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Abstract—This paper describes a knowledge based system that helps scribes to authenticate Hebrew
manuscripts for which accurate laws of calligraphy have been given to the scribes. Paleographic expertise
is also included in order 1o characterize the size of the document and the writing. When used for
authentication purposes, the system shortens the task of the scribe by pointing out the parts of the
document or the characters where problems arise for the machine (low contrast, breaks, ambiguous
shape). The scribe will then operate on a restricted part of the document and decide whether it has o
be corrected or not.

In order to be close to human mechanisms of interpretation, the system structure includes several
analysis levels. This system uses some principles of intelligent vision systems that can set up image and
document analysis strategies as well as interactions between the high level and low level procedures. Tt

works directly on grey level pictures,

Expert systems Vision systems

L. INTRODUCTION

Pattern recognition methods applied to character
recognition have given hirth to reading machines
which have been successfully developed for several
years. But if good results are obtained for the rec-
ognition of printed fonts, machines are more limited
when dealing with handwriting. However, several
methods for the recognition of handwritten charac-
ters have been developed both for the Latin alpha-
bet!'* and for the non Latin ones.'*

These studies are usually devoted 1o O.C.R., their
main goal being to reach a high recognition rate at
a high reading speed. Besides these studies. other
works exist, also dealing with writing but where
character recognition is not the primary goal. They
may provide useful information about the makeup of
the text (margin, paragraphs, line spacing, etc.) /™
the writing style (and especially the geographic local-
ization or the historic dating,”"*'* or even the writer
{mainly for authentication purposes)."*" They may
concern forensic document analysis '™ verification
of signatures, writer identification'™ or the general
study of texts in a paleographic sense.™" Most of
these studies are concerned with Latin'™ or
Hebrew!!2-# glphabets. The system presented here
aims at giving paleographic information on Hebrew
documents described in Section 2.

O.C.R. techniques mainly concern low level pie-
ture processing., data analysis, classical and structural
pattern recognition. Interpreting the structure of a
document, extracting information about the writer
and the writing material. authenticating a text,
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invelve using other techniques based mostly on the
introduction of knowledge, i.e. contextual infor-
mation, provided by various experts. The different
kinds of knowledge we exploit are presented in Sec-
tion 3.

Expert systems provide a way to embody such
knowledge and control mechanisms. Expert and
knowledge based systems are widely used in the
field of picture processing, for instance in aerial
imagery,=! satellite imagery /2527
sepmentation,™™ ¥ object classification,™" and for
the interpretation of medical images, image
sequences™ ™! and seismic data.'™ Expert and
knowledge based systems have to cope with both
low level procedures near the image and high level
interpretation procedures. In Section 4 we present
the vision expert system we use for investigating
Hebrew manuscripts: its architecture and the dif-
ferent analysis levels.

Exploiting different types of knowledge within a
system involves working out reasoning and image
analysis strategies.™ To work out document strat-
egies and provide control mechanisms, meta rules
are embodied in the system as described in Section 5.
Section 6 gives examples of how the system interprets
images and verifies the conformity of a document.

Interactions between low and high level pro-
cedures were also implemented to locally re-examine
the image if problems arise at the interpretation
level. Section 7 describes such an interaction. Results
are presented in Section 8 and the paper concludes
with the various possibilities of extension of this
system for use for other studies on writing.
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1. ANALYSED DOCUMENTS

We study manuscripts reproducing the biblical text
of the Pentateuch. They are calligraphed by skilled
scribes with a quill or a calamus. on scrolls of leather
or parchment. These documents are written in
Hebrew, in a so-called squared writing as most
characters are made up of horizontal and vertical
strokes. Only a few characters have slanted strokes.
The Hebrew alphabet consists of 22 letters. five of
which have final forms used when those letters
appear at the end of a word (Fig. 1). The scrolls must
be fit for liturgical use and hence must be perfect
according to canonical rules which we call cal-
ligraphic rules. given to the scribes. It is for this
reason that the scrolls are inspected by scribes when-
ever a new scroll has been completed or if a flaw is
noticed while reading the manuscript at the syna-
gogue. The scribe will then inspect the whole scroll
by verifving that the text is correctly spelt, no letter
distorted, adding or missing, that characters and
words are properly separated, that the page setting
is respected, that the shape of cach character is
correct according to the rules of calligraphy and that
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characters are not broken because of loss of ink. This
authentication task is lengthy and tedious: it takes
several weeks for a scribe to inspect a whole scroll.
A system™ already exists that recognizes characters
by classical O.C.R. technigues: it can only verify
that the text is correctly spelt, without taking into
account the actual form of the letter. One purpose
of our system is tg perform the authentication task
automatically. pointing out to the scribe the deterio-
rated parts of the documents and the characters that
are not consistent with the rules. But our system is
not limited to the authentication of characters, its
purpose is also to give some information about these
documents and to achieve tasks such as the extraction
of intrinsic characteristics of the writing and the
document (styvle, dimensions of the quill, variations
of the writing, erc), and the extraction of image
processing parameters (contrasts, average height of
characters, interline distance. etc).

