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Abstract—When digitizing or investigating historical docu-
ments, it is often the case that a document can not be opened,
page-turned or touched anymore. Damages such as moisture or
fire and aging processes disallow browsing through a book. To
address these particular cases, our earlier work showed that
Micro-CT X-ray scanners are able to image documents written
with iron gall ink. A self-made book consisting of ten hand written
pages was scanned and investigated without opening or page-
turning. However, when analyzing the reconstruction results, we
faced the problem of a proper automatic page segmentation
and 2-D mapping within the volume in an acceptable time
without losing information of the writings. The main problem is
that the pages can be arbitrary deformed or squeezed together.
In this paper, we present a fully automatic algorithm for the
segmentation and extraction of book pages from the original 3-D
volume. Our method delivers high quality results for our book
model and can be easily adapted to other imaging modalities.
We show that it performs well even for an extreme case with low
resolution input data and wavy pages. To keep it simple for users,
our algorithm works without any need of prior information or
user interactions.

Index Terms—Historical Document Analysis; 3-D X-ray CT
Reconstruction; Automatic Page Extraction

I. INTRODUCTION

The standard procedure of using a book scan robot [1] is
not applicable for imaging of many historical documents. The
documents may have a moisture, fire or aging damage that
prohibits turning, opening or even touching them. However,
some methods exist for imaging and reconstructing such doc-
uments. Our work concentrates on writings made of historical
iron gall ink [2], an ink that has been used since the 5th century
until present [3]. Not only Mozart used it for writing down his
music but also the ’Declaration of Independence’ as well as
many other important documents were written with it.

X-ray phase contrast imaging (Synchrotron radiation) [4]
is one approach for imaging such documents delivering a
high quality output volume. However, this method is com-
plex, expensive and immobile. Another approach is based on
Terahertz radiation [5] which has the drawback of a limited
depth resolution such that only a few pages can be imaged
at once. A third method is using X-ray CT systems, such
as it is used for non-destructive material testing or medical
imaging [6], [7]. The scanners are mobile and cheap compared
to the Synchrotron system as well as the field-of-view is only
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Fig. 1. Original 3-D volume center slice acquired by a X-ray CT scan. The
green lines denote the air gaps between two neighboring pages whereas the
orange circle denotes a part of a letter.

limited to the detector size. This approach is based on the
material characteristics of the used ink. Since iron gall ink
consists of metallic particles, its absorption is higher than
papers’ giving the ability to read the writings without opening
the book itself. After acquiring the volume by a 3-D X-ray CT
scan, a major problem lies in the visualization and separation
of the pages for inspecting the writings or drawings on the
paper. This is also mentioned in a related work of Albertin
et al [8], [9]. Not only that the rather thin pages are stacked
together in a very small area (sometimes more than 100 pages
per cm) and squeezed together at many points, but they are
also wavy and the writings have a higher absorption than
the paper. Without a proper volume processing, it is hardly
possible to investigate the delivered output. Fig. 1 shows the
center slice of our generated volume where the green lines
denote air gaps between two neighboring pages and the orange
circle showing a part of a letter. Seals et al. showed that
using the Structure Tensor performs well for scrolls [10] but
it has not been tested on book structures yet where pages are
squeezed together and not rolled up. Additionally, a drawback
of this method is that the user needs to manually set initial
seed points along the scroll and correct them if the calculation



does not provide a valid estimate of the local surface normal.
In an earlier work, we already presented an approach where
the user had to set two points on a single page resulting in an
extraction of only this selected page [11]. The algorithm of
this work is based on this algorithm.

Our contributions in the paper are:

1) We present a fully automatic algorithm with low com-
putational time capable of extracting the entire pages of
a book without the need of any user interaction or prior
knowledge. The pages are mapped to 2-D such that the
writings can be investigated by the naked eye.

2) We adopt an algorithm used in medical imaging to our
case of the book pages. Taking a look at the sectional
view of the volume’s zz-layer, as shown for example
in Fig. 4, reveals that the pages look like small vessels.
This characteristic is utilized by replacing the Structure
Tensor with the Vesselness filter defined by Frangi [12],
[13]. The method is normally used in medical imaging
to segment blood vessels by modeling the vessel as a
curved surface.

3) We show that our approach is efficient by applying the
developed algorithm to an extreme case. Our scanned
book has small paper thicknesses down to 2 — 3 pixel
per page, wavy pages, overlaps as well as fully and
partially ink-saturated paper. As we used a pressboard
holder to squeeze the pages, the noise level and artifacts
were increased.

