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Abstract

This thesis presents frameworks for the digitisation, liseéion, extraction and graph-
ical representation of paper-based watermark designsdahelan paper texture. There is
a growing need for this among librarians and antiquariamsdavith identification, wider
accessibility, and providing a further level of documentging for preservation. The
proposed approaches are designed to handle manuscripteweiference such as recto
and verso writing, and defects such as non-uniform papectstre, physical damage, etc.

A back-lighting scanning technique is used for capturingges of paper, followed
by a selection of intelligent image processing operaticaher than alternatives such as
radioactive techniques. This technique requires low cqstmnent, and produces a fast
and safe solution to capturing all details on paper, inclgdvatermarks, and laid and
chain lines patterns.

Two approaches are presented: the first takes a bottom-upaghpand deploys im-
age processing operations to enhance, filter, and extagtdkermark, and convert it into
a graphical representation. These operations determinigadoke configuration of param-
eters to allow optimal content processing, in addition t® detection and extraction of
chain lines. The second approach uses a model of the bddikabgeffect to locate a
watermark in pages of archaic documents. It removes reéonmation, and highlights
remaining ‘hidden’ data, and then presents a statisticatageh to locate watermarks
from a known lexicon.

Work is further presented on reconstructing features ofdqger mould by aggregat-
ing the success of the foregoing steps: this permits an sisady ‘twin’ watermarks.

Results are presented from comprehensively scanned eightand nineteenth cen-
tury manuscripts, including two unusual copies of the @ny'an Islamic Prayer, and
various historical manuscripts.
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Chapter 1

Introduction

Watermarks in paper are enigmatic because they are hiddieey dan also be beauti-
ful, and informative. Seeking, identifying and catalogythem has long been a human
interest [21,78,97,129].

The first known watermark was produced in 1282, originatmgabriano [78]. These
designs were mainly used as trademarks of the paper-makettater to trademark paper,
a proof of the manufacture date, and an indication of pagex. $ise has developed over
the centuries and nowadays paper watermarks are used tifydsaper owners and are
also used for authentication to protect important docusemth as bank notes, passports,
and tickets from forgery and theft.

1.1 Research motivation

The motivation behind the study of watermarks is to assigtartracing of old documents
and artefacts to provide plausible historical relatiopshand background information,
such as date and origin. However, there exist some comjplicator this study:

e Paper watermarks are, by design, hidden and may only be seamtive document
is faced against light, for example.

e Many documents of interest are delicate or in private ctb&s: it can be difficult
for researchers to have access to watermark collectiomoutippermission.
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Figure 1.1: Historical paper captured using back-lightifzg Reflected, (b) Transmitted.
This document is taken from the works of Henry Litolff [14].idtised with permission
from the Special Collections of the University of Leeds Bwaton Library [123].

e Watermarks are usually embedded on paper with writing ontffiiecto) and back
(verso). In addition, there are often paper defects sucbldsfy marks, paper tex-
ture, etc. These introduce interference that obstructemeatrks and make studying
them difficult.

Many reproduction techniques have been developed to asdfstse studies. These
include manual tracing, radiographic techniques, and sigeafi cameras with back-light.
This thesis uses back-lighting as it is simple, fast, andireq relatively low cost equip-
ment to deliver fully digital output. Digital images can bengpared, processed, stored
and retrieved easily. Furthermore, this technique allowther image processing ap-
proaches to be applied easily on images. Captured images at@gh resolution, which
allows the observer to see very small details of the image.

However, relying on reproduction techniques is not enougmaost cases, because of
noise and interference left on paper which obstructs themark design. To demon-
strate this problem, Figure 1.1 illustrates captured insaglea sheet, using the back-
lighting acquisition technique. Figure 1.1(a) shows theethmage with normal light
(reflected), and Figure 1.1(b) shows the image using bagkig (transmitted). The wa-
termark ‘J WHATMAN 1836’ (flipped) is visible in the transneid image. As is clear,
recto and verso features, in addition to other paper defectsall visible in the transmitted
image and obstruct the watermark design.

Another example is shown in Figure 1.2, which illustratesumgle from a more dif-
ficult dataset, where the watermark design (lower part of gbtksheaded eagle) can be
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(@) (b)

Figure 1.2: Historical paper captured using back-lightifzg Reflected, (b) Transmitted.
This document is taken from the ‘Mahdiyya’ copy of the Qur’ Bigitised with permis-
sion from the Special Collections of the University of Le&lstherton Library [123].

seen faintly at the right edge of Figure 1.2(b). The papeetshef this dataset are thick,
as is the writing stroke.

1.2 Thesis objectives

This thesis attempts a solution for the preceding comptioat Paper watermarks are lo-
cated and extracted using two different approaches: these developed to cover a wide
range of manuscripts of various characteristics, inclggiaper thickness, watermark vis-
ibility, noise distribution (paper structure, backgroutdmination, etc.), recto and verso
inscription of varying thickness. This research projecisio:

e Prototype wider accessibility and distribution of arté$aaf interest by establishing
web-archives of manuscripts [76, 77], especially the ‘Hardeach’ data sources
such as the library special collections.

¢ Digitise these artefacts to provide long term preservadiothto combat paper decay
issues. The digitisation process enables a further levebofiment imaging for
a more complete preservation since many digitisation effbave ignored these
invaluable contents embedded in the paper. Storage spatel@ve been reduced
to a level that permits large manuscripts to be digitisedstaced without difficulty.

e Minimise, as much as possible, the interference that otitsthe watermark de-
signs. This is an important feature since this project igatd at processing
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manuscripts that have been written on. Most existing rdlaterk suffered from
this interference that prevented capture of clear designs.

e Develop algorithms that permit effective approaches tomate parameter selec-
tion. Most other work lacks adaptive selection.

e Provide measures of chain lines (caused by the wires atfamiéhe mould during
paper production). Providing such information is helpfulstudying and dating
documents [127, 146].

e Enhance detail features of watermarks by computing the rshape from a col-
lection of watermarked documents that hold the same desidns is helpful in
combining partial similar watermarks from different doceints back to a complete
design.

e Distinguish ‘identical’ from ‘twin’ watermarks. Watermigs are often twins be-
cause paper was often made with two pairs of moulds with aimhilit not neces-
sarily identical watermark designs. This was to acceletla¢eprocess of paper-
making. This distinction can be important for studying doeunts [126, 128].

e Provide scholars (especially those who do not have expegienusing computer
systems) with tools that can deal with patterns interalgtite offer a simple and
easy environment.

1.3 Thesis overview

The previous sections have given an introduction to thelprob associated with studying
paper watermarks, and highlighted the thrust of the worlsgméed in this thesis: this is
organised as follows:

Chapter 2: Literature review presents a coverage of background and literature surveys
relevant to the research. It covers paper watermarks amdhiséory, an introduc-
tion to the history of paper making and the stages of papenatermark creation,
including hand-made and machine-made paper-making. dtditcusses the mo-
tivation behind the study of watermarks, and existing eslatvork and trends in
these studies. Finally it discusses the motivations foresearch, and highlight its
advantages compared to others work.

Chapter 3: Source material and Digitisation procedures provides a description of ma-
terial used for prototyping. These data are principally osamipts of the eighteenth
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and nineteenth centuries, held by the Special CollectibtiseaBrotherton Library
of the University of Leeds. We also present the digitisasetup used for image ac-
quisition; this is equipped with hardware to permit the bghting technique. We
then present a description of the characteristics andtgyulpaper and watermarks
found in our datasets.

Chapter 4: A bottom-up approach demonstrates a framework for the extraction of pa-
per watermarks with the back-lighting technique. It desesi the use of digital
image processing techniques to remove foreground and baokd interference,
detect and extract chain lines, and extract watermark patt®esults from various
system stages are used to illustrate and explain the frarkedesign and process-
ing. This approach deals with data of the kind presentedati@es 3.1.1 and 3.1.2.

Chapter 5: Modelling back-lighting introduces an approach to removal of recto fea-
tures, followed by highlighting of watermark patterns, agaks on to present a
statistical approach to location of watermarks from a knéswicon. Adaptive pa-
rameter selection is also introduced. Results are preg&mm a comprehensively
scanned eighteenth and nineteenth century editions of thea@ and an Islamic
Prayer. These data are presented in Sections 3.1.3, 3ntl8,.A.5. This approach
aggregates similar watermarks together to provide theute details. It also
distinguishes ‘twin’ from ‘identical’ watermarks.

Chapter 6: Post processingpresents further post-processing to the bottom-up approac
This includes vectorising bitmapped output images, andgreng applications of
interactive image and vector editing functionalities toal manual removal of de-
fects and unavoidable noise on the paper. Further, thisehegroduces evaluation
criteria for the extracted patterns.

Finally, Chapter 7 discusses the conclusions and conimisiive reached in this re-
search, and discusses the capabilities and possible ipevts of the approaches we
presented. It suggests future directions regarding tl@a af research. This Chapter is
followed by Appendices of sample test data and output.



Chapter 2

Literature review

This Chapter presents background and literature survéggamt to this research. It cov-
ers the beginning of paper watermarks, a brief history ofgpapaking and the stages of
paper and watermark creation, a discussion on the motivaehind the study of water-
marks, and existing related work and trends of this researeh. Finally, this chapter
also discusses the motivation for the research, and higislits advantages compared to
others’ work.

2.1 Paper watermarks and their history

Paper watermarks are changes in paper thickness, and thegm@mnally viewed by hold-
ing the paper against light. They are the designs that hase bmbedded in the paper
during manufacture. A paper mould is a rectangle-shapednawade from wood, covered
with a laid or wove wire surface, and used for making a shegapker [18]. The water-
mark is usually made by twisting wires into shapes that anensento the mould [124].
The watermark area is always thinner than any other areasgarp

The production of paper watermarks was initiated over 7@0sago by paper-makers
in paper mills in Italy. The oldest known watermarked papasvproduced in 1282,
originating in Fabriano. It was discovered by Briquet, amskfiecorded in 1900 [22], and
later in his ‘Les filigranes’ [21], no. 5410 (cf. Il 316) (al$eatured in [82], p52). Itis a
Greek Cross with circles at the cross-point and cross-exsddiystrated in Figure 2.1.
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5410

Figure 2.1: The earliest known watermark [82]

Hunter [78] discussed the theories for the usage of watdesnawr the early days.
These include using watermarks as trademarks of the papkensi or as an identification
mark for sizes of moulds used for forming paper, or as symbbisligious groups called
‘Albigenses’ who used watermarks to identify the membetseir group. Another theory
suggested that these watermarks came from the imagindtpaper-makers, just to show
their artistic skills. A further theory for making waternkarwas to help workmen who
could not read to help them to identify the moulds to use.

Watermarks quickly spread through Italy and then over Eerapd the Arabic world,
including the Maghreb in the 14th century [15]. Most papeswatermarked by the
15th century [124], but the term ‘watermark’ did not appeatilihe 18th century [78].
They are known as ‘Wasserzeichen’ in German, ‘filigrane’rarfeh, and ‘papiermerken’
in Dutch. By the 18th century, the usage of watermarks in geirand America was to
trademark paper, a proof of the manufacture date, and aocatidn of paper size. It was
also used as a mark against counterfeiting on money and fotfmeal documents [78].

Hunter [78] discussed the classification of watermarks fearly days until the 18th
century in four classes, based on their shapes. The firss clakides the early water-
marks, which have the forms of crosses, ovals, circles,knaangles, etc. The second
class consists of shapes of the human figure, including aenbadly, and human parts,
such as head, feet, and hands. The third class consists effipgirees, leaves, vegetables,
grain, plants, and fruits. Finally, the fourth class inasdvild and legendary animals,
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such as unicorns and dragons, as well as snakes, fish, $udiéss, crabs, scorpions, and
varieties of insects. This class also includes bulls’ heddgs, camels, elephants, leop-
ards, goats, lambs, cats, horses, deer, and a large vafibtygds. Examples of animal
watermarks, with type, date used and description are in [16]

Hunter also mentioned the use of watermarks in bank notes.fifdt use of water-
marks in Bank of England notes was in 1725. However, this dtgorevent forgeries. The
first case of forgery of watermarked bank notes of the Bankrgfl&d was recorded in
1758, followed by many other cases. Some cases were diffecdiscover due to the ac-
curacy of counterfeiters, which led to the invention of lgipaper (coloured watermarks)
in 1818 by Sir William Congreve, by forming and couching #asheets of paper as one
sheet. However, this was rejected due to its productiorcditiy.

Another attempt to avoid forgeries in bank notes was thentiga of light and shade
watermarks, invented by William Henry Smith in 1848. Thishrique has the advan-
tage of introducing any degree of density or lightness irapgyr watermarks. The first
appearance of watermarks in stamps was in England in 1840 [78

There are three main different types of paper watermarks:

1. Line (typically known as wire) watermark.
2. Shadow (light and shade) watermark.

3. Combined watermark, a combination of line and shadow nveteks in one paper
sheet.

Further types of watermarks are given in [80, 92]. Figure ilustrates some ex-
amples of paper watermarks. Figure 2.2(a) illustrates @amgse of a wire watermark,
Figures 2.2(b) and 2.2(c) show examples of light and shadermarks, and Figure 2.2(d)
illustrates a combined watermark.

Wire watermarks are made using lines to form various padtesuch as letters, num-
bers, portraits, or other designs. They appear lighter tharounding paper areas. Light
and shade watermarks have patterns resulted from relidptsces on the mould, al-
ternative names for this type are: chiaroscuro, tonal, stiadhade-craft, and shadow
watermarks [120]. These designs give the watermark furtbaations to support more
features. They appear as dark and light areas when holdengaper against light. The
advantage of using light and shade watermarks is to create detail compared to wire
watermarks. However, these watermarks are more expert@pending on the size and
the quality of the mould model [78]. Figure 2.3 illustrat@sexample of a shade and light
watermark, and the mould used to produce it.
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(©) (d)

Figure 2.2: Examples of paper watermarks, (a) A Europeantipg paper, (b) A Span-
ish Official Sealed paper, (c) Part of a bank note, (d) A Euaoperinting paper. With
permission from Gabriel Garcia [61]
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(a) (b)

Figure 2.3: (a) Light and shade watermark, (b) Mould usedrtalpce this watermark.
With permission from Cindy Bowden [104]

Some paper-makers used to take popular watermarks fromatfiginal owners. This
led to the introduction of the ‘countermark’ — an initial gymsbol indicating the paper-
maker's name, appearing opposite the main watermark onttiee balf of the mould and
usually smaller than the watermark. This can be used tométerthe paper-maker [92],
and they are common after about 1650 [126]. Figure 2.4 shovexample of a counter-
mark ‘C L’ which is found in a manuscript described in Sectih.5.

In many mills, paper was often made with two pairs of mouldhwivo very similar
but not necessarily identical watermark designs. This waactelerate the process of
paper-making. Moulds were made in pairs from the early 1@y, which is why
watermarks are generally twins. Also, double moulds, oiddigd moulds, appeared in
the 18th century. They are used to make two sheets at oncealsodesult in twin
watermarks [124,126]. An example of twin watermarks candasl in Figure 2.5. One
of the obvious changes in this example is the date: the yeHd fbwritten correctly in
Figure 2.5(a), while the date is reversed in Figure 2.5(apdP and watermark production
Is detailed in Section 2.2.

Using watermarks as an anti-counterfeiting measure in bent&s and stamps was
an inspiration for the use of watermarks in digital mediajcklalso need to be secured
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Figure 2.5: Twin watermarks: Shield FM and Three Lions. Widrmission from David
L. Vander Meulen [133]
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from theft and forgeries. The term ‘digital watermark’ wassfiused by Komatsu and
Tominaga in 1988 [33]. Early publications that focused orierraarking digital images

include Tanakaet al. in 1990 and Tirkelet al. in 1993 [87]. Since then, the concept
of watermarking has continued to evolve to identify, autfeate, and protect current
digital materials such as digital images, audio, and vidssordings [84]. This thesis

considers only paper-based watermarks. Further readirdigital watermarking can be

found in [5, 33,75, 83,105, 148].

Nowadays, paper watermarks are typically used to idenafygp owners and for au-
thentication to protect important documents such as bamésngassports, and tickets
from forgery and theft. Watermarks have also been used degusad against espionage
in many manufacturing plants, being embedded in identiboatards for employees [78].
A discussion of the importance of watermarks and their snualyadays can be found in
Section 2.3.

2.2 Paper and watermark making

Paper-making was invented in about A.D. 105 in China by Tlsai. The Arabs learnt
the technique in 751 from Chinese prisoners in Samarkaed @i¢ battle of Talas: since
then, paper-making moved from East through Shiraz in 79@ghBad in 793, and Cairo
in 900 to the West, in Fez in Maghreb in the 12th century [82)e Tirst appearance of
paper-making in Europe was in Xativa (south of Valencia)ai8pn 1151, and then in
Fabriano, Italy in 1276. Paper-making first appeared in &mgltwo centuries later in
1495, and in Pennsylvania, America in 1690 [78,124]. Thievahg sections explain the
procedures of hand- and machine- made paper, and indi¢atésch stage the watermark
is embedded.
There are two principle types of paper, laid and wove.

¢ In laid paper, laid wires are placed horizontally along theuhld, as mentioned in
Section 2.1. The mould is a rectangle-shaped wooden fraonered with a laid or
woven wire surface, with a small spacing between wires, ivare used to let water
drain during paper formationChain linesare placed vertically along the mould.
These wires are thicker, and the spacing between them isrltiign between the
laid wires — they are used to hold laid lines [18]. Figure Zh6ws an example of a
laid mould, and also shows a watermark ‘Fleur de Lys’ (lity),a shield, crowned,
and a ‘G J’ monogram: it also has a countermark ‘G JONES / 1809:

e The other type is wove paper, which first appeared in 1755s phper is made
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g

Figure 2.6: Laid mould [17]

using a mould with a finely woven wire mesh [78].

Both types have watermarks inserted as wires twisted irapehiand sewn on. Examples
of wove and laid paper are shown in Appendix B in Pages 154 &fddspectively.

2.2.1 Hand-made paper-making

Hand-made paper-making in paper mills has changed littla its early days until today.
The stages of paper-making include preparing raw matebaisting, formation, drying,
sizing, finishing, and quality control [17].

The raw material of paper is cellulose fibre derived from daar from old materials,
such as old rags, ropes, sailcloth. Rags were sorted an#edhdcsuitable, then cut into
small squares, then boiled under pressure to soften them.

The next stage is beating. A Hollander beater with a heavyigalsed for beating
rags. The quality, durability and characteristics of pagegend on the quality of rags and
the way they were beaten. Large rag fibres are then brokeg tisen'breaker’, which is
a form of Hollander. Beating is used to separate individumeSs.

The next stage is paper formation, which is done in a vat rodatermarks are
embedded into paper in this stage. Experience is necessprgduce proper sheets, the
‘vatman’ forms the paper using a thread- (sieve-) like mautd deckle. A deckle is a
removable frame around the mould. Moulds are used to makdil#tisheets.

Fibres are held in water (pulp), and the mould is dipped, shand pulled out —
shaking will increase the sheet strength. The water thetssia drain through wires,
and the paper pulp is left on the mould surface. The sheekribgs depends on the
consistency of pulp in the vat, the deckle depth, and the aa®srskill. The vatman then
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removes the deckle, and places it on the second (twin) maaldi starts to form another
sheet. The first mould is then taken by the ‘coucher’, whogdke sheet off the mould,
and puts it on a ‘felt’ (a wet woven blanket), and returns theutd to the vatman, who
then puts another felt on top of the sheet, and takes the dewould, and so on, creating
a stack of felts and sheets, called a ‘post’.

The post is then pressed. This will make sure that more wateb&removed, and
will strengthen the paper sheets. Some mistakes may octug ilormation and couching
processes, such as folded corners and edges, inconslutsmiess in sheets, etc. After
post pressing, the ‘layer’ then separates paper from fatis builds a ‘pack’ of wet paper.
The paper is then taken for drying if a rough paper textureagired. If the paper texture
required is smooth, then sheets are pressed.

The next stage is drying. Paper is hung on ropes to dry. Tloisgss can be lengthy,
depending on the drying environment, such as temperatutenamidity, and sheets’
weight and size. The sheets are then placed in a cool pladbasair passes over the
surface.

