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Abstract This paper presents a framework for the
digitisation, extraction, and graphical representation of
paper-based watermark designs embedded in paper tex-
ture: there is a growing need for this among librarians
and antiquarians to aid with classification and preserva-
tion. The system is designed to handle manuscripts with
foreground interference and defects; it uses a back-light-
ing scanning technique combined with image processing
operations rather than radioactive techniques. Hence,
it is faster, cheaper, safer, and easy to use. The sys-
tem prototype includes a set of image processing oper-
ations which enhance, filter, and extract the watermark
shape, and automatically convert it into a graphical rep-
resentation. The paper focuses also on automated pro-
cesses which determine the configuration of parameters
in order to allow optimal content processing, in addi-
tion to the detection of watermark chainlines. With a
machine readable graphical representation of the water-
mark, cataloguing and indexing of these heritage
resources can be enhanced with the ease of digital con-
tent retrieval functionalities exploiting the advantages
of digital technologies such as distribution and preser-
vation.
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1 Introduction

The production of paper watermarks was initiated over
700 years ago by papermakers in Italy; the oldest known
watermarked paper was produced in 1292, originating
in Fabriano [9]. Watermarks quickly spread through
Italy and then over Europe. The original purpose for
adding watermarks into the papers was to recognise
the papers produced by specific workmen so they got
paid [1], then it was used to specify the paper brand.
Later, it was used to indicate paper formats and
quality.

Papers were often made with two different moulds
with two watermark designs that were very similar (but
not necessarily identical), and hence watermarks are
generally twins [17].

Nowadays, paper-based watermarks are considered
important artefacts, because they identify paper owners
to protect their intellectual property rights. It is also used
for authentication to protect important documents such
as bank notes, passports, entry tickets, etc. from forg-
ery and theft. It could also be used to help tracing and
studying old documents and artefacts to provide plau-
sible historical relationships and background informa-
tion. Watermarks in paper have attracted a wide range
of interests from researchers for centuries. Watermarks
designs not only available in several different forms but
also dynamically change over time. This has introduced
some complications that have hindered more system-
atic study of the artefacts which are decaying over time
because of natural processes. Furthermore, there exist
foreground interference (e.g., writing on front and back)
and background interference (e.g., paper defects such as
folding) which may overlap and obstruct the watermark
pattern.
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Due to the natural decay of paper materials,
digitisation has been widely applied as one of the pres-
ervation approaches to keep a visual record of the arte-
facts, by creating a digital copy of the paper materials.
However, current processes do not normally capture
the complete representation—typically, are only con-
cerned with the paper surface. There is hidden ‘visual’
information, particularly the embedded watermark in
the paper, which is not being digitised and may be lost
forever. Digitisation guidelines and best -practises are
available from many important projects, such as the
Pulman (http://www.pulmanweb.org), Minerva (http://
www.minervaeurope.org), and MUSICNETWORK
(http://www.interactivemusicnetwork.org).

In order to classify different paper materials, includ-
ing watermarks, the International Association of Paper
Historians (http://www.paperhistory.org) created taxon-
omy of terms for describing the components of laid
paper, including the watermark.

This paper illustrates a methodology to extract paper
watermarks. The main focus in this project will be on the
digital acquisition, and automatic processing and anal-
ysis of watermark patterns, exploring beyond the paper
surface data to extract and trace the watermark design,
and to create its digital representation for long-term
preservation and wider accessibility.

This paper is structured in five sections. Section 2
provides a brief background and related work, Sect. 3
discusses the stages of our proposed system with results
taken from various system stages, Sect. 4 illustrates and
discusses more results, and Sect. 5 gives conclusions
drawn from the research, and discusses a number of
future plans and work in hand.

2 Related Work

There are various existing approaches to extract paper
watermarks: manual tracing; photosensitive paper
‘Dylux 503’ [1]; ilkley; phosphorescence watermark
imaging [11]; transmitted light photographs or ‘back-
lighting’; and beta-radiography [2].

Manual tracing is a time consuming and highly sub-
jective task.