It should be further mentioned that the identification of the
writings itself is not part of this work. However, we present
a way of post-processing the 2-D mapped output to reduce
noise and artifacts while simultaneously increasing the edge
informations of the writings.

II. MATERIALS AND METHODS
A. The Book Model

The used book consists of ten pages of handmade paper,
each with a thickness of about 200 um. Letters of different font
sizes, line thicknesses and paper saturations have been written
on the pages with a quill. The height of the letters range from
lcm to 2.5cm. To enable a scan, the pages were put in a
pressboard holder. Fig. 7(a) and Fig. 7(b) show two pages on
which we will concentrate for the following investigations.

B. CT Scan Trajectory

For this work, we used a micro-CT system consisting of a
X-ray source and a detector. For the scan, an X-ray energy of
70kVp and a detector pixel shift of 74 ym was configured. The
object is placed centered on a turntable. A 360° circular scan
is driven with 2400 projections and an exposure time of 1s
using cone-beam geometry. The book model was positioned
upright as shown in Fig. 2 and the y-axis denotes the axis of
rotation.

C. 3-D Reconstruction

For the reconstruction, the commonly used FDK algo-
rithm [14] consisting of three major steps — cosine weighting,
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Fig. 2. Experimental setup for the 3-D CT scan. The rotation axis is the
y-axis of the book.

ramp filtering and back projection — was applied. With the
large number of projections used, the algorithm should be
accurate enough. The voxel size of the generated volume was
64 um? resulting in a mean page thickness of about 3 — 4 pixel
which is sufficient for the presented extraction algorithm. With
the used parameters, the scan and reconstruction time was kept
relatively low (about 1.5 hours in total).

D. Volume Processing Pipeline

All calculations were performed with the CONRAD frame-
work for cone beam geometries [15]. The volume processing
pipeline exists of three major steps — binarization, page
segmentation and texturing — which will be discussed in the
following sections. Fig. 3 demonstrates the entire process steps
after the 3-D X-ray volume has been acquired. The binariza-
tion process is denoted by blue boxes, the page segmentation
by green and the texturing and final output by orange boxes.

1) Volume Binarization: As a first step, a 2-D guided
filter [16] resulting in Vg (guidance equals input image,
r = 0.5, ¢ = 0.01), is applied on each slice of the acquired
X-ray 3-D volume V to enhance the gaps between pages
such that a better separation between air and page is possible
while simultaneously denoising flat patches. Afterwards, a 2-
D Vesselness filter is applied on the zz-layer (Fig. 4) with
1 denoting a specific slice with K number of slices. The
original Vesselness approach performs three subsequent steps
to calculate a resulting probability map of the vessels. The
first step is to calculate multiple Hessian matrices of each
slice with different scales of the Gaussian filter G(z,s). We
can simplify this approach with the prior knowledge that the
diameters of the pages are approximately constant such that the
initial guided filtering is sufficient. This reduces the original
multi-scale approach to a single-scale approach. For this case,
the 2-D Hessian matrix is calculated by Eq. (1), where [
denotes the guided filtered xz-slice image. To suppress noise,
we apply a 2-D anisotropic Gaussian filter (Eq. (2)) on every
matrix element with o, = n- o, with (n > 2) since we know
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Fig. 3. Complete volume processing pipeline for automatic page extraction.

Fig. 4. Sectional view of the volume’s zz-layer showing the ten pages.

that the page is supposed to move along the z-axis and is
rather thin in y-direction.
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The 2-D Vesselness measures are defined by Eq. (3) and
Eq. (4), where A1, and )y denote the descending eigenvalues
of the Hessian matrix. These eigenvalues are used to describe
the structure of the image at a certain area as they indicate
the principal directions of the image’s second order structure
leading to the smallest curvature along the page. The structure
can be plate-like, blob-like or tubular-like. Eq. (3) is the
blobness measure and is close to O in case of a page. S will
become larger since at least one of the eigenvalues will be

large.
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A good page (or vessel) in 2-D is defined by evaluating Eq. (5).
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Vyes is the final probability map for the pages where 8 and ¢
are control parameters (5 = 0.5 and ¢ = 4). A small median
filter (radius = 1) is applied to remove outliers. Next, the
binarization is performed. Therefore Eq. (6) is evaluated for
each pixel p in I. The pixel in the binarized slice Iy;, is set

Fig. 5. The left part shows the snippet of the xz-slice in Fig. 4 after applying
the Guided and Vesselness filter. The right part shows the page separation after
applying the proposed algorithm. The red line is the new air gap and the blue
dots are the touching points of the two pages verifying the gap.

to 1 if the Vesselness measure [, s is greater than 0.1 and
the value in the original slice I is greater than 30 % of the
maximal gray value.