At first. the text has to be digitized. A compromise
has to be found berween a high fidelity of repro-
duction and a low storage and processing cost. A
reasonable sampling has been found at a resolution
of about 30 = 30 points for each squared character "
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Fig. 1. The Hebrew alphabet consists

of 22 letters, five of which have final forms. In this squared

handwriting, horizontal strokes are predominant.
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Fig. 2. Samples of Ashkenazic (a) and Sephardic (b) documents. Character resolution is about 30+ 30

pixels, The Ashkenazic style is characterized on characters by vertical strokes thinner than horizontal

ones, eurved upper bars. straight downstrokes, because of using a quill. Drawn with a calamus, strokes

of Sephardic characters are more homogeneous, downstrokes may be rounded at their end, bars are
straight.
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On a 512 = 512 picture, we were able to digitize 10
lines of text with about 20 characters per line (Fig,
2).

3. KNOWLEDGE INCLUDED IN THE 8YSTEM

The system exploits four kinds of knowledge
described below: a set of calligraphic rules, knowl-
edge provided by a paleograph, knowledge about
the content of the text and knowledge related to the
properties of picture processing routines (Fig. 3).

A set of rules of calligraphy is given to the scribes.
This knowledge is directly available in reference
books™-* that indicate all the rules necessary for
page setling, marging, minimal distances between
words and characters. Calligraphic rules also pre-
cisely describe for each character the shape of its
components. All dimensions are relative to the width
of writing implement (quill or calamus) which is an
important writing parameter. This width corresponds
tor the width of horizontal strokes such as the upper
bar which is the most significant stroke in Hebraic
handwriting. Moreover visual examples of permitted
and forbidden shapes are provided that make poss-
ible the construction of the character models, i.e.
their shapes with their permitted deviations, In
addition. according to the rules of calligraphy,
characters must not be broken because of loss of ink:
breaks are sometimes found inside components of
characters or between components,

This first level of knowledge is completed by a
visual and paleographic expertise provided by a
paleograph, i.e. an expert in handwritings. The
paleograph completes the rules of calligraphy by
selecting significant features that enable a reader to

recognize characters and distinguish between them.
For instance, the rules of calligraphy specify that for
the letters Mem Sofit and Samech whose shapes are
very similar, the left and right corners of the lower
horizontal bar must be rounded for the letter
Samech, and straight for the letter Mem Sofit. But
in practice, the palcograph advises us to examine
also the shape of the internal part of the letter
{whether it is squared or not), or the inclination of
the right contour (Fig. 4). The paleograph can also
extract a great deal of information from a document.
For instance he knows how to characterize the style
of a document and compare different handwriting,
In this study we separate documents into two styles:
the Ashkenazic style which originated in East Europe
and the Sephardic style which originated in North
Africa. According to experts. the Ashkenazic style
is characterized on characters by vertical strokes
thinner than horizontal ones, curved upper bars and
straight downstrokes due 1o the use of a quill. Being
drawn with a calamus, strokes of Sephardic charac-
ters are more homogencous, downstrokes may be
rounded at their end, bars are straight {Fig, 2).
We are also interested in reproducing the mech-
anisms of interpretation used by a paleograph. An
expertise may be separated into three different levels
of vision corresponding to the three levels of vision
when analysing a manuscript.™'! During global vision
analysis, the manuscript is seen as if at a distance:
some global features may appear such as page
setting, style characteristics, density of writing,
internal height of characters . . . Closer to the manu-
script, pages contain characters of a specific alphabet
which can be recognized: this is the near vision. If
we now look at the manuscript with a magnifying
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Fig. 3. The different kinds of knowledge exploited by the expert system.

glass, very fine details will appear on characters such
as the shape of a contour: this is magnified vision
(Fig. 5). When analysing a manuscript, the pale-
ograph can change from one level to another to
confirm or deny his hypotheses. But two levels of
vision cannot coexist at the same time: once focused

Fig. 4. Examples of similar shapes. For characters Mem

Sofit (a) and Samech (b). the main difference lies in the

lower right corner. For characters Rech (¢} and Daleth (d),
it lies in the upper right corner,

on a particular level, the other ones temporarily
vanish. Questions such as when the system has to
change to another level, which actions must be per-
formed at one particular level, must be answered in
order to work out document analysis strategies.

Other kinds of knowledge are also embodied in
the system. First the content of the well known text
of the Pentateuch is used in order to be sure that no
letter is added or missing in the text under analysis.
This information may also be used for learning pur-
poses, to direct the expert system to a specific part
of the text. Finally, some knowledge of picture pro-
cessing is used, for instance to detect a feature {com-
ponent, curvature, etc) or to enhance the contrast of
some very thin strokes, ete.