Sheets are then sorted. Bad sheets are returned for reagulpnd the remaining
sheets enter the sizing stage. Sheets are cut to a spec#icssre After sizing, they are
pressed to provide a good flat surface.

Finally, sheets are inspected for quality control. Actyathis stage was rarely done
except by paper mills who cared about their name, and wereddor making fine and
quality paper.

We see thus that watermarks are embedded into paper dusnfptmation stage;
also, we can see how paper types and qualities vary, and hdtg faay occur during
paper-making [17].

2.2.2 Machine-made paper-making

The paper machine was first invented by Nicholas-Louis Rahe798, in Essons, near
Paris [17]. He did this in order to make paper-making simpieé eheap, and also because
he did not like the restrictive practises and services optgger-makers. Due to disagree-
ments regarding money and rights between Robert and his papéoss, Leger Didot,
development of the machine was prevented until John Gamaltdether-in-law of Didot,
moved the model to England, and took a patent in England ir1.18(nry and Sealy
Fourdrinier bought a share in the new machine’s right, anetldged it. It soon became
known as the Fourdrinier machine; the first working machirses wroduced in 1804 by
Bryan Donkins, and since then, the paper machine contiragdgdrove.
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The Fourdrinier paper machine used to produce a continu@lsok paper, until the
invention of the cylinder mould machine in 1809 by John Dinskin, which changed the
machine to produce single sheets rather than the continwebs In order to simplify
the drying process, drying cylinders were patented in 1820.8. Crompton [18]. In its
early stages, the paper machine was making paper withoatmvatks, until the invention
of the dandy-roll. This is a roll covered with wire mesh, winitas the watermark design
as wires attached. It was invented by John Marshall (but atgrged by him because
there were no specifications recorded [78]) and patentedby dnd Christopher Phipps
in 1825. This dandy-roll gave the look of laid and wove paped allowed the addition
of both types of watermarks — wired and light and shade — tchmagaper.

A brief description of a Fourdrinier paper machine (buitirir after 1820) is as fol-
lows: “it consists of a stuff chest containing pulp. The pigpransferred to a vat before
passing through a slice onto forming wire. The width of theeths controlled by the
deckle straps. The wet sheet is transferred to an endleégsafeting under a first press
and a second press roll. The continuous wet sheet then passesthree heated drying
cylinders before being reeled up dry on the reel” [18].

Watermarks are embedded after formation. Dandy-rolls #aegol on the forming
table, and press the formed paper sheets that pass undéistgivVes a flexibility when
the watermark position needs to be changed. A descriptianmdper machine and its
functions is in [31].

This machine was an invention to cover the increasing derfanghper. The process
is fast, simple and cheap. However, watermarks producedapgrmpmachines lack the
good contrast and shading found in hand-made processes [78]

2.3 Motivation for the study of paper watermarks: palaeo-
graphic issues

Watermarks in paper have attracted a wide range of interest fesearchers for cen-
turies. The motivation behind the study of watermarks isdoé old documents and arte-
facts to provide plausible historical relationships andlggiound information. However,
watermark designs are available not only in several diffeferms, but also dynamically
change over time. This has introduced some complicaticatdtdve hindered more sys-
tematic study of the artefacts. Sometimes, using watersnarklate or find the place of
origin of documents is not accurate.

Not all watermarks hold dates (the oldest watermark thathaldate was in 1545 [82]),
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and we may not know for how long the same mould was used — magdes.y Further,
there may not be any record of the time lag between paper ptiothuand its use. An
example can be found when looking into the ‘J WHATMAN’ watewk. Its origin was
from the Whatman mill, established by James Whatman in Ewglan 1731. Paper-
makers took that watermark and used it for their own papemiany years [78]. A
history and variation of this watermark is in [17].

On the other hand, watermarks can be used to correct erroiatimg documents, es-
pecially if an identical watermark is found in definitely dedtpaper [66]. There are many
examples for using watermarks as paper evidence. One egamasl the Shakespearean
quartos published by Thomas Pavier: a false date of 1619 was ¢pr all of them, but
Sir Walter Greg proved in 1908 that those quartos were dgtpablished at three differ-
ent dates, 1600, 1608, and 1619 [124]. He determined thatdkermarks in the quartos
appeared in only these years, a discovery confirmed by Altamedson [125]. Another
example was the dating of the Missale speciale, which hadewmrrect printing date.
Stevenson found out that the Missale speciale was printdd 73 by studying the wa-
termarks in the Missale, and compared it with other idehtiatermarks from different
books [124,128,129].

The size and orientation of the watermark can sometimesatemme information
about the size and quality of the original paper [66]. Knayihe original paper size
can be helpful in determining paper usage, because papespddfic size was used for
specific uses [17].

Sometimes when studying watermarks, some slight differerman be observed be-
tween marks that are supposed to be the same. There arelqpvestole reasons for
this. Firstly, the watermarks may be twins, as discussectaiiGn 2.1. Two moulds may
have been used in the same mill in order to accelerate the-pagdeng process, and it
would be very difficult to make them identical. Secondlysiossible that some water-
mark wires become detached, and imperfect repair may regsaltdifferent watermark
design [78].

Twin watermarks are very helpful in dating documents. Ariasting challenge for
scholars nowadays is how to distinguish ‘identical’ fromitt’ watermarks. Stevenson
proposed 10 differences, such as difference in sewing dstisipns, chain line positions,
and spacing regarding the watermark, countermark detallpasition, etc [126]. He
presented many examples of twin watermarks, and also higieldl the importance of
sewing dots in the identification of twin watermarks, eveth#y are unclear [103, 126,
128]. Detailed criteria affecting identity when comparimigntical watermarks can be
found in [92]. Chapter 5 of this thesis considers possibler@gches to locating these
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very subtle differences from images.

The study of chain and laid (also called ‘wire’) lines is alssed to study and date
paper, especially if there is no presence of watermark oripg27, 146]. These lines
are caused by the wires attached on the mould. Chain lineshairdsewing marks can
identify paper based on its variations and spacing (indema— these lines can be useful,
with the presence of a watermark, to tell if it is identicaltain. However, these lines’
positions may change gradually during the mould life [148lso, the spacing between
them may change due to paper shrinking during drying procegaper-making [17].

The position of the watermark in various parts of the paperalao be related to its
date, these position relations are detailed in [92].

The study and the investigation of the date and shape défaaper watermarks was
extended to detect forgeries of documents, wills, patdnlis, etc. Many examples of
detecting forgeries in paper can be found in [78].

Due to the importance of paper watermarks, and in order testfiadifferent paper
materials, the International Association of Paper Histiasi [80] created a taxonomy of
terms for describing the components of paper, includingtaeermark. Each watermark
is assigned a code (e.g. E8 for snake), and these codesangexirin tree structures, (e.g.
Birds — Eagle— double-headed). The First International Conference OnHiseory,
Function And Study Of Watermarks discussed the importaficgabermarks and their
study, and was published in [97].

There are several published catalogues of watermarksjdimg ‘Les filigranes’ by
Briquet, which contains over 16000 traced watermarks. H&ed hundreds of paper
mills in order to amass this collection [21]. Other collects can be found in [29, 66,
71,106,118], and a list of books of reproduced watermarkisdmyng is in [81], together
with a number of traced watermarks in each book.

Paper decays over time because of natural processes. Tattnd) digitisation has
been widely applied as one of the preservation approachieseip a visual record of the
artefacts, by creating a digital copy of the paper materi@lgitisation guidelines and
best practises are available from many recent and currefgqis and institutes, such as
Pulman [107], Minerva [95], AHDS [3], and MUSICNETWORK Imiag [99], more are
in [30, 36, 38, 39, 138, 139]. However, most of these projaotsonly concerned with the
paper surface, not watermarks or other paper ‘internalsammng that many watermarks
may be lost forever when the sources decay.

Scholars require easy access to study different watern@hictions. This require-
ment has led to the establishment of a number of web-baséd/escof watermarks to
assist wider accessibility. Examples include [4, 42, 48882 88, 98, 153, 156] (these
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databases are mentioned in Section 2.4.1). A list of webbdats is compiled in [13].
These archives can also help in preserving the watermasks haper decay.

Gants [58] studied historical manuscripts written in theyeaeventeenth century,
including theWorkesof Beniamin Jonson, and built a digital catalogue of watek®a
used by William Stansby in the printing of th&orkesof Beniamin Jonson (London,
1616) [52].

He was also involved in several other digitisation projestgh as “The Cambridge
edition of the works of Beniamin Jonson” [25, 56]. The aimla&tproject was to provide
all the works of Beniamin Jonson in electronic form. Anotlpeoject was “The early
English booktrade database” [53, 60], this project aimgutéwide a quantitative analysis
of English materials printed and published in the period5t4840. In these projects,
he studied textual materials, watermarks, and chain liaeisg. More description of his
approaches is in Section 2.4.2.

LIMA (Literary Manuscript Analysis) [70] is a website for ¢éhstudy of manuscripts,
including handwriting, paper and watermarks. Another vitebs at the American Mu-
seum of Paper-making, of the Institute of Paper Science aatinblogy (IPST) [104],
which provides information about watermarks and lessonbam to make them. An-
other website which provides rich information about papatesmarks and their history
can be found in [120].

2.4 Watermark reproduction techniques and existing re-
lated works

As discussed in Section 2.3, scholars study watermarksperp#ogether with counter-
marks, sewing dots, laid and chain lines, to pinpoint dat @mgin. However, paper
watermarks can only be seen when faced against light, amdnadst watermarks are
usually obstructed by writing ink and other noise in papea sblve these problems,
many approaches have been developed in order to reprodueeweaks. These include
hand-drawn tracing, rubbing, photosensitive paper (Dylukley, phosphorescence wa-
termark imaging, transmitted light photographs (backHigg), beta-, electron- and soft
X-radiography, and thermography. Back-lighting is moreaafacquisition (capturing)
rather than reproduction technique. The following sectyores a description of each
technigue with examples, followed by existing related vgork
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Figure 2.7: Watermark: Fish inside a circle, no. 44342. \[gghmission from ‘Vorlage:
Hauptstaatsarchiv Stuttgart, J 340’ [69]

2.4.1 Techniques of watermark reproduction

Manual tracing: Hand-drawn manual tracing of the watermark pattern reguaréight
table (back-light), blank paper and a pencil. This techaitgisimple and easy.
However, it is a time consuming and highly subjective taskis Ihard to trace
watermarks obstructed by interference [6, 7] and thick p§@, also, tracing may
cause some damage to the paper [66]. Well-known catalodtesed watermarks
include [21,29,71]. Web archives of traced watermark insaggn be found in [69,
98]. Figure 2.7 shows an example of a traced watermark: arfistcircle, with ‘C
G’ letters.

Rubbing: The rubbing technique works by placing a clean sheet ovewtdtermarked
paper and diagonal strokes with a pencil are made with iteanpened end from
the paper upper left to lower right [80]. Rubbing is quicksgand does not re-
quire special equipment, but it does not produce good igsaiid may damage
the paper [6]. Many examples of watermark reproduction lippmg can be found
in [68], and web-based archives of watermarks reproducethisymethod can be
found in [88, 153]. Figure 2.8 shows an example of an anchdemvaark repro-
duced by rubbing.

Dylux: The photosensitive paper ‘Dylux’ method was developed byriias Garvell [65].
It requires DuPont Dylux 503-1B yellow coated paper [41],isble (fluorescent)
light, an ultraviolet light, and a frame of two glass plat€ke frame is used to make
sure no shifting occurs during the process between the Dghakoriginal water-
marked papers. Dylux 503-1B paper is used because it belmave® different
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Figure 2.8: Watermark: Anchor, no. WM | 52712. With permigsirom Marieke van
Delft [88]

ways to visible (400-500 nm range) and ultraviolet (200-a@®range) light [54].
Since the watermark area in paper is thinner than other atleawisible light will
colour the whole paper in white, while the ultraviolet lighil colour paper areas
other than the watermark area in blue. This is helpful in sgpay the watermark
from background.

This method works by placing the Dylux paper in the frame wité original wa-
termarked paper laid over it, and the frame is then closec fidme goes under
the visible light source, three to four inches from the paped the yellow coated
paper then becomes white. The second step is imaging oimwirihe Dylux paper
is taken from the frame, and held under the ultraviolet lightirce, at a distance
of one foot, until the blue colour is formed. The result imagmsists of a blue
background with white watermark [35, 64].

The advantages of this method include the relatively lowt eggiipment, time-
saving, and production of watermarks without dark room ¢omas. However, this
method also captures any design that interferes with therwatrk, and its effec-
tiveness depends on the paper thickness, ink opacity ahddayrce types [117].
Also, exposure to both visible and ultraviolet light is tifi@ited. Any delay or
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Figure 2.9: Watermark: Flower, no. FLR.005.1. With pernuasfrom Daniel W.
Mosser [98]

move too soon will result in low contrast between blue andte/bolours, and this
will affect the result.

The use of this method is not permitted in many libraries andenms because of
the use of ultraviolet light [64]. The DuPont corporatioi[4tated in their MSDS
(Material Safety Data Sheet) no. DU002873 that the chemsiicsed in Dylux proof-
ing papers release gases, so users should be cautious aadvefieventilated en-
vironment. A catalogue of watermarks reproduced by the Byhethod can be
found in [66]. Web archives of watermark images reproducethis technique can
be found in [4,52, 98]. Figure 2.9 shows an example of usirmgtécthnique.

llkley: llkley is another method for watermark reproduction. It vdgveloped by Robin
Alston in 1976. It requires two glass plates, a light soudesk lamp) with pho-
tographic timer connected to it, and a Kodak Precision Lime EPD4. It works
by placing the film over the glass plate, the watermarked piagaid over the film,
and the other glass plate is placed above. After that, itp®sed to light for 5 sec-
onds (using the timer), the film is then removed and processatlally to reveal
the watermark design. This method is simple and quick, aedilin produced can
be duplicated quickly and easily [117]. However, this metiequires dark room
conditions for exposure, and will capture any details in plager in addition to
the watermark. Hence, it is only useful for reproducing waaks in clean paper
without interference. Figure 2.10 illustrates a watermarge captured using this
technique.

Phosphoresence:The phosphorescence watermark imaging reproduction igaérme-
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Figure 2.10: Watermark: Fleur de Lys on a shield. With pesmis from David
Schoonover [117]

quires an ultraviolet and infrared light, a phosphoresgegiment plate, a glass
plate, and a photographic film (e.g. Agfa HTP-3 blue-sevsiline film). These

lights are used because the infrared waves go through thiewatermarked paper,
causing the phosphorescent pigment plate to be dark, wielelltraviolet waves
cause the plate to glow only in the locations of the waternasnt laid and chain
lines (thin areas in paper).

The plate is first excited by an ultraviolet light for 10 sedsrat a distance of 10
cm, which makes the plate glow. Then, the watermarked pag@aced above the
pigment plate, and the glass plate is laid over it. It is thegposed to the infrared
and ultraviolet lights simultaneously for 20 seconds atsdadice of 30 cm. The
lights are then turned off, and the pigment plate is removebdaced immediately
beneath the photographic film to make an image of the watd&rjddr9]. This
method is quick. However, the image quality depends on tetakice between
pigment plate and light sources, and also on the paper tegskand ink opacity.
This method also captures image interference in additidghgéavatermark design.
Figure 2.11 illustrates an example of a reproduced watder(fdeur de Lys in a
circle) using this technique.

Back-lighting: This acquisition method requires a high resolution digit@lD (Charge
Coupled Device) camera and a light source (a thin foil oftligith even homo-
geneous illumination behind the paper, used to visualisevdtermark pattern) or
light box. This technique uses the camera to capture refigetéh normal light)
and transmitted (with back-light from slim light or light kpimages of the water-
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Figure 2.11: Watermark: Fleur de Lys in a circle. With persima® from Carol Ann
Small [119]

Figure 2.12: Watermark: Tre lune (three crescents or moons)

marked paper [6,13,27,130,145, 149].

This method is quick and produces good image quality, itireguelatively low
cost equipment, and it does not require darkroom conditidngliffers from the
earlier techniques in that it is digital. This is very helpfthen further processing
to images is required. This method made the study and imat&in of paper wa-
termarks easier for individual scholars [145]. Howevegaptures all the details
of paper, including the watermark and any other designsritet interfere with
it. Web archives of watermark images reproduced by baditilg are in [42, 48].
Figure 2.12 shows a tre lune (three crescents or moons)natkrimage obtained
using this technique, taken from data described in Sectibrb3further examples
are in Appendix B.

Thermography: Thermography, or thermal photography, is a reproductiohneue de-
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Figure 2.13: Watermark: Fleur de Lys on a shield, crowned.[9@&th permission from
Peter Meinlschmidt [50]

veloped at the Fraunhofer Institute by Neuheusteal. in 2005 [93, 100]. They
benefited from the fact that writing ink on paper is transpafaot absorbed) under
thermal radiation (infrared light). This technique worksglacing a thermal source
(warm plate) at a temperature of 35 to%Dbehind the watermarked paper, and us-
ing an infrared camera in front of it. The camera is sensitbvéhermal radiation;
it records the changes of the watermark density in paper,genérates a digital
watermark image. This method is fast, and produces goodmvatk images. The
limitation is concerned with the safety of the watermarkege: it is safe as long
as it is at a distance (of 1 cm) from the warm plate, and the saghdime is only
one second [93]. A result of using this technique is illugtdain Figure 2.13, the
original Rembrandt drawings are from the Herzog Anton WisMuseum [74], and
thermographic images from Fraunhofer-Institute for Woags&arch — Wilhelm-
Klauditz-Institut (WKI) [50].

Radiographic techniques: There are three radiographic techniques for watermark re-
production: Beta-, soft X- (low voltage) and electron-@gliaphy. Their advantage
comes because of the ability to display changes of papéatbgs, no matter what
is printed on it [145]. The reason behind using X-rays in rdogy watermarks was
because they are not absorbed by writing ink (usually Cgrbarpaper [140].

1. The Beta-radiography method was developed in the lat@sli9% D P Erastov,
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Figure 2.14: Watermark: Fleur de Lys, no. AT5000-5%37. With permission from Alois
Haidinger [156]

from the Academy of Sciences at Leningrad. It uses betajsst (Carbon-
14) to record variations in paper thickness (watermark,néeumark, chain
and laid lines, and sewing dots) on an X-ray film [117]. Theematarked
paper is placed between the beta-isotope plate and the KirayBeta rays
are radiated from the plate, go through the paper and expesélin. A

detailed description of this method can be found in [6,117].

Beta-radiography gives an accurate image of the watermétk minimum
interference, and films produced can be duplicated easityytfortunately is
time consuming (two to twenty four hours per page [119, 1aA expensive
(approximately $2500 per plate [119]). For this reasonydafge institutes
and museums use it [145], and it requires darkroom conditjbh7].

There are also some concerns regarding radiation safe8].[1Results of
watermark images of radiographic techniques may be bluteggending on
the paper thickness [112], and the imperfect contact of dtemnarked paper,
the beta-isotope plate and the X-ray film [34]. A web archivevatermark
images reproduced by this technique can be found in [156rEi2.14 shows
a reproduced Fleur de Lys watermark using this technique.
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Figure 2.15: Watermark: Bird in a circle, no. IT-CBF-46 A. Wpermission from Georg
Dietz [42]

2. Soft (or low voltage) X-radiography was described by Brithn [19], and
further developed and improved by dentists Van Hugten [82] And Van
Aken [140]. A low voltage energy (5keV-10keV: kilo electronlts) is radi-
ated from the X-ray source through the paper to a phosphte plaxposure
takes 2 minutes. The phosphor plate is then read by a lasderéariginally
used for dentistry), and the watermark image takes 4 mirtotbe generated
digitally [145]. The reason for using low voltage radiatiomhich produces
very long wavelengths, is because it gives high contrastrfghmages.

