images, and the 3-D
positions of these points are measured through triangula-



tion (3-D measurement). Next, the 3-D shape of the doc-
ument’s surface is reconstructed by using NURBS (Non-
Uniform Rational B-Spline) curve representation (shape
reconstruction). Finally, the two original images of curved
surfaces are transformed to those of flat surfaces by main-
taining the distance between points, and the clear regions of
two images are combined (image restoration).

2.1 3-D measurement

The 3-D measurement of document’s surface is carried
out at first with a stereo vision system. Corresponding
points between the left and right images can be detected in
the almost region of document’s surface, because there are
thick texture on it.

The brightness of the left image and the right image dif-
fers from each other, because of the difference of the cam-
eras’ directions. Therefore, the detection of the stereo cor-
responding points is performed on gray scale stereo im-
ages by using the normalization cross correlation (NCC)
method. This is because the NCC method is robust against
the change of brightness and it does not need thorny thresh-
olding procedure. The correlation value C of NCC is calcu-
lated as follow:

C =

∑N
j=1

∑M
i=1(Il(i, j) − µl)(Ir(i, j) − µr)

MNσlσr
, (1)

where Ir,l(i, j) is the pixel value of the left and right gray-
scale image at pixel (i, j), µl,r and σl,r are average and stan-
dard deviation of pixel value of templates, and M × N is a
template size, respectively.

The template is cut off from the left image and the re-
gion of the right image similar to the template is searched
with the NCC method. The size and the search area vary
adaptively according to the correlation value to reduce the
computation time by using a coarse-to-fine search and the
epipolar constraints. However, NCC does not work well in
the case that characters and figures do not exist in that area.
Therefore, the corresponding points in these areas are ex-
cluded from the 3-D measurement to avoid searching incor-
rect corresponding points and to omit redundant calculation
at the same time. These areas can be detected by using σl,r

values, because these areas have a little change in texture.
In addition, σl,r will be always calculated when C is calcu-
lated. Therefore, there is no additional computation time.

After detecting corresponding points, the 3-D coordinate
values of these points on document’s surface is calculated
through triangulation. The points whose distances from
neighbors are very large are eliminated as outliers.

2.2 Shape reconstruction

The results of the 3-D measurement involve the detec-
tion error of the corresponding points even after eliminating
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Figure 2. NURBS curve.

outliers, and only discrete points on the document’s surface
are measured. Therefore, we interpolate the region where
corresponding points can not be detected, and express the
shape of the document’s surface as an continuous expres-
sion.

However, the gradient of document’s surface in the bind-
ing area of books or the folded line of paper documents is
discontinuous. Therefore, the points where the gradients
are discontinuous are extracted as inflection points at first.
Then, inflection lines are detected as the set of inflection
points.

After searching inflection lines, NURBS curves [9] ex-
press the regions surrounded by the inflection lines. A
NURBS curve is generated by setting control point Qij ,
weight wij , and knot vector T (Figure 2). The coordinate
values of control points are decided from average of coor-
dinate values of corresponding points in grids with certain
sizes. Weights and knot vectors are decided according to the
condition that edges of each NURBS curve are connected
smoothly from each other.

2.3 Image restoration

The images of curved surfaces are transformed to those
of surfaces by maintaining the distance between points.

The curved line on the NURBS curve surface whose y
coordinate value is yi is transformed to the straight line z =
z0 along x-axis where z0 is a constant value (Figure 3(a)).
After one curved line is transformed to the straight one, the
same procedure is repeated by changing the value of yi in a
certain discrete intervals. Finally, the curved lines whose y
coordinate values are not yi are transformed to the straight
one by the linear interpolation of neighbor area.

The image in which document’s surface is flat is created
by combining the clear regions of two images where the
resolution is higher. The resolution of the image becomes
high when the directions of normal vectors of the surface are
close to be parallel to the optic axis of the camera. There-
fore, the region whose resolution is higher than that of other
camera is combined (Figure 3(b)).

In this way, the textures on curved surfaces of paper doc-
uments are transformed to the flat ones.
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Figure 3. Image restoration.

3 Experiments

To verify the effectiveness of our proposed method, pa-
per documents with curved surfaces and fold lines are used
in the experiment. The resolution of each image is 2400 ×
1800 pixel, and an image of two pages (A4 paper) can be
gained by one shot.

An example of a result with a book of conference pro-
ceedings with curved surface is shown in Figure 4. Figure
4(a) and (b) indicate acquired images of stereo pair, and
Figure 4(c) shows the result of 3-D measurement. Corre-
sponding points can be detected in most areas except in
the midst area of each page because the text of this book
is in two columns. Figure 4(d) indicates the result of 3-D
shape reconstruction. The inflection line can be detected
between left and right pages, and two NURBS curves can
describe the book’s surface. Figure 4(e) shows an example
of cross-sectional form of the book that is measured with a
slide caliper. The difference between the actual shape and
the measured shape is very small, and in most cases, the
maximum error of the reconstructed shape is within 1mm.

Figure 5(a) and (b) show a part of acquired images of
stereo pair, and Figure 5(c) shows a result of a combined
image after image restoration.

In order to verify the validity of the proposed method
quantitatively, the comparison with some OCR software
that is available commercially was made. Table 1 shows
the recognition error rate in each image. Comparing the re-
sult of corrected images with those of the original images,
the character recognition error rate reduces greatly.

Figure 6 shows the result of a paper with fold lines. From
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Figure 4. Result of book with curved surface.

this result, it is verified that an image restoration can be exe-
cuted correctly even when there are fold lines on the images.

About the computation speed, the great portion of total
computation time is spent on the detection of corresponding
points. In our system, more than 200 corresponding points
can be detected in 1 second.

4 Conclusions

In this paper, we propose a distortion recovery method
for paper documents with curved surfaces or folding lines
by using a stereo vision system. The 3-D measurement of
the paper surface is executed through triangulation, and the
3-D shape of the surface is reconstructed with the NURBS
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Figure 5. Result of image restoration.

curves. The curvature correction is done and the flat surface
is recovered to improve the recognition rate by maintaining
the distance between points. The validity of the proposed
method is shown through experiments.
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