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In this paper, a novel methodology is introduced for the identification of the workmen
(hands) that carved ancient inscriptions. This methodology employs specific geometric
characteristics of each letter and computes the mean value and variance of these
characteristics for each one of the available inscriptions separately. Subsequently, we define
original decision thresholds that make use of the statistical distribution of the difference of
these values in order to attribute an inscription to a given hand. The inscriptions of the
hands under consideration have been properly processed and all information extracted, both
visual and statistical, is stored in a suitable database. Application of this methodology to
nine Athenian inscriptions, some of which contain very similar letters, offered correct, clear-cut
hand identification.
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1 INTRODUCTION—A BRIEF DESCRIPTION OF THE PROBLEM AND THE APPLIED
METHODOLOGY

What follows is a first methodological article exploring the possibility of using digital technology
to aid the recognition of hands on ancient Athenian inscriptions. In Tracy (1990, 1995, 2003),
it has been established that it is actually possible to reliably identify the hands of individual
ancient letter-cutters. Nevertheless, employing mathematics, digital image processing and
pattern recognition for identifying the hand that formed an inscription may make the process
automated and essentially more objective. In fact, as things are at the present time, identifying
writers of ancient inscriptions incorporates a significant amount of subjectivity.

The first step towards the development of the methodology introduced in this paper was
to set up a test case. Professor S. V. Tracy, as the epigraphist—that is, the specialist in
inscriptions among the authors—provided the rest of the team with photographs of stones cut
by very prolific workmen who were inscribing decrees in Athens during the second half of the
third century Bc. In particular, Professor Tracy offered high-quality digital images of the
following inscriptions with reference numbers: IG II* 336, Agora XV 240, Agora XVI 208, IG
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II? 264, 1G II* 775 and IG II? 833. These six epigraph images constituted the reference set/
database; no more information concerning these inscriptions was provided to the other
authors. In addition, the epigraphist furnished the other authors with the images of three
inscriptions, those with reference numbers IG II* 788, part of Agora XV 243 and part of Agora
inv. no. 14033, to be classified with the use of the methodology introduced in this paper,
again without any additional information. We would like to stress that the mathematics/
informatics group was not aware of the corresponding IG numbers of any of the inscriptions.
For a description of the lettering and the dossiers of the aforementioned inscriptions, see Tracy
(1990, 2003). We can now point out that two of the hands that cut some of the aforementioned
inscriptions, Hand 1 (The Cutter of Agora XVI 208) and Hand 2 (IG II* 833), are so close in
style that it is very probable that one was trained by the other and was his apprentice (see
Tracy 1990, 2003). On the level of shape of individual letters, which is what is being examined
in this paper, the two hands are not at all easy to distinguish.

The next step was to characterize mathematically and rigorously four letters of each hand.
The authors discovered that there were clear-cut differences in the chosen mathematical
descriptions of these letters, no matter how similar they seemed initially.

The analysis introduced below refers to a problem which is more or less associated with
automatic handwriting recognition and writer identification/authentication. Handwritten text
recognition has been the object of extensive research, even from as far back as the 1960s, and
numerous publications on the subject have appeared (Plamondon and Srihari 2000; Arica and
Yarman 2001; Connell and Jain 2002; Schomaker and Bulacu 2004). On the other hand, writer
identification seems to be a much more difficult task (Plamondon and Srihari 2000; Franke
and Koppen 2001). However, a number of approaches and corresponding publications have
appeared aiming at the identification of English and Chinese writers (Said et al. 2000; Franke
and Koppen 2001; Marti ez al. 2001; Xianliang et al. 2004; Yefeng et al. 2004). Nevertheless,
to the best of our knowledge, this is the first time that identification of cutters of ancient
inscriptions has been attempted. In addition, it is the first time that Greek writer identification
has been performed. Finally, the novel methodology introduced in this paper may also offer
analytical and objective information about the style of each cutter of ancient inscriptions, its
evolution in time, as well as the similarities and dissimilarities of the style of each cutter when
compared to the others.