This method gives very good watermark images. Moreovess itheaper,
faster (requiring 5-30 minutes [137]) and relatively sgf&s long as 10 keV
voltage is not exceeded) than beta-radiography. Van Hugsed modified

dental X-ray equipment in order to make the setup portahierfobile use,

and Van Aken improved the contrast in results, and allowea-cerkroom

conditions, but this technique is still expensive. A det@itlescription can be
found in [137,140]. A web archive of watermark images repicatl by soft

X-radiography is in [42]. A watermark image reproduced gdims technique
IS in Figure 2.15.

3. Electron-radiography was described by Bridgman [19, @08 further devel-
oped by Schnitgeet al. at Deutsche Staatsbibliothek and Technische Univer-
sitat in Berlin [115, 116, 158]. With this method, X-rays lufjh energy are
pointed to a lead sheet to emit electrons, and these elscgoithrough the
watermarked paper to a photographic film, as in beta-radggy. The film
will hold an image of the watermark with minimum interferenc
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Figure 2.16: Watermark: Unicorn, horizontal to left, no. WNI0063. With permission
from Marieke van Delft [88]

This technique produces very good watermark images andtisrfetnan other
radiographic techniques (requiring 1 second [137]), aresdwt require dark-
room conditions. It has the advantage over other radiogecapkthods that in
the case the writing ink was metallic, X-rays will be absatiby this ink and

will appear in the final image, while electrons will not [1®]owever, itis very

expensive, and requires safe (radiation shield) conditigvh web archive of
watermark images reproduced by this technique is in [8&]ufé 2.16 shows
a result of a reproduced unicorn watermark, using electaategraphy.

Among these techniques, radiographic techniques give éseresult of watermark
images, as these results do not suffer from interferenceechby writing ink and other
obstacles: beta- and electron- radiography need to be eddondigital processing and
archival, soft X-radiography gives the highest resolutiand produces sharper images
compared to other radiographic techniques. It also rectirdsentire paper sheet in a
single exposure [7], and needs short exposure time. Elec&diography is the fastest
method among radiographic techniques (not faster thasrnéted light). Back-lighting
method is considered the best among non-radiographic metraxlvantages of using
back-lighting is discussed in Section 2.5. A full companisi radiographic and back-
lighting techniques, together with requirements and dpson is in [137]. However,
these radiographic techniques are still expensive, ealbetor individual scholars, need-
ing specialised equipment, and limited to small formatsayey, depending on the size
of the X-ray films and plates [12, 145]. It is also unsafe dumatbation hazards.
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2.4.2 Existing related work

There is much literature on the location and extraction alewaark designs after being
reproduced. Most of these works were to build watermark lziedas. Depending on
reproduction techniques is not enough to study watermark®ost cases, because of
noise and interference left on paper which obstructs themvark design, and because
radiographic technique are only in the hands of large uis#, not individual scholars.

The advantage of using digital, rather than non-digitalhiteques is because they can
observe information in images at scales that may be too sin#&db large for the human
eye. Digital images can be compared, processed, storecetmel/ed easily [54]. This
Section discusses related work, together with its advastagd disadvantages.

Combining back-lighting digitisation with various imagepessing operations offers
an effective and simple to use technique for extracting tatemmark design from paper.
The motivation for using such operations is to isolate amdaee noise and other inter-
ference, including writing ink, uneven background illumiion, and the existing damage
on paper [157].

Digital image processing is the science of manipulatingtalignages. These pro-
cesses include noise reduction, contrast enhancemenggistarpening, filtering, seg-
mentation, objects recognition, morphological operatj@uge detection, image analysis,
etc. The purpose of using such processes includes imprawnignage visual appearance
to human eye, such as noise reduction, and preparing imagesffi-interactive process-
ing such as feature analysis and measurement, such as adgeahe[113].

The most commonly used processes in this review of relate#t vgomathematical
morphology. This is a combination of an image argdracturing elementising a set oper-
ator (e.g., union, intersection, difference, etc). Thaduring elementis a shape that may
be square, disc, line, diamond, etc. In all morphologicarapons (e.g. dilation, erosion,
opening, closing, reconstruction, etc), image data arega®ed and modified depending
on the structuring element. These operations simplify thage features, preserve its
shape characteristics, and can remove irrelevancies 76916122]. The morphological
top-hat transform is also widely used in this research avgarnove non-uniform image
background, defined &opHat= A— (Ao S), whereo is morphological opening, anl
andSare the image and the structuring element respectively [63]

Edge detection is an operation for feature detection armdetbn in images that iden-
tifies image edges: places in an image that correspond résdboundaries. Edge detec-
tion methods include Sobel, Prewitt, Roberts, Laplacig@adissian, and Canny [63,122].

Other operations include enhancing images using histogfé8]. Adjusting image
contrast and brightness is an example of using histogranmsage enhancement. Image
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Figure 2.17: (a) Input watermarked image, (b) Output binargge. With permission
from Volker Margner [132]

subtraction is also considered in this Section, defined aglifference between two im-
agesA andB, denoted a®(x,y) = A(X,y) — B(X,y), wherex andy are the coordinates of
pixels pairs in image# andB.

Zamperoni [157] proposed a watermark database system iohwhis possible to
perform watermark image retrieval. He used back-lightind Bmage processing in order
to extract watermarks, using only the transmitted (backhtge. First, he removed chain
lines using morphological closing or frequency filteringyige an image\. Then he used
the top-hat transform to approximate the background, amdracted it from image,
followed by contrast enhancement, to gBe Then, he separated the process into two
steps: the first one takes imaBeand cleans it (removal of noise, which also results in
removal of part of the watermark), then dilation is appliegmooth the resulting binary
image, to giveB;. The other step enhanc8s in which the watermark signal becomes
stronger, but interfered with noise, to giBe. B; andB; are then grouped together by the
AND operator. The result is finally filtered by a median filter.

The resulting watermark is binary; this is an advantage seaata size is reduced,
and so searching a database for watermarks will be easiefaatet. In this case, the
watermark pattern can be converted to a contour easily,heratords, the watermark
patterns can be presented by a sequence of numbers (contting¢63]). This coding
will provide further data size reduction. However, resufghis system suffered from
interference. Figure 2.17 shows an input transmitted in@agkoutput binary result.
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Gants [54] studied watermarks found in tiiorkesof Beniamin Jonson (London,
1616). He applied image processing techniques to enhalaeduce interference in im-
ages reproduced using the Dylux and beta-radiography igebs [57]. He first scanned
these reproductions, and converted images to grey-scalé¢han shifted the contrast and
brightness to make the watermark, together with laid andhdivees, look clearer. Then,
he analysed the histogram to select narrow bands of greyeshadas, and shifted pixel
values of these areas to the values of surrounding areasfasies into the background.

He also used the above enhancements to study watermarks&luepd using back-
lighting [55], and studied and identified papers by measgytite spacing between chain
lines [59]. However, results after enhancements stillesufiom interference. Figure 2.18
shows an example of Gants’ work.

@) (b)

Figure 2.18: (a) Watermarked image (from Beniamin Jons@vdskesof 1616), repro-
duced with Dylux method, (b) Output result after enhancem#¥ith permission from
David Gants [54]

Stewartet al.[130] also used back-lighting with image processing; thegspnted two
techniques, image segmentation, and modelling ink andrpgqties. They discussed the
use of histogram thresholding in extracting watermarks.riél &nd error process was
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@) (b) ()

Figure 2.19: (a) Input reflected image, (b) Input transrditteage, (c) Output result after
thresholding. With permission from Jonathan S. Arney [130]

used in order to pick a threshold to separate ink from watetrragrey-scale images,
and values of image pixels less than the threshold are cdaoghe value of boundary
of these pixels, however this technique was not good sirresitited in losing part of the
watermark. See Figure 2.19 for input images (reflected aatstnitted), together with a
result of histogram thresholding of the reflected image.

To solve this problem, they used both histograms of refleatetitransmitted images,
and built a 2-D histogram, and again used trial and error téopa thresholding. They
managed to separate recto from verso ink on the paper, anjetiahe pixel values
of these regions to the mean of the whole image. However, @keltr suffered from
interference caused by ink, which was not removed complefeigure 2.20 illustrates
the 2-D histogram (in low resolution due to source) and thpuiresult.

The next method aimed to separate the transmittance of ttegwark from the optical
density of ink, using the Beer-Lambert and Kubelka-Munk eledf light absorption.
These models can approximate the behaviour of ink on papewekkr, they ignored
the verso writing ink, and these models did not remove thorgdk completely, which
resulted in interference in the output image. Results aigihese models are in Figure
2.21.

Rauberet al.[109, 110] proposed a system for the management, archidaleaneval
of historical papers which contains watermarks in a dattbat can be accessed via
the Internet. To help scholars determine date and originnkhawn paper, it will be
efficient if they compare such unknown watermarked papehn Witown watermarks in
the database: this database contained an image and tessgaldion of each watermark.
They used back-lighting, followed by specific image procegalgorithms [108] such as
contrast and contour enhancement to remove laid and chrees &nd other spots from
papers. They also added scanned images of watermarks bpéeohd by Briquet [21] to
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Figure 2.20: (a) 2-D histogram of reflected and transmittegiges, (b) Output result after
2-D thresholding. With permission from Jonathan S. Arne3QJL

Figure 2.21: (a) Output result using Beer-Lambert mode), Qutput result using
Kubelka-Munk model.With permission from Jonathan S. Arfi80]
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their database. They proposed textual and image retriéasgifications of watermarks:
1. The class of the watermark, as presented by Briquet [21].

2. Using the IPH code presented by the International Astsoai@f Paper Histori-
ans [80].

3. Retrieval by specifying global features, using 12 fesgufe.g., watermark size,
watermark position on paper, spacing between two sequiehtan lines, etc).

4. Retrieval by comparing similar images. A similarity tgslocessing algorithm is
presented to compare the shape of a given watermark with atitermarks stored
in the database: two algorithms were proposed for compaiimgarities, Circular
histogram and Directional algorithms, details of thes@atgms are in [109].

5. Retrieval by drawing an approximate shape: they buila#uiee which allows histo-
rians to draw watermarks manually, in order to be comparathusage similarity.

6. Retrieval using small patterns, that is, retrieval usoandy part of the watermark,
where watermarks in the database are indexed into a hash &atal convolution is
applied to search for similar watermarks.

Rauberet al. also proposed a secure mechanism for copyright protecfiomaterial
in the database by using digital watermarking. The main tesk of their approach is
that they ignored paper with interference and concentratere on clean paper and the
traced scans. The image processing algorithms they use@ruoving laid and chain
lines and other spots are semi-automatic, they did not dssthe selection of parameter
values in these processes [108], and it is not clear how tiagygd retrieval success [111].
An example of their work is shown in Figure 2.22.

Ash et al. [7, 8] presented a database project using beta-radiograpigproduce
watermarks in Rembrandt’s prints — the aim of this projecs teehelp Rembrandt scholars
in their research by offering them accessibility and hejpiinem to date his prints. For
each watermark, they added information on the watermargrigg®n, with laid and chain
lines, the date of the document, and a list of other printctviias the same (identical)
and possible twin (nearly identical) watermarks.

Moschini [96] used back-lighting and image processing titdbas database of water-
marks. Some image processing methods were used to enhahbeghhght watermarks
in images (these processes were not discussed though)nvéaks were entered into the
database, together with information of the documents wthiehwatermarks were taken
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(©

Figure 2.22: (a) Input watermarked image, (b) Output imgge,Output image after
applying semi-automatic processing for enhancement. Watmission from Thierry
Pun [109]

(b) (c)

Figure 2.23: (a) Input reflected image, (b) Input transrditteage, (c) Output result [46]

from. This project was used to date and identify Italianfades in the National Central
Library in Florence, Italy.

Edge [46] also used back-lighting. He used a flatbed scamm&e@d of a camera)
with a transparency adaptor to capture watermark imagesusigal manuscripts; he
captured both reflected and transmitted images of the warkrmThese images were
enhanced in order to minimise interference — he used ‘Phofwg1] software to do the
enhancement. The reflected image is first inverted, its gpascthanged, and then super-
imposed with the transmitted image. Figure 2.23 shows iitpages and result of this
approach.

This approach has its limitations. From Figure 2.23(c) we the existence of inter-
ference and furthermore this approach does not work witmtonanuscripts, because it
uses a flatbed scanner. He also used commercial softwarm&gel manipulation, and
trial and error for the parameter choice for changing imagactty.

Christie-Miller [27] developed a hardware back-lightingitisation system. The sys-
tem, called APIS (Advanced Paper Imaging System), was dpedlwith the cooperation
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(b)

Figure 2.24: (a) Input plain watermarked image, (b) Estaddtackground, (c) Top-hat
image result. With permission from Paul F. Whelan [152]

of Solar Imaging Systems Ltd [121]. The purpose of this sysieto record the paper
structure (including watermark) in order to provide digjitagerprinting [28] which helps

in identifying stolen manuscripts. Another purpose wasrasprve valuable artefacts and
store them digitally, which also assist in studying thegefacts. It allows digitisation

of bound manuscripts (opened at®A5so the digitisation is safe and does not damage
manuscripts.

Whelanet al.[152] used back-lighting and image processing in order tcaekwater-
marks from continuous web paper. They work on papers withvatttbut laid and chain
lines (laid and wove paper). In the case of wove paper, thatest by removing the noisy
background by applying the morphological top-hat transfto estimate and remove the
image background. However, they did not discuss how thelyepli¢he structuring ele-
ment size for opening operation. The estimated backgrositidein subtracted from the
original image (named the top-hat res#i), See Figure 2.24, the input image in Figure
2.24(a) has only a watermark without any interference.

Then morphological reconstruction by dilation is appliedliean any remaining noise;
a double threshold operator is used. They first analysedst@gnam of imagé\, and fol-
lowed assumptions in order to find two thresholds — a detaiésttription of assumptions
and thresholds is in [152]. The first threshold was used femtiarker image, the second
was used for the mask image, then they reconstructed thefnoasknarker images (with
resultB). See Figure 2.25.

The next step is cleaning and filtering. Morphological ahgsis applied to imag8,
and small connected features less than a threshold are eghfthese features are prob-
ably noise): the result is nam&l They did not discuss how they picked the structuring
element size in the closing operation, or the thresholdezakinally, imageB is inter-
sected witlC to get the result. Figure 2.25(d) shows a result after ektrac

They also worked on laid papers. They transformed the imanpga Discrete Fourier
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(c) (d)

Figure 2.25: (a) First threshold of top-hat image: markeag®, (b) Second threshold
of top-hat image: mask image, (c) Reconstruction of (b) fa (d) Output result after
filtering. With permission from Paul F. Whelan [152]

Transform in order to remove laid lines — see Figure 2.28(hjd lines appear as peaks in
the frequency domain due to their high frequency: they @pipdi selective lowpass filter
(a smoothing filter [63]) to these high frequency peaks ineortd remove them (as in
Figure 2.26(c)), with resulA. Then they removed chain lines by applying morphological
opening — they used subsets of line segments (because dfidpe sf chain lines) as
structuring elements for opening — with resBlt Then they subtracteB from A, and
applied the previous morphological operations in order ¢b the result. Figure 2.26
illustrates an example image (which has a watermark, tegetith chain and laid lines)
and the output result.

This method used only the transmitted (backlit) image, addhdt benefit from the
reflected image. The major drawback of this technique isdtrdit handle interference
caused by writing ink and other features which may obstriuetvwatermark design. In-
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stead, it concentrated on dealing with watermarked papiiowt any interference.

Lubbeet al. [141] worked on watermarked images of Rembrandt’s etchingsro-
duced by soft X-radiography. The purpose was to detect atdatxpatterns of chain
lines in order to identify the date of these etchings. Chiaied are first highlighted in im-
ages with filtering and morphological operations. Thesediare then detected by vertical
data projection in images using a selective threshold. KWewehey assumed that chain
lines are always vertical, but watermark images can sonestine skewed or rotated from
the reproduction process. Further, they did not discusselection of parameters in the
highlighting and extraction of chain lines.

Further improvement to this work was done by Staalduiateal. [144], by finding
the orientation of these lines in any direction. Chain linese located using Fourier and
Radon transforms [136] (discussed in Section 4.2.2.1) appéied to find the orientation
of these lines in the image. The visualisation of these lisenhanced using Gaussian
filtering. However, the detection is based on the assumgh@irthere is a specific average
distance between sequential chain lines, and the numbéaai tnes in the paper. This
is true as long as all lines appear in paper — some may not ajpeases of paper cutting
and folding, as appears in Figure 4.15 in Section 4.2.2.y®iso did not discuss the
thickness measurement of these lines.

Karnaukhowet al. [86] enhanced the blurred watermarked images resulting tioe
beta-radiography watermark reproduction technique byyapgpimage restoration meth-
ods (e.g., Wiener and regularisation filters, which are dsedoise reduction in images).
An example of a watermarked input image and its output aftierifig is illustrated in
Figure 2.27.

Wengeret al. [150] proposed the INTAS project: A Distributed Database &no-
cessing System for Watermarks [79]. The aim of this projeas o build a database for
watermarks existing in Russia and West Europe, which carcbesaed widely, and will
help scholars to study these watermarks and date undatednéots. Another aim was
to study and improve reproduction techniques, includiriagraphic, back-lighting and
rubbing techniques.

Results of this project appeared in [149]; it included théhoof the first two electronic
watermark databases in Russia. This project also resuitadalysing and evaluating re-
production techniques. Reproduced images were enhancattgst enhancement), and
watermark contours were approximated using semi-aut@rpadicesses [151] for identi-
fication purposes. These enhanced images are then entewvatierdatabase. Emanuel
Wenger is the coordinator of thBernstein — The memory of papdfs3], an ongoing
project for studying watermarks in paper. It aims to creatkgital environment for re-
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Figure 2.26: (a) Input watermarked image with wire and cliaies, (b) Discrete Fourier
Transform frequency spectrum as an intensity functionSggctive lowpass filtering of
(b), (d) Output result after filtering and double threshdlilith permission from Paul F.
Whelan [152]
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Figure 2.27: (a) Input blurred watermarked image, (b) Outpsult after applying image
filtering. With permission from Alois Haidinger [86]

searchers to study paper: it will link all the European dasas of reproduced watermarks
together, and provide image processing tools to measuer pegtures.

Profil is another watermark database project [34] —its aim is teraftholars the abil-
ity to identify watermarked paper. Data was reproducedgieta-radiography in the
National French Library; these watermarks were scanneckateted to the database, to-
gether with a description of each watermarked documentn;Tjpx@cesses are performed
to remove defects in images. The contrast is enhanced byiaggbwpass filtering to
the image in the Fourier spectrum, the filtered image is thiatracted from the original,
then the image is filtered (e.g., median, Gaussian filtec3,tetremove remaining noisy
patterns. An example input and its output result after enbarent are in Figure 2.28.

SHREW ‘SHape REtrieval of Watermarks’ is a database prdfacimage retrieval
of historical watermarked papers. SHREW enhances the isatian of watermarked
images and stores them in a database; a given watermarkerabe¢tmatched with stored
watermarks and similar shapes are retrieved [43].

Input data were traced watermarks by Churchill [29], andgesareproduced by
electron-radiography. Traced watermarked images wereggssed for feature extraction:
images are first converted to binary using a constant thtdstien noise is reduced using
filters (e.g., mean, median and Gaussian), images are ti@mead using morphological
closing to strengthen thin and broken lines in tracings. sehenhancements were com-
bined with shape retrieval techniques in order to get be¢tsults [111]. An example of a
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Figure 2.28: Griffon watermark, (a) Input image reproducsthg beta-radiography, (b)
Watermark image result after enhancement. With permidston Claire Bustarret [34]

traced image and its output after enhancement is in Figa@ 2.

SHREW was further developed and evaluated in [112]. Therathtasets were re-
produced using electron-radiography. In addition to tipeavious enhancements, chain
and laid lines were removed by applying lowpass frequentsrifilg, the background was
approximated by applying a median filtetimes to the watermark image, and then sub-
tracted from the original image. See Figure 2.30 for an inpatermark image using
electron-radiography, and output after laid line suppoess

The main drawback was the lack of treatment of interferenceviiting and such;
noise reduction by lowpass filtering did not give good resudind results of images re-
produced by electron-radiography was not as good as resfulsced watermark images.

