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Abstract Studying ancient inscriptions is based up
to date mostly on observation and manual analysis by
means of which epigraphists attempt to establish a ge-
ographical and chronological classification as well as to
analyze the lettering techniques. In this paper we pro-
pose a novel framework for efficient 3D reconstruction
of inscriptions and for statistical analysis of their recon-
structed surfaces. The proposed framework employs a
shape-from-shading technique to reconstruct in 3D the
shape of the inscribed surfaces. The obtained surfaces
are segmented into smaller box-shaped regions contain-
ing single letters. These letters are classified into groups
of same characters or symbols and then an atlas (av-
erage) letter shape is created for each character. For
the construction of those atlases we employ a functional
minimization method that registers the surfaces of same
letters to the unknown average surface, which is also es-
timated simultaneously. Using the estimated atlases an
automated analysis of the inscribed letters is performed.
This framework can be effectively used for the study of
the variations of the lettering techniques within an in-
scription or a set of inscriptions. We applied our frame-
work to five ancient Greek inscriptions. Our results are
reported in detail and the variations found in lettering
techniques are commented on by archaeologists who also
validate the accuracy of our proposed method.

1 Introduction

The evolution of imaging technology has affected posi-
tively several areas in the computer vision community.
During the last decades the significant progress in sen-
soring technology has helped us capture high-resolution
multimodal images that have consequently resulted in
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the advancement of medical imaging (Magnetic Reso-
nance Images [2,23]), general image and video processing
[8,26,22], and virtual 3D environment synthesis (for in-
stance, reconstruction of archaeological monuments [18,
7,21,19]).

In archaeology a crucial field of research is the study
of ancient inscriptions. Some questions that archaeolo-
gists are called to answer pertain to the dating of the
inscriptions, the attempt to identify the place of ori-
gin, and the analysis of the lettering techniques. So far
the method that has been commonly used for the study
of inscribed fragments is the following: the archaeolo-
gists use a special type of moisturized paper (squeeze)
which they push on the inscribed surface using a brush
specially adapted for the purpose. When the letters are
shaped on the squeezed paper, the archaeologists let it
dry, creating that way an impression of the inscription
(see Fig. 2). The paper most in use is a type of filter pa-
per obtained from laboratory suppliers and it may vary
in thickness. A thinner paper needs less working on the
stone, but may disintegrate more easily [27]. Other me-
dia have been also used in literature for this purpose, for
instance latex, or liquid rubber, whose properties are dis-
cussed in [3]. By using the above technique, large collec-
tions of squeezes have been created, including squeezes
of inscriptions that are now lost or destroyed, that can
be found and studied in various libraries and institutes
around the world.

Although squeezes are copies of inscribed surfaces,
there are several problems that may rise during their use.
First, their accessibility is still limited; archaeologists
have to travel in order to study a variety of squeezes.
Their preservation also constitutes a problem in that
folding and unfolding them several times may result in
their deterioration. The aforementioned problems have
led us to look for a method to store and preserve squeezes
more efficiently and make them also more accessible to
a large number of archaeologists and epigraphists.

A simple approach that has been extensively used to
capture digitally an inscribed surface is to take a picture
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Fig. 1 Illustration of the proposed framework for 3D reconstruction of inscribed surfaces by scanning squeezes using two
different lighting directions.

Fig. 2 An epigraphic squeeze with the impression of an in-
scription. (The back side is shown.)

of the surface [4,20,17,11]. Alternatively one can also
scan the squeeze [24]. The problem with the aforemen-
tioned methods is that a 2D image cannot capture the
3D content of those subjects and it is also sensitive to
lighting conditions and camera view point.

Several fixed pose pictures of the inscription taken
under varying illumination conditions can capture the
underlying local information of the inscribed surface [16].
In this technique a hemi-spherical grid of light sources il-
luminates the subject from a set of known lighting direc-
tions. Then the local bidirectional reflectance distribu-
tion function can be approximated by a fixed-order poly-
nomial known as Polynomial Texture map. Although
this method works nicely for surface relighting and ma-
nipulating its reflectance characteristics, the construc-
tion of the hemi-spherical grid of light sources can be
expensive, considering that the size of the grid is pro-
portional to the size of the inscription, which sometimes
is several feet wide.

