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Abstract—Historical parchment scrolls are fragile, and prone
to damage from a variety of causes such as fire, water, and
general mistreatment. Consequently many of these scrolls cannot
be unrolled, so that their contents have remained hidden for
centuries. To overcome these difficulties, we have developed a
method of segmenting X-ray tomographic scans of parchment
which enables a ‘“‘virtual unrolling” of these documents. After an
initial segmentation we link the broken layers of the parchment.
Then, junction sections are extracted from the boundaries of
the parchment. Subsequently, we find the fused regions which
are formed by layers stuck together, and separate them into
several layers by reconstructing the missing boundaries using
parallel connecting curves. Experiments on the fifteenth century
Bressingham scroll validate the effectiveness of our segmentation
method.

Keywords—X-ray, parchment, parallel curve, flatten.

I. INTRODUCTION

Much of the valuable historical information of the western
world is recorded on parchment, which is made from limed
animal membrane that has been processed to be smooth and
flat [1]. However, over hundreds of years, the layers of the
scrolled parchments have become brittle and may also get
stuck together, as demonstrated in Fig. 1. The parchment scroll
in Fig. 1 is the Bressingham scroll, which is an account
from the manor of Bressingham, dated 1408-9 (NRO, PHI
468/5) [1]. The records on the scroll include: the income of
the lord from the manor and his expenditure, profits from
holding the manor court, sales of underwood, and leasing out
the fishing rights. The width of the scroll measures around
270 mm. The total length of the scroll is unknown, as it is
impossible to unroll completely: at approximately 100 mm
from the start of the parchment the scroll has become fused
together. The fusing of the scroll is most likely to have
been caused by exposure to moisture and damp storage. Any
attempt to physically unfold the parchment document will lead
to delamination of the surface of the parchment causing an
unacceptable level of damage.

Digital document restoration technology initiates new
methods for recovering and reconstructing those documents
and information which cannot be accessed physically. This
technology has been an extremely active area of research
in recent years. So far, much attention has been paid to
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the analysis of regular photographic images of historical
documents and three-dimensional reconstruction and virtual
flattening of deformed but non-scrolled parchment documents.
3D reconstructions of documents can be grouped into three
different classes [2]: single-image methods, which reconstruct
the shape of a document based on their geometric and shading
information [3], stereo-image methods, which restore the 3D
surface of document by stereo images [4], and structured-light
scanning methods, which calculate the 3D shape of a document
with a structured-light scanner [5]. Based on the restored 3D
surface, many surface parameterization methods [6], [7] were
proposed to find a mapping from document surfaces to planar
domains with minimum distortion, which tackle the problem
of recovering the original flat shape of distorted documents.
Current efforts have provided a new level of accessibility to
many valuable literary works. However, such methods cannot
cope with parchments which cannot be physically unrolled.
Virtual unrolling is required for such documents, though only
very few results have been reported.

Recovering the information written on a fragile parchment
scroll is a difficult task since the characters are wrapped
inside the parchment, thus cannot be photographed by normal
cameras. Therefore non-interventive methods were researched
based on X-ray microtomography (XMT) [8] scanning and
virtual unrolling [1]. XMT is a miniaturised version of medical
human body CT scanning, designed to look at specimens much
smaller than the human body, with a resolution in the region
of microns, and the X-ray absorption contrast is strong for iron
gall ink, which is the most commonly used ink in Europe be-
tween the 12th and 19th centuries. However, no commercial or
research X-ray tomography scanners were capable of providing
the high quality of scan image of scroll. In recent years Queen
Mary University of London (QMUL) developed high contrast,
high dynamic range XMT scanners, which allow the imaging
of the small differences in X-ray absorption between inks and
the parchment they are deposited upon. As long as the ink
contains some metal and the parchment is not very heavily
limed, it can successfully visualise the ink and potentially
recover text (Fig. 2), which makes it possible to digitise and
decipher the information in scrolled parchments [1] [9] [10].

The physically fused region, i.e. where there is no actual
separation between the layers as shown in Fig. 2, makes
the processing of parchment scrolls more challenging than



traditional deformed documents. Therefore the separation of
parchment layers is the major problem for parchment scroll
restoration [11] [12]. Some widely used image segmentation
methods, such as snakes [13] [14] and max-flow-based graph
cut [15] [16], are not effective for this problem because
while they can effectively differentiate between the foreground
and the background, they cannot recognise fused regions and
separate them into parchment layers.