Van Aken [140] improved the contrast in soft X-radiograpbghnique using a hard-
ware solution using Helium gas. His improvement made thesxge time shorter, al-
lowed the non-darkroom conditions, and improved the cehtira results. A result of
using this improvement is in Figure 2.31, these images atewrresolution due to the
source they are taken from.

Another project that used the combination of back-lightingl image processing was
presented by Jin [37] and Ngt al. [102]. The approach used the back-lighting system
that we also used in our digitisation (described in Sectid),3ollowed by image en-
hancements to extract watermark features. They enhaneadhtismitted image contrast,
then applied edge detection. Detected features are theeited to vector representation
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(@) (b)

Figure 2.29: (a) Input traced watermark image, (b) Outpatgmafter enhancement. With
permission from Jean Brown [43]

(b)

Figure 2.30: (a) Input watermark image by electron-radapy, (b) Watermark image
in frequency domain, (c) Output after laid lines suppressMyith permission from Jean
Brown [43]
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() (b)

Figure 2.31: Watermark image using soft X-radiographywahout Helium at 10 keV,
(b) After improvement, with Helium at 5keV [140]

(@) (b)

Figure 2.32: (a) Watermark image using back-lighting, (lixft result [37]

in SVG (Scalar Vector Graphics) format [135]. Results obthpproach suffer from in-
terference which obstructs the watermark pattern. Examwipd@ input transmitted image
and its output is in Figure 2.32. The result of the same wadeked image using our
approach is in Figure 4.23 in Section 4.3.

Van Staalduinen [143] enhanced reproduced watermark isnagen back-lighting or
soft X-radiography techniques by suppression of laid lireesd background variation.
The same approach used in [152, 157] was used to detect apcesapaid lines, while
background variation was estimated by means of the backgrmean and variance es-
timate. Both reproduction techniques were compared qiady (from an art expert’s
point of view) and quantitatively (by image analysis tecju@s). Results showed that the
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soft X-radiography technique is better — details of congaariare in [145].

Neuheuseet al.[93,100] used a thermography watermark reproduction tegctento
distinguish originals from prints, and to identify watemks in Rembrandt’'s drawings.
Figure 2.33 illustrates the team and the setup they useld amtatermark image result.

Figure 2.33: Thermography setup, with a watermark imagelted/ith permission from
Peter Meinlschmidt [50]

Atanasiu [9, 10], working in the Bernstein project [13], ééyped two applications
which helped in studying laid lines. The first is for laid lidensity measurement, known
as ‘AD751’, which locates the frequency of these lines inf&yuransform [11], and
the other is for laid lines suppression and extraction, kmaw ‘BlueNile’. Other useful
applications are ‘Filigrana’, which is another laid linesngdity measurement tool, ‘Wa-
termarkScissors’ is an application which segments an imdgeh contains a number of
watermarks, into smaller images according to the numberatémnarks, and ‘WMT’ is
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an application which measures width and height of watersharteractively [13].

2.5 Discussion

After this introduction of the history of paper watermarkslats making, its importance in
early and present days, and after reviewing other appraddnextracting these features,
we consider advantages of our approach, and discuss thatiimnis of other works.

Tracing, back-lighting and radiographic reproductionht@ques are the most com-
monly used approaches by scholars nowadays. The approesénped in this thesis is
back-lighting (described in Section 3.2), because it isgdgnand requires relatively low
cost equipment; captured watermark images are generajédllyiin a very short time.
This makes it easier to preserve and store them in digitéiaes that can be accessed
remotely. Radiographic techniques are more expensivafengme-consuming and hard
to reach for individual researchers. Tracing is simple amebp, but it is not accurate and
needs skill and experience.

Back-lighting allows further image processes approacbdsetapplied easily in or-
der to highlight watermark patterns and remove interfeeecgused by writing ink (on
both sides of paper), together with noisy and uneven backgrdlumination, and other
unavoidable existing damage on paper. Captured imaged arhigh resolution, which
allows the observer to see very small details of the image.

Related works reviewed in Section 2.4.2 suffered from fietence that prevented a
clear watermark design. Other works lacked the adaptivectieh of parameter choices
in image processing algorithms; our developed approaclkaesmged to output watermark
images with minimum interference, and presented effecmaroaches to automate pa-
rameter selection.

This work is divided into two approaches. The first, a botteprapproach, presented
in Chapter 4, was developed to extract watermarks from papleis approach will help
preserving these important artefacts, and will allow wialezessibility for scholars. These
data are presented in Section 3.1.2. The system givesieffeesults with the minimum
interference compared to others’ work. This approach wahéu evaluated, and pro-
cessed to export watermark images to vector forms in Ch&ptdihe system was built
with an interactive interface in order to aid historians Omho not have experience in
using computers) to use it easily.

The second approach attempts to model back-lighting, apcesented in Chapter 5.
This approach serves as a watermark image retrieval ylitg was developed to locate
watermarks in more difficult data than those in Section 3.TRese data are presented



Chapter 2 45 Literature review

in Sections 3.1.3, 3.1.4 and 3.1.5. These data have the iamwer of being a valuable
artefact, since these are complete handwritten collestdthe Qur an and Prayer; these
data are characterised by thick writing strokes on botloraot verso. The paper used in
writing this manuscript is thick, and the watermark patseane not clear, which resulted
in high interference, and a weak signal of the watermark sh@jis approach aggregates
similar watermarks to provide accurate details which maybecaclear in individual sheets.
It also distinguishes ‘twin’ from ‘identical’ watermarksResults of this approach are
promising.

In the context of a complete digitisation, it is not reabdt only extract and preserve
paper watermarks that have a clean surface. Most of the roaptsswe are working on
for preservation purposes contain important foregrousd&i information as well as the
watermark and hence the proposed methods make use of imagdgye with normal
visible lighting and one with back-lighting) for the digiaition stage. The image capture
with normal lighting is used for the digitisation of the saré of the paper while the image
pair is used for the framework described.

As a result of our work, on-line web archives of these manptcare now available
in[76,77].
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Source material and Digitisation
procedures

This Chapter presents a description of material used fotopyping. These data are
principally manuscripts from the eighteenth and nineteeenturies, held by the Special
Collections at the Brotherton Library of the University oééds [123]. We also present
the digitisation setup we used for image acquisition; thiequipped with hardware to
permit the back-lighting technique described in Sectiah digitising these artefacts will

preserve its important historical value and provide bettsess and distribution. We then
present a description of the characteristics and qualifyapier and watermarks found in
our data.

3.1 Materials used for prototyping

3.1.1 Modern paper

We used our digitisation setup to capture watermarks in moplaper which holds a logo
of the University of Leeds as a watermark. This is positiomethe paper centre: an
example of such currently used paper is in Figure 3.1 (zooanellenhanced for display).
We used this type of paper as a benchmark for the approacereskin Chapter 4.

46
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Figure 3.1: Modern transmitted paper (zoomed and enharmcetidplay)

3.1.2 Individual manuscripts

Part of our data was individual musical and handwritten nsaripts. These manuscripts
are taken from the works of Henry Litolff [14], digitised Wipermission from the Spe-
cial Collections at the Brotherton Library of the Univeysif Leeds [123]. Paper used
for these manuscripts is laid (with chain and laid lines) ammye, and has a variety of
watermarks. Examples of these manuscripts (zoomed ancheadhdor better visualisa-
tion) are in Figures 3.2 (for wove paper with the ‘J WHATMANA6" watermark) and
3.3 (for laid paper with the ‘1824’ watermark). Further fillustrated examples of these
manuscripts are in Pages 153 — 156. These manuscripts waddruthe approach dis-
cussed in Chapter 4.

3.1.3 The ‘Mahdiyya’ copy of the Qur'an

This manuscript is held by the Special Collections at thetfiggon Library of the Uni-
versity of Leeds (MS Arabic 619). Itis a complete copy of ther@n written in 1881
(1299 Hijri) in Sudan. It was taken 18 years later by BimbakHt. N. Lewis, a British
major, in Um Debrekat in Sudan. The Qur an was “found in #ddie-bag of an Emir
who was killed near the Khalifa (Abdullahi) on the occasidrh® latter’s death at Um
Debrekat (Gedid) on 24th November 1899” [24].

A brief description of the manuscript, taken from Brock@41]:

The manuscript is written on laid paper, folios 346 (exceqggs 247, 341
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@) (b)

Figure 3.2: Historical wove paper (zoomed), (a) ReflectefT¢ansmitted

@) (b)

Figure 3.3: Historical laid paper (zoomed), (a) Reflect®jl Tfansmitted
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Figure 3.4: Cover of the ‘Mahdiyya’ copy of the Qur an

and 342, which were taken from a different paper type), pdpeensions are
234-238x 160-164mm, writing area is 170-1%5100-102mm, 13 lines of
writing per sheet, the manuscript is written in east Sudaskh. Writing
and vocalisation is in black ink, while s'ura titles, vedsaeers, recitative
notations and marginal notes are in red ink, no decoratigsig»xand cover is
made of leather (as illustrated in Figure 3.4).

Except for three pages, only one paper has been used fortiniaiQ bearing a water-
mark and its countermark. The watermark is the two-headeddoble-headed) eagle of
the Austro-Hungarian Empire with a sword and sceptre. Thanmymark ‘Andrea Gal-
vani Pordenone’ with a moonface-within-shield, reveaésriame of the fabricant, Andrea
Galvani, and the city where the mill was based, Pordenomgatsd in the Frioul, in the
North-East of Italy). This countermark was first used in Bgga868, and in Sudan from
1870 [147]. Page 247 bears atre lune (three moons) wateymarkhuman faces and the
arc curved at the top and bottom edges. Pages 341-2 holdemotionface-within-shield
design.

The watermark and countermark are divided into two partéig thanuscript. None
of the pages contain a complete design of the watermark artecuark, these designs
appear on the edge of paper sheets. After using this mapustaur approach presented
in Chapter 5, and after superimposing the similar desiggstteer, we later determined
that there is another countermark placed under the douddeldd eagle, probably ‘A G’, a
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Figure 3.5: Sample from the ‘Mahdiyya’ copy of the Qur andmed), (a) Reflected, (b)
Transmitted

well-known countermark that denote Andrea Galvani. Coneped clean designs of wa-
termark and countermark are illustrated in Figures C.7 algdiCAppendix C. A sample

of this manuscript (zoomed and enhanced) is shown in Figlire This example shows
part of the paper, with lower part of moonface-within-stiehand the ‘Andrea Galvani

Pordenone’ countermark. Sample full illustrations candaentl in Pages 157 — 160.

3.1.4 Islamic Prayer

This manuscriptis an Islamic Prayer and also held by thei&p€ollections at the Broth-
erton Library of the University of Leeds (MS Arabic 86). Clatgue notes identify it as:

Kitab Durrat ‘igd al-nahf1 ‘asrar izb al-bahl. No date is given but it
is believed to be in the 18th century. The commentary (on tiagd?s) is
by the Sufi ‘Abd al-Raim an b. Muammad b. ‘Al b. Amad al-Bisam 1
(d.858/1454, [23] vol.ll, p300). The main Prayer (or Praydas by Nur al-
D in Abu al-tasan ‘Al't b. ‘Al't b. ‘Abd al-Jabb ar abshn 1 al-Idr 1s1al-Mi'mar 1
al-Sh adhil' (d.656/1258, [23] vol.l, p583). The work pdses the Muqgad-
dimah, Prayers by al-Sh adhil'i,mdud al-Malaw 1, a Ris ala by Abu ahshn
al-Hind 1, and aikb by Ibrah im al-Das uq 1.

The manuscript comprises 32 folios5& 6in, written in single columns
of 17 lines to page, within a border of two red lines7%x 3.25in. 1t is
on good, waxed, vertically-laid paper (horizontal layethe inch), in clear
Naskh, with a few vowel- and orthographic signs. Rubrics anginal text
are in red, with no annotations. The folios are loose withaired, brown
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Figure 3.6: Cover of the Prayer manuscript

leather covers, with flap, each ornamented with indentedathadas illus-
trated in Figure 3.6). There is simple ‘Unw an in black amtweéhin triangle
of red lines in folio 1.

The watermark used in this manuscript paper is tre lune éthmeons), with a letter
‘C’ as countermark — an initial or symbol indicating the papeker's name, appearing
opposite the main watermark on the other half of the mouldwswhlly smaller than the
watermark. Each pair of pages is bound together, which gemtomplete design of the
watermark to appear clearly. We used these data in our agipfmasented in Chapter 5.
An example of this manuscript with watermark (zoomed andaeckd) is in Figure 3.7;
sample complete illustrations are in Pages 161 — 162.

3.1.5 The ‘West African’ copy of the Qur'an

This manuscript is also held by the Special Collections atBlotherton Library of the
University of Leeds (MS Arabic 301), and is a complete copyhaf Qur'an. It carries
neither date nor other information of origin, but the scrged is west African, called
‘Sudan 1 Maghribr.

The manuscript was described by Ebied [45] and Brockettsarg#ion is taken from
the latter:

fol. 332 (163 bifolios, 6 folios); 220-238 160-167.5mm; written area
150-160x 100-1l0mm; 16-20 lines per page; laid paper; bold Ifr endh
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Figure 3.7: Sample from the Prayer (zoomed), (a) Refleclydlransmitted

in shiny black ink, with diacritics in black, vocalisation red, and hamzat
al-gat in yellow; s ura-titles in the same hand but in red, withcdizcs and
vocalisation in black; marginal decorations in red, broysljow and black;
4 larger decorations in ‘earthy’ yellow, reddish brown arddi (ff. 1b, 8lb,
163a, 246a); strong, leather loose-cover binding, staieeédish brown, with
dark brown (almost black) associated with the tooling, egan an envelope-
flap and strap for fastening; the whole contained in a rigiddeuleather
satchel, with a triple flap, thongs and straps (as illustrateFigure 3.8);

no date.

The manuscript contains the tre lune watermark, which aggpealifferent variations,
one reason for which may be twin moulds for paper-making &eetion 2.1). Another
reason may be movement of the watermark along the mould {Bd]wire forming the
watermark seems to be attached to the mould improperly — s@ges have the largest
crescent rotated by a large angle. See Figure 3.9 for a savhfiless manuscript, together
with variations in the tre lune watermark (zoomed and enbdjc

The countermark used is the letter pair ‘C L', with two vaigais, which proves that
twin moulds were used in paper-making. Part of the manusaigp has the tre lune
with human faces (three moonfaces) watermark with the ‘@adGalvani Pordenone’
countermark. See Pages 163 — 166 for full illustrated sasngfiéhis manuscript.

The manuscript is not dated, but with the help of watermarid @untermarks, the
manuscript is estimated to have been written mid 19th cgnhetween 1836-80 [24],
because the countermark corresponds to the Venetian Arildani firm, providing
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Figure 3.8: Cover of ‘West African’ copy of the Qur an

1836 as the earliest paper-making date. Such paper wasnugggpt and western Sudan
until 1880. Brockett suggested that the manuscript datesecto 1836 rather than 1880,
because the first use of three moonfaces watermark in Egygpitvesarly 1840s [147], and
so around this date in western Sudan. This manuscript wasiakd as input data in our
approach described in Chapter 5.

3.2 Digitisation procedures

The digitisation system used for capturing reflected andstratted images was made
available by the Interdisciplinary Centre for Scientificd®arch in Music (ICSRiM) [101].
This system is mounted using a stand with lights by Kaiseotéochnik [85]. We used a
FUJIFILM FinePix S1 Pro camera [51] in capturing our imagBse system uses a light
sheet for back-lighting: this is a thin foil of light with eméehomogeneous illumination
behind the paper, used to visualise the watermark pattesch Baper sheet is captured
three times, reflected images of front and back, and a trateshimage (which captures
the details of paper structure, including the watermargetber with laid and chain lines).
The camera comes with capturing software, which permitprransfer and view-
ing of captured images, controlled from a PC via a USB conoeatith the camera. The
camera uses Super CCD (Charge Coupled Device) image sesbaotogy and a ‘Nikon
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(©) (d)

Figure 3.9: Sample from the ‘West African’ copy of the Qur'(@aoomed), (a) Reflected,
(b) Transmitted, (c) Variation of tre lune watermark (twiatgrmark), (d) Another varia-
tion of tre lune
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F’ lens. It captures images with a resolution up to 384I016 pixels (6.13 megapixels).
Full specifications of the camera, its functions and shgosioftware are in [51]. The
‘Mahdiyya’ Qur” an, individual manuscripts, and Univéysif Leeds paper were captured
at a resolution of 258dpi, while the Prayer and the ‘West&sn’ copy of the Qur an were
captured at 220dpi. During the digitisation process, imgortant to position pages as
consistently as possible: this will be important in locgtmatermarks using the approach
presented in Chapter 5.

3.3 Data description: watermark and paper qualities

This Section discusses characteristics of the paper anefrwatks of manuscripts pre-
sented in Section 3.1. The paper bearing the University eflsdogo watermark has a
uniformly textured background, and even illumination @dhe sheet. The watermark
pattern is partially impaired by a background pattern, \Wwiéannot be clearly seen. Re-
sults of using this paper are shown in Figure 4.26 in Secti8n 4

Individual musical and handwritten manuscripts have fetence caused by writing
and other defects. Thin pen strokes were used in writing @ep@.e., radius of the nib),
the background is not uniform, and the paper used is thin.ekiarks (and laid and
chain lines) appear clearly in most of the paper. This typdaté was used successfully
to extract watermarks as presented in Chapter 4; output magén in Section 4.3.

The ‘Mahdiyya’ copy of the Quran was the most complex daanwestigated. These
data are challenging for several reasons:

e Its importance as a complete handwritten collection of the @n.
e The paper sheets and writing strokes on recto and versoiake th
e The background is not uniform.

e The watermark patterns are not clear and of poor quality.

All these characteristics present high interference wittenmark patterns.

The Prayer and the ‘West African’ copy of the Qur’an were algllenging. They are
valuable artefacts, and also have thick pen strokes, tragleip(but not thicker than the
‘Mahdiyya’ Qur’ an), but watermarks are clearly visiblarfof the ‘West African’ copy
of the Qur an has poor watermark quality, especially theethmoonfaces watermark.
Both Qur an copies and the Prayer data were successfe@tytodocate watermarks in
our approach described in Chapter 5. The paper type usedtin@uar’ an and Prayer
manuscripts is laid paper.
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A bottom-up approach

4.1 Introduction

Challenging pattern recognition and extraction problenmesadten approached in two in-
dependent ways:

e Bottom-upapproaches, in which individual basic operations of théesysare spec-
ified in detail, and are then connected to build larger susiesys, which are joined
together to form the main or top-level system.

e Top-downapproaches, when an abstract or overview of the system isedeand
mapped onto observation, and then divided into specifiegssgbons, these are
then further divided until detailed basic operations arec#ped [154].

In this Chapter we consider the former strategy and deriveegss that pre-processes,
highlights the watermark, and removes foreground and backgl interference. After
this, the segmentation stage offers the localisation atidetion of watermark pattern
and chain lines.

This sequential approach is demonstrated on a range ofsrgmat shown to be suc-
cessful: it has limitations, however, which we also demi@tst which lead to a comple-
mentary top-down approach discussed in Chapter 5.

56
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Input: o Digital watermarked image
watermarked Digitisation Stag
paper

Segmentation (Extraction) Pre-processing Stage |
Stage y
Watermark Background Foreground
Chain lines |« - Isolation and< - Estimation|€ ~ Interference
Detection Enhancement Removal
|
|
l Post-processing (Vectorisation) Stage
Edge Detection
and Noise | _ N Boundary | _ Polyline
Removal Extraction Simplification

Output
Extracted
watermark in a
vector format

Figure 4.1: Flow chart of the bottom-up watermark extrattpproach. Digitisation is
described in Chapter 3 and vectorisation in Chapter 6.

4.2 Paper-based watermark extraction

This approach operates in two main stages:

Pre-processing Image processing is applied to highlight the watermark ancave fore-
ground and background interference. This is an importagesthat provides the
key advantage to this system since it handles typical noideecto and verso writ-
ing and markings.

Segmentation The localisation and extraction of watermark pattern arairchnes.