Photosensitive paper, back-lighting, ilkley, and the
phosphorescence watermark imaging are time saving
techniques. However, these techniques do not remove
any interference (e.g., the ink of the writing, defects, and
others), together with chainlines (lines that appear as
part of the watermark background). Hence, the output
combines the watermark design with any foreground. It
works for clean paper with only the watermark, but not
manuscripts that have been written or printed onto.

The chemicals used in Dylux proofing papers release
‘offgas’, so users should be cautious and use a well-
ventilated environment [1].

The beta-radiography method gives the best result,
with minimum foreground interference. Unfortunately,
this method is time consuming and the resource required
is expensive [2] and not easy to handle due to the radio-
active source needed, together with darkroom condi-
tions [3,11].

Combining the back-lighting digitisation technique
with various image processing operations offers an effec-
tive and simple to use the technique for extracting the
watermark design from paper. The system has the abil-
ity to isolate and remove most of noise and different
foreground interferences since most of the watermarked
manuscripts have writings and other defects which
obstruct the watermark design.

Other related work that also used this combination
approach includes Whelan et al. [20]. In this case, they
used the back-lighting technique for digitisation and
apply morphological and Fourier approaches for seg-
mentation. However, this project focused on the local-
isation of the watermark from new paper without any
foreground interference.

SHREW [15] ‘Shape Retrieval System for Water-
marking Images’ worked on watermark-related issues
including a comparison of watermark digitisation tech-
niques and focuses on a watermark image retrieval sys-
tem based on the watermark shape.

Rauber et al. [12,14] proposed a system for the man-
agement of a database of historical papers which
contains watermarks. The system supports several differ-
ent types of queries to locate and retrieve an existing
watermark design from the database, including textual
search and shape-based queries [13]. For the database
input, the watermark paper used is free of foreground
interference; their system is not fully automatic, and they
apply semi-automatic image processing to enhance the
resulted watermark.

Karnaukhov et al. [8] used the beta-radiographic
method combined with Fourier transform techniques
and image filters. However, they concentrated on paper-
based watermarks without any foreground interference.

Wenger et al. [19] proposed a project for developing
a distributed watermark library, which allows access to
local watermark databases with different structures in
different locations; another objective of this project was
to improve watermark recording by new radiographic
methods.

Gants [5] proposed a watermark reproduction
method by first using the Dylux digitising technique [1],
followed by shifting the contrast and brightness as image
enhancements to strengthen the watermark signal.
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3 A watermark extraction system

The developed system can be divided into four main
stages. The first stage is digitisation in which the data
are acquired (an image of the paper). This is followed by
the pre-processing steps where image processing mod-
ules are applied to highlight the watermark and remove
foreground- and background- interferences. This is an
important stage that provides the key advantage to this
system since it handles typical noise and writings/mark-
ings on both surfaces of the paper. After this, the seg-
mentation stage offers the localisation and extraction
of watermark pattern and chainlines. The final process-
ing stage is optional. It provides a function to vectorise
the watermark designs segmented in order to create a
graphical representation in vector description for better
storage and visualisation.

An overall flow chart of the system is illustrated in
Fig. 1.

3.1 Digitisation

The extraction system starts with the digitisation pro-
cess using the back-lighting technique, with even lighting
behind the paper in order to improve the visualisation
of the watermark pattern. The image is digitised using
a high-resolution digital back CCD, PhaseOne Power-
Phase FX+ (http://www.phaseone.com), which can cap-
ture an image with a resolution up to 10,500 × 12,600
pixels. The back-lighting technique reveals watermark
designs that are usually hidden. See Fig. 2 for two digi-
tised images, one with back-lighting and the other with
normal lighting.