A video sequence or a set of 2D images can also be
used for reconstructing a 3D scene [5,19]. This technique
is very efficient and requires only an uncalibrated cam-
era. Such methods have been successfully used for the 3D

reconstruction of archaelogical sites, including buildings
and complex statues [19]. However, the precision and de-
tail of the obtained reconstructions is not high enough
for capturing details on inscribed surfaces such as letters
and symbols.

Another more sophisticated way is to use laser scan-
ners [14,15,12], devices that can capture in a very de-
tailed way the inscribed surface. This method has been
applied to hieroglyphics and it looks promising [14]. The
disadvantages, however, lie in the fact that manufactur-
ing a laser scanner can prove costly and the transporta-
tion and use of a laser scanner is not always feasible,
considering the limited accessibility of many archaeolog-
ical sites.

A more cost effective method that requires only the
squeezes is presented in this paper. This method re-
quires a regular image scanner with which one can scan
a squeeze from two different lighting directions. We use
these images in a shape from shading technique [10] in
order to reconstruct in high resolution the original 3D
surface. One can store the 3D output digitally, study the
squeezes, and also analyze them quantitatively using au-
tomated statistical tools. An illustration of our proposed
framework is presented in Fig. 1. We have applied this
method on 5 inscriptions from Epidauros in Greece and
we present extensive experimental results from their 3D
reconstruction and the analysis of their lettering tech-
nique.

The contributions of our proposed method are the
following: it is the first framework reported in literature
that converts and stores squeezes in a 3D digital form. It
maximizes also the utilization of squeezes since they can
be more effectively studied using different visualizations
(viewing angles, lighting conditions) and they can also
be copied and distributed to the research community.
Finally, the automated analysis, as presented in this pa-
per, can produce results that were very difficult, if not
impossible, to get with the standard techniques.

The rest of the paper is outlined as follows. In Sec. 2
we present the method for the 3D reconstruction of an-
cient inscriptions. Section 3 is divided into several sub-
sections describing the post-processing steps that we fol-
lowed for the statistical analysis of the reconstructed in-
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Fig. 3 Illustration of the steps followed for the statistical analysis of the lettering technique in the reconstructed inscriptions.

scriptions (Letter segmentation in 3.1, Grouping in 3.2,
Registration and Atlas construction in 3.3 and Cluster-
ing in 3.4). In Sec. 4 we present our experimental results
and in Sec. 5 we conclude.

2 Surface reconstruction

Surface reconstruction using photometric stereo meth-
ods has been studied extensively in computer vision liter-
ature [10]. In those methods the information of a 3D sur-
face is recovered by using a set of fix-posed images of the
subject taken under different known illumination condi-
tions. The disadvantage of the aforementioned methods
lies in the fact that the results depend on the Bidirec-
tional Reflectance Distribution Function (BRDF) of sur-
face’s material. For instance, non-Lambertian surfaces
with specularities require a large number of acquired im-
ages in order to lead to realistic results [1,22]. In our
application the depicted subject is a paper squeeze (a
type of filter paper), whose specular component is ap-
proximately zero and therefore its BRDF can be well
represented by the diffusive parameter of the Phong re-
flectance model (also known as Lambertian model [1]).
Thus, accurate results can be obtained by applying a
shape-from-shading method (presented in this section)
using only two scanned images of each squeeze, which
are sufficient to reconstruct the unknown parameters in
this reflectance model.

Assume that the normal vector of the underlying sur-
face S at the (i, j) location is given by [p(i, j) q(i, j) 1],

where p(i, j) = ∂S(i,j)
∂x

and q(i, j) = ∂S(i,j)
∂y

are the x, y
gradients of the surface respectively.

Each scanned image of the surface can be modeled
using the Phong reflectance model. In this model the
reflectance of a Lambertian surface (no specularity) is
given by

R(i, j) = kala + kdld(L ·N(i, j)) (1)

where L is the 3-dimensional vector of the direction of
the light beam at (i, j), N(i, j) is the normal vector of
the surface at (i, j), la and ld are the ambient and diffu-
sion component of the light and finally ka and kd are the
ambient and diffusion components of the surface mate-
rial respectively.