A further post-processing stage is described in Chapter @hich a graphical represen-
tation of the segmented watermark is created as a vectatessdtiption.
An overall flow chart of this approach with various stagedlistrated in Figure 4.1.
The overall process time depends on the PC machine speedeandryy complexity
(the amount of interference caused by writing ink and otleéects) and size of the image.
It generally requires around two minutes with image sizerotiad 1500 1000 pixels,
with a Pentium 4 PC of 2.8GHz speed and 1GB RAM.
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Figure 4.2: Input backlitimage and its intensity histograrhe watermark is presented on
Page 154. This document is part of the works of Henry Litdl#][ The text is readable
on Page 153.

4.2.1 Pre-processing

The pre-processing stage focuses on highlighting andtisgléthe watermark from other
digitised contents of the paper using morphological openat[63]. The digitised image
normally consists of the paper (in the centre) with a borégion due to the lighting
sheet during digitisation. For better estimation of dynathresholds, the pre-processing
stage starts with the localisation of the region of the papéne image by analysing its
grey-level distribution. Figure 4.2(b) illustrates howetdistribution of the pixels of the
paper region is separated from the surrounding bordergsins brighter. This area is
removed by histogram thresholding; we pick the thresholthashighest intensity value
in the first area (95 in this example). All intensity valuesabthis threshold are set to 0.
See Figure 4.3 for the transmitted (backlit) image (of Fegdir2(a)) after border removal.
A larger illustration of this sample image is on Page 154.

A series of steps is then applied in order to extract the wadek design by separating
the image into a number of layers. Firstly, foreground ifeemce, such as writing ink, is
removed by producing an intermediate imadgevith the background and the watermark.
Next, the non-uniform background of the image (e.g., pagdute, noise, folding marks,
etc.) is estimated alg. After that, the difference image ¢f andly is produced,, =
la — Ip, which contains the watermark (and some residual noise).
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Figure 4.3: Backlit image after border removal

4.2.1.1 Foreground interference removal

In order to extract the watermark pattern, it is necessamyitomise, as far as possible, in-
terference caused by the obstructing writing ink. In thenepkes we present (as in Figure
4.3), the writing ink is black, so the darkest pixels identtie writing. Also, in this type
of data, writing features, either on recto or verso, arertbirthan the watermark features,
this fact motivated us to use morphological operations fapsess this interference. We
devised a combination of morphological dilatidd £ A& B) and erosion@ = A© B)
operations, wheré andB are the image and the structuring element respectively. [63]
These operations are effective in writing removal, becabsg have the advantage of
removing small black holes or gulfs represented by suctufeat{122].

The size of structuring elemeBtused in dilation to remove such interference is criti-
cal — choosing a non-suitable structuring element sizeaffiéict the clarity of the water-
mark pattern and make it blurry, as illustrated in Figureg &) and 4.7(f). The motiva-
tion behind this approach is to determine this parametermaatically to permit optimal
content processing without time-consuming manual int&ige. The following steps
(illustrated in Figure 4.4) explain this approach:

1. Applying a contrast stretching process [63], so the darkéxels will take a zero
intensity value (as illustrated in the histogram distribntin Figure 4.5);
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above g

Figure 4.4: Flow chart of the foreground removal approach

2. Determining the percentage of such pixed;

3. Within the original image, determine the grey legeduch that% of pixels are at
intensityg or less;

4. Dilate the input image, starting with structuring elermehsize 1, and increasing
the size until all pixels values are abayéas illustrated in Figure 4.6);

5. The final structuring size is taken as the optimal valuetoave foreground inter-
ference.

Example results of iterated dilation using this algorithmtloe image in Figure 4.3 are
illustrated in Figure 4.7 (enhanced for better visualma)i— the writing fades out with
iteration. The dilated image is then eroded in order to ffaemaining image features
(including the watermark) resulting from dilation. Figute8 illustrates the intermediate
result after this stage.
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Figure 4.5: Histogram distribution of im- Figure 4.6: Number of pixels of values be-
age in Figure 4.3 after applying contrastlow g plotted against structuring element
stretching size

4.2.1.2 Background estimation

The next step focuses on the removal of non-uniform backgtolf the image does not
have uniform illumination (i.e., some areas are brightantlothers), it can be corrected
by estimating and removing the background illuminationjalihis done by applying the
morphological top-hat transform, defined BspHat= A— (Ao B), whereo is morpho-
logical openingC = AoB= (A©B) ®B[63]. AandB are the image and the structuring
element respectively. Opening is useful for separatinghog features, and removing
small regions and sharp peaks.

This transform is applied because the opening operatiomvemimage features that
are completely contained in a structuring element. To edtnthe image background, it
IS necessary to remove the watermark pattern by choosingietsting element with a
size that is large enough to cover a single feature of tha¢pat

The automatic selection of this optimal size is an intengstihallenge for this step,
related works can be found in [152,157]. However, they ditldiscuss this selection.
One of the successful approaches is to estimate the widtieofatermark pattern, and
choose a structuring element size that is larger than tHiseydhis estimation is now
possible, especially after the removal of obstructingdooeind features (e.g. writing ink).
Granulometry [122] is used to determine the size distrimgiof features (objects or
features: groups of connected pixels) in an image withoginsating each object. This
is achieved by applying a series of morphological openingls structuring elements of
increasing size. The sum of pixel intensity values in thgootiimage after each opening
Is stored. See Figure 4.9.
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Figure 4.7: Iterated dilation of Figure 4.3, with struchgielement size of (a) 1, (b) 2, (c)
3, (d) 8 (optimal), (e) 9 (the design starts to blur), (f) ad(the design is not clear)
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Figure 4.8: Backlit image after foreground removal: waterknis visible, and most fore-
ground interference is removed
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Figure 4.9: Cumulative intensities plotted against strtioty element radius; original
image in Figure 4.8.
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Figure 4.10: Granulometry (size distribution) of imageeuitg: first differences of the
plot in Figure 4.9

Taking the difference of total intensities (the sum of pixgensity values) between
two sequential openings will give the distribution of oligesizes at that scale. This
definition is also referred to as the pattern spectrum oftieegie. Figure 4.10 illustrates
the granulometry, or pattern spectrum, of image objectschvban be viewed as the first
derivative of the intensity surface area distribution.

By investigating this distribution, a local minimum at a sipie radius will indicate the
existence of many image objects of that radius. The globalmuim, Ry, will indicate
the highest cumulative intensity of objects at that radilise most suitable structuring
element size for background estimation will have the v&dge + 1; choosing a smaller
size will not isolate the watermark pattern from the backapeh. Figure 4.11 illustrates
the estimated background.

4.2.1.3 Watermark isolation and enhancement

The pre-processing stage is finalised by subtracting thmatdd background from the
image after foreground removal. The result will have a umifdackground; noisy re-
gions such as folding should have been eliminated in thisge®. The signal for the
watermark will then have less interference from foregromoedse. However, the inter-
mediate output after the differencing operation is low imttast due to the numerical
subtraction. To correct this, contrast stretching is aggpfior better visualisation and to
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Figure 4.11: Estimated background of input backlit imagesatin Figure 4.3

enhance the contrast of the image. See Figure 4.12.

4.2.2 Segmentation

As illustrated in Figure 4.12, the watermark became clear @asy to extract after the
pre-processing stage. Its histogram, as illustrated inr€ig.13 shows this possibility, it
only contains 7 grey intensities in this example.

However, there is still some noise from the remaining fooegd and background in-
terference: thresholding this intermediate result canffeetve to reveal the watermark,
but still there is noise, see Figure 4.14(a). Stricter thoéding to remove more noise will
affect the watermark signal, see Figure 4.14(b). The fatlgwsub-sections will discuss
the detection and extraction of chain lines (described «tiGe 2.2), the location of the
watermark area, and the extraction of the watermark patteaugh this noise.

4.2.2.1 Chain line detection

As discussed in Section 2.3, chain lines can be very usefthéostudies of paper identifi-
cation: they can serve as fingerprint identification of thaufd@ince such line sequences
can be used to identify paper made from the same mould. A fgpé&anction of this
watermark extraction system has been developed to detéebaract these lines.
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Figure 4.12: Intermediate result after pre-processingesta

The process of detecting chain lines in the image is perfdraseng either the Hough
or Radon transforms [91, 122, 136]. This process redrawsdébected lines in case some
of them do not appear due to the digitisation process, orusscaf paper folding and
cutting. Furthermore, image skew can be also adjusted diépgon detected chain lines,
in case the paper was misaligned during digitisation.

This detection process can provide us the existence of dima&ig, distance between
sequential lines, chain line orientation, thickness oédirand the number of chain lines
in the paper. The Radon transform computes projections ohage matrix along speci-
fied directions by computing line integrals from multipleusces along parallel paths by
rotating the source around the centre of the image.

The Radon transform of Figure 4.15(a) is illustrated in FFegd.15(b); detected lines
(high peaks) were located when applying a projection of@dg(equivalent to 189).

The detection process locates these lines using a manetlted threshold; detected
lines are shown in Figure 4.15(c). This Figure illustrates the transform detects the two
edges of each chain line, and this facilitates the calanadf their thickness and spacing.
Measurements are determined by finding the horizontal sgdan pixels) in this image
between sequential lines: small-sized spacings will gtexthe thickness of such lines,
while large-sized spacings will provide the spacing betwibem.

The direction of the resulting image is then adjusted depgndn the direction of



Chapter 4 67 A bottom-up approach

X
45 T

35 —

05 —

g | | | | | | |

a 50 100 150 200 250

Figure 4.13: Histogram distribution of Figure 4.12

the chain lines; see Figure 4.15(d). This process diffenifwork presented in [141] as
it detects chain lines at any orientation. It also has an atdgge over [144] because it
detects the thickness of chain lines, and does not needdotastlines to redraw them.

4.2.2.2 Locating the watermark

We are interested in determining automatically the winddvthe image in which the
watermark lies. Despite the significant residual noise,gesasuch as those in Figures
4.12 and 4.15(a) suggest that the signal of the watermadioprsates and should be
locatable under certain assumptions.

Considering Figure 4.16(a), we have experimented withgatgyns in bothx andy di-
rections. The naked eye can detect the location of the watkgwhich appears as peaks
in X direction in this example. But locating these peaks stiddeemanual intervention,
and it is difficult to locate small patterns, or patterns #ua split along paper.

On the other hand, chain line suppression can be helpfulandbalisation of the
watermark: removing these lines has the advantage of gigtrig the watermark area
when applying the projection, especially in $hdirection, because these lines are vertical
and appear as large peaks.

Furthermore, the thresholded images (such as Figure 4eg4) $0 demonstrate better
signal to noise properties, and we have projected theseimilasmanner, as illustrated
in Figures 4.17 and 4.18. Visual inspection of the verticaljgxtion easily betrays lo-



Chapter 4 68 A bottom-up approach

(a) (b)

Figure 4.14: Figure 4.12 at 2 thresholds.

cation of the watermark information, but this is less cleathe horizontal projection.
Fortunately, deciding which of these directions to adopth@ut the naked eye) is solv-
able by looking into the variance of each projection. By exdpng the projection data
in the x direction, we find that the variance is large due to the highesof watermark
features compared to other features, while in yhdirection, it is low. In this case, we
choose the projection where the variance is higkelirection in this example).

The chosen projection data are then thresholded, using@X&mple) mean as thresh-
old value — this can give a good localisation of the watermaithout the need for manual
intervention.

As a conclusion, automatic watermark locating is possidsuming that the water-
mark pixel intensities are high: the pre-processed intérate result is thresholded, and
the chain lines are suppressed. In this case, data prajesilbbe able to reveal the
watermark location.

4.2.2.3 Edge detection and noise removal

An alternative approach is to apply edge detection followgthe identification of noise
image features and interior segments. A Canny detecton$2@ed to locate edges; this
method gave the best watermark design detection among eisal®f edge detectors
such as Sobel, Prewitt, Roberts, and Laplacian of Gaus6&ri22]. These alternatives
provided less shape detail, with more irrelevant imageauest See Figure 4.19 for results
after detecting edges.

A noise removal process is then applied. Small gaps betweage features are
eliminated by applying a morphological closing operatidmei reduces the number of
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(©) (d)

Figure 4.15: (a) Image before chain line detection, (b) Rantansform, (c) Detected
lines, (d) Image after chain line detection

image features (and hence reduces processing time nesdedjigure 4.20.

Image noise is then located and removed. To do this, thresrgggns were made:
(i) Noisy image features are small-sized; (ii) Noisy imagattires are isolated; and (iii)
Isolated, small groups of neighbouring image features argen Hence, three thresholds
are used:

e t1: object size (in pixels). Noise image features (objecte)raostly small, so only
objects less than in size are processed. This speeds the noise removal process

e to: object distance (in pixels). This threshold checks whe#imeobject is isolated
from other objects or not; if it is isolated by the given threkl; then it is assumed
to be noise and removed.

e t3: group of objects distance (in pixels). This threshold &seghether a group of
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(@) (b)

(©)

Figure 4.16: (a) Pre-processed image, (b) Data projectianand (c)y directions

neighbouring objects (objects close to each other) istisdliom other objects by
a specified distance. If it is isolated; then it is assumecktodise and removed.

Values of thresholds can be estimated by viewing the digiob of feature size ver-
sus number of objects as in Figure 4.21. These assumptitias fdtom the assumption
used in [152], where they only remove image features of a(gizgixels) smaller than a
specific threshold.

The result is then further improved by interior filling of shhanwanted holes. The
result after these stages is shown in Figure 4.22(a); ancgkelt with chain lines present
is in Figure 4.22(b); results are rotated for better vissation of the watermark.
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(@) (b)

Figure 4.17: (a) Thresholded image, (b) Data projectiox @&nd (c)y directions

4.3 Results

This section presents several sets of watermark imagesnwomigrate the results and
effectiveness of the approach. The system has been pretbtgdATLAB [134] with
a specially designed graphical user interface to providsy egeration, especially for
researchers unfamiliar with computer languages and pnogriag, with default settings
and the ability to handle manual intervention. The systematao be run in standalone
mode, without the MATLAB environment. Results were obtdinsing an Intel Pentium
4 machine of 2.8GHz speed and 1GB RAM, under the Windows XIPatipg system.
The main interface of the prototype has a window for the rendeof the input image
and a set of controls on the right-hand panel. The prototgoebe operated a step at a
time to trace all the main processing stages. A full illustra of this interface can be
found in Figure C.1 in Appendix C.
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(a) (b)
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Figure 4.18: (a) Thresholded image, (b) Data projectiox @nd (c)y directions
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Figures 4.23, 4.24, 4.25, and 4.26 illustrate a selectioth@fresults obtained with
the current prototype. For each sample, we present the lagepsing stages with the
digitised input image and the intermediate and final residlteese manuscripts are taken
from the works of Henry Litolff [14}.

Figure 4.23(a) shows an example of a historical watermapiegzr sheet with hand-
writing (ink) on recto and verso, noise and non-uniform lgrokind. It is obvious that
the watermark and chain lines are brighter than other featur the paper structure — the
watermark signal becomes clear in the intermediate reftalti@moval of foreground and
background interference as illustrated in Figure 4.23fjure 4.23(c) demonstrates the
output watermark pattern (zoomed for better visualisgtwith the detected chain lines.

Another example of historical paper with low foregroundeirierence is shown in

IDigitised with permission from the Special Collections betUniversity of Leeds Brotherton Li-
brary [123].
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Figure 4.20: Intermediate result after applying morphatabclosing
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Figure 4.21: Estimation of noise removal thresholds — ntarke

Figure 4.24(a). The paper has a noisy background whichwtistthe watermark design,
but this interference was successfully removed after poegssing as illustrated in Figure
4.24(b). The final output can be found in Figure 4.24(c); thgnsentation is clean and
contains only the extracted watermark pattern.

Figure 4.25(a) illustrates another example of historicalesmarked paper, with a low
watermark signal. This example is a musical manuscript atidwritten music notation,
expressive symbols; text and signature, with both foregdaand background interference
(mainly hand-drawn horizontal stave lines). Figure 4.28@monstrates the intermediate
result after interference removal. The final result of thees@mark design segmentation
is presented in Figure 4.25(c).

An example of contemporary watermarked paper is shown imrgigt.26(a) (en-
hanced for display). Here, there is no writing and it has &umly textured background.
The watermark pattern is partially corrupted by the baclkigu pattern and cannot be
clearly seen (by eye): hence the quality and completenesesegmented watermark
design is hindered as demonstrated in Figure 4.26(b). €i26(c) shows the segmented
watermark design, and Figure 4.26(d) illustrates a vesgorrepresentation, which is fur-
ther described in Chapter 6.

4.4 Conclusion

This Chapter presented a prototype to extract paper watksnia a bottom-up manner.
This approach is generally capable of resolving a range i@giound and background
interference, using only the transmitted (backlit) imagegdrocessing. It also presented
the detection of chain lines and the dynamic adaptation wiesof the necessary image
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Figure 4.22: Results after segmentation
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operations to automatically determine optimal paramedéres.

We also presented processing examples, sample resultglisoubsed applications
from different sources, including old and modern waterredrlkaid and wove paper, and
different types of writing, including graphical notation.

However, this approach is limited to the kind of data presénmh Sections 3.1.1 and
3.1.2. These data are characterised by non-uniform bagkdrand thin pen stroke used
in writing (i.e., radius of the nib). Clearly, any large regiof dark interference cannot be
supported. Datasets used are thin paper, with the waterdesign clearly visible.

The morphological and edge detection algorithms are seasit parameters choices.
We presented a number of algorithms to determine optimatstring element sizes in
dilation and opening operations, but other processes ®&gyproach (e.g. edge detection)
need manual parameter adjustment.
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Figure 4.23: Sample input 1 with handwritten watermarkepegpga) input source im-
age digitised with back-lighting, (b) pre- processed imtediate output, (c) segmented
watermark design (zoomed)
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(©)

Figure 4.24: Sample input 2 with low foreground Interferex&) input source image digi-
tised with back-lighting (b) pre-processed intermediatgat, (c) segmented watermark
design (zoomed)
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Figure 4.25: Sample input 3 with handwritten music manys$da) input source image
digitised with back-lighting, (b) pre- processed internag¢e output, (c) segmented water-
mark design (zoomed)
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(d)

Figure 4.26: Sample input 4 with currently available watarked paper (a) input source
image digitised with back-lighting (enhanced for displg¥p) pre-processed intermediate
output, (c) segmented watermark design, (d) and its vesetdniepresentation



Chapter 5

Watermark location via modelling
back-lighting

5.1 Introduction

Chapter 4 presented a bottom-up approach which succeskfadites different kinds of
watermarks as presented in Section 3.1.2. These data actdresed by non-uniform
background and thin pen strokes; the paper used in thesesdéia and uniform, and
the watermark design appears clearly. This results in laegmund interference and a
strong watermark signal.

We now turn to the more challenging data presented in Sex8dn3, 3.1.4 and 3.1.5.
These are complete handwritten collections of Islamic:télxese data, especially the
‘Mahdiyya’ copy of the Qur”an, are characterised by thiaking strokes on recto and
verso, and the paper used in writing this manuscript is thackl the watermark patterns
are not clear. In summary, there is significant foregrounidrierence, and a weak wa-
termark signal. Hence the data is more difficult to processwéver, it is important to
support these artefacts due to their irreplaceable Value

This Chapter demonstrates the limitations of the bottonapproaches in their ap-
plication; this is no surprise. We proceed to introduce adopn approach which has
success with the more challenging data, and may well be mawlelyapplicable. Our

We have selected historical texts from the University of deeollection nominated for interest by a
senior Arabic scholar [76]

81
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approach attempts recto removal, followed by highlightigvatermark ‘hidden’ data.

We also present a statistical approach to the location afnvadrks from a known lexicon.
Throughout this Chapter, we will refer to images as uppee casan), and to pixels

of images as lower cage these will usually be multidimensional, and usually RGB.

5.2 Limitations of the bottom-up approach

We have deployed the algorithms of Chapter 4 to some of thédpuata (see page 160
for the original data). Figure 5.1 presents a represeaample of the result. Here,

we can see that foreground (recto and verso writing) anddrackd (paper textural fea-

tures) still exist, and the watermark signal is very weaktscannot be separated from
surrounding interference.