4. 5YSTEM OVERVIEW

4.1. Architecture

Our system is supervised by a rule based expert
system to which we added a set of image processing
routines working directly on pictures (Fig. 6). Classi-
cally the architecture of an expert system consists of
a set of facts (symbolic objects), a set of rules
(rules and sometimes meta-rules) and an inference
engine. These elements belong to an OPS 3 environ-
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Fig. 5. A human analysis may be separated into three levels of vision. (a) During global vision analysis,

the manuscripl is seen as if at a distance: global features may appear (page setting, style, density of

writing, etc). (b) At the near vision level, characters can be recognized. (c) Magnified vision corresponds
tor looking at the manuscript through a magnifying glass: fine details may appear

ment { from Digital Equipment Ca), which provides
a language to describe objects and write rules, and
a forward chaining inference engine enabling the use
of variables™ (level 1 engine).

Here the set of facts consists of symbolic elements
that describe the situation under analysis, and of
iconic data which are document images (columns

of text, characters, etc). The set of writing rules
represents general knowledge and expertise about
manuscripts, hebraic handwriting, and includes the
character models. Meta-rules control the use of writ-
ing rules through the inference engine. By means
of meta-rules, we work out a general siraregy for
analysing a document and specific strategies 10 solve
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Fig. 6. System architecture, The system is supervised by a ruled based expert system to which a set of
image processing routines are added: they work directly on grey level pictures.

specific and intermediate problems during analysis.
Dot transmission rules integrate new facts into the
knowledge base and verify their consistency: they
form an operational knowledge and have greater
priority than the other rules. In the image treatment
procedure module, we lind image processing pro-
cedures, They are triggered by actions of the writing
rules on iconic data of the set of facts. Thus the
system can work with grey level pictures which is
necessary to detect fine local details, examine con-
trasts and return to images if needed.

4.2, Analvsis levels

The structure of the system must be adapted to
the human mechanisms of an expert. We showed in
Section 3 how an expertise may be separated into
different levels of vision and that only one level could
be present at a given moment. To reproduce this
scheme of interpretation, we include in the system
four levels which are: a Reot level, a Manuscript
level, a Page level and a Character level, Each of
these levels represents the environment (data struc-
ture, writing rules, meta-rules) in which the system
works at a given time (Fig. 7).

The Root level is used for initializing the system
and has no correspondence with any vision level. At
the Root level, the wser chooses a manuscript or a

part of manuscript that the system must analyse, and
a goal. The goal may be chosen between one of the
objectives of the system: a learning task for extracting
the main characteristics of the writing, an idenn-
fication task for character recognition and shape
verification, an euthentication task for a complete
verification (page setting. shapes, contrasts, etc).
Manuscript level has correspondences with global
vision analysis while Page level has correspondences
with both global and near vision analysis, and
Character level has correspondences with near and
magnified vision analysis.

Character recognition systems usually work at a
near vision level while our system also works at
global and magnified vision levels which enable the
extraction of useful characteristics of documents and
characters.

This multi-level structure involves a partition of
the data structure and of the actions the system
performs since different types of actions are applied
to documents, pages and characters. In a manuscript,
the different columns of text can be distinguished
and the margins examined, page setting may give
style indications, the general contrast of the docu-
ment—if uniform—can be found, and it is possible
to focus on one specific column ( page) of text. On a
page of a document we may get information about
its own contrast, distinguish words and characters
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Fig. 7. The different analysis levels in the system. Root, Manuscript. Page and Character. They represent
the environment in which the system works at a given time. This involves a partition of the data structure
and of the actions the svstem performs

and control their spacing, find the interline distance,
the internal height of characters, the dimensions
of the quill or the calamus, the typical contrast of
characters and focus on a specific character. From a
character, general, structural or morphometric fea-
tures are extracted ( position and dimensions of com-
ponents, average contrast, etc) as are fine details
such as the shape of a contour, a junction or a
head curvature. As we mentioned previously, level
classification involves a partition of the data structure
whose principal objects are the manuscript object.,
the page object and the character object, each one
specific to one level, Writing rules as well as strategy
rules are also classified into levels. Writing rules
corresponding to one level can only process objects
belonging to the same level.

5. META-RULES

Meta-rules are control rules with higher prionity
than writing rules. Meta-rules consist in this system
of strategy rules and data transmission rules. Strategy
rules are of major importance as they control the
document analysis. The subset of strategy rules cor-

responding to one level controls the activation of
the writing rules corresponding to the same level.
Moreover, strategy rules control changes from one
level to another. Data transmission rules are in
charge of the integration of new facts and the veri-
fication of their consistency.