Given a set of N scanned images I1, I2,. . . , IN asso-
ciated with light source directions L1, L2,. . . , LN respec-
tively we need to estimate the unknown surface gradients
p and q by minimizing the following energy

E(p, q) =

N
∑

n=1

∫

i,j

((In − R)
√

p2 + q2 + 1)2

=
N

∑

n=1

∫

i,j

((In−ca)
√

p2 + q2 + 1−cd(pLn
x +qLn

y +Ln
z ))2

(2)
where ca = kala, cd = kdld, and Ln

x, Ln
y , and Ln

z are

the x, y, z components of the direction of the nth light
source. Note that In, R, p and q are all 2-dimensional
functions and in Eq. 2 are being integrated over their
domain. Equation 2 is minimized when R comes close to
In and the role of the factor

√

p2 + q2 + 1 is to main-
tain numberical stability of the functional minimizing
method.

In Eq. 2 we can also add a regularization term for
smoothing of p and q across the lattice. The regulariza-
tion term can be expressed by

∫

i,j

(

∂p

∂x

)2

+

(

∂p

∂y

)2

+

(

∂q

∂x

)2

+

(

∂q

∂y

)2

(3)

The standard role of the regularity term (Eq. 3) is
to remove part of the high frequencies from the data. In
our case, these frequencies correspond to fine details of
the squeezes, which more often than not are undesired
noise on the surface of the paper. However, some of the
useful details in the data may also be faded out due
to regularization. Hence one needs to estimate carefully
the desired degree of smoothness or incorporate a more
sophisticated noise removal technique (i.e. anisotropic
smoothing). In our experiments we acquired data which
did not contain noise artifacts and therefore we did not
impose any regularization constraints.

Given the surface gradients p and q, we can recon-
struct the unknown surface S by minimizing the follow-
ing energy

E(S) =

∫

i,j

(

∂S

∂x
+ p

)2

+

(

∂S

∂y
+ q

)2

(4)
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3 Statistical analysis

In the previous section we estimated the unknown sur-
face gradient fields p and q from a set of scanned images,
and then we reconstructed the unknown surface itself.
The reconstructed surface can be further processed in
order to analyze the variability of the inscribed letters
within the same inscription or in a set of inscriptions. In
order to do such a statistical analysis a sequence of pre-
processing steps is required to be performed. These steps
involve segmentation of the letters within an inscription
(sec. 3.1), grouping of the segmented surfaces represent-
ing the same character or symbol (sec. 3.2), registration
of the letter-surfaces belonging to the same group and
finally construction of an atlas (average surface) for each
type of character (3.3). The procedures followed in those
steps and then the statistical analysis performed after
that (sec. 3.4) are described in this section.

3.1 Letter segmentation

In section 2, we reconstructed the 3D model of an in-
scribed surface from multiple scans of the corresponding
squeezed paper. In this step we need to segment the ob-
tained surface into small rectangular regions containing
each inscribed letter.

To simplify the procedure we assume that the recon-
structed inscription has the appropriate x-y orientation,
such that each line of letters is parallel to x-axis. By
using this assumption each letter can be contained into
a rectangular region oriented parallel to the Cartesian
axes.

Each rectangular region can be parameterized using 4
real numbers x1, x2, y1 and y2 denoting the left most and
right most x-coordinate of the region and the upper and
lower y-coordinate of the segmented region respectively.
By initializing those parameters in such a way that the
resulting region is of a predefined size and centered in a
specific location, we can variate slightly the rectangular
region in order to minimize the quantity
∫ x2

x1

p(x, y1)
2 +p(x, y2)

2 +

∫ y2

y1

q(x1, y)2 + q(x2, y)2 (5)

By minimizing the above functional we minimize the sur-
face gradient along the boundaries of each rectangular
box. We can also add more terms in the above functional
in order to force the segmented regions to be of a certain
size.