Figure 5.1: Result of applying bottom-up approach to thekliaicnage shown on page
160. A part of a double-headed eagle watermark is detechghilee eye at the centre of
the right-side edge of that page.
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This example illustrates typical limitations of the bottarp approach that failed to
extract the watermark pattern in these data. This is duelyntorthe weak watermark
signals.

5.3 Recto removal

5.3.1 A model of back-lighting

In this application, we are presented for each page with ta izan, and a co-registered
backlit scan. Figure 5.2 shows just part of an example pagehwhustrates well the
range of problems — part of an existing watermark (fullystated in Figure C.8 in Ap-
pendix C) is visible to the eye, as is the range of other infitiom the images contain.
The non-uniformity of the paper surface is characteristiodd many pages suffer from
damage of further kinds.

Figure 5.2: Left: part of a scanned recto; Right: corresprogacklitimage — the water-
mark can be seen faintly at the right. These data are takemtine ‘Mahdiyya’ copy of
the Qur’ an presented in Section 3.1.3.

To proceed, we assume a model of the effect of back-lightiag is illustrated in
simplified form in Figure 5.3. The RGB vector detected at dipalar pixel is dependent
on the paper properties (absence or presence of watermatkenrmanufactured feature),
recto features and verso features. In an ideal world, blari&atured paper (labelled ‘A
in the Figure) would always produce the same output, but weaddave to assume that
the same is true of inked regions (e.g., ‘B’), paper featusesombinations thereof.

For clarity, we shall define at this point a feature towigble if it is visible on the
recto — thus, recto writing and other paper features vigiblthe reader. Other features
betrayed in the backlit image (watermark, verso writingt dn the verso face etc.) we
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Figure 5.3: The model of back-lighting. The paper is lit fria@low (up-arrows) and the
image (dotted line) sensed above; data may be received fiamk paper, or some com-
bination of recto, verso, or ‘interior’ features. The vedi lines along the image indicate
points at which the received sigmalychange: at ‘A, we are detecting blank unfeatured
paper, at ‘B’ recto data inscribed on it. Of course, recto@rdo inscriptions need not be
uniform, nor need watermark features, and there may be mtmgy mfluences as well,
including dirt and noise.

shall collectively calhidden Backlit pixels at which no hidden data are evident we shall
call uncorrupted

In fact, the noise and damage that we experience producaficagt variations across
all regions that we might wish to be internally homogeneasss clear from Figure 5.2.
This however is not critical — what we can exploit is the diiece between pixels that
represent just blank paper or recto features, and thosegepting verso or other features,
such as internal ones.

5.3.2 The trivial case: null recto

Consider momentarily a blank, unfeatured page which we ssaimageS and back-
light as imageB, and define an imagP in which pixels are given by the difference
between their detected backlit intensity @) and the intensity we miglexpectgiven
the corresponding location i& In the ideal case this page will be of uniform intensity
(r,g,b) in Sand, say(p,y,B) in B. We hypothesise some transfoifrwhich describes
the back-lighting, and subtrattr, g,b) from the correspondinp, y, ) in B. We should
see (0,0,0) at all locations. If there are paper or versaifeat(invisible inS), these will
be revealed by this differencing process.
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In fact, of course, regions are not uniform in intensity amahk paper will scan and
back-light as a range df,g,b), (p,y,B) vectors — these may, however, be expected to
cluster reasonably tightly, and to be related to each othese define

(Mr, Mg, Mp) = mearirp,gp,bp) : PeS
(HP7HV7HB> = mear{pmypaﬁp):pr (51)

then a simple approach is to seek a linear relationship

(Pp; Vs Bp) =~ A((r'p, Ip, bp) — (Hr, Hgs Hb)) + (Hp, Hy, Hp) (5.2)

for some 3x 3 matrix A that models the back-lighting. Lighting effects are oftebtie
and itis most unlikely that the effect we observe will indéedinear, but we proceed with
this simplification on the understanding that it is appliedlydo pixels that are ‘similar’,
and in the ideal case identical.

In the event that there are no internal or verso featuresanelerive an optimah by
considering Equation 5.2 for all pixefsas an over-determined system and ‘inverting’

A= [(pp7 Vpa Bp) - (Upa Ily, “[3)] [(rp7 gpa bp) - (UMH@ “b)]_l (53)

Then, for the simple case of a blank page,

D = (Pp, Yp: Bp) — A((r'p, Ip, Pp) — (Hr, Uy, Hb)) — (Hp, Ky Hg) (5.4)

and we will expect significant differences frof@, 0, 0) to betray hidden information.

This procedure is illustrated in a trivial case in Figure Wifich showsS, B andD for
a blank page with a simple verso inscription, and Figure Shigtillustrates a watermark
extracted by the same process. In these figures, ‘intesigivich may be negative) have
been linearly mapped to the ranfe255.

In the event that we expect the image to contain hidden festtinis approach lends
itself to an immediate improvement. Assuming that therstexncorrupted features in
B and the relative size of watermark features is small, wel gxglect the watermark to
exhibit a high magnitude responselx and the uncorrupted areas to be low (ideally 0).
Therefore, we may recompukeby reducing the set of pixels from which it is derived to

2A linear algebraic operation straightforwardly availabidibraries provided by, e.g., MATLAB [134].
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Figure 5.4: Scanned, backlit and differenced images (tefight) — the verso is clearly
revealed. The difference has been contrast stretcheddplagi

Figure 5.5: Scanned, backlit and differenced images (tefight) — the watermark is
clearly revealed. The difference has been contrast swdtédr display. This image is a
part of the full illustrated paper shown in Figure B.1 in Appé B. This document is
taken from the works of Henry Litolff [14], digitised with pmission from the Special
Collections at the Brotherton Library of the University oééds [123].

those we expect to be featureless; thus, Equation 5.3 mag-émployed,;

D = {p:|Dp|<T}
Anew = [(Pp:Vp, Bo) — (Hp, Hy: 1) [V ps Op, bp) — (Hr, Hg, k)], peD  (5.5)

where|Dp| is a measure of the magnitude of the difference vectpr-aEuclidean length
is an obvious choice. Choices for the threshdlére discussed in section 5.5.2. This
procedure is open, of course, to iteration in attempting dalcomputeA from pixels
which are uncorrupted.
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5.3.3 The general case: paper with recto inscription

We shall expect most scans to carry recto material and sadoeging assumptions about
a ‘blank piece of paper’ are invalid. Nevertheless, the apph is sound if we can apply it
to pixels ofSthat are similar in intensity. This is straightforwardlyreeved by clustering
the data ofSin RGB space, and deriving a matixfor each such cluster. Formally;

1. Using K-means [122] or similar, cluster the RGB datéSahto a partition ofKy
clustersCy,Cy, .. .,Ck,. These clusters may have spatial coherence, and may not.

2. For each clusteG; derive a matrixA; according to Equation 5.3, whegeis re-
stricted toC; (not the whole image).

(The iterative refinement approach of Equation 5.5 is applieto each such cluster).

At this point we do not discuss a suitable valueKgr Choice of the ‘optimal’ number
of clusters is a widely considered problem [47,114], andallgut is desirable to minimise
K1, thereby leading to a more compact data encoding. Heretidgm is somewhat dif-
ferent: the more clusters we define, the better the subtraptiocess is likely to perform,
provided the matriceg; are approximating uncorrupted pixels, and the model of Equa
tion 5.5 is not that of hidden, or verso features. This issumnsidered further in Section
5.5.2.

5.4 Watermark location

The foregoing procedure shows good success at erasingfeattoes — Section 5.5 pro-
vides some illustration of this. In pursuit of specific fe&tsiwe might now make some
further assumptions: in particular, we might (usually) expverso inscription to be dark
relative to paper and so the components of relevant pixel3 to be negative: setting
such components to 0 will have a beneficial effect on enhgnitia signal due to, e.g.,
watermarks.

Nevertheless, the nature of data with which we are dealistliextremely difficult.
In Chapter 4 we have extracted watermarks without prior Kedge of their pattern, but
this is, at this stage, ambitious. We simplify the next stagassuming we know a set of
possible or likely watermarks, and seeking their occureenkhis is not unreasonable as
a task;

e For a given document, foreknowledge may well provide a sqiladisible paper
manufacturers and dates.
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e Since a precise (or indeed complete) representation of #termark is not neces-
sary in what follows, an interactive phase may invite a ueesitline candidates
roughly in a small number of trial pages.

e Watermarks often occur agaridentical twins [126]: our approach will find such
twins and allow a later refinement to determine which of thieigaactually seen.

Figure 5.6: An example ‘difference’ image; On the left, asten contrast stretched for
display; on the right the same image colour coded accordiribe cluster that the pixel
belongs to irS.

The output of the differencing phase contains very signiticgzoise in addition to
information of value; Figure 5.6 illustrates an examplenfrour dataset. The presence
of watermark fragments of value is clear, as is the spat&tidution of data as a result
of the clustering in Section 5.3. In particular, the infotroa of interest is not among
the strongest responses, and simple thresholding ap@each unlikely to assist. On the
other hand, pixels of the watermark are similar in RGB intgnand to exploit this we
re-cluster thed image.

Using K-means again, we now gener#tg binary imagesD1,D»,...Dk, by parti-
tioning D — Figure 5.7 illustrates some of these for the example of l€igu6. Suitable
values forK, are considered in Section 5.5.3. It will be clear that som#hese images
will contain binary patterns that are good representatafifsagments of the watermark
(in particular, the ‘background’ will), while others may noWe proceed by selecting
informative fragments of the watermark and seeking a binaaych in each of these par-
titions of D. Figure 5.8 illustrates two such fragments from the wateknad Figure C.8
in Appendix C.

‘Matching’ here is a binary templating task which is misleggto approach in the
customary cross-correlation manner. Instead, we proceetldiven template (watermark
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Figure 5.7: Three clusters derived from the difference ienalgown in Figure 5.6. Note
that these clusters contain valuable information of theewaark design.

Figure 5.8: Two fragments of the double-headed watermaokvalin Figure C.8 in Ap-
pendix C.

fragment)\M by assuming it containd pixels, of whichw; are 1's (implicitly,N —w; are
0's). Now when the template is offered at a particular offs¢he imageD, we count the
number of pixels that match (both 1's or both 0’s) and intetpinis ‘score’ in the light of
what may be expected in noise. If at this offseDipthere ared 1's within the bounding
box of the template, and these are chosen randomly, we hauestamce of sampling
without replacement to which the hyper-geometric distiitiuis applicable [94]. If at
template offsep we write

u(p) = {No. pixels at which both template and image are 1, or bgth O
then (see Appendix A)

pu(p) = N+2%0 (w+a)

o’(u(p)) = 4Wid(,\'\|'2(_NWi_>(l';'_d) (5.6)
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(both mean and variance clearly depend on the propertidseofeimplate fragment and
the position in the image).

Now in seeking plausible locations for the fragment, we aterested in significant
deviations from the mean we might expect to see in ngigg, where significance might
be measured with respect to the standard deviatian. Thus at pixel positiop in image
D; we will compute

_ u(p) —H(u(p) (5.7)

Herein, high positive responses will represent plausibécm positions unlesB;
is the background, in which case we would seek strong negadisponses (since the
template will be inverted). An example rest = m(p) is illustrated in Figure 5.9.

Figure 5.9: On the left an imad® in which the watermark fragment shown in Figure 5.8
(left) is sought. On the right, the resporidg given in Equation 5.7.

At this stage we can straightforwardly accumulatelthe

Kz
M= Z M; (5.8)
i=1
Significant peaks in this array will now represent evidenmethe fragment in the
original image; how we interpret ‘significant’ here is cahsied in Section 5.5.3
In fact, we have valuable additional evidence from seconfijrther, fragments of the
watermark: applying this procedure for each such fragmentan exploit their known
geometric relationship in inspecting peaks in Marray, these relations are explained in
Section 5.5.3.
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5.5 Results and discussion

5.5.1 Introduction

We have tested this approach with data presented in Chapten8entrating on samples
from the ‘Mahdiyya’ copy of the Qur’ an of 346 pages, sinégtihe most challenging data
among other manuscripts we have. The following sectionsgtie example results of
our approach, together with discussions and considesatibparameter selections used.

An evaluative measure is of use in judging levels of succasd,we have chosen to
use the signal-to-noise ratio (SNR) [122] of known data imaknumber of samples.

Supposing a watermark and its position to be known, we canhtbpl image pixels
into two groups: watermark featur®g, and all others which we regard as noléeThen
SNR may be calculated as

.
SNR= 2IWX (5.9)
2 jeNX

Here,x denotes the mean RGB value of each pixel. In all the expetsm&Emeasuring
SNR, the known watermark featurdtare located in the image, and the square values are
calculated for each diV andN to find the SNR. Note that the watermark is considered
here to be a binary feature, and the calculation is performitial respect to the entire
image. This is based on the fact that all the watermarks dernsil in this thesis are wire
watermarks: in the alternative case of shadow (light andishaatermarks, each pixel
could be labelled with a non-binary representation, but axemot explored this here.

SNR may be measured over the whole image or a smaller windohéopart that
contains the watermark signal only. In the latter case, thie 8alues will be higher, since
there will be less corrupting noise. Either ‘windowed’ orHale’ image SNR measures
can be used in our experiments. We have chosen to use thenatsure, because it
provides a measure of noise over the whole image. To illtest@ur experiments try to
remove the recto features, the process of recomputingftnansA improves the whole
image SNR by merely removing further recto features. TheoMhSNR approach helps
making these effects obvious.

Figure 5.10 shows full illustrations of input scanned (retiéel) and backlit (transmit-
ted) sample images taken from the ‘Mahdiyya’ copy of the @ur’ This sample was
chosen to clearly illustrate the high interference causeekbto and verso writing, and to
show the difficulty of observing the watermark due to its lognsl.
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(@) (b)

Figure 5.10: Full illustration of an input scanned and backlages

5.5.2 Recto removal

As discussed in Section 5.3, we compute a transform matrilkat approximates the
intensity effect of back-lighting; this is then used to remall recto information in a
differencing operation. Using the simple computatio®@Equation 5.3), Figure 5.11(a)
illustrates the distribution of differences for a sampleage pair: the differenced image
is RGB, and we computed here the average of the RGB channelsight expect high
differences to correspond to hidden, bright features irbeklit imageB (regionX on the
horizontal axis), and small differences (regidhto be due to uncorrupted pixels. Dark
features irB, such as verso writing, will manifest as negative diffeen(region?).

This histogram shows the distribution of verso, uncorrdptnd watermark features.
This distribution is non-symmetric, with verso featurep@gring prominently as nega-
tive; low magnitude pixels are modal, suggesting that taesform was good enough to
model the back-lighting. High magnitude pixels in this dizition are relatively small in
number, and represent the watermark and other hidden ésatur

Adopting the approach outlined in Section 5.3, we have rdfthe matrixA by iter-
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atively recomputing the pixels from which it is derived. Wavie selected these pixels as
those between the means of positive and negative obsarsatiche differencesi, mp).
This is a simple way of trying to restrict the computation tearrupted areas of the im-
age in the light of the distribution being non-symmetricgiiie 5.11(b) illustrates the
distribution after this iteration has been conducted; olesthat regiorY in this new dis-
tribution is narrowed, while regions andY (which hold verso and hidden features) were
pushed to right and left directions respectively. This ioy@ment increased the effect of
minimising recto interference, and enhanced the waterrieatre.

Having foreknowledge of the watermark, it is possible tondres distribution before
and after improvind\. Figures 5.12(a) and 5.12(b) illustrate such distribigjame can see
that pixels intensities were increased after iteratngthis highlighted and strengthened
the watermark signal.

It is not clear in the general case whether the iterationaaiiverge or when it should
be halted, but we can demonstrate its beneficial effect frata @ith known ground truth.
Figure 5.13 shows the SNR for such an example as the matexterated, showing that
— as anticipated — the signal improves. In this case, thermark signal keeps improving
until a specific iteration, at which point there is convergenSNR experiments were run
on 30 randomly chosen sample pages.

In the unknown case, SNR cannot of course be measured: Fditglots the Frobe-
nius norm [62] (a scalar that gives a magnitude measure xredéments) of the difference
between successive iterationsfofplotted for each cluster of intensities), suggesting that
this mirrors adequately the signal improvement we wish & se

We therefore adopt a convergence criterion that iteratéis thie matrix A stabilises
(so the Frobenius norm of the difference between successnations becomes 0). This
convergence depends upon the set of pixels being used touteppecoming fixed at
some stage. In all experiments, we have tried on a varietatafsets this has proved to be
the case, but we cannot claim this will always be so. Theegf@hen processing future
datasets, a proposed solution is to iterate the process fioitea number of iterations:
this number can be chosen experimentally by looking at thev@@ence cases in the
datasets we examined. An acceptable approach is to ingpe€robenius norm of the
difference between successive iterations, and pick thatiee with the minimum value as
the suitable stopping point. In perfect conditions, thisimium value will be(0), which
Is what we have observed in all test cases.

To observe the change in recomputing the transform, thialimitatrix A, and after 10
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Figure 5.11: Histogram distribution of imad@k (a) before, and (b) after improving trans-
form A
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Figure 5.12: Histogram distribution of watermark featuire®, (a) before, and (b) after
improving transformA

0.02

0.018f R

0.016 B

0.014f B

SNR values of watermark signal

0.01- / 7

L L L L
5 10 15 20 25 30
Number of iterations

0.008

Figure 5.13: Evolution of SNR as transfoiyis iterated
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Figure 5.14: Frobenius norm of the differences in iterataldes ofA — each line denotes
a specific cluster

and 30 iterations, for a specific cluster, are

0.315 0513 -0.419| |0.374 092 -0.637| [0.396 1006 —0.639
0.208 1113 -0.796| | 0.28 1888 —1.189| [0.323 2025 -1.19
—0.013 0213 0084 | [0.036 0312 Q027 | |0.048 Q357 Q027

We can observe the change of the transféras the iteration proceeds: the values of first
and second column (red and green channels) has increasie tlvehthird column (blue
channel) has decreased. These observations vary amoegediftlusters — for example,
the initial values ofA, and after 10 and 30 iterations, for a different cluster, are

0.706 —0.023 —-0.318| |0.946 —0.109 —0.165| |0.989 —-0.136 —0.134
0.587 Q146 -0.387| |0.901 —-0.050 —-0.061] |0.965 —0.086 —0.017
0.084 —-0.242 Q367 | |0.245 —0.505 0626 | [0.273 —-0.521 0645

Here, the values of the first and third columns have increasbde the second column
has decreased.

A particular parameter of this procedure is the number of R€BBtersK; defined
in the reflected imag8. Consideration of the ‘best’ number of clusters to seek @ig,,
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K-means has received extensive attention in the litergdgl14] — usually a trade off

is sought such that this number satisfactorily capturesgttere of the original data (i.e.,

K is ‘high enough’), while allowing the centroids to represtre data with as little noise
as possible (i.eK is ‘low enough’). Plotting clustering cost (usually sumnigtances
from data to centroids) against(see, for example, Figure 5.15), informally one seeks the
point of diminishing returns where the cost starts to deszagery slowly: the L-method

of Salvador [114] is a well-known approach.

7000
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5000+ i
4000+ i
3000+ b

2000 Ic_)?\II(er bound |

Total of within—cluster sums of point-to—centroid distances

Best value
of K
1 1
1000F l :
O L L L L
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Number of clusters

Figure 5.15: Distribution of number of clusters vs. clustgrcost’ in imageS

The problem here is different: the more clusters we define pttter the subtraction
process is likely to perform. However, we run the risk of depéng clusters in which the
watermark features will be numerically dominant.

To avoid this, a solution is proposed to estimate the bestevafK;. We know that
watermark feature pixels are relatively bright. Based as,ttve choose a lower bound
for K1 using the L-method approach [114] (see Figure 5.15), amdtést until reaching
an unacceptability criterion.

We have knowledge of the mean of image

(IlpJJW IJB) = meanippv y[be) : pr
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and can similarly compute a mean frdrfor each cluste€;, ...Cx,

(U;)all;n U}a) = meanippa prﬁp) : pSCi7i = 17"'7K1

We then compare the image RGB méan, Ly, Lig) With every cluster RGB mean value
(M), 1y, uk), seeking none of these to be ‘large’. There are many waysiofidbis: by
experiment we discover that the condition

Uy, > Hp AND py, > 1y AND i > g

is sufficiently strict. Should a cluster channel mean exdbedglobal one on all three
colour channels, we decremdfi and accept it as the value with which to proceed.