Vectorisation (Tracing) Stage

Segmentation (Extraction)
Stage

Pre-processing Stage

Input:
watermarked

paper

Digital watermarked image

Output:
Extracted watermark in

a vector format

Digitisation Stage

Background
Estimation

Foreground
Interference

Removal

Edge Detection
and Noise
Removal

Boundary
Extraction

Polyline
Simplification

Watermark
Isolation and
Enhancement

Wire Line
Detection

Locating
Watermark Area

Fig. 1 Flow chart of the overall watermark extraction system

Fig. 2 Image acquisition: a Normal, and b with back-light, the
watermark is becoming visible

3.2 Pre-processing

The digitised image normally consists of the paper (in
the centre) with some background. For better estima-
tions of the dynamic threshold setting, the pre-
processing stage starts with the localisation of region
of the paper in the image by analysing its grey-level dis-
tribution. See Fig. 3a. A series of steps are then applied
in order to extract the watermark design, by separating
the image into a number of layers as presented in the
following sub-sections. Firstly, foreground interference
such as writing is removed by producing an intermedi-
ate image (Ia) with the background and the watermark.
Next, the background of the image (e.g., paper texture,
noise, folding marks) is estimated (Ib). After that, the
difference image of Ia and Ib is produced (Iw)which con-
tains the watermark (and some noise).

3.2.1 Foreground interference removal

The watermark design is extracted from the foreground
interference by applying mathematical morphological
operations. The size of structuring element to use in
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Fig. 3 a Input image after border removal, b after foreground
removal: watermark is visible, and most foreground interference
is removed

dilation [6] to remove foreground interference is criti-
cal, and we seek to determine this automatically:

1. Applying a contrast stretching process [6], so the
darkest pixels will take 0 intensity value.

2. Determining the percentage of such pixels: x%.
3. Within the original image, determine the grey level

g such that x% of pixels are at intensity g or less.
4. Dilate the input image, starting with structuring size

1, and increasing the structuring size until all pixels
values are above g.

5. The final structuring size is taken as the optimal
value to remove foreground interference.

Figure 3b illustrates the intermediate result after this
stage.

3.2.2 Background estimation

The next step is focused on the removal of background.
If the image does not have uniform illumination (i.e.,
some areas are brighter than others), it can be corrected
by first estimating the background illumination.

Background estimation is done by using morphologi-
cal opening which is an erosion operation to be followed
by a dilation operation. Both of these operations use the
same structuring element [6]. The resulted output is the
removal of image objects that are completely contained
in the structuring element used in the opening opera-
tion. Opening operator is useful for separating touching
objects, and removing small regions and sharp peaks. To
remove the watermark pattern, it is necessary to choose
a structuring element that is large enough to cover a
single feature of that pattern.

The automatic selection of this optimal size is an
interesting challenge for this step. One of the successful
approaches is to estimate the width of the watermark
pattern, and choose the structuring element size that
is larger than this value. Granulometry [16] is used to
determine the size distributions of objects in an image
without segmenting each object. This is achieved by
applying a series of morphological openings with struc-
turing elements (SE) of increasing size. The sum of pixel
intensity values in the output image after each opening
is stored. See Fig. 4.

Taking the difference of total intensities (sum of pixel
intensity values) between two sequential openings will
give the distribution of objects sizes at that scale. This
definition is also referred to as the pattern spectrum of
the image. Figure 5 illustrates the granulometry or the
pattern spectrum of image objects, which can be viewed
as the first derivative of the intensity surface area distri-
bution.
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Fig. 5 Granulometry (size distribution) of image objects: first
differences of the plot in Fig. 4

By investigating this distribution, a local minimum
at a specific radius will indicate the existence of many
image objects of that radius. The global minimum, Rmin,
will indicate the highest cumulative intensity of objects
at that radius. The most suitable structuring element size
for background estimation will have the value Rmin+1;
choosing a smaller size will not isolate the watermark
pattern from the background.

3.2.3 Watermark isolation and enhancement

The pre-processing stage is then finalised by subtracting
the estimated background from the image after fore-
ground removal. The result will have a uniform back-
ground, noisy regions such as folding will be eliminated
in this process. The signal for the watermark has less
interference from foreground noise. However, the inter-
mediate output after the differencing operation is low
in contrast due to the numerical subtraction. To cor-
rect this, the process of contrast stretching is applied for
better visualisation and to enhance the contrast of the
image (numerically). See Fig. 6.

3.3 Segmentation

The extraction of watermark patterns works by apply-
ing edge detection followed by the identification of noise
image features and interior segments in preparation for
automatic tracing. This stage also includes the detection
of chainlines (lines that appear as part of the watermark
background), if they exist.