5.1. Sirategy rules

Document analysis strategy consists of deciding
which kind of action must be activated at a given
state of the analysis, whether it is necessary to change
from one level to another one and to choose this new
level. It also decides where on the document must
the system focus according to the present state.
Applied in the system it will principally consist of
deciding when to invoke the subset of writing rules
associated with one level, which actions must be
performed at a given level, when to change level and
on which manuscript, page or character to focus.
Strategy rules are classified into the four levels
described in part 4.2 and each subset of strategy rules
can only invoke the corresponding subset of writing
rules.
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Strategy rules are classified into general straregy
rules and specific strategy rules. Standard actions
such as segmentation of the document, focalization,
choice of a goal for the system, level management
and activation of writing rules. are supervised by
general strategy rules. This strategy follows a linear
path as the system works sequentially at all levels
from Root to Character. Moreover the ordering of
actions is deterministic. Strategy actions do not dep-
end on the goal chosen by the user (learning, identi-
fication, authentication) as the goal specific actions
are embodied in the writing rules.

The general strategy can be interrupted if a specific
problem arises during analysis. Such a problem may
for instance be a request for a measure of contrast
for the characters of that page—because the system
needs to qualify the contrast of a character and to
compare it to a standard value—or a request for the
style of the manuscript, sometimes needed to select
the right features for character identification. These
kinds of specific problems cannot be solved using the
general strategy scheme as they depend strongly on
a specific subgoal (contrast, style, etc) and do not
necessarily follow a downward path. Specific strat-
egies are implemented for specific subgoals, so
enabling up-and-down movements through the dif-

ferent levels and also focalization on different parts
of the document if needed.

For instance, a specific strategy related to style 15
engaged when identifying characters Rech and
Daleth (Fig. 4). Knowledge of the style of the manu-
script is necessary to identify the character under
analysis in order to analyse the curved part of its
upper bar (Ashkenazic style) rather than the shape
of its internal aid external contours (Sephardic
style). In this case, the specific strategy is as follows.
If the style of the manuscript or the page of manu-
sctipt to which the character belongs is already
known, the character automatically inherits this
information as the style is homogeneous throughout
a document. If the style is not known, strategy rules
will decide to focus the system on other characters
already identified on which style determination is
possible (see Section 6). If there is no character of
this kind on the current page, the strategy consists
of focusing on another page which implies changing
level several times: from level Character to level
Manuscript to select another page, then to level
Page to select appropriate characters, then to level
Character to analyse the selected characters. The
scheme of the strategy described above is presented
in Fig. 8.

DATA STRUCTURE STRATEGY RULES
Manuseript
‘ Swategy
{ 4 4
Manuscript Lewvel
| T —
: 3.
A k]
Fape
G = 2 Lesel
E Stratgy
Pl P2 di 2,5
f AR Page Level
1 Il LY
i N
c 18
= Characier Level

Fig. #. Specific strategy related to style identification: (1) attempt of identification at Page level: (2)
answer and return to Character level; (3) if style identification is not possible at Page level, attempt at
Manuscript level; (4) attempt at Page level {on another page): (3) attempt at Character level,
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5.2, Dara transmission rules

Drata transmission rules belong to the set of control
rules but are of a different kind to strategy rules.
These rules are operational knowledge and are acti-
vated by demon objects™? produced by writing rules.
Demons are control objects that immediately invoke
an associated set of rules when created in the set of
facts. One of these rules will actually fire and will
afterwards destroy the demon objects. Moreover,
data transmission rules are not associated with a
specific level as are strategy rules. On the contrary,
they transmit information from the current level to
a superior or an inferior one and can modify symbaolic
objects that belong to a level other than the current
one. The two possible modes of transmission are an
indirect mode and a direct mode with consistency
verification,

The indirect mode consists in incorporating a new
information from one level to another after some
computation. For instance the width of the writing
implement in a particular page of text is an important
writing parameter which is computed from the width
of strokes in certain characters (Bet, Daleth, He,
etc) belonging to the page in question. When
extracted from a character, the width of its upper
bar is used to update the value already set at the
Page level using previously analysed characters, by
calculating the average value. Other level specific
features which are computed from objects belonging
to other levels are the standard contrast of the docu-
ment (at level Manuscript from different pages), the
average dimensions of squared characters, the width
of the writing implement, the standard contrast of
characters. the variations of dimensions within each
class of character (at level Page from characters).

Image analysis is characterized by a great deal of
uncertain data which implies that results often are
erroneous and must be checked in several different
ways. Direct transmission occurs when new infor-
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mation does not need any computation to be incor-
porated to another level but has to be accepted
with care because of possible errors. The scheme of
transmission is as follows. The information will first
be transmitted to the immediate next level (superior)
only. If this information is already known at this
level and is consistent with the information extracted,
it will be transmitted to a level of higher rank. On
the other hand, if these two pieces of information
(extracted and at the immediate next level) are not
consistent and if no information is available at higher
levels, we monitor these two pieces of information
by incrementing a flag. When it reaches a certain
value (chosen empirically), the information is recon-
sidered at both levels and marked as undetermined.
Table 1 summarizes how the style attribute is trans-
mitted after determination on a character. The result
of transmission depends on the style attributes
already known for the manuscript and the page to
which the character belongs.