2 A FIRST-STAGE PROCESSING OF THE LETTERS

2.1 An initial shape-based classification of the letters

We have decided to divide the whole class of 24 capital Greek letters into two subclasses,
according to whether their contour lines are predominantly rectilinear or curved:

* Rectilinear class of letters. The letters whose contour essentially consists of quasi- straight-
line segments belong to this class. In this class belong the letters A, I', A, E, Z, H, I, K, A, M,
N, EIL X T, Y and X.

» Curved class of letters. This class includes those letters for which a substantial part of the
contour is noticeably curved. Thus, in this class belong letters B, ©, O, P, ®, ¥ and Q.

We would like to point out that in a very limited number of letters, this distinction may be
hand dependent. Thus, for example, one may encounter inscriptors who cut round letters
with straight letter-strokes, with the result that diamond-shaped omicrons and cruciform phi’s
occasionally occur.
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(a) (b)

Figure 1 (a) An original letter A. (b) The result of image segmentation applied to Figure 1 (a).

2.2 Proper image segmentation to extract the letter

First, we have applied various image segmentation methods (Casey and Lecolinet 1996;
Roman-Roldan et al. 2001; Panagopoulos et al. 2004), in order to obtain quite clear-cut and
accurate region borders for each letter. A rather simple method that seems to work well is the
one that uses each letter’s pixel intensity histogram and its lower turning point. All pixels with
an intensity lower than this turning point may be considered to belong to the letter (see the
application of this method to the letter in Fig. 1 (a), which results in the segmented letter
shown in Fig. 1 (b)). This method, together with the letter itself, may generate various
artefacts that may be removed by application of proper morphological filters (Panagopoulos
et al. 2004).

2.3 Letter contour extraction

Each letter contour is obtained with the use of the following quite common method:

» The colour depth of each letter image is decreased from millions of colours to black and
white. Thus, the whole letter is black (value ‘1°) and its background is white (value ‘0’).

» The letter contour is extracted. However, no edge detection algorithm could generate the
letter contour in the form necessary for the subsequent analysis. In fact, in order for the
introduced methodology to be applied, each contour must have the following properties (see
Fig. 2): (a) each pixel must have exactly two neighbouring pixels; (b) no isolated pixels or
groups of pixels are allowed; and (c) three pixels must not form a compact right (90°)
angle. Therefore, suitable software has been developed in order to guarantee this form of
the contour.

2.4 Determining the turning points in each letter

We properly approximate the letter contour with slightly overlapping splines, as defined below.
We divide the entire contour of a letter into slightly overlapping subsets of consecutive
pixels of length L; and we calculate the spline; namely, the third-degree polynomial that best
fits each such subset. In this way, one obtains an ensemble of consecutive, slightly overlapping
splines, S;, i =1, 2, ..., N, covering each object (Fig. 3). Note that probable small gaps in the
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Figure 2 Proper (in black) and forbidden (in grey) pixel combinations of a letter contour.

Figure 3 An ensemble of consecutive, slightly overlapping splines, covering the letter contour depicted in grey.
The turning points are indicated by white dots, while splines covering connected contour segments between two
successive turning points are indicated by the same colour (light grey or black).

letter contour due to wear of the surface of the inscription are bridged with this procedure.
A good choice for L, seems to be a small proportion of its maximum dimension, say ¢ = 0.25,
and for the overlapping region a satisfactory length seems to be L, = 0.2L,. Note that neigh-
bouring values of L, and L, offer quite similar and satisfactory results.
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Next, we compute the curvature at an arbitrary point of the set of splines. This offers a very
good approximation of the letter contour curvature at this point. When this curvature is greater
than a predefined threshold—say, three times the mean value of the whole contour curvature—
then we consider that this point is a critical turning point of the contour of the letter in hand.
For example, the critical turning points of a letter P are shown in Figure 3.

3 A BRIEF OUTLINE OF THE EMPLOYED METHODOLOGY

In this section, we will briefly describe the basic steps of the methodology that has been
employed towards the cutter (writer) identification. The procedure that has been applied is as
follows:

(i) Letter images are extracted from high-quality digital images of the inscriptions, via
automated image segmentation techniques.

(ii) The contour of each letter is extracted from the aforementioned segmented image, by
means of original algorithms specifically developed for the application in hand.

(iii) The critical turning points of each letter’s contour are automatically extracted by means
of novel dedicated algorithms.