The initialization of the first rectangular segment is
performed manually by marking the upper left character
on the inscription, using a graphical user interface. After
having estimated the parameters of the first rectangular
segment, we can automatically initialize the rectangular
box containing the next letter (on the right) by centering
it to ((x2 − x1)/2 + c,(y1 + y2)/2), where c is a prede-
fined constant. A similar propagation rule can be defined

to initialize the letter on the next line of letters. In our
experiments the segmentation process was propagated
automatically and the only user input was the initializa-
tion of the algorithm at the location of the upper left
character.

3.2 Letter Grouping

After having segmented all the inscribed characters or
symbols we end up with a set of smaller surfaces param-
eterized also as gradient fields p and q. In this step a
label must be assigned to each of these surfaces indicat-
ing a group of characters. All the regions representing
the same inscribed character must be assigned to the
same label. Initially we performed this proccess manu-
ally, by using an appropriately designed user interface.
After having constructed the groups of the same char-
acters we computed the average letter of each group by
using the procedure discussed in section 3.3. After this
step we used the estimated average letters as prior mod-
els in order to perform the grouping step automatically.
This automatic proccess is described below.

After the construction of each rectangular segment
using the method described in section 3.1, the corre-
sponding segmented surface is registered using affine trans-
formation An to each of the average surfaces (p̂n, q̂n)
representing the prior models n = 1, . . . , N . Then we
compare the average models with the registered surfaces
by computing the following weights

wn =

∫

i,j

(p̂n − p ◦ An)2 + (q̂n − q ◦ An)2 (6)

where (p, q) are the gradient fields of the new segmented
region, (p̂n, q̂n) are the prior model gradient fields and
An is the estimated affine transformation to each model.

Finally, we assign to the segmented region the label
which corresponds to the smaller weight wn.

label = argmin (w1, w2, . . . , wN ) (7)

More details regarding the affine transformation, reg-
istration and atlas construction are given in the following
section.

3.3 Registration and atlas construction

In this step, given a set of N similar surfaces parameter-
ized as gradient fields p and q, we need to estimate the
unknown average surface p̂, q̂ and the unknown transfor-
mations that map (transform) each surface to the esti-
mated average. Both tasks, registration and atlas con-
struction, can be done simultaneously following known
image processing methods [13] modified to meet the needs
of our particular application.

In our application we consider only rigid transforma-
tions and scale because of the nature of the inscribed
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symbols. The inscribing tools do not allow flexibility of
the shape of the inscribed letters like those in manuscripts.
Therefore, the same characters inscribed by one person
using the same lettering technique should differ from
each other by (approximatelly) a rigid transformation
and scale. Any affine transformation of the 2-dimensional
Cartesian coordinates (x, y) can be written in the form
A(x, y) = M[x y]T + T where M is a 2 × 2 transforma-
tion matrix and T is a 2 × 1 translation vector. In our
case we parameterize M using a rotation angle θ and a
scale factor s.

The coefficients of the unknown transformations can
be estimated simultaneously with the unknown atlas p̂, q̂
by minimizing the following energy function

E(p̂, q̂, A1, . . .) =

N
∑

n=1

∫

i,j

(p̂ − pn ◦ An)2 + (q̂ − qn ◦ An)2

(8)
Note that in the argument of Eq. 8 An denotes mini-
mization over the two components of translation Tn, the
rotation angle θn and the scale factor sn.

3.4 Clustering

After having registered the surfaces representing the same
inscribed symbol, we can perform any statistical analy-
sis (e.g. Independent Component Analysis) or cluster-
ing method to explore the variations observed in the in-
scribed letters of the same epigraph or a set of epigraphs
[6]. For this purpose we need to define a distance measure
between surfaces representing the same character. The
distance between (p1, q1) and (p2, q2) can be defined as a
metric on the space of registered surfaces (p1◦A1, q1◦A1)
and (p2 ◦ A2, q2 ◦ A2). In this case the distance between
the registered surfaces is given by

∫

(p1 ◦ A1 − p2 ◦ A2)
2 + (q1 ◦ A1 − q2 ◦ A2)

2 (9)

where Ax denotes the estimated affine transformation
(sec. 3.3) and the integration is over the 2D spatial do-
main.