Fig. 6 The result after pre-processing stages

3.3.1 Chainlines detection

Chainlines are the traces left in the paper where the par-
allel wires forming the surface of the mould are attached
to the wooden ribs below. These lines are parallel to
each other and are spaced roughly 25–30 mm apart [11].
The distance between individual chainlines varies across
the mould and hence the sequence of varying spaces
(between two chainlines) is unique to the specific mould.
This can be analogous to the fingerprint identification of
the mould since such sequences can be used to iden-
tify papers made from the same paper mould. A spe-
cific function of this watermark analysis system has been
developed to output the sequence of spaces between
chainlines which can be very useful for the research and
scholarship in paper studies [18].

The process of detecting chainlines in the image uses
either the Hough or Radon transforms [10,16]. This pro-
cess redraws the detected lines in the case some of them
do not appear due to the digitisation process, or because
of paper folding and cutting. Further, image skew can be
adjusted depending on detected chainlines, in the case
the paper was moved during digitisation.

The Radon transform computes projections of an
image matrix along specified directions; it computes the
line integrals from multiple sources along parallel paths
by rotating the source around the centre of the image.

The Radon transform of the image in Fig. 7a is illus-
trated in Fig. 7b; detected lines (white spots) were
located when applying a projection of angle 1 which
is the same direction as angle (181). Detected lines are
in Fig. 7c.

The process takes the detected line coordinates, finds
spacing and thickness, and then redraws the lines. The
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Fig. 7 a Image before
chainlines detection, b Radon
transform, c Detected lines,
d Image after chainlines
detection

Fig. 8 Image after locating watermark area

direction of the resulted image is then adjusted depend-
ing on the direction of chainlines; see Fig. 7d.

3.3.2 Locating watermark area

The location of the watermark area can be approximated
by first applying data projection in both x and y direc-
tions, and picking the areas which have the highest var-
iance and intensity values. The watermark pattern can
be in one or both of these areas; the located watermark
area is illustrated in Fig. 8.

3.3.3 Edge detection and noise removal

A Canny detector [4] is then used to locate edges. This
method gave the best watermark design detection; oth-
ers provided less shape detail, with more unnecessary
image features. Both automated threshold settings and
user-controllable settings for the edge detection process-
ing are provided.

Fig. 9 Results after segmentation

Next, a noise removal process is applied. Small gaps
between image features are eliminated by applying a
morphological closing operation; this operation reduces
the number of image features (and hence reduces pro-
cessing time needed). Image noise is then located and
removed. To do this, three assumptions were made: (i)
noisy image features are small-sized; (ii) noisy image
features are isolated; and (iii) isolated, small groups of
neighbouring image features are noise.

A process to output improved results is performed
by interior filling of small unwanted holes. The result
after these stages is shown in Fig. 9a; another result with
chainlines is in Fig. 9b.
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Fig. 10 Output after vectorisation stage

3.4 Vectorisation

The bitmapped watermark design output from the seg-
mentation stage is then automatically traced and con-
verted to a simplified vector graphical representation [7];
a vectorised watermark pattern is in Fig. 10.

4 Results

This section presents and discusses several set of water-
mark images to demonstrate the effectiveness and the

results of the processing. The proposed approach, as
reported in this paper, is generally robust and is capa-
ble of resolving a wide range of foreground and back-
ground interferences. However, it is limited to typical
thickness of writing (e.g., radius of the nip). Clearly,
any large region of dark interference cannot be sup-
ported. For example, a black circle that is larger than
the watermark design that overlapped onto the water-
mark will prevent its complete segmentation (on the
part that has been overlapped) since the texture of the
watermark is not available on the input image. The sys-
tem has been prototyped in MATLAB application with
specially designed graphical user interface to provide
easy operations, with default settings and abilities to
handle any manual interventions. The system can also
be run in standalone mode, without MATLAB environ-
ment. Further details of the developed project, updates,
sample test data and results are available online at the
project website: http://www.icsrim.org.uk/watermark/.