1, if Iyes(p) > 0.1 A I(p) > (0.3 - 255)
0, otherwise

Iyin(p) = { (6)
The following step is used to separate the pages automatically.
The mean page thickness ¢, is estimated by iterating through
all zz-slices while simultaneously estimating the mean number
of pages N. Afterwards, the pages are separated column-wise.
If the thickness of a page is greater than 125 % of the mean
thickness, the page is split in the center. If the page thickness
is greater than 2-t,,, the page is split twice at 33 % and 66 %.
To improve this method, the split is only applied if two pages
intersect in the neighborhood of the new line of intersection.
The approach is visualized in the right part of Fig. 5 showing
the page after applying the algorithm. The page is separated
in the center because the pages intersect in the neighborhood
(blue points) of the newly generated line of intersection (red
line).

2) Page Segmentation: The page segmentation consists of
two major steps that are repeated until the stop criterion is
reached. First, for each zz-slice of the binarized volume, every
column where the counted pages are different to N is saved
in a list. This results in K lists of corrupted columns. The
total number of corrupted columns e is saved. Next, for each
entry in a list, the nearest slice is searched where the specific
column was identified correctly. The column in the corrupted
volume is replaced by the found column. This step is repeated
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Fig. 6. Texturing along the centerline of the page. The normal (green) on
the centerline (orange) is calculated for each point p. The maximal value
along the normal of the centerline is considered as resulting intensity value
at p. The black area is air, the gray area is the page and white is ink. The
standard procedure of straight filtering along the z-axis could lead to error-
prone mapping which is denoted by the blue arrows.

for every list entry and all slices /. The second step lies
in the application of a 2-D median filter on the volume in
(x,y)—direction with a radius of 5. This smooths the pages
and removes outliers. The corrupted columns correction and
median filtering steps are repeated until the newly calculated
€mn 18 greater or equal than the previously calculated €,, 1
where m denotes the number of iterations:

€m — €m—1 > 0 — stop 7

3) Texturing: The texturing step takes the approximated
pages from the page segmentation as input. With a standard
straight maximum value filter along the z-dimension of the
volume, wavy pages are not sampled properly. Our approach
takes the separated pages, extracts them and calculates their
specific centerlines for each slice K. Next, the normal at each
point p of the centerline is calculated. We sample along the
normal, save the maximal value since ink appears brighter than
paper in the X-ray volume and set it as intensity at p of the
2-D page. Fig. 6 shows an example for the improvement with
the proposed method for a small part of the page. The blue
arrows denote the insufficient standard procedure, where the
maximal value is searched along the z-direction. The left ink
sport is found (left blue arrow), because the page is flat at that
image part but as the page gets curved the ink spot is missed
(right blue arrow). Sampling along the normals (green arrows)
of the centerline (orange line) hits the ink spots even in the
wavy page part. This process is repeated for all pages leading
to the 2-D mapped result of the pages, where the writings can
now be investigated.

E. Page Post-processing

The 2-D page output tends to be noisy and has streak arti-
facts which is caused by the relatively low used X-ray energy.
To counter this we applied a Guided filter. This enhances the
writings’ edges and smooths the flat patches. Additionally,
unsharp masking [17] is applied to sharpen the image and
further increase the contrast at the intensity transitions.

III. RESULTS

The acquired X-ray volume has a size of 1050 x 980 x
90voxel. The calculation times for all steps of the pro-
cessing pipeline is shown in Table I. Thresholding and the

TABLE I
CALCULATION TIMES FOR THE PIPELINE PROCESSING STEPS. THE PAGE
SEGMENTATION WITH 24 ITERATIONS HAS THE LONGEST COMPUTATION
TIME. THE COMPLETE PROCESS OF THE AUTOMATIC PAGE EXTRACTION
TOOK APPROXIMATELY 6 MINUTES.

Step Time [s]
Guided Filter 26.83
Vesselness Filter 55.16
Threshold 0.50
Overlap Separation 0.37
Page Segmentation 243.71
Texturing 9.22
Post-processing 3.82
Total 339.61

TABLE II

NUMBER OF CORRUPTED COLUMNS € AFTER m ITERATIONS AND
PERCENTAGE OF THE TOTAL NUMBER. AFTER 10 ITERATIONS THE
OUTPUT DIFFERS ONLY SLIGHTLY.