By using the metric defined above we can compute
the N ×N distance matrix D whose elements are Di,j =
dist({pi, qi}, {pj, qj}), where {p1, q1}, . . . , {pN , qN} is the
set of N surfaces belonging to the same group, i.e. they
represent the same inscribed character.

The obtained distance matrix D can be used by any
unsupervised clustering method that clusters the N sur-
faces into categories by grouping together those with
similar characteristics. In our experiments we implemented
the method of Agglomerative Hierarchical Clustering [9]
and we briefly review it here for convenience. This method
classifies N elements into a predefined number of c classes
(c < N), by using the distance matrix D. Each element
is initialized as a separate cluster, and in each iteration
the two closest clusters merge (therefore the algorithm

Fig. 4 Example of 3D reconstruction results. Left: The two
scanned images of the squeeze used in our method. Right:
The height-map obtained after the reconstruction (Dark in-
tensities represent deeper inscribed locations.)

runs for N −c iterations). There are several merging cri-
teria that can be used in the clustering process, and their
role is to specify the distance between two clusters. In
Sec. 4 we present five different clustering rules and we
employ them in the clustering algorithm.

In our experiments we used c = 1 in order to be able
to produce a dendogram of height h = N − 1, where in
the root there is a cluster containing all the elements,
in the next level this cluster is splitted into two chil-
dren (smaller clusters) and finally we end up with the
last level which contains N leafs (single element clus-
ters). At any level the distance between nearest clusters
can provide the dissimilarity value for that level. Such a
dendogram is a useful tool for exploring the variability of
the inscribed letters, since one can observe the dissimi-
larities between clusters and finally come to a conclusion
regarding what is the number of significantly different
clusters (here group of letters).

4 Experimental Results

In this section we present experimental results of our
framework using real datasets from ancient inscriptions.
The epigraphical material used for this experiment con-
sists of five inscribed fragments from the archaeological
site of Epidauros in Southern Greece, containing reli-
gious hymns for Asclepius and other deities (IG IV I 2,
129-135; SEG 30, 390 in [25]). Although found in differ-
ent locations, these inscriptions show close affinities in
content (sacred poetry), material (red local limestone),
and writing (uncial lettering of the third century CE).
The analysis (presented in this section) of the letterforms
captured from the paper squeezes supports the idea that
all of them came from the same monument, probably an
inscribed wall from one of the buildings in the sanctu-
ary’s main area.



6 Angelos Barmpoutis et al.

Fig. 5 3D visualization of two of the reconstructed inscribed
surfaces (right). One of the two scanned images used by our
method is shown on the left plates.

4.1 Surface reconstruction

In our experiments we used a standard picture scan-
ner (EPSON Perfection 1240) set to grayscale scanning.
Each squeeze was scanned twice by placing it on the
scanner first horizontally and then vertically. This way
the two acquired images depict the squeeze lighted from
the top and from the side respectively. In each case the
lighting direction was [0 sin(π/9) cos(π/9)] and [sin(π/9)
0 cos(π/9)] respectively and was determined geometri-
cally by measuring the distance between the light source
and the sensors and the distance between the sensors
and the scanning surface.

The size of each image was about 1000 × 1000 px.
Each pair of images was automatically registered since
the subject was fixed in the upper left corner of the scan-
ner and rotated by 90o in the second image; therefore
the transformation was known. Figure 4 shows the two
images acquired by scanning one of the squeezes (left
plate). By observing the two images one can see that
in the upper image the light source is on the left of the
squeeze while in the lower image the light source is lo-
cated on its upper side. By applying the method pre-
sented in Sec. 2 we obtained the 3D surface of the squeeze
shown as a height-map in Fig. 4 right. By inspecting vi-
sually the result, we notice that our method estimated in
high detail the anaglyph of the inscribed surface, show-
ing in darker intensities the deeper inscribed regions of
the inscription. Note that in the scanned images, which
is one of the common ways of publishing inscriptions [24],
the inscribed text is not as legible as in the height-map
obtained by our framework.

Figure 5 (right) shows 3D visualizations of two of the
reconstructed surfaces. Rendering the inscriptions with
different virtual illuminations and viewing angles makes
the use of a squeeze more effective and allows the ar-
chaeologists to share digital copies of the squeezes with-

Fig. 6 Detail of a reconstructed inscription shown enlarged
in 3D.