6. WRITING RULES

Knowledge about writing, paleography and auth-
entication of documents is embodied in production
rules called writing rules. They are divided into three
classes, related to the last three levels, according to
whether the rule's actions apply to a manuscript, a
page or a character. The condition part of these
rules expresses conditions on symbolic objects of the
knowledge base. The action part modifies symbaolic
elements or engages an image treatment procedure
on iconic data of the set of facts: the result of the
procedure is then stored in symbolic elements.

Two sets of writing rules cannot be invoked at the
same time as they belong to different levels. Strategy
rules only can decide when to activate at a given
level the corresponding set of writing rules. Once
invoked, the set of writing rules will be applied until
no more rules match their conditions on the set of

Table 1. Consistency verification and transmission of character’s style attribute. A flag (c) is incremented
to monitor inconsistencies. If the stvle is undetermined on a particular character, no information is

transmitted
Before transmission After transmission

Character Page Manuscript Character Page Manuseript
Ashkenazic il nil Ashkenazic Ashkenazic nil
(Sephardic) (Sephardic) (Sephardic)
Ashkenazic Ashkenazic nil Ashkenazic Ashkenazic Ashkenazic
( Sephardic) (Sephardic) {Sephardic) (Sephardic) (Sephardic) (Sephardic)
Ashkenazic undetermined Ashkenazic Ashkenazic Ashkenazic Ashkenazic
(Sephardic) (5Sephardic) (Sephardic) (Sephardic) (Sephardic)
Ashkenazic Sephardic nil undetermined Sephardic nil

(c =< C) c=¢c+ 1
Ashkenazic Sephardic nil undetermined undetermined nil

(c = C0)
Ashkenazic Sephardic Sephardic undetermined Sephardic Sephardic
Sephardic nil Ashkenazic undetermined nil Ashkenazic
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Table 2. Possible actions of the writing rules at each level

Contrast (Manuscript)

Manuscript Level

Page setting (Marging)

Style identification (Column organization))

Page secting (Words and characters)
Cilobal identification of style

Page Level

Contrast (Page)
Average dimensions of characters

Slant direction of writing
Density of writing

Local contrast of characters
Width of the guill
Curvature analysis (styvie)
Component extraction

Character Level

Accurate details analysis

Recognition (Character)
Contrast verification (Character)
Breaks within components
Validation (Character)

facts. Then control returns to strategy rules which
decide of the next level. Premises of writing rules
include conditions on the analysis level, the initial
goal chosen by the user, the part of manuscript that
must be analysed and the state of the analysis. Table
2 summarizes for each level the possible actions
of the writing rules. The rules are not extensively
described here. Our purposefs to present the way
the system analyses documents and characters. The
whole set of rules can be found in reference (43).

b.1. Extraction of writing characteristics

During the learning task such writing parameters
as the width of the quill, the style of document, the
dimensions of squared characters are extracted from
document and character images. A learning task
applied to a restricted part of the document may
precede an identification or authentication task.
Results obtained after a learning task are more reli-
able and obtained more quickly, as contextual knowl-
edge about the writing under analysis is already
present in the system. For instance, all dimensions
are relative to the width of the writing implement as
we consider proportions rather than absolute values.
When analysing a character, if this width parameter
is not known from a precedent learning task. the
default value we take for this parameter is the width
of the horizontal stroke of the character itself. Of
course, this value is less reliable than a value
extracted from several characters but to avoid mis-
takes we invoke extra image procedures to guarantee
the quality of this measure.

Style information is presently extracted from par-
ticular characters: Kaf, Rech, Lamed, Mem Sofit,
Samech. On a paleographic suggestion. we tested
the correspondence between the head curvature of
these characters and the style of the document. For
this purpose we developed an image procedure that
determines the Cup parameter, i.e. the proportion

of the curved part of the upper bar. Figure ¥ shows
the results obtained from a training set of characters.
We were able to select two ranges, deliberately not
too near, to separate Ashkenazic from Sephardic
characters. The undetermined zone is large enough
to obtain reliable results. Moreover, if the style is
found undetermined on a character, the system has
the possibility to extract style information from many
other characters.