Figure 5.16 illustrates a backlit imadgzand one of the clusterS; when clustering
with K; = 21. Part of the watermark is very evident in this cluster. Hwse data,
(Ko, Hy, Hp) = (69,98,29), while (1, by, pg) = (91,129,53) — higher than the image
mean for each component. This indicates that in this asshould be less than 21, and
we find a satisfactory result with 20 (indicated in Figuredj.1

Having foreknowledge of the watermark design and its pasjtive can verify the
applicability of the preceding algorithm. At each iteratjove consider the pixel locations
of each cluster if8, and compare them with the location of the known watermdnidst
pixels of a single cluster represent watermark features) e decremend; and compare
it with the best; obtained from the algorithm. This verification was succalssith 30
chosen randomly test pages.

Characteristically, for the difficult data of the ‘MahdiyyQur an, starting values of
K1 chosen by the L-method were in the range 9-11, and the finaderhwalues using
our algorithm were in the range 20-25 clusters. The diffeesim range between the two
approaches is obvious: our approach provided better cingtef intensities, and hence
better subtraction results compared to lower valuds;of

An example of a cluster distribution of a sample in@is in Figure 5.17(a), and a
transformed image o8 is in Figure 5.17(b). The number of RGB clusters here is 20:
we can see how clustering reflects the variation of featuless. clear that background
features vary from one region to another. This variatioggetber with the existence of
recto features, makes transforming each cluster separa@ekssary to model the back-
lighting.
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@)

Figure 5.16: (a) Backlit imag®, (b) Pixels of a specific cluster withiB (displayed
in white, with all others erased to black for display). Partlee watermark is seen to
predominate in this cluster.

5.5.3 Watermark location

As discussed in Section 5.4, for our data, the differencexyed can be further improved
by setting negative pixel values (which correspond, fomepke, to verso features) to O
— we set a pixel value to 0 if any of its RGB channels is negatimgure 5.18 shows
the resultingD, enhanced for better visualisation. Observe here that gtermark signal
becomes stronger, while the interference of recto and Vieegares become low, because
these features now have low magnitude pixel values.

While the watermark features are partially evident here aneestill at the mercy of
very considerable noise. We have sought to find a partial sagation by clustering to
K> centroids the RGB data iD; this time the L-method [114] is a suitable approach.
Figure 5.19 shows a plot of cost agaifstand the derived number of clusters (here 10) —
characteristically with the hard data this number is in #igge 8-10 clusters. Figure 5.20
illustrates the cluster distribution @f: the zoomed window shows that these clusters do
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@) (b)

Figure 5.17: (a) Clusters distribution of ima§gresented in Figure 5.10(a), usiig =
20, (b) Transformed image &

successfully pick out watermark features (in addition townaoise and other artefacts).

When applying the matching process, selecting significaakp in the accumulated
responsd (equation 5.8) is important in locating the watermark fragts. \We propose a
thresholding approach on this array and then selectingght@d — or weighted centroid
— of regions that passiit.

This approach, with well-chosen templates, seems to hawaipe but is often trou-
bled by noise, and this leads to the existence of many signifijgeaks for every fragment.
A simple approach to find the exact watermark location is yl@kng the fragments’
known geometric relationship (distance and rotation aniglenspecting these peaks. In
other words, we will be seeking co-occurrences of peaks aumclatedM arrays that
match the known geometric relationship of the fragments.

In thresholding the accumulated arrsly one approach is to determine the mean re-
sponseu and the standard deviatian, and seek a suitable multiplisy thresholding at
U +so. We have sought to seton the basis of a known dataset. Firstly, the response
M is found for each watermark fragment in each of the sampla.da@hens is speci-
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Figure 5.18: Differenced imagB. A watermark fragment is visible in the right hand
margin.

fied by finding (manually) the exact location of the watermiaaigment in the histogram
distribution of M, and determining the valug + sco at that location. Finally, we pick
the ‘reliable’s as the minimum of al, values. Figure 5.21 illustrates the selectiorsof
(marked) using a sample set of differditresponses. This procedure indicates that6
IS a suitable value.

Figures 5.22, 5.23 illustrate this respomddor two watermark fragments, where dots
denote significant peaks, and squares as their centroidsmembfor better viewing.

After choosing the centroids of significant peaks for eaelgrfnent, we find the geo-
metric relations (distancB and rotation anglé, as illustrated in Figure 5.24) between
each pair of these (a many-to-many relation).

Known geometric relations are inspected between signifipaaks in a generalised
Hough transform-like approach [122]. Figures 5.25(a) ar&bfb) show the significant
peaks in the accumulator resporddor two fragments after matching. Geometric rela-
tionsD and 8 are found for each paifp?, pjz), wherei and j indicate significant peaks
for each fragment. Figure 5.25(c) illustrates the paramgtace, where the cross-mark
denotes the known geometric relation, and dots as the gecmaations between each
pair. The closest point is taken as the best matching.

To find the best match, the summation of absolute differert@dren these values and
the values of the known fragmen(tg!, p?) are determined:
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Figure 5.19: Distribution of number of clusters vs. summatof point-to-centroid dis-
tances in imag®

Figure 5.20: Clusters distribution of imade presented in Figure 5.18, usimkg = 10,
with watermark area enlarged on the right
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Figure 5.21: Finding best value for standard variation rpliér s

1 .2
W(pI , p]) = ‘D(p.l,p,z) — D(pl,p2)| +A |9(p|1p]2) — 9(p17p2)| (510)

Here, A recognises the different scale of the distance and anglgilootions to this
cost. In experiments we have performad= 1 has been seen to give a satisfactory result,
and we have not explored this choice deeply. The weiglg calculated for all peak
pairs, and the minimunwpn, is taken as the best possible mateh,, is compared with
an acceptability threshold This threshold has been determined by inspecting sample
test data of different, known, watermarks. From experiragwe found = 10 to be an
acceptable choice. iy, is less thart for a specific pair, then this pair is chosen as the
possible best match.

In the event of there being three (or more) fragmeps p?, p3,...), the same proce-
dure is applied for each fragments’ pair: i.e., the relatialues are calculated for all pairs.
The reason for treating fragments as pairs and not all tegéstoecause (as observed in
many cases in our experiments) one or more of the fragmengsnmiabe visible in the
image due to a weak watermark signal. When treating fragsn@sipairs, the classifier
will find the best match.

Further, in the case of three (or more) fragments, it may bagpat there are two dif-
ferent best matchings for one fragment. Fortunately, ccisftan be resolved by finding
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Figure 5.22: The accumulatdi, with positions of significant peaks of 1st fragment
(s=6), and its selected centroids, square-marked

the odd one out. For an example of three fragméptsp?, p°), if the coordinategx, y)
of the best matching for the pairs are

,p?) = (600,700),(700,700)
¢(p*,p°) = (200 100),(100,100)
= (700,700, (500,700)

then based on the matching coordinates of the second fragmercan decide that the
correct matching peak of the first fragment is located at th@dinates(600, 700), the
second af700,700) and the third at500, 700).

Our classifier works well in recognising the watermark dasigeven those of weak
signal. Table 5.1 shows the retrieval results for four degrts, which represent a
double-headed eagle watermark ‘E’, and a moonface-waghietd countermark ‘M’ used
in the ‘Mahdiyya’ copy of the Qur an. The table shows exaglimatching results — our
classifier managed to find similar designs with a high pesaggnbf true positives (correct
matching), and no false positives.

However, there is still a small percentage of false negatimeissed matches). This
is due to the threshold used to select significant pegk®écause the watermark signal
in these false negatives is very weak. A possible soluticio idecrease the threshold
to find the correct match, but this may affect overall resultdecreasing will result
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Figure 5.23: The accumulatdd, with positions of significant peaks of 2nd fragment
(s=6), and its selected centroids, square-marked

Figure 5.24: Geometric relations between a pair of sigmfigeaks

in the appearance of many peaks. Even deploying the knowmegeic relationship of
fragments will leave many false positives. Experimentsastizat decrementing by 1
resulted in an average of 10% of false positives.

Figures 5.26 and 5.27 show the centroids of significant pe&ikgo fragments when
choosings = 5 instead of 6. In this example, it is obvious that there arayrentroids
compared to those of Figures 5.22 and 5.23. Consequentlgeagasitive is generated,
because there is more than one pair of pe{@%spjz) which have geometric relations close
to those of the original known fragments. We see that thecghof s is thus critical to
results. On the other hand, having more watermark fragmeititseduce this problem,
since the number of significant peaks will be reduced by tloerggric relations between
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Figure 5.25: Locating best matches between fragmentsjdajfisant peaks of 1st frag-
ment, (b) Significant peaks of 2nd fragment, (c) Parametacepthe known relation is
cross-marked, and paip}, p3) is the best match.

Table 5.1: Percentage of matching results for differenewatirk shapes (%)

Watermark M (upper part)| M (lower part) | E (upper part) E (lower part)
True positive 98.8 97.7 96.5 94.3
False positive 0 0 0 0

True negative 100 100 100 100
False negative 1.2 2.3 3.5 5.7

them, provided the watermark signal is not very weak. We grpented with selecting
3 more fragments for each watermark (so each design is repes by either 5 or 6
fragments). We found that the average percentage of falgatimes was reduced from
10% to 3%.

We also tested our approach with other, simpler, datasetepted in Sections 3.1.4
and 3.1.5; it worked successfully, with 100% true positivesd 100% true negatives.
This is no surprise, since the ‘Mahdiyya’ copy of the Qurisathe most difficult dataset
we used. Success with these other datasets demonstratekishapproach has good
applicability.

5.6 Watermark aggregation

Given a reliable watermark extraction algorithm, we carntéryecapture with some accu-
racy the full original design by aggregating the registaradges: the watermark signal
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Figure 5.26: The accumulatdd, with positions of peaks of the 1st fragmest= 5),
square-marked for display

should reinforce while all other features might be expetteloe unpredictable (although
maybe not random) in location, and so would not reinforcechSan aggregation would
be useful because

¢ It would allow the recapturing of a complete watermark evaough only a frag-
ment was used to locate it in the image.

¢ It would help distinguishing ‘identical’ from ‘twin’ watenarks, since it will help
observing differences between these designs, when lagditeg that could not be
observed before.

¢ It would highlight and clarify chain lines, which are sigi#int to scholars in paper
studies.

We have performed this for a number of difference image(aftlling the verso
‘signal’ pixels), for a known watermark, and compared theuiewith ground truth to
judge its quality. This comparison is via the SNR measureudised in Section 5.5.1.

The value and interest of the aggregation procedure is vesfiahstrated by the fol-
lowing example, since it has revealed details of watermérks we could not observe
before. Figure 5.28 (also enlarged in Figures C.7 and C.8ppeAdix C) illustrates
the superimposition of the double-headed eagle, and moexiithin-shield designs: we
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Figure 5.27: The accumulat®d, with positions of peaks of the 2nd fragmest= 5),
square-marked for display

could not detect the ‘A G’ countermark below the eagle in Ergheets before apply-
ing this process, and many details of the design become taarcannot be detected
in individual sheets. We can observe chain lines have dpeeldigh responses in the
aggregated image. It was difficult to study these in indigidgtheets due to their weak
signal.

The more superimpositions, the clearer the watermark Idet&xperiments confirm
that adding more samples provides a better SNR than indiViduages until some con-
vergence point. Figure 5.30 (solid line) shows SNR valuesupierimposing 2 and more
differenced imageBy of the double-headed watermark.

It is clear that some parts of the superimposed watermarkgjre 5.28 are brighter
than others; lower quality areas are attributable to thengreed] presence of recto fea-
tures, and the nulling of pixels associated with verso femtu We experimented with
neglecting ‘nulled’ pixels when performing the averagigresult of the double-headed
eagle after this step is in Figure 5.29(b): the variation aiemmark brightness is reduced,
however this affected the strength of the signal. We meastime SNR of the superim-
positions, and found the values low compared to that acti®efore, as illustrated in
Figure 5.30 (dotted line).

The aggregation operation could also be very useful in tidysbf ‘twin’ watermarks,
because when similar designs are superimposed togetheyld be easy to identify the
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Figure 5.28: Complete watermark designs used in the ‘Mafadigopy of the Qur'an
data. There are two, but paper was cut in two to form pagemain all four different
patterns ormostpages.

differences between them. To illustrate this, Figure 5.8aws 3 trelune watermarks

taken from different sheets (of the Prayer presented ini@e8t1.4); these designs have
been coloured to highlight any differences that exist. Feght32 shows the aggregation
process: in this example, the first two watermarks were oeskas ‘identical’, where the

third shape was ‘twin’ — this is obvious by looking into thegsit changes of the crescents’
edges. This Figure is magnified for better visualisation.

5.7 Conclusion

This Chapter presented a model-based approach to locatteymarks in scanned doc-
uments; it managed to remove recto material successfully,developed a statistical
approach to locate watermark fragments from a known lexi&@sults show a very good
ratio of retrieval correctness.
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(a) (b)

Figure 5.29: Superimposed watermark design (a) with 45rsmpesitions, and (b) after
neglecting null pixels

The algorithm depends on some global parameters that ¢ahigiering and signal
thresholding (from noise), and we have considered robushsef choosing these.

This approach has been used to locate watermarks in twoeeinit century copies of
the Qur an and a Prayer [76]. Locating such ‘hidden’ makanithis data is difficult, be-
cause these data are characterised by thick recto and vetsmwthe paper used is thick,
and the watermark patterns are not clear, resulting in higbground interference, and
a weak signal of the watermark shape. These data, togetteimlividual manuscripts
presented in Section 3.1.2, proved that this approach waitksvarious sets of data of
different attributes.

We further presented an aggregation of located watermbetshtas been seen to en-
hance the detected detail. This operation is important aantreveal subtle details in
designs that are difficult to observe in single watermarkgtes This procedure is very
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Figure 5.30: SNR values of superimposed differenced ima&gdsolid line), and after
neglecting null pixels (dotted line)

Figure 5.31: Three trelune watermarks in differBnitnages, coloured in yellow, magenta
and cyan respectively

useful in highlighting chain lines, which are very hard tasebve in individual sheets.
This operation could also be very useful in studying ‘twiratermarks, since it may be
easy to identify the differences between designs when ¢aydther.

This approach requires a foreknowledge of the watermarkydssn order to pro-
ceed. In some cases this will not be an obstacle (it is beiffgcigmt to have a set of
watermarks of which the observed one is a member). Shouddhttti be viable, our ap-
proach will succeed given @art of a watermark which may be outlined interactively on
screen by a user as part of an initialisation phase. It isiples® conjecture an auto-
matic approach to locate these designs without any prekoowledge of their structure
— possible approaches to this are considered in Chapter 7.



Chapter 5 112 Modelling back-lighting

(b)

Figure 5.32: Aggregated watermark designs of Figure 5.8)tHe aggregation of first
and second designs ‘identical’, (b) the aggregation of &éirgt third designs ‘twins’.



Chapter 6

Post processing

6.1 Introduction

In this Chapter, we discuss further processing to the betipnapproach presented in
Chapter 4. This includes vectorising bit-mapped outputgesa and interactive applica-
tions to assist manual removal of defects and residual roigbe paper.

The post-processing presented here has particular adyemnta provides users with
the necessary tools to edit and enhance extracted watepateins. The post-processed
results are in vector representation and can be simplifiedmzd at large scales, and
printed in high resolution.

The motivation behind offering vectorisation and inter&etools is to provide a sim-
ple and easy environment for different users. By desigrsdheols can deal with patterns
interactively without any previous knowledge of using cartgrs being necessary. For
example, these tools can be helpful in the removal of unaaénoise, and completing
missing parts of the extracted designs.

6.2 \Vector representation and simplification

At this stage, the bit-mapped watermark design output froentiottom-up approach is
traced and converted to a simplified vector graphical repreedion — this offers a number
of advantages, including:
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Figure 6.1: Output after vectorisation

e \ector graphics are produced by a sequence of commands bematical state-
ments, and a vector file is smaller than a corresponding bjt-m

e \ectors are resolution independent, meaning that they eazobmed to any scale
with quality preserved, without any degradation.

e This graphical description can be read and modified by a legge of tools (e.g.
Notepad), and further may be printed with high quality at essolution.

The boundary pixels of the watermark pattern are detecteldeatracted, and then
converted to vector data. A vectorised watermark (of thespapresented in Figure 4.22(a)
in Section 4.2.2.3) is in Figure 6.1. Visually, the outpubsists of the same shape as in
the segmented result, however, the shape of the watermadaisepresented by a vector
description and no longer in pixels.

Vector representations are open to simplification, in whigh number of edges and
vertices of a polyline is reduced, retaining only those sssemecessary’. This can make
the representation far more accessible to editing and méatipn by different classes of
user. We present here three polyline simplification methbdshave been implemented.

Polyline variation : given a polylineP with n vertices, we compute the weight of each
vertexy; — “the vertex weight is a measure of variation of the polylatehe spec-
ified vertex. A simple measure of weight is based on three exmurts/e vertices,
Vi-1, Vi, Vit1” [44]:

_ Distancé(v;, segmentvi_1,Vi 1))
' LengtR¥(segmentvi_1,Vi 1))

wheresegmentv;_1,Vi;1) is the line segment connecting vertgx, to vi;1, and
Distancév;, segmentv;_1,Vi+1)) is the distance betweenandsegmentv;_1, Vi;1).
The vertex with the smallest weight Fhis removed to obtai®’, and the algorithm
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1 12 11 12
Original polyline Collapse V, Collapse V, Collapse V,,
3 3 3
5
2 2
7 7 7
1 1
8 5 continue until all vertices
" have weights w, > ¢
9 9
10 10
13 13
11 12 11 12 11
Collapse V; Collapse V; Reduced polyline

Figure 6.2: Description of the polyline variation simplditon method. With permission
from David Eberly [44]

is repeated o’ recursively. The process stops when the smallest weighirbes
larger than a given threshotd An example is given in Figure 6.2.

Vertex reduction “...apolyline vertex is discarded when its distance fronmiarpnitial
vertex is less than a minimum threshald- 0. Specifically, after fixing an initial
vertexvp, successive verticeg are tested and rejected if they are less thaway
from vp, when a vertex is found that is larger thigrthen it is accepted as part of
the new simplified polyline, and becomes the new initialeefor further simplifi-
cation” [131]. Figure 6.3 illustrates this method.

Douglas-Peucker simplification [40]: This algorithm was later modified by Hersh-
berger and Snoeyink [73] to reduce running time.

In this algorithm, “the two extreme endpoints of a polylime @onnected with a
straight line as the initial rough approximation of the pgiwig. Then, how well it
approximates the whole polyline is determined by compuliegdistances from all
intermediate vertices to that finite line segment. If allsthelistances are less than
the specified threshotdthen the approximation is good, the endpoints are retained
and the other vertices are eliminated. However, if any of¢hdistances exceeds
t, then the approximation is not good enough. In this casepsthe point that

is furthest away as a new vertex subdividing the originayjpoé into two shorter
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@ Keep verte e———e Original polyline
m Discard verte @ — — -@ Reduced polyline

Figure 6.3: Description of the vertex reduction method [131

polylines. This procedure is repeated recursively on thwseshorter Polylines. If
at any time, all of the intermediate distances are less thetrthreshold, then all the
intermediate points are eliminated” [131]. An example exphg how this algo-

rithm works is in Figure 6.4; a more detailed explanationtafes is in Figure C.6
in Appendix C.