(iv) The shape of the letter is modelled in a piecewise manner by means of least-squares
methods.

(v) Various characteristic letter features are determined, mainly in the form of ratios and
angles, which are considered to give quantitative measures of the peculiarities of the cutting
style of each writer.

(vi) We state statistical hypotheses that lead to estimates of the distributions of the mean
values and variances of the populations of the features determined in (v).

(vii) Using the results of (vi), certain quantities are defined, which are employed as decision
thresholds for the classification of inscriptions according to the writer.

4 EXTRACTING A SET OF ESSENTIAL FEATURES FROM EACH LETTER

After defining the critical turning points of each letter, we proceed by defining a set of features
that we will call ‘essential features or characteristics’, on which we will base the characterization,
processing and all subsequent analysis for each letter separately.

4.1 A set of features for the rectilinear class of letters

For simplicity, brevity and easy reference, we will base the subsequent analysis on letter A,
which is an excellent representative of the rectilinear class. Note that in the inscriptions
considered, the number of alphas ranges from 15 to 76, with a mean value of approximately
37 letters per inscription.

For this analysis, it is necessary to clarify that when we approximate a chain of pixels of a
letter contour—say, the chain A A, in Figure 4 (a)—with a straight-line segment in the least-
squares sense, we choose the independent variable to be x if A, =2 A, and y otherwise, where
A, = (Xpax = Xmin) A0 A = (Y0 = Ymin)- Thus, for all letters A of the type similar to the one
depicted in Figures 1 and 4, we define the following set of essential characteristics. Note that
special care has been taken to ensure independence of these characteristics, probably associated
with the corresponding freedom of the artist in carving the letter. Evidently, independence
of the degrees of freedom in carving the letter does not ensure stochastic independence. The
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@ B1

Figure 4 (a) The contour of letter A of Figure 1, together with LS line segments necessary for extracting the essential
characteristics of this letter. (b) A depiction of the additional geometrical objects necessary for extracting the
essential characteristics of letter A.
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latter is a plausible assumption, the validity of which will be verified by experimental results
as the inscription database grows. However, correlation tests applied to the available data do
not contradict this hypothesis.

The set of chosen characteristics concerning letter A is described below (see Fig. 4).

C{*: We consider the chain of contour pixels of the letter in hand starting at A, and ending at
A, and we compute the straight-line segment, say ¢, that best approximates this chain in the
least-squares sense. Moreover, we consider chain B,B,, consisting of the contour of pixels of
the letter in hand starting at B, and ending at B,. Once more, we compute the straight-line
segment, say f3, that best approximates this chain BB, in the least-squares sense.

A first essential characteristic for letter A is the angle that the straight-line segments ¢ and 3
form. To avoid confusion, for the angle computation we consider o and 3 to be vectors starting at
the points corresponding to A, and B, respectively. In other words, we let ¢,z = Z(a,p) be
the first characteristic of letter A.

C4: In an analogous manner, we consider straight-line segments y and & best approximating
chains I';T", and A A,, respectively, in the least-squares sense. Proceeding as above, we define
the angle ¢,, = 2(7.5).

C4': The third characteristic of letter A aims at checking how parallel the sides of the left leg
of A are. In practice, we consider chains I'\I", and AA, together, and we compute the straight-
line segment x that best approximates the union of these two chains in the least-squares sense.
Then, the third essential feature is defined to be the angle ¢, = £(&,K).

C#: In an analogous manner, we check whether or not the two sides of the right leg of A are
parallel by concatenating chains EE, and Z,Z,, computing the least-squares line segment v
that best approximates the union of these two chains and defining the angle @4, = A(E,V).
C#: Proceeding similarly, we define the fifth characteristic to be the angle ¢,,= £(7j,0), where
n and @ are the straight-line segments best approximating the chains of pixels HH, and ©,0,,
respectively.