Figure 11 presents the main interface of the prototype
with a window for the rendering of the input image and

Fig. 11 Main graphical interface of the system
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Fig. 12 Sample input 1 with handwritten watermarked paper
a input source image digitised with back-lighting, b pre-
processed intermediate output, c segmented and vectorised water-
mark design

a set of controls on the right-hand panel. The prototype
can be operated in a fully automated manner or manu-
ally executing a step at a time to trace all the main stages
of the processing and this is particularly useful for the
development stage.

Figures 12, 13, 14, and 15 illustrate a selection of the
results obtained with the current prototype system. For
each sample, we present the key processing stages with
the digitised input image and the intermediate and final
results.

Figure 12a shows an example of a historical water-
marked paper with handwriting (ink) on both front
and back of the paper, noisy, and non-uniform back-
ground. It has been observed that the watermark and
its chainlines are brighter than other features in the
paper structure, the watermark signal becomes clear in
the intermediate result after removing the foreground
and background interferences as illustrated in Fig. 12b,
where Fig. 12c demonstrates the output watermark pat-
tern (zoomed for better visualisation) with the detected
chainlines.

Another example of a historical paper with low fore-
ground interference is provided in Fig. 13a. The paper
has a noisy background which obstructs the watermark
design, but these interferences were successfully rem-
oved after pre-processing stage as illustrated in Fig. 13b.
The final output can be found in Fig. 13c. The segmenta-
tion is clean and contains only the extracted watermark
pattern.

Figure 14a illustrates another example of a historical
watermarked paper, which has a low watermark sig-
nal. This example is a musical manuscript with hand-
written music notation, expressive symbols; text and
signature, with both foreground and background inter-
ferences (mainly hand-drawn horizontal stave-lines).
Figure 14b demonstrates the intermediate result after
interference removal. The final result of the watermark
design segmentation is presented in Fig. 14c (zoomed to
provide better visualisation).

An example of a currently available watermarked
paper is shown in Fig. 15a. In this example, the paper
does not contain any writing. It has a uniformly tex-
tured background. The watermark pattern is partially
interfered with the background pattern and cannot be
clearly seen (by eye), and hence the quality and com-
pleteness of the segmented watermark design is hin-
dered as demonstrated in Fig. 15b. Figure 15c shows the
segmented watermark design segmented, and Fig. 15d
illustrates the vectorised representation.

5 Conclusions and future plans

This paper presented a prototype to extract paper-based
watermarks; this prototype has the ability to identify
and remove different kinds of foreground and back-
ground interference. This is an important feature since
this project is targeted at processing manuscript papers
that have been written on. The prototype presented has
been used to extract and trace watermark patterns suc-
cessfully using a set of test data with a various range
of watermark patterns (e.g., name of the manufacturer,
geometric designs).
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Fig. 13 Sample input 2 with low foreground interference a input
source image digitised with back-lighting, b pre-processed inter-
mediate output, c segmented and vectorised watermark design

The paper focus was on designing a system to auto-
matically trace and extract paper watermarks in order
to offer its digital preservation. The paper also presented
the detection of watermark chainlines and dynamic
adaptation of the algorithms to automatically determine
optimal structuring size and threshold values.

The paper also presented examples processing, sam-
ple results, and discussed the applications with different
sources including old and modern watermarked papers
and different types of writing including graphical
notation.

Fig. 14 Sample input 3 with handwritten music manuscript a
input source image digitised with back-lighting, b pre-processed
intermediate output, c segmented and vectorised watermark
design

This paper reported advancements in the digital
extraction and classification of watermark design from
paper. It provides technology-enhanced techniques and
automation for digital watermark preservation and
archiving. This approach has its advantages in water-
mark studies over many existing methods due to its sim-
plicity and usability.

Future developments include enhancing the detail
feature of the extracted watermark by computing the
mean shape from a collection of watermarked docu-
ments that hold the same watermark design, and
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Fig. 15 Sample input 4 with currently available watermarked paper a input source image digitised with back-lighting, b pre-processed
intermediate output, c segmented watermark design, d and its vectorised representation

combining partial watermarks from different documents
back to its full design.

There are many different applications for this system,
including digital embedding of the extracted watermark
design from analogue paper-based materials into digital
media, as an application for authentication and copy-
right protection purposes in digital libraries, watermark
design cataloguing, archiving, searching, matching, and
retrieval.
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