Samko et al. proposed a novel graph cut method with
a shape prior in order to extract the parchment layers from
the image. They then recreated the missing boundaries in the
fused region from the boundary of the opposite side of the
same layer or the closest preserved boundary [11] [12]. The
shape-prior-based graph cut will thin the parchment layers,
thus providing much fewer inter-layer connections between
two layers. However, if the parchment layer is relatively thin
(Fig. 2), the graph cut is likely to fragment the layers, which
may have been complete, into many small parts, so this method
cannot cope with the Bressingham scroll.

Mocella, et al. reported a method to reveal various letters
hidden inside the carbonised papyrus scrolls, which were
buried by the eruption of the Mount Vesuvius in 79 AD and
discovered 260 years ago at Herulaneum, using X-ray phase-
contrast tomography [17]. Because the ink on the scrolls never
penetrated into the fibres of the papyrus, but sat on top of them,
X-rays passing through the ink sections are slightly distorted,
or slowed down relative to the X-rays passing through the
papyrus. Measuring “phase contrast” can produce very detailed
information of its internal structure. This method is able to
reveal several Greek letters hidden in the mangled and charred
scroll, but cannot restore the content written in the scroll.

In this paper, we present a new method to address the
separation of parchment layers for virtual unrolling of parch-
ments. The parchment image is first segmented using the
Otsu thresholding algorithm [18], and then the foreground is
processed by three main steps: layer connection, refinement of
segmentation, and skeleton connection. The first step connects
the broken layers of the parchment by a strip with the width of
parchment layer. At the next step, we find the fused regions and
separate them into parchment layers on the basis of the shape
information of parchment slice. Sometimes, the parchment
layer is so thin that it is likely to be cut off by our segmentation
method. Thus in the last step, we extract the skeletons of
the layers and link the skeletons which should belong to one
layer. We give details of these steps in the following sections,
followed by experimental results and discussions.

II. LAYER CONNECTION

Some areas of the Bressingham parchment have become
scuffed and delaminated, so that in the X-ray slice the parts of
the layers corresponding to those areas are missing. A typical
example is shown in Fig. 3. In this section, we will link the
broken parchment layers by a strip with the width of parchment
layer. It can be seen from Fig. 3 that the two layers which
should be linked together must have two endpoints which are
very close to each other, and also around two such endpoints
the two layers have similar trends. These two properties enable
us to recognise the layers which should be linked. We first
extract the skeleton of the parchment, and then eliminate all
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Figure 1.

The Bressingham scroll, which cannot be physically unrolled.

spur points. Figure 4 depicts the skeletons of the two layers
which should be merged. On account of the two properties as
well as the fact that linking endpoints should not intersect
with the existing parchment, two endpoints p; and po are
potentially linked if all of the following are satisfied: i) the
direction vectors v; and v, respectively at p; and ps have an
intersection angle larger than a threshold value (we set as 60°),
ii) pp is close to po, and iii) the line segment connecting p;
and py should not intersect with any existing parchment.

Accordingly, given the list of r endpoints, an r X r matrix
M is used to record the cost of connecting a pair of endpoints,
defined as the length of the line segment connecting these
endpoints if they can be linked, and infinite otherwise. We use
a greedy approach and repeat the following process until no
further link can be made. We take the minimum element of
M, assuming it is M(u,v). If M(u,v) is not infinite, we link
the endpoints p, and p, by a line segment with the width
of the parchment layer, and then eliminate the wuth row, vth
column, uth column and vth row of matrix M. The algorithm
ends when the minimum element of M is infinite, which means
that there are no remaining endpoints to be linked. The linking
result of Fig. 3 is illustrated in Fig. 5.

Figure 2.
Bressingham scroll. The bright spots are ink.

One of the X-ray images showing a cross-section of the



Figure 3.

The layers of the parchment are broken in many places.
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Figure 4. The description of two layers which should be linked.

III. REFINEMENT OF SEGMENTATION

In this part we aim to separate those fused regions into
several parchment layers. The main steps of our segmenta-
tion refinement include junction point detection, fused region
detection, parallel curve generation and missing boundary
reconstruction.