C4: To define the sixth characteristic, we let (xf!, yf'), (x}!, yi") be the coordinates of the
first pixel H, and the last pixel H, of the chain H,H,. In addition, we let the equation of n
be y = ax + b, in which case 7 starts at point Hj : (x{!,a,x{' + b,) and ends at point
Hj : (x3',a,x)' + b,). Similarly, we consider that straight-line segment 6 starts at point
0] : (xP,apxP + by) and ends at point O : (x9,a9xP + by). Now, we define points

1 -

i}

2 2

i

M - x4+ 1P apx!! + by + agxP + by M. - A+ 19 apxd + by + agxf + by

> 2 2 2 >
where, clearly, M/ is the middle of H/® and M} is the middle of H50;. Subsequently, we
define the straight-line segment u starting at M| and ending at M}. Finally, we compute the
angle between k and u, namely ¢, = Z(&,fi), and consider it to be the sixth characteristic.
C#: Next, we consider the straight line u° containing segment u and we find the point of
intersection of u° and k—say, I,,. Now, if K, : (x| .a.x] + b,) and K, : (x3,a.x5 + b,) are the
beginning and the end of k, respectively, then we define the seventh characteristic of letter A
to be the fraction

KZIK/J
ficu - IK#KI-
C4: Using exactly the same method as before, we define the eighth characteristic to be the
fraction

© University of Oxford, 2007, Archaeometry 49, 4 (2007) 749-764



756 S. V. Tracy et al.

_ NZIV#
fV,U Iv,uNl |
where I, is the intersection of u and v, while N, : (xf.a,x{" + b,) and N, : (x%,a,x5 + b,)
are the beginning and the end of v, respectively.
C4': The ninth feature is defined to be g, = | vI/| |, where | v| and | | denote the length of
the straight-line segments v and p, respectively.
C{i: We let the 10th characteristic be g, = | K |/| V.
C{\: Similarly, we define g,5=| ocl/| B1.
C{: In order to define the 12th characteristic, we first let o° and 3¢ be the straight lines to
which segments o and 3 belong. Moreover, we let 1,5 be the point of intersection of lines o*
and B°. Then, we define the criterion

f — I(x/iA;
T AA
C{: Similarly, we define the feature
f — IaﬁBé
’ BB

C{i: We consider the domain D, enclosed by the simple curve consisting of the straight-line
segment A,I';, the chain of contour pixels I',I',, the straight-line segment I',A,, the chain of
contour pixels AA,, the straight-line segment A,A, and finally the chain of contour pixels
A,A,. We also consider the domain D, enclosed by the simple curve consisting of the straight-
line segment B,E,, the chain of contour pixels E,E,, the straight-line segment E,Z,, the chain
of contour pixels Z,Z,, the straight-line segment Z,B, and finally the chain of contour pixels
B,B,. If E(D,) and E(D,) are the areas of domains D, and D, respectively, then we define the
14th criterion to be

_ ED).
E(Dy)

€12

Cfi: Using exactly the same method as before, we define the 15th characteristic to be

_ EWD)

(4 3=
Y E(Dy)

where E(D,) is the area of domain D5 enclosed by the simple curve consisting of the straight-
line segment I',E,, the straight-line segment E,Z,, the straight-line segment Z,A, and finally
the straight-line segment A, T,.

We would like to point out that addition of independent characteristics always offers new
information (Kokolakis 1981).

4.2 Extracting a set of features for the curved class of letters

The analysis of the curved letters will be made by referring to O, since the techniques for
extracting essential features for O can be easily extended so as to extract characteristics from
the curved parts of the other letters of the class. Note that in the inscriptions of the reference
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(a)
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Figure 5 (a) An approximation of the internal and external contours of letter O by ellipses. (b) The semi-axes and
the rotation angle of the ellipsis approximating the internal contour of letter O.

database, the number of omicrons ranged from 14 to 154, with a mean value of approximately
49 letters per inscription.

One approach is to approximate the internal and external boundaries of each letter O by an
ellipsis or another proper geometrical figure (see Fig. 5). The choice of the ellipsis or another
figure is made by using the number of turning points spotted in Section 2.4. Suppose that we
are dealing with a set of hands whose letters ‘O’ are well approximated by a set of ellipses,
which seems to be the most usual case. In practice, to achieve the approximation of letter O
contours with ellipses, we proceed as follows.