6.2, Shape analvsis

Character shape analysis and verification is per-
formed during the identification task by writing rules
belonging to the Character level, The rules work
directly on character images to extract the com-
ponents and analyse accurate details of the shape,
Some characters may easily lead to confusion with
another letter since their shapes are very similar.
We present here the case of the letter Bet which
resembles the letter Kaf (Fig. 10} in order to illustrate
how the system proceeds during shape recognition
and verification. The structural components of the
character Bet are its upper and lower bars and a right
inter-bar downstroke. We suppose here that these
components have already been extracted and that
they are correctly formed according to criteria of
dimension, height and width so that we will not
mention them in the conditions of the following
rules. The other attributes that may be used are
those which represent and guantify the extension of
the lower bar, the shape of the lower right corner of
the lower bar, the internal shape of the character
and the shape of the lower bar—downstroke junction,
Writing rules extract the attributes when needed
from grey level pictures by the means of image
procedures. This extraction is guided by the charac-
ter models, In the rules dealing with the character
Bet, all of these attributes are not necessarily used
as conditions at the same time: just as the eve ident-
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Fig. %. Ashkenazic and Sephardic character distribution versus Cup. Ashkenazic characters can be
characterized by a Cup < 10% , Sephardic ones by a Cup = 20%. For a Cup between these two ranges
for a character, the style is considered as undetermined for that character.

ifies a shape by association of only certain attributes.
This association depends on the degree of ambiguity
of the shape. Four rules were written to describe a
shape as a correct Bet. The values of the attributes
expressed in rules are usually relative 1o some par-
ameters of the writing (width of the quill . . .}. If not,
they are chosen empirically but include a range of
undetermination.

According to calligraphic rules, the ideal Ber is
supposed to be characterized by its lower bar
extending beyond the wvertical alignment with the
upper one, and by the right-angled corner of the
lower bar, Conditions of rule REC_96 perform this
test:

IF there is an active goal to achieve identi-
fication, AND
current character has an upper-bar, a lower
bar, a right downstroke AND

lower bar
extension

internal T

shape
/ a
lower bar
right comer

current character has no left downstroke,
AND
its lower bar is extended, AND
lower bar right corner is very right-angled
THEN

current character is a Bet

But in practice, the right corner of the lower bar
may be slightly rounded if the extension of the bar
is more significant (REC_99):

IF there is an active goal to achieve identi-
fication, AND
current character has an upper-bar, a lower
bar, a right downstroke AND
current character has no left downstroke,
AND
its lower bar is significantly extended, AND

bar-downstroke
= junction

Fig. 10. (a) Character Bet (b) Character Kaf. The ideal Bet has a lower bar extended. The lower right
corner of an ideal Kaf is rounded. For non-ideal shapes, features such as the internal shape or the shape
of the lower bar-downstroke junction must be tested.
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fower bar right corner is slightly rounded
THEN

current character is a Bet

If the shape is ambiguous because the lower bar
does not extend at all, the paleograph would suggest
that we test the rectangularity of the space between
bars, because the sensation of reading a correct Bet
is reinforced by the fact that this space is rectangular.
This statement is embodied in rule REC_101:

IF there is an active goal to achieve identi-
fication, AND
current character has an upper-bar, a lower
bar, a right downstroke AND
current character has no left downstroke,
AND
its lower bar is not extended, AND
space between the two bars has a rect-
angular shape, AND
lower bar right corner is right-angled
THEN

current character is a Bet

When the shape does not match any model pre-
viously proposed, rule REC_102 tests if the lower
bar-downstroke junction is oriented inwards:

IF there is an active goal to achieve identi-
fication, AND
current character has an upper-bar, a lower
bar, a right downstroke AND
current character has no left downstroke,
AND
space between bars is undetermined, AND
lower bar right corner is right-angled, AND
lower bar-downstroke junction is oriented
inwards
THEN

current character is & Bet

6.3, Breaks and contrasts verificaiion

Because of loss of ink, breaks are sometimes found

inside or between the components of characters.
However, breaks must be large enough to be seen
with the naked eye. During the authentication task,
the system detects and measures these breaks, In
Fig. 11, a letter He s classed as non-valid because
of a break inside its upper bar. The image procedure
that detects a break inside this component consists of
analysing the bar by computing the vertical projected
histogram on the points inside the box enclosing the
bar, This histogram is then analysed and high values
(higher than 50% of the minimal value) are con-
sidered as blank zones. i.e. breaks. Small breaks,
whose dimensions do not exceed 20% of bar's total
length can be tolerated, this decision is taken by rule
REC_159:

IF there is an active goal to achieve auth-
entication, AND
current character has an upper-bar, AND
we do not know whether the bar is valid,
AND
relative length of the broken zone has
already been computed and is less than
20% of bar’s length
THEN

mark the bar as valid

Contrasts also are checked during the auth-
entication task. The average contrast is computed
for each character of the current page and compared
to the standard contrast value of characters belonging
to that page, or by default to the current manuscript.
Standard values are for instance computed during a
previous learning task and absolute deviations from
standard values are tolerated, Figure 11 shows a set
of characters marked as invalid because of a too low
contrast.