A. Junction Point Detection

A junction point is a point which has large curvature, and
we can use a purely geometric approach to detect junction
points. Given a point pg on the boundary, we take n pix-
els {p_n,p—nit1,...,p—1} from the left neighborhood on the
boundary of pg, and then take n pixels {p1,p2,...,pn} from
its right neighborhood on the boundary (we set n = 15). If
the intersection angle of vector pop,, and pop—_,, is less than a
threshold value (set as 120° in our algorithm), the point pg will
be considered as a junction point. Figure 6 demonstrates the
process of junction point detection and all detected junction
points. It can be seen in this figure that some junction points
are adjacent along the boundary, so that they form junction
sections.

B. Fused Region Detection

A fused region is formed by some parchment layers merged
together. As long as the fused regions are detected, the stuck
layers can be immediately recovered by separating the fused
regions. In fact, the junction sections are caused by fused
regions, so a fused region must contain the middle point of at
least a junction section. Given a binary image of a parchment
slice (Fig. 7(a)), we connect the two endpoints of each junction
section by a line, and then cut off along this line the region
where the junction section is located. Now the binary image

Figure 5. The result of connecting the broken layers present in Fig. 3.

has been separated into some small regions, as shown in Fig.
7(b). Consequently, the fused regions are the unions of those
small regions which contain the middle points of junction
sections (Fig. 7(c)).

C. PFarallel Curve Generation

After detecting all fused regions, we will separate the fused
regions by linking two junction sections with a curve parallel to
the closest preserved boundaries to the two junction sections.
In this part, we will describe a parallel curve generation
method for linking two points by the curve which is most
parallel to another curve.

Assume that c is an arbitrary curve and p,, p. are two
arbitrary points in the plane, whose coordinates are (x,,y,)
and (x.,y.), as shown in Fig. 8. Our aim is to link p, and p.
by a curve which is as parallel as possible to curve c.

First of all we approximate the curve c by an n-sided polyg-
onal curve. The direction vector of each side of the polygonal
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A junction section

Figure 6. Some junction points adjacent along the boundary gather together
and form a junction section.



curve is represented as (a;, b;), i = 1,2,...,n. Suppose that
the curve connecting p, and p. can be approximated by an
n-sided polygonal curve too, the direction vector of whose
each side is denoted as (z;,y;), i=1,2,...,n, as illustrated in
Fig. 9. Therefore, the fact that the curve which links p, and
Pe 1s the most parallel to curve ¢ is equivalent to the fact
that the polygonal curve which links p, and p. is the most
parallel to the polygonal curve which approximates curve c.
Consequently, we obtain a cost function which has following

form
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Equation 1 can be rewritten in matrix form
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Figure 7. Detection of fused regions. (a) The binary image of a parchment
slice. (b) the separated binary image. (c) The detected fused region.
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Figure 8. A arbitrary curve c and two arbitrary points p, and pe.
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Figure 9. ¢ and the curve connecting p, and p. are approximated by a
n-sided polygonal curve.

where 3 is the vector of Lagrange multipliers. Equation 3 leads
to the following form

AX +P - AT =0 @
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As the result, we have
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Expanding Eq. 5, we finally get
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Figure 10 shows a result of our linking method. Here the
black curve is an arbitrary curve; the two green points are two
arbitrary points, and the red curve is to connect the two green
points and be as parallel as possible to the black curve.

lATM. (6)
n

D. Shape Energy Calculation

In this part we discuss a method of calculating shape
energy of the parchment layers, which will serve the boundary

Figure 10. The red curve connects the two green points, while being as
parallel as possible to the black curve.



reconstruction later. The shape energy of a point in a parchment
layer reflects the closeness of the point to the layer boundary.
The closer the point is to the layer boundary, the lower the
shape energy of the point is. Given the parchment thickness
m, we define shape energy on the transverse direction ¢ of a
layer to be a Gaussian function, as shown in Fig. 11.

On the condition that there are interlayer connections
between some layers, the shape energy on the transverse
direction ¢ of the connected part of those layers should show
the same trend as is demonstrated in Fig. 12.