First, we note that the general equation of an ellipsis is, in polar coordinates, () =
(xp + acos(f))i + o + bcos(t))f, where x,, y, are the coordinates of the ellipsis centre and 2a, 2b
are the corresponding lengths of the ellipsis axes (see Figs 5 (a) and 5 (b)). Note that the
ellipses of the aforementioned type have their axes parallel to the coordinate axes. To obtain
the general form of the rotated ellipsis, one must multiply these equations by the rotation
matrix

cos¢p  —sin@
[sin(p cosQ }
where ¢ is the rotation angle.

Next, consider the internal and external contours of a letter O and their digitized images,
consisting of N9, and N¢, pixels, respectively, described by the sequence of vectors F
i=1,2,..., NS, F j=1,2,..., Ng, starting at a reference centre and pointing to each
pixel centre, as shown in Fig. 5 (a). Suppose that one wants to test whether this curve is the
successful result of a writer’s attempt to simulate an ellipsis described by the parametric vector
equation 7E (¢ | TI), where ¢ is the independent variable, IT is the ellipsis set of parameters
and superscript E denotes an ellipsis. It is an immediate consequence of the ellipsis polar
parametric equation that IT = {x,, y,, a, b, ¢,}.

Subsequently, we compute the optimal set of parameters II° and the corresponding
sequence of values of the independent variable ¢, i =1, 2, . . ., N°, so that r_E)(tl- | TI) best fits

© University of Oxford, 2007, Archaeometry 49, 4 (2007) 749-764



758 S. V. Tracy et al.

- —
int -ext

T or 7" separately according to a chosen norm L—say, the Euclidean. Algorithms to
achieve this are the well-known conjugate gradient and/or the easier to implement
Nelder—Mead method. They both start from a tentative set of values of IT and let IT converge
to I1° so that—say, for the internal boundary of O—norm L, = Y, ,]i(;‘ (rl‘T - r_E)(t,- | TT))? is
minimized.

After applying this method to all available letters O in all of the considered inscriptions, all
O internal and external contours have been optimally approximated by ellipses (see Fig. 5 (a)).
The average error of this approximation—namely, the minimal values of norms L;, and L, —
is particularly low, at around two pixels.

Using these approximations of the O internal and external contours, we have set the following
characteristics for letter O (see Figs 5 (a) and 5 (b)).
CP: The ratio a,,/b,, of the long and short axes of the ellipsis approximating the letter O internal
contour.
CY: The ratio a,/b.,, of the long and short axes of the ellipsis approximating the letter O
external contour.
C{: The ratio a,,/a;, of the two longer axes of the ellipses approximating the letter O external
and internal contours, respectively.
CY: The angle ¢,, in [0, 7) the longer axis of the ellipsis approximating the internal contour
forms with the x coordinate axis.
C9: The angle @, in [0, 7) the longer axis of the ellipsis approximating the external contour
forms with the x coordinate axis.

5 DECIDING THAT A GIVEN INSCRIPTION CORRESPONDS TO A SPECIFIC
WRITER: APPROACH 1, BASED ON MEAN VALUES

The whole analysis starts with the processing of a set of inscriptions X, generated by an
arbitrary hand, say H,, as verified by an expert of the field. Consider an arbitrary letter
appearing in these inscriptions and a specific characteristic of this letter. Thus, for example
and easy reference, consider letter A and any one of its 15 characteristics introduced in
Section 4, say C,. The peculiarities of each such characteristic can be obtained in a straight-
forward manner with the use of the confidence intervals of its mean value and standard
deviation.

In this section, we define novel decision quantities/thresholds pj! based on the mean values
of each characteristic C;, for classifying an unknown inscription /, to a proper hand already
existing in the database. First, we make the statistical assumption that all chosen characteristics
come from a normal distribution. Although this is an empirical assumption, we have applied
the Kolmogorov test and in many cases the 7 test to find if there is sufficient evidence that
contradicts it. The performed statistical tests did not reject this hypothesis. Specifically, they
do not offer evidence that would prohibit application of the methodology that will be
described below (a = 0.01).