The resulting graphical representation is stored in SV@lg@cd/ector Graphics) vec-
tor file format [135]. This format provides wider accessiigithrough the web, contents
of SVG vectors can be searched and indexed easily [72]. Ampbaaof vector simpli-
fication using the Douglas-Peucker Polyline simplificatagorithm is in Figure 6.5(a),
which shows the original exported vector without simplitioa. In this case 9332 ver-
tices where used to represent the vector, while the simglifexsion illustrated in Fig-
ure 6.5(b) needed only 826, with a short processing time ewetpto the non-simplified
version. From our experiments, the simplified vector hasegaty over 90% fewer data
points compared to the original vector, which has the aggsbf making the design
easier to modify for interactive editing and enhancements.
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\/; has max distance to, V-, >t
~

Vou JUUPE S "~ @——=@ Original polyline
i I - @@ First approximatio
€--- @ — — @ Second approximatic

Figure 6.4: An example illustrates the Douglas-PeuckeyliP@ simplification algo-
rithm [131]

6.3 Interactive enhancements

Much of the work in this thesis is motivated by the need of $&tsowith little or no
experience in computing to work on documents of intereshent. Recognising that
‘perfect’ solutions are unlikely, particularly with moréhallenging inputs, it becomes
useful to provide such scholars with an interactive meansdik on watermarks. To
this end, tools with simple interactive image and vectotiegifunctionalities were also
developed to allow manual removal of defects or residuadaon the paper.

A simple facility is the ability to view how image intensityath are distributed by
looking at the image histogram distribution; an exampl@iBigure 6.6.

Tools were also built to apply semi-automatic interactidéieg functions to binary
images, and vectors in SVG format. The image editor (fullysirated in Figure C.2 in
Appendix C) is used to enhance image resulting from the satatien stage. It includes
four main functions:

1. Remove: to eliminate residual noise objects. This woskslizking on the object
to be removed; an example is in Figure 6.7.

2. Connect: to connect two selected points together withedif foreground pixels
of an automatically adjusted width, depending on the objbehaviour in the area
around selected points. Connecting functionality is tHaked in Figure 6.8.
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(@)

(b)

Figure 6.5: Vectorised watermark design, (a) without sifigaition (9332 vertices), (b)
with simplification (826 vertices)

3. Disconnect: to isolate unnecessary and additional tdparts in order to remove

them, by placing a line of background pixels between twoctetepoints, see Fig-
ure 6.9.

4. Fill: to fill objects’ holes by clicking on them; filling fustionality is in Figure 6.10.

These functions are performed interactively with an easyge graphical user inter-
face. This editor is also equipped with basic functions saghzoom, move, save, undo,
redo, etc.

A further tool was built for vector editing (see Figure C.3Appendix C). Its main
function is to remove unnecessary vector data points ¢esjiand edges, and hence
simplify the vector representation. This operation is perfed by straightening the vector
between two selected vertices; original data points ar&ebso that it is easier to select
these points interactively. An explanation of the straggimg process is illustrated in
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Figure 6.6: Histogram distribution of image grey level, ahd RGB channels in separate
plots

(a) (b)

Figure 6.8: Image editor functionalities, (a) before, (bdlafter ‘connect’
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Figure 6.9: Image editor functionalities, (a) before, (bdlafter ‘disconnect’

Figure 6.10: Image editor functionalities, (a) before,dhyl after “fill’
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Figure 6.12: Vector editor functionalities, (a) before) md after ‘remove’

Figure 6.11.

Another vector function is ‘Remove’, which works by intetiaely selecting the data
point to be removed; an example is shown in Figure 6.12.

This vector editing tool can also change vector attribusesh as filling and stroke
colours, and stroke width. A Vector-to-Bitmap conversioalthas also been implemented
which converts the current vector to a bit-map image file;lRgare 6.13 for an example.
The vector editor tool is also supported with basic funddias in the image editor tool.

Two further tools were built to view images and vectors {fullustrated in Figures
C.4 and C.5 in Appendix C). These include basic viewing itked such as: browse,
move, zoom, and save. The vector viewer can display SVG k&eetbhout the need of
external applications or plug-ins, while Internet brovésaeed a special plug-in [2] to
view this vector format.
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Figure 6.13: Vector-to-Bitmap conversion tool, (a) befofle) and after conversion —
illustrations are flipped for better watermark display

6.4 Evaluation

In all such processes, it is important to devise criteriauige the quality of results af-
ter post-processing: an evaluation is necessary to detertaiwhat extent the design was
successfully extracted. Sometimes a ground truth of thenvedrk is available (for exam-
ple, it may be found in one of the online databases, e.g. [43152,69,88,98,153,156]),
but if this is not an option we might, with comprehensive kiedge of the data, draw
an exact image of the watermark design, and then compar¢httihe extracted one. In
this procedure, the ‘standard’ so derived may well not benoglt simply because it is
drawn manually. Nevertheless, we contend it will be acddptan the circumstances of
our previous knowledge of the watermark designs. Resulte aiso inspected by other
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users to judge accuracy and quality by eye.

To provide a basis for comparison, we asked six users to peréomanual tracing
of watermark patterns from the input backlit images usedxinagtion to be the tracing
source. Tracing is done digitally using a computer mouse,'Baint Shop Pro’ imaging
software [32]. The chosen users are experts in tracing byseycand familiar with this
imaging software, and so we are confident the results are goodgh to act as the basis
of such a comparison.

Different watermark patterns were traced and compared wuthextracted results:
Figures 6.15 — 6.19 illustrate different watermark desjgrlsng with the extracted and
traced patterns. Similarity measures are in Table 6.1, doited in Figure C.9 in Ap-
pendix C.

The similarity comparison is performed on a pixel-by-pil@iical AND basis: that
is, similarity is counted if corresponding pixels in two dgss are both white or black.

Table 6.1: Similarity comparison of extracted and tracetewaark patterns (%)

Watermark | Pattern (1) | Pattern (2) | Pattern (3) | Pattern (4) | Pattern (5)
Extracted 90.1 87.5 90.3 82.3 68.4
Traced (1) 89.6 86.7 90.9 86.7 70.6
Traced (2) 87.8 82.6 87.6 83.3 56.7
Traced (3) 88.1 82.1 89.5 86.7 69.8
Traced (4) 89.4 84.1 91.0 86.0 65.1
Traced (5) 89.2 88.4 92.7 88.9 72.6
Traced (6) 92.5 88.2 92.5 89.0 71.0

The similarity table shows that in raw numerical terms, ouracted results are com-
parable and sometimes better than traced designs. Some whted designs were very
good due to the accuracy of users, as shown in the last two abee table: users are
more successful in tracing textual watermark patterns. l@mother hand, our approach
showed good results for extracting watermark drawings éone inputs, as illustrated in
Figure 6.14.

We also considered a more qualitative criterion to decidetiwr an extracted water-
mark pattern is ‘good’ or not. We asked different users tagpicby eye) the goodness of
an extracted pattern — this criterion is based on the origind extracted patterns only. As
a result, all extracted patterns were accepted as ‘goo@mxeattern (5) in Figure 6.19,
which lacks much detail. This criterion verifies the usapitif our extracted patterns.
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(b)

Figure 6.14: Input backlit image (enhanced for display) extlacted watermark design

6.5 Conclusion

This Chapter presented post-processing operations tcedothe extracted bit-mapped
watermark pattern to a vector graphics representationwdac be zoomed at large scales
and printed at high resolutions without any loss in detail.

Tools with graphical user interfaces were also presentedtitéurther interactive edit-
ing and enhancements, especially to users who are not expemage and vector pro-
cessing and programming. These tools can be helpful in entguthe extracted water-
marks, including the removal of residual noise featured, @mpleting missing parts of
the extracted designs interactively.

We presented an evaluation of the approach discussed in€hapnd continued in
this Chapter. We evaluated the approach quantitativelgl@wsing a similarity measure)
and qualitatively (by judging by eye). Results of similgrdomparisons show that ex-
tracted patterns are comparable and sometimes betterrd@@dtdesigns, which proves
the potential applicability of the approach.

Users found tracing of textual watermarks easier than drgsvion the other hand, our
approach showed promising results on both textual and gemaleatterns. Qualitative
criteria were effective in deciding if extracted patterme good’ or not, and proved the
viability of the approach.

However, the extracted vector designs are still far fronfgmrin their resemblance
to original shapes, which are formed by twisted wires. Femtore, the standard used
in evaluation may not be optimal because it is manually dramther, this approach is
limited to data of the kind presented in Sections 3.1.1 afhd®3.
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Figure 6.19: (a) Watermark pattern (5), (b) Extracted des{g) — (h) Traced designs
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Conclusions and Future Directions

7.1 Summary of work
This thesis presented two different approaches to locateatnact watermarks in paper:

The bottom-up approach presented a prototype to extract paper watermankg a se-
guence of image processing algorithms. This approach f@espses images to
remove interference and highlight the watermark, followgdegmentation, which
achieves localisation and extraction of watermark pastemnd chain lines. This
approach was evaluated with human opinion: results of antylcomparisons are
good, which proves the potential applicability of the agmto. Extracted designs
from the approach were exported in vector form, which canitmpkfied, zoomed
at large scales and printed at high resolutions withoutilosietail.

The top-down (modelling back-lighting) approach presented a model-based technique
to locating watermarks in more difficult manuscripts; it rmged to remove recto
material successfully, and developed a statistical agbrtmlocate watermark frag-
ments from a known lexicon. Results show an excellent regbretrieval. The ap-
proach was extended to aggregate similar designs fronreiftelocuments which
enhanced watermark detail, highlighted chain lines, astirdjuished ‘twin’ from
‘identical’ watermarks.

130
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The bottom-up approach used only the backlit (transmitiedge for processing,
while the modelling approach requires both reflected anustratted images. These ap-
proaches can handle both types of paper — laid and wove — arncavavell with wire
watermarks of different shapes, including geometricatggas. These approaches cov-
ered a wide range of manuscripts of various characterjsiicduding paper thickness,
watermark visibility, noise distribution (paper struaubackground illumination, etc.),
and recto and verso inscription of varying thickness. Sanaaltasets and results were
presented for each approach. Furthermore, these appeaahdandle digitised images
of dynamic resolution.

This research study succeeded in achieving its objectiVé® thesis contributions
may be summarised as:

Wider accessibility and distribution: This research will assist easier and wider acces-
sibility of valuable historical manuscripts for scholafhis was achieved by estab-
lishing web-archives of the manuscripts used in the stu@y{7]. This prototype
repository contains 18th and 19th century beautifully lvamtien documents: two
complete copies of the Qur an and an Islamic Prayer. Othaustripts were from
the works of Henry Litolff [14].

Preservation: Manuscripts were digitised using a back-lighting captyreystem that
captures not only the paper surface, but also the conteshdehibeneath the surface
of the paper, in particular the watermark designs. Digitasprvation of these
artefacts is important, particularly for collections tlaa¢ fragile, which may suffer
paper decay issues.

Interference removal: Approaches developed in this thesis managed to minimise dif
ferent kinds of interference caused by writing on front {®@@nd back (verso). In
addition, there are often paper defects such as folding snpdper texture, etc. The
bottom-up approach removed this interference using varmmorphological oper-
ations, while the top-down approach modelled the effectanfkdighting. Both
approaches managed such interference successfully.

Adaptive parameter selection: Both approaches considered dynamic adaptation of var-
ious processes to automatically determine optimal pammatues, including mor-
phological operations, clustering and signal threshgdand we have considered
robust means of choosing these.

Chain lines detection: This research project has the ability to detect and extriaainc
lines, which appear as vertical lines in paper. This procassprovide us with var-
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ious measures, such as the distance between sequensallivan line orientation,
thickness of lines and the number of chain lines in the paper.

Enhancing watermark details: Similar watermarks existing in different documents can
be combined together to provide better detailed featurbs i$ possible since wa-
termarks can be distinguished and retrieved with their elx@ation in documents.
This operation is important as it can reveal subtle detaitieisigns that are difficult
to observe in single watermark designs.

Distinguish ‘identical’ from ‘twin’ watermarks: This project can be used to differen-
tiate between similar watermarks and classify them as tidah or ‘twin’, since it
may be easy to identify the differences between designs abfgregated together.

Interactive interfaces: The project is also built with easy-to-use interactive p@thich
allow different users to use the approaches without anycditff or need of pro-
gramming skills.

We believe that this research displays advantages in papexatermark studies over
many existing approaches due to its simplicity and usabilitwill help in studying and
understanding the materials and the structure of valuadbterital manuscripts.

7.2 Capabilities and possible improvements

The work presented in this thesis has its weaknesses, Isé tam be improved in many
ways. We summarise limitations of the research approacres provide possible im-
provements:

Adaptive parameter selection: We presented a number of algorithms to determine op-
timal parameter selection in various operations used ih Bpproaches. However,
some processes, e.g. edge detection in the bottom-up apprstdl need manual
parameter adjusting. This may be improved by providing namgumptions when
selecting these parameters. For example, when selectiagnpters for edge de-
tection, we already know that the watermark feature is ambeadprightest (highest
intensities) features in the image: in this case it is wisehtoose high parameter
values.

In the approach of modelling back-lighting, the choice &f garameted in Equa-
tion 5.10 (used to recognise different scale of distancesangle) was not explored
deeply. A = 1 gave satisfactory results in our datasets. Perhapsdestth more
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datasets and a deep analysis and understanding of thisgtarasalection will pro-
vide better results.

Characteristics of manuscripts: The bottom-up approach is limited to datasets charac-
terised by non-uniform background and thin pen stroke usedriting. Datasets
used are thin paper, with the watermark design clearly l@sifhhis approach did
not succeed in processing more difficult datasets, suchea®ti"” an manuscripts.
However, this could be improved by enhancing the image [@sing operations
used. Adding more assumptions to recognise and remove feziiges could be
effective.

Automatic watermark location: The modelling approach succeeded in retrieving wa-
termark designs by selectingpart of a watermark, but still this requires fore-
knowledge of the watermark design — or at lepatt of it — in order to proceed.

It is possible to propose an automatic approach to locasettiesigns without any
previous knowledge of their structure.

Automatic location is possible if ‘hidden’ watermark ma#és can be completely
separated from recto and verso materials. A better undweltstg of the exact struc-
ture of these designs is also useful, such as their featuttd\@rn pixels), the change
of intensity value between the watermark pixels and thatrasunding neighbours,
or knowledge of the watermark shape itself. Since it is budm wires, which
form lines and curves, all of these characteristics will bpful in identifying wa-
termarks in paper automatically.

Perfect shape extraction: The extracted patterns using the bottom-up approach, which
are further exported to vector form, show good results. Tiggept is equipped
with the necessary tools that aid users to complete thesgndaateractively. How-
ever, these vector patterns are still far from perfect inrtressemblance to original
shapes, formed by twisted wires. This may be improved bybéstang a known
lexicon of these designs: with help from pattern matchictteques, it will be pos-
sible to recognise and complete the messing design parg Ut lexicon. Related
literature in this field can be found in [49, 90, 155].

Linearity of modelling back-lighting: The model of back-lighting assumes a linear re-
lationship (seen in Equation 5.2). Lighting effects areenfsubtle and it is most
unlikely that the effect we observe will indeed be lineat, e proceeded with this
simplification on the understanding that it is applied omyptxels that are ‘simi-
lar’, and in the ideal case identical. It is possible thaigythe same approach with
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quadratic or cubic approximations may provide better m®déback-lighting.

Evaluation: The bottom-up approach was evaluated quantitatively (bysdey a simi-
larity measure) and qualitatively (by judging by eye). Resof similarity com-
parisons show that our extracted results are comparabls@ndtimes better than
traced designs, which proves the potential applicabilitthe approach. However,
the standard used in evaluation may not be optimal becausen&nually drawn.
This can be improved by using the original patterns with rterfierence as a stan-
dard for evaluation. These may be found in the special didles located in li-
braries, or museums. They may also be located in watermdidctions traced by
popular historians, such as ‘Les filigranes’ by Briquet [2hpre collections are in
[29,66,71,106,118].

7.3 Future directions

Suggested future directions for this research study irelngproving the proposed ap-
proaches to avoid the limitations presented in SectionTh2se improvements will pro-
vide more usability and simplicity for the study of paper amatermarks. Working on

extended datasets may explore various enhancements.

Watermarks used in this thesis were line (wire) watermarkge—did not have the
chance to study shadow (light and shade) watermarks whipkaapas dark and light
areas in paper. Our approaches may locate and extract théseng. However, some
of the operations we used assume that features are (ré&yatbreght, which is the case
of wire watermarks. In this case, these operations need tmpmved to provide good
localisation and extraction of this type. We believe thgtlexng shadow watermarks,
or even better, the combined type (line and shadow watesnaskibined in one paper
sheet), is an encouraging way forward, and an important addmrexplored area of study
of paper watermarks.

This thesis presented a retrieval system for watermarkatéaocin the Qur anic and
Prayer manuscripts. Another future direction is to devedopapproach to extract the
patterns that exist in these manuscripts without any farvekedge of their design.

This thesis used back-lighting acquisition to capture pajagermarks. Another direc-
tion is to explore other reproduction techniques, and itigate their usability in locating
and extracting watermarks compared to our approaches. myuigh comparison would
be essential in this case.
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Appendix A

Mean and variance of a match measure
on two binary vectors of known ‘tally’

Suppose we have two binary vectors of dimen$ibn
vi=(hVE, W) vo= (i, W) L W e {01}

We are told that there alel’s inv, andJ in vy:

vE=J

Mz

Vl]<.:|7

1 k

Mz

k 1

Countw(vs,V7) as the number of times corresponding vector componentsodinelior O;
then 0< w(vy,v2) < N:

N
W(V17V2) = z (1_XOF<VIJ(_7V5))
k=1

Givenvy, suppose/, is chosen randomly— we seek the mean and varianee of
Suppose
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V§ V5 Occurrences
1 1 a
1 0 b
0 1 c
0O O d
where then
| = a+b
J = a+c
N—I = c+d
N-J = b+d

N = a+b+c+d
Then we seek

w = a+d
= a+(N-a—b—c)
= a+(N-a—(l—-a—(J—a))
= 2a+N—-1-J

Now the distribution ofa is hyper-geometric (see, e.g., [94]) giving

H@ = %
13(N—1)(N-2J)
N2(N —1)

So

pw) = 2u(@+N-1-J
1J
= 25 +N-1-3
o?(w) = 40?%(a)
AIIN—1)(N—J)
NZ(N— 1)
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Sample test data
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(a) Reflected
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(b) Transmitted

Figure B.1: Reflected and transmitted images of a histovwcale paper
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(a) Reflected
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(b) Transmitted

Figure B.2: Reflected and transmitted images of a histoladlpaper
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(a) Reflected
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(b) Transmitted

Figure B.3: Reflected and transmitted images of a sampleeoMahdiyya’ copy of the
Qur an
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(a) Reflected
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(b) Transmitted

Figure B.4: Reflected and transmitted images of a sampleeoMahdiyya’ copy of the
Qur an
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(a) Reflected
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(b) Transmitted

Figure B.5: Reflected and transmitted images of a sampleedPthyer manuscript
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(a) Reflected
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(b) Transmitted

Figure B.6: Reflected and transmitted images of a samplesoMlest African’ copy of
the Qur’ an
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(a) Reflected
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(b) Transmitted

Figure B.7: Reflected and transmitted images of a sampleeoftlest African’ copy of
the Qur’ an
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[¥] Save changes | Exit |

|About

Browse|

g

Wiglcome

)

X =Eg
Yooadq

| Remaove H Connect || Disconnect ” Fill |

— Tools -

5
=1
=
=
el
*
el
=
)
=
K

Figure C.2: Image editor graphical interface
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Tl =T
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Figure C.3: Vector editor graphical interface
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| About

7

Wiglcome

| Browse |

3
i
=
8
=
E
%
e
e
=
=
+

Figure C.4: Image viewer graphical interface
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Wiglcome

&
=]
=3
53
w
T
=
)
E
£
£
&
=

@]

Tool:

g
2
i
=
=
=
=
T
3
=
¢
e
=
=
=

Figure C.5: Vector viewer graphical interface
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Stage 3 Stage 4 - Done

Original polyline
@——=@ Initial approximation

u Farthest vertices tfrom approximation
@ - -B - -@ Next approximation

Figure C.6: An example shows Douglas-Peucker algorithigestan details [131]
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Figure C.7: Complete design of moonface-within-shieldrdeumark
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=

.

Pre

5 '|'|".
=

i .'| ;;Ii-l |-

-2 .:-5'-'_-;.:':.'.'.' -

Figure C.8: Complete design of double-headed eagle watkrma
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