Thus, given d, the perpendicular distance of each pixel z
in a layer to its closest boundary, the energy function has the
following form

(do — 251 m)?
E(x)=e 202 , 7
where k is the parchment layer counter, k = 1,2,3..., and d,,
and m meet the following constraint
(k—1)m < d; < km, 8)

o is the parameter which we estimate as ¢ = m/3, so that
almost 99.7% of the energy of Gaussian function will lie within
the layer. A result of shape energy calculation is shown in Fig.
13. It is evident that the shape energy reaches its peak in the
middle of layer, and diminishes progressively from the middle
of the layer towards the boundary.

E. Missing Boundary Reconstruction

In this part, we describe our method for recreating the
missing boundaries. Provided there are % junction sections
in the image, we initialise a k x k cost matrix W with
each element as infinite. Then we find the closest preserved
boundaries for each junction section as follows. As depicted in
Fig. 14, given a junction section R;, whose two endpoints are
l; and r;, a line which passes through [/, and r; meets the left
closest boundary at m; and the right closest boundary at n;,
then these two closest boundaries on two sides of R; are the
closest preserved boundaries of R;. Topologically, two junction
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Figure 11. Shape energy on the transverse direction t of a layer is a Gaussian
function.
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Figure 12. The trend of the shape energy in the interlayer connections
between several fused layers.
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Figure 13. The shape energy only computed within the segmentation mask.

sections may be matched only if they are located on different
boundaries but on the same fused region, as illustrated in Fig.
7. If two junction sections which are in different boundaries
and in the same fused region have the same closest preserved
boundary, we will check whether their middle points may be
linked to reconstruct missing boundaries.

Providing that there exist two junction sections R; and
R;, © > j, which are on different boundaries but in the same
fused region, and have the same closest preserved boundary
(Fig. 14), the two intersection points m; and m; respectively
corresponding to R; and I%; separate L into two parts, which
are represented by the solid line and dot line respectively in
Fig. 14. We only take into account the part which completely
lies between the two lines m;l; and mjl;, that is, the solid
part in Fig. 14.

First of all, we use the solid line part to generate a curve
@ which connects the middle points of R; and R; by the
method in section III.C, and then check whether () intersects
the existing boundaries at any places other than R; and R;. If
not, there is a possibility that the region between R; and R; is
an interlayer connection, so we calculate the energy between

Figure 14. Two junction sections on different boundaries but in the same
fused region have a same closest preserved boundary.



R; and R; along curve () by the following form.

g .
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where ¢ denotes the pixel of (), g is the number of pixels in
@, and F is the shape energy calculated by Eq. 7. In Eq. 9, the
first term é >9_, E(xs) measures the mean shape energy of

Q, and the second term 1— % reflects the similarity
isMjly

of the distances from R; and R; to their closest preserved
boundary. The more similar the distances from R; and R;
to their closest preserved boundary, the less this term. A is a
parameter which specifies the significance between these two
terms. If H < W (i, j), we will set W(i,j) = H.

After we apply the above method to all possible pairs of
junction sections, if the minimum element of W is not infinite,
we will separate the fused region along the parallel curve
linking the middle points of R, and R,, which corresponds
to the minimum element W (u, v) of W, u > v. Subsequently
we eliminate the uth row, vth column, uth column and vth row
of matrix W, then update the already existing fused regions
and let the algorithm begin all over again. The algorithm will
terminate when the minimum element of W is infinite, which
means that there are no junction sections to be matched, or
there is a single boundary in the image. Figure 15 illustrates
a segmentation result of our algorithm.

IV. SKELETON CONNECTION

After finishing segmentation, we need to extract the skele-
ton of the parchment layer for virtual unrolling. However,
sometimes some parts of the parchment layer are too thin
to provide sufficient single pixel edges for our segmentation
algorithm, then our segmentation algorithm will eliminate such
very thin parts to guarantee the junction section detection
and missing boundary reconstruction. The skeletons of these
broken layers will mislead the virtual unrolling method to
generate a wrong result. Thus before virtual unrolling, we
need to link the skeletons of the layers which are mistakenly
broken. The linkage method is similar to the method of missing
boundary reconstruction in section IIL.E. Figure 16 illustrates
the effect of our skeleton connection.

V. EXPERIMENTS

We demonstrate the performance of our segmentation
method to real parchments, which vary in size and complexity.
The data were acquired through tomographic development in
the School of Medicine and Dentistry at QMUL [11]. We test
our algorithm on a desktop PC with a 2.27GHz processer.