5.1 The notation employed and the feature mean value distribution

Suppose that we have in our database a set of inscriptions X,, whose cutters are already known;
thus, for example, suppose that X, was carved by H,, X, was carved by H,, and so on. Assume,
now, that a new inscription /, is given, of which the identity of the hand that inscribed it is
unknown. The purpose of this project is to achieve an identification of the hand that carved I,
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with maximum possible confidence. In order to accomplish that, a first step is to attribute to
each characteristic C; of all letters appearing in /, a number of quantities that will allow us to
decide if this feature C, pertains to one of the hands whose inscriptions already exist in the
database. A first method we have chosen to calculate these decision thresholds employs the
distribution of the mean values of C,. In fact, suppose that inscription /, has been generated by
a certain hand H,, who carves the arbitrary feature C; of a letter, say A, with mean value 4,
and variance Gfu, which, clearly, is not a priori known. Suppose, moreover, that in inscription
I, there are N realizations of the specific letter. Consequently, one computes the mean value
X., and the variance S?, of the specific letter characteristic in inscription /,. Now, we state
once more that the set of inscriptions X; carved by hand H, give rise to a set of N% values for
the specific letter characteristic having mean value X,, and variance S%. According to the
adopted hypotheses, these letter characteristic values of X, come from a normal population
with generally unknown mean values 1, and variances o7 .

Indeed, in order to compare the mean values of the ith characteristic of the specific letter in
the inscriptions /, and X,, we employ quantity

PR (Xi,k - X)) - (Mig = M)
e s e-b

YNE N

where the three subscripts in f;;, are as follows: the first one denotes the ith characteristic of
the letter (e.g., for letter A, i =1, 2,..., 15), the second one denotes the reference hand and
the third one denotes the unknown hand; note again that we have N¥ letters A (observations)
in the ¥, inscription, and N¥ in the unknown inscription, where subscript A in N, N denotes
the letter under consideration.

Quantity ¢, , follows a Student distribution with d;;, degrees of freedom, where: (a) if the
two population variances are equal, dj;, = N5 + N§ —2; and (b) for unequal population
variances,

2 ky2 2 uy2
iy = (SHINK + Sfu/N}{)z/ {(s’*/ NoY~ y SulND }

Nt —1 Nt —1

is computed dynamically. Although there is not enough evidence to contradict the equality of
variances, we prefer to use (b) for safety reasons. In any case, both methods offer very similar
decision results.

5.2 Decision thresholds

Next, in order to verify whether the two sets of values of the specific ith letter characteristic
of X, and /, come from the same population, in the aforementioned equation (5.1) we let
Wi = M, in which case the value of the quantity #;,, is known. Let this value be f;;, where,
once more, the first subscript denotes the ith characteristic of the letter, while the second one
denotes the reference hand; clearly, subscript u has been suppressed, since the assumption L,
= N;, has been momentarily adopted. Using this value, we may establish a first approach in
order to decide whether the unknown inscription /, has been carved by a ‘known’ hand H,, as
far as characteristic C; of the specific letter is concerned. In fact, let fi(;;) be the value of the
probability density function of the Student distribution with d;;, degrees of freedom, at point
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t..- Then, by definition, the probability that ¢, , lies in the interval [, ¢, + dt], given that
Hix = My 18 fi(t;)dt.

Next, suppose that all N characteristics of letter A have a mean value coming from the
population of the corresponding mean values of hand H,; equivalently, suppose that u;, = u;,
foreveryi=1,2,..., N,

Hence, if we examine N characteristics of the specific letter, then since the hypothesis of
their statistical independence has been adopted, the overall probability that we simultane-
ously obtain the N values of all ¢, lying in the intervals [t,;,t;; + dtl, [tap.th + dt], ...,
[tn.xofne * di], under the hypothesis that t,, = ;,, i = 1, 2,..., N¢, is the product
ot =TI (filt)dr).

Finally, suppose that we want to decide which hand, out of all the known hands H,, most
probably cut the specific letter of the unknown inscription. This amounts to determining the
probability that the mean values of the letter characteristics in /, pertain to the corresponding
mean values of hands H,, k=1, 2, ..., N,, given that one of these hands has indeed carved
the letters. We believe that good and robust decision thresholds relating to these probabilities
are the quantities defined below:

pit = probability(1;,, = i) | ()?l-,u,Sfu), YV i=12,...,Np).

According to the previous analysis, and if we make the plausible assumption that all y,, are
equiprobable in a certain interval, this decision quantity can be estimated as follows.