7. KNOWLEDGE HIERARCHY AND INTERACTIONS

An image understanding system includes several
kinds of processes and knowledge from the pixel
level to the concept level. Generally the physical
image is associated with low level processes such as
segmentation or edge detection which are inde-

Fig. 11. Non-valid characters. A 4-pixel-long break is detected from the upper har histogram of the
character He {a). Low contrast characters due 1o loss of ink (b).
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pendent of the domain of application and written in
an algorithmic language, whereas high level pro-
cesses deal with interpretation from abstract rep-
resentation. At the bottom of the knowledge
hierarchy we find the image made of pixels, which
15 then converted into intermediate representations
such as lines, edges. regions, primitives, symbaolic
representations to obtain at the top of the hierarchy
an abstract and reduced representation of the scene.
Presently most of the systems deal with a restricted
set of possible representations. They work either at
the low level™ or at the high level (or from pre-
extracted primitives like edges'™), or at both levels
but with a separation of the two stages.™ The system
we have designed works at all levels of the hierarchy,
pixel level included. The system can work directly
with grey level pictures which are required for the
detection of fine details or damaged parts of the
document.

Dealing with both low and high level processes
implies controlling the interactions between them
which means here that the system can return to low
level data, i.e. the image. if problems arise at the

correct Het

correct He

high level of interpretation. For instance the system
automatically modifies the contrast of a character
in cases of ambiguity, overthick lines and partial
deletion of characters.

A typical problem with our characters is the partial
deletion of a thin downstroke because of a too low
contrast (this occurs particularly in vertical down-
strokes in Ashkenazic manuscripts). For instance the
character He is characterized by a detached left
downstroke, while for character Het its left down-
siroke is bound to the upper bar. If there is a slight
hole between the upper bar and the left downstroke,
ambiguity arises as shown in Fig. 12. Once the
system has found such an ambiguity at the inter-
pretation level, it returns locally to the image of the
ambiguous zone to restore a possible hinding.

8. RESULTS

The system is currently running on a VAX 8550,
About 250 rules written in OPS 5 are implemented
in the system and are dedicated to learning, identi-
fication and authentication tasks (writing rules), con-

S1 S3>51

Fig. 12. Interactions between high and low level processes can occur because of binding problems. Here
an ambiguity arises for the character Het (a) at threshold 81 as its left downstroke is detached from the

upper bar: is the character a broken Het or an incorrect He? The system returns loc

¢ to the

ambiguous zone to restore a possible binding, The low level procedure of restoration uses mathematical

morphology**!

and consists of gradually increasing the contrast until a 4-connex upper bar-downstroke

binding is obtained. The homogeneity of the points belonging to this 4-connex binding is tested (by

standard deviation analysis) in order to verify whether a real binding is restored or not. If the background

points belong to the 4-connex binding. that means that there is in fact a “hole™ as shown on the character
He (h). Otherwise a real binding was restored in the image and the character is a Het (a)
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a b

Fig. 13. The slight notch in the lower bar that differentiates
characters Mun (a) and Guimel (b} i5 not detected at the
usual resclution.

trol and data communication (meta-rules). Presently
the system deals with 21 characters out of the 27 in
the Hebrew alphabet, but the knowledge base can
be easily extended to the last six characters. These
six characters are Aleph, Tsadi, Sofit, Tet, Shin and
Ayn which have openings at the top and whose
shapes are very specific and thus easily recognized
since they cannot be confused with other letters. On
the other hand, some of their components are slanted
strokes so a specific group of image procedures must
be developed in order to authenticate them.

The characters Guimel and Mun could not be
classified into two different classes. Firstly, the
appearance frequency of the Guimel character in a
text is low (about 0.5%) and we have only a few
samples of it. Secondly, it appears that the 30 = 30
points resolution for a squared character is here not
high enough to detect the slight notch that dif-
ferentiates characters Guimel and Nun especially in
Sephardic manuscripts (Fig. 13). It would be inter-
esting in such a system to have the possibility during
analysis to re-digitize locally a character with a more
adapted resolution in arder to solve such ambiguities.

At the present about 20 image procedures were
developed to treat characters and pages. They are
simple, robust and efficient if noise points or points
belonging to the next or preceding letter are correctly
climinated during filtering or segmentation.