The first scroll is a small relatively simple example (430 X
430 x 760 pixels) to test our algorithm. The largest fused
region in this parchment consists of three layers, and each
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Figure 15. The result of our segmentation for parchment slice. (a) A fused
region in the original image. (b) The segmentation of the fused region.
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Figure 16. Skeleton connection. (a) The segmented parchment slice. It can be
seen that a layer is mistakenly broken. (b) The skeleton image of the broken
layer. (c) The linked skeleton provided by our algorithm.

layer is about 14 pixels wide (m = 14). It is in fairly good
condition because it has relatively thick and even layers and
the layers are complete. Accordingly we set A = 0O in this test.
Figure 17 illustrates the stages of our segmentation method. It
can be seen that all the fused regions are correctly separated
into several layers. Because the segmentation results for all the
slices are quite similar, the example in Fig. 17 represents the
performance of our algorithm for the whole data set.

In order to verify the correctness of our segmentation
method, we extract the skeleton line from each of our seg-
mentation results, and then use them to flatten the parchment
scroll by the method [12] to recover the text written on
the parchment. The flattening result is illustrated in Fig. 18.
There are visible letters on the virtually unrolled parchment,
demonstrating the effectiveness of our method.

The next parchment is the Bressingham scroll, which is
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Figure 17. The result of our segmentation method to a parchment. (a)
The original image. (b) The foreground extracted by Otsu’s method. (c) The
segmented parchment by our method. (d) A close-up view of a fragment. (e)
Skeleton image.




much more complicated than the first small one. The part
of the parchment being processed in this work consists of
1500 frames, with 1256 x 816 pixels in each frame. The
largest fused region is comprised of more than six layers. In
addition, not only are the layers uneven, but also they are
split into many parts. The average thickness of the layers is
only about six pixels. Furthermore, there exist some artifacts
in some frames, which probably resulted from the laced
plastazote enclosure which was used to safeguard the scroll
during transportation from the archive to QMUL and during the
scanning processes [1]. All of these pose a serious challenge
to the segmentation for this parchment. Because the layers are
too thin, we resize the image to double the original width and
height before processing. We set m = 11, and A = 1 for this
data. Figure 19 demonstrates an example of the segmentation
of Bressingham scroll. Figure 19 (a) shows the original image.
The foreground extracted from Fig. 19 (a) is shown in Fig. 19
(b). It can be seen that there exists some artifact above the
parchment and the parchment layer is broken near the centre.
First of all we link the broken layer together, as shown in Fig.
19 (c), then segment the slice by our segmentation method
(Fig. 19 (d)). Figure 19 (e) illustrates some fragments of Fig.
19 (d), which indicates that the fused regions are correctly
divided into several layers. Figure 19 (f) shows the skeleton
of the parchment extracted from Fig. 19 (d). In this figure,
the skeleton is complete and no noise or spur points exist. To
sum up, it can be concluded from Fig. 19 that our algorithm
is effective to deal with the complicated parchment.

Figure 20 and Fig. 21 illustrate the Bressingham scroll
virtually flattened on the basis of our segmentation result.
Because the unrolled parchment scroll is so long, we just
show some typical parts of the whole scroll, which can be
representative of the whole one. In Fig. 20, the right image is
the photo of the visible part of the Bressingham scroll, and the
left image is the recovery of the same section by our algorithm.
It is clear from comparison that the characters deciphered from
the parchment are correct and legible enough, although the
parchment has many layers broken and stuck together. Thus
Fig. 20 and Fig. 21 are strong evidences that our method can
correctly segment the parchment scroll for virtual unrolling.

VI. CONCLUSION

In this paper we present a novel method for segmenting the
X-ray images of parchment scrolls for virtual unrolling. First,
we connect the layers of the parchment which are broken.
Second, the junction sections are detected from the edge map
of the parchment. Subsequently, the fused regions are found
and separated into several layers by means of the missing
boundary reconstruction and parallel curve connection. The
experiments indicate that our method is capable of segmenting
a challenging historical parchment — the Bressingham scroll —
and can make the physically unopenable scroll readable.

Figure 18.

The revealed text from the small parchment.
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Figure 19.
(b) The foreground extracted from the original image. (c) The broken layer is
connected. (d) The segmented image. (¢) Some scaled fragments. (f) Skeleton.

Segmentation for Bressingham scroll. (a) The original image.
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