We define the events E;, for all available hands k =1, 2, ..., Ny, via E;, = {t,,, belongs to
[ti4 tix + dt], given that W, = W, foralli=1,2,..., N}, in which case,

probability that a particular event E, occurs

A _ .
Pi probability that any of the Ny events E, occurs
Eventually,
Ne
S H (fe(tix))
A Pk i=l
Pk ~ Ny Nc :

2
DTN § K0AOD)
£=1

=1 i=l

We would like to point out that the hypothesis of equiprobable p,, is fully compatible with the
archaeologist’s feeling. However, as the inscription database grows, if a different distribution
for the mean value characteristics occurs, then the above formula will be appropriately
weighted using Bayes’ law, while the rest of the methodology will remain intact.

Finally, the decision as to which hand formed the unknown inscription is made by com-
paring the pf values: if, for a given hand, the corresponding decision threshold is greater than
the others, then the unknown inscription is attributed to this writer. In the experiments performed
in connection with the inscriptions referred to in the introduction, one decision threshold is
always overwhelmingly greater than the other thresholds, thus offering a clear-cut correct
decision. Thus, for example, for the most difficult case, according to the archaeologist, for the
classification of the inscription IG II* 788, the non-matching inscriptions generated decision
thresholds pj* for letter A of the order of 10™' or less, while, clearly, the correct hand offered
a decision threshold of the order 1-107".
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6 DECIDING THAT A GIVEN INSCRIPTION CORRESPONDS TO A SPECIFIC
WRITER: APPROACH 2, BASED ON VARIANCES

In this approach, we employ the variance instead of the mean value to obtain a decision
threshold that a letter of the unknown description /, has been carved by the hand with the set
of inscriptions X,. Without any loss of generality, we once more describe the approach for the
letter A. Thus, we point out that quantity

S? k/a,k
S2 /o?

Lu

i,k,u

follows Snedecor’s F distribution, with (N% — 1,N% — 1) degrees of freedom. Now, the assump-
tion that inscriptions %, and /, belong to the same hand implies that o;, = 0;,,, for the arbitrary
ith characteristic of the considered letter. In this case, quantity F;;, = Si,k/S,?u is known and we
let its value be F;;. We employ this value to establish another approach in order to decide
whether or not the unknown inscription /, has been carved by hand H,, as far as characteristic
C; of the specific letter is concerned. In fact, let u,(F,,;) be the value of the probability density
function of the Snedecor distribution with (N4 — LN% — 1) degrees of freedom, at point F;.

Then, once more, the probability that F;;, lies in the interval [F};, F;; + dF], given that
O = Oy 18 u(F,)dF.

Hence, if we examine N characteristics of the letter, and once more take into account their
assumed statistical independence, then the overall probability that we simultaneously obtain the
N values of all F;;, lying in the corresponding intervals [F;,, F;, + dF], under the hypothesis
that 6, = 0;,, i = 1,2, ..., N, is the product &g = TTY§ (u.(F,,)dF).

Our final goal is to 1dent1fy the hand out of all N, hands that most probably inscribed the
letter under consideration in inscription /,, given that one of these hands has indeed carved the
letters. We once more believe that good and robust decision thresholds relating to these
variances are the quantities:

gt = probability(c;, = 0,4) | (X1,,S2),  Vi=12,...,No),

According to the previous analysis, this quantity can be estimated as follows. We define the
events G, via

G, = {F;;, belongs to [F,;, F;; + dF], given that 0;,= 0;; foralli=1,...,N¢ },
in which case,

probability that a particular event G, occurs

A
% probability that any of the Ny, events G, occurs

In writing the above formula, we have considered a uniform distribution of the corresponding

variances in their domains. As in Approach 1, the methodology will remain unaltered in the

case that the expanded database gives rise to a different distribution for the variances, the only

change being an appropriate weighting in the above formula according to Bayes’ law.
Finally, the employed decision thresholds concerning variances are given by

Ne
| IT E0)