We tested the system on images of pages and
characters belonging to samples of three
manuseripts, two Sephardic (M1 and M2) and one
Ashkenazic (M3). During the learning task, the sys-
tem extracts characteristics of the writing as shown
in Fig. 14. The identification of document style was
never incorrect because of the consistency veri-
fication performed by data transmission rules, Dur-
ing the identification task, the error rate fluctuates
{between 0% and 3%, according to the state (dam-
aged or not) of the manuscript. The error rate is the
percentage of characters incorrectly identified among
those the system considers as correct. Errors are
often due to points not belonging to the character
under analysis (noise or other letters). Damaged

4 e o oo oo o o o o o e e

General characieristics of Page 20 ;

B R T T R e

-Average contrast of a correct character; 74
=Width of the pen: 10

-Page siyle : ASHKENAZIC

(Style of manuscript 3 : ASHKENAZIC )
-Page contrast: 142

-Contrast | good

-Average height of a squared character @ 24
-Average length of a squared character : 22

class 2 characteristics (characier Bel) :
from 7 characters belonging to page 20

Minimal length for the upper bar : 17

Average length for the upper bar: 18

Maximal length for the upper bar: 19
Relatve minimal length for the upper bar; 1.5
Relative average length for the upper bar: 1.8
Relative maximal length for the upper bar: 2.0
Average width for the upper bar: 10

from 7 characters belonging to page 20

Minimal length for the lower bar; 18

Average length for the lower bar: 20
Maximal length for the lower bar: 21
Relative minimal length for the lower bar: 1.8
Relative average length for the lower bar: 1.9
Relative maximal length for the lower har: 2.1
Average width for the lower bar; 10

class 4 characteristics (character Daleth) ;
from 3 charecters belonging 1o page 20

Minimal length for the upper bar: 25

Average length for the upper bar; 25

Maximal length for the upper bar: 25

Relative minimal length for the upper bar: 2.5
Relative average lengih for the upper bar; 2.5

Relative maximal length for the upper bar: 2.5
Average width for the upper bar; 10

Fig. 14. Extraction of characteristics of the writing on a
page of document during the learning task.

characters with a too low global contrast can lead
to recognition errors, but during the authentication
task. the lack of contrast can be detected. Auth-
entication is more demanding than identification as
not only shapes but also breaks and contrasts are
checked. During authentication (Table 3), the sys-
tern marks as valid characters whose shape is correct
and which have a good contrast. The system marks
as non-valid, broken or poorly contrasted characters,
characters with ambiguous shape or those that the
system has not recognized because their shapes do
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Table 3. Authentication task; quantitative results, The
system is more severe than a human expert but the scribe'’s
task of authentication is considerably shortened

Valid Mon-valhd Problematic
characters (%) characters (%) characters (%)
Ml 8.0 19.0 11.0b
M2 890 11.0 0.0
M3 82.0 18.0 3.0

not correspond to any model, however loose, of the
knowledge base, or characters that were erroneously
recognized and that the system detects as textual
errors. Manuseript M1 is in part damaged and con-
tains a lot of non-valid characters because of their
too low contrast. In the Ashkenazic manuscript M3,
some characters are detected as being broken
because some thin vertical downstrokes have com-
pletely disappeared after digitization and filtering.
The third column shows the percentage of characters
found to be problematic to a human expert, These
characters may be considered as valid after being
analysed by the scribe, but it is necessary to submit
them to human judgement (Fig. 15). These are:

—those which have a low contrast or contain
breaks because of loss of ink. The scribe has to
decide whether they need ink restoration,

—those whose graphical shape may be correct but
does not correspond to any model. For instance the
character Bet with a rounded upper bar is different
from the usual straight shape, or a drop of ink can
modify a shape.

During authentication the system validates cor-
rectly and directly 80% to 90% of the characters
( first column). These characters do not need to be
examined later by a human expert as they are also
validated by a scribe, By comparing the second and
third columns we deduce that the automatic system
is more severe than a human expert but considerably
shortens the scribe’s authentication task.

9. CONCLUSION

In this study, we have built an expert system that
not only recognizes handwritten Hebrew characters

Fig. 15, Examples of characters that must be submitted to

human judgement: (a) Bet's upper bar is rounded; (b) the

shape of this Nun Sofit is modified because of a drop of
ink.

but that can also provide information about ancient
Hebraic texts. The system investigates in a manner
close to that of a human expert and provides infor-
mation about the style, the writing and the validity
of the document. Directed by one principal request
given by the user, the system collects heterogeneous
information in order to give as much information as
possible about the text under analysis.

As a vision system, this system works both at a
high level of interpretation and a low level with
grey level images. It can set up document analysis
strategies (general and specific) and interactions
between high and low level processes.

The system presented here does not yet perform
all the potential operations at each level, especially
those that correspond to global vision analysis. Most
of the operations presently concern near and mag-
nified vision. However, the structure of this system
is complete in that it can work at all levels of vision
and new procedures can easily be implemented at
their corresponding level. Global vision analysis
complements near and magnified vision. In general,
global procedures use principles of statistical pattern
recognition and would be of great interest to enrich
the learning task. to study extensively the page set-
ting and structure of the document or to develop
other studies related to writing such as the com-
parison of scribes or the dating of manuscripts. Using
such a system also provides an opportunity to
explore, quantify and confirm certain hypotheses
about significant or non significant features of writ-
ing.
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