Iteration n ~ Number of Corrupted Columns € € [%)]
1 289011 28.30
2 9692 0.94
10 3081 0.30
20 2791 0.27
23 2752 0.27
24 2756 0.27

overlap segmentation are the fastest steps with computation
times lower than 1second. Also the texturing is quite fast
with 0.92 seconds per page. Guided filtering (pre- and post-
processing) and the Vesselness filter are still below 1 minute.
The page segmentation process took the longest computation
time of approximately 4 minutes. This is caused by the
number of performed iterations. In total, 24 iterations were
performed until the new number of corrupted columns ¢, was
greater than the old number €,,_;. This results in approxi-
mately 10 seconds per iteration. When looking at Table II one
can obtain that € does not change a lot after iteration 10. To
further reduce the computation time, we set a threshold o and
defined that the algorithm should stop when the difference
between the new and old number of corrupted columns is
below that threshold:

€m — €m—1 + a > 0 — stop )

After setting a threshold of 50 columns, the page segmen-
tation stopped after 10 iterations with a computation time of
107.05 seconds. The results of the two segmentations were
compared to each other having a f1-score of 0.996 meaning
that the segmentations differ only slightly. Finally, the 2-D
mapped Page 1 and Page 7 are shown in Fig. 7(c) and Fig. 7(d)
and the post-processed versions in Fig. 7(e) and Fig. 7(e).
Within this work we only showed two exemplary pages out
of ten, however, all ten pages where extracted properly.
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(d) 2-D Mapped Page 7

(e) Post-processed Page 1 (f) Post-processed Page 7

Fig. 7. Top row: Original pages of the book model notated with letters written with iron gall ink and a quill. Center row: Extracted and 2-D mapped pages
of the 3-D reconstructed X-ray volume after applying the presented algorithm. Bottom row: Post-processed extracted and 2-D mapped pages.



While within the original volume shown in Fig. 1, where
only the 'L’ could be partly seen (orange circle), the 2-D
mapped result shown in Fig. 7(f) of this page shows all letters
when taking a closer look. It should be mentioned, that the
aim of this work was to extract and 2-D map all pages.
The identification of the writings is not part of this work.
Therefore, more work on the scan parameters has to be done.
However, letters where the ink deeply penetrated the paper
can be easily identified with the naked eye. Writings with
insufficient ink saturation appear ghost-like like in Fig. 7(d)
and Fig. 7(f) caused by the well-know partial volume effect
in CT. Applying the post-processing filters removes artifacts
and noise significantly providing a good basis for further letter
identification algorithms.

IV. CONCLUSION AND OUTLOOK

We think that using micro-CT scanners is a highly
promising approach for the digitization of historical
documents that can not be touched or opened any more.
We developed a fully automatic algorithm to extract and
2-D map all book pages from a 3-D X-ray CT volume
(size = 1050 x 980 x 90 voxel), acquired with a micro-CT
system, used for material testing. We were able to identify
writings on each without opening the book. The algorithm
works robustly and efficiently without the need of any user
interaction or prior knowledge. All pages of our book model
could be extracted properly within approximately 6 minutes.
Setting a threshold within the segmentation reduced the
total computation time to 4 minutes. We showed that our
algorithm is robust to work even on wavy pages, having a lot
of spots where the pages were squeezed together. The pages
were rather thin having a thickness of about 200 ym resulting
in a diameter of approximately 3 — 4 pixel. The algorithm
can easily be adapted to other imaging modalities and also
to other problems where the segmentation of thin lines has
to be done. Although we were able to identify letters on the
pages of the closed book, we were not able to visualize all
writings of the pages. The reason for this is that the scan was
not optimal and the used pressboard holder also influenced
the measurement. Please note that the identification of letters
was out of the scope of this paper. Instead we proposed an
algorithm that can extract and visualize the pages without
any user interaction.

In future, we want to find an optimal trajectory and parameters
for the 3-D micro-CT scan. For example, we need to figure
out which slice thicknesses are appropriate for given ink
saturations to counter the mentioned partial volume effect.
This could be achieved by creating a phantom with increasing
ink saturations. We also want to evaluate the best fitting
3-D reconstruction algorithm for the book scan. Due to the
rather low used X-ray energy, the volume is affected by many
artifacts. Using iterative reconstructions such as SART [18]
or TV-based methods [19] could be improve the results.
Afterwards, we want to test our algorithm on real historical
documents and extend it so that it works with scrolls. Given
a correctly extracted page, we want to focus now our work

on the identification of the writings and evaluate different
modalities such as different paper, or ink.
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