A _ Kk _ i=1
di = N, =N, N .
Z&ng 2 H (W(Fi,())
=1 (=1 =l
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Next, as in Approach 1 again, we compare the gf values: if for a given hand the corresponding
decision threshold is greater than the others, then the unknown inscription is attributed to this
writer. In the experiments performed in connection with the inscriptions referred to in Section
1, one decision threshold is always overwhelmingly greater than the other thresholds, thus
offering a clear-cut decision. Thus, for example, for the most difficult case, according to the
archaeologist, for the classification of the inscription IG II* 788, the non-matching inscriptions
generated decision thresholds ¢ for letter A of the order of 1072 or less, while, clearly, the
correct hand offered a decision threshold of the order 1-107",

7 DECIDING THAT A GIVEN INSCRIPTION CORRESPONDS TO A SPECIFIC
WRITER: APPROACH 3, A JOINT APPROACH

Eventually, one can define a third criterion employing both the mean value and the variance in
order to identify the hand, among the known ones, that carved /,. In a sense, this approach is
complete, since we have adopted the hypothesis that the considered letter characteristics
follow normal distributions, a hypothesis that has not been rejected by the available data, and,
therefore, these distributions are completely defined by their mean values and the variances.
We notice that the fact that the same hand carved both X; and /, implies both u,, = u;,, and
o,=0;,foralli=1,2,..., N.. Moreover, since we have adopted the assumption that

each characteristic follows a normal distribution, the two events u;, = y;, and o;;, = o;,
are independent. Therefore, after taking into consideration the analysis in Approaches 1 and 2,
decision thresholds 7z{! can be expressed as follows:
o

A _

T = Ny ’

Zﬁng‘
=1

where ozt = Sp{dqlt = T1YS fu(t;, ) (F;,)dtdF is the probability that both events E; and G,
occur simultaneously. Finally,

N¢
| BACDIAGD)
7[/1(4 — NHt:lNC

S 1 fioudEy)

=1 i=l

Once more, a decision is made by means of the greater 7/ value, and the hand identification
in the performed experiments is clearly unambiguous: the decision threshold corresponding to
the correct identification obtains a value of the order 1-107%, while the thresholds for the non-
matching inscriptions are of the order of 107 or less.

We would like to point out that analogous results were obtained for the tau’s and rho’s.
Clearly, the above methodology can be immediately extended so that we can form threshold
quantities for deciding whether an arbitrary number of N, letters appearing in the unknown
inscription /, have been cut by a specific hand H,.

8 CONCLUSION

In this paper, a methodology for the automated identification of inscribers who carved
Athenian inscriptions is presented. Thus, the shapes of the letters, automatically extracted
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from their images, are processed and sets of mathematical characteristics are obtained for
each letter separately. Subsequently, statistical processing of these characteristics’ values is
performed and, in this way, a number of approaches is introduced to decide which hand of
those belonging to the system’s database most probably carved an unknown inscription.

A first test of the introduced methodology refers to six inscriptions, with IG numbers IG II?
336, Agora XV 240, Agora XVI 208, IG II? 264, IG II* 775 and IG II* 833, as mentioned in
Section 1. After processing a set of letters appearing in these inscriptions, the expert archaeologist
furnished images of three new inscriptions with IG numbers IG II? 788, part of Agora XV 243
and part of Agora inv. no. 14033, all cut by unknown hands. We emphasize once more that
no additional information had been provided to the other authors and, in particular, the IG num-
bers of the epigraphs to be classified were disclosed after hand identification had taken place.
Application of the introduced methodology led to the conclusion that the unidentified
inscriptions had been carved as follows:

(1) The hand that cut IG II? 833 had also carved part of Agora inv. no. 14033.
(2) The hand that cut Agora XV 208 had also carved IG II* 788.
(3) The hand that cut Agora XV 240 had also carved part of Agora XV 243.

The epigraphist confirmed that all identifications were absolutely correct. We would like to
emphasize that the introduced methodology offered clear-cut decisions about the hand that cut
the three unknown inscriptions; in a forthcoming paper, we will also consider the probability
that an unknown inscription does not belong to the available database.

Evidently, the number of letters examined, as well as the number of inscriptions studied,
needs to be increased and the related results will be presented in future papers. In addition,
a large number of rigorous test cases must be examined before we can conclude that we have
a successful digital method for identifying the hands that cut ancient inscriptions. However,
the present results are sufficiently promising and sufficiently important that we want to share
them with colleagues at this stage.
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