Fig. 7 Letter segmentation example. Left: The height-map
of an inscription estimated by our method. Right: The ob-
tained letter segmentation result.

out losing any information. Thus by using our proposed
framework the digital libraries of scanned squeezes (reg-
ular 2D images) which are commonly used by archaeol-
ogy scholars can easily be replaced by databases of 3D
squeezes, without the need of any additional equipment.

Finally, figure 6 presents a zoomed region of a re-
constructed inscription showing details of the inscribed
surface.

4.2 Statistical analysis

After having estimated the 3D surfaces of the squeezes,
we applied the method presented in Sec. 3.1 for segment-
ing the characters or symbols contained in each inscrip-
tion. Figure 7 shows an example of letter segmentation
in one of our datasets. On the left plate of the figure
the estimated height-map is presented, and on the right
plate the segmentation result is shown by displaying red
boxes around each segmented character.

Then, the letters in our datasets were grouped by
following the method presented in Sec. 3.2. Figure 8
shows four sets containing the characters ’alpha’, ’ep-
silon’, ’sigma’, and ’upsilon’. Moreover, in order to per-
form a statistical analysis of the lettering technique, the
elements of each set were registered to each other by us-
ing the method presented in Sec. 3.3. The average letters
estimated for each group of characters are presented in
the lower row of Fig. 8 as height-maps.

By observing the height-maps of the average letters
one can make various remarks regarding the variability
of the lettering schemes. For instance, by inspecting vi-
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Fig. 8 The four upper rows show the elements of 4 different
groups of characters extracted from our datasets. The last
row shows the atlases (average element) estimated for each
group.

sually the atlas of the character ’epsilon’ (Fig. 8) one can
observe the existence of some ’epsilons’ that have the in-
termediate line detached from the rest of the letter struc-
ture. For this reason the height-map shows more bright
intensities in the region where the intermediate line of
’epsilon’ touches the vertical one. Furthermore, some of
the ’epsilons’ appear more elongated than the others
and this is why the atlas shows extensions of the hor-
izontal lines on the right side. Similar remarks can also
be made by observing the rest of the estimated atlases.
Such results were obtained up to date by epigraphists af-
ter manual observation of each individual letter in each
inscription, which is a time consuming process. The au-
tomated analysis performed by our proposed framework
increases significantly the speed of this process and it is
also a tool that assists the scholars in the evaluation of
their results.

In addition to the visual observations, our method
can also produce quantitative results, as presented in
Sec. 3.4, regarding the variability of the lettering tech-
nique. This step produces a dendrogram showing the
affinities of the individual elements of each group of char-
acters. In our experiments we used the nearest distance
between the elements of two clusters as the merging cri-
terion in this process. Figures 9 and 10 show the den-
drograms produced for the letters ’alpha’ and ’epsilon’
respectively. In the plotted dendrograms one can observe
the formation of smaller subgroups of characters that
have a special characteristic in their structure. For in-
stance the existence of some ’epsilons’ (discussed earlier)
whose intermediate line is detached from the rest of the
letter can also be observed in the dendrogram of Fig.
10. In the center of this plot we can see that two letters
with the above structure were automatically grouped to-
gether. Despite this and some other minor subgroups
found in our experimental results, there were no other
larger subgroups formed which supports the argument

Fig. 9 Dendrogram showing the affinities between the ele-
ments of the group of character ’alpha’.

Fig. 10 Dendrogram showing the affinities between the ele-
ments of the group of character ’epsilon’.

that the lettering technique used in all the processed in-
scriptions were similar.

In order to test the clustering performance, we re-
peated our experiments using the following five cluster-
ing criteria. We merged together those two clusters that
have the smallest a) nearest distance between their el-
ements, b) furthest distance between their elements, c)
average distance between their elements, d) distance be-
tween their centers and e) within-cluster sum of squares
of distances. Furthermore in order to test how many
clusters the data contain, we repeated the experiments
using different predefined values of the expected num-
ber of clusters and each time we computed the percent-
age of the variance explained by the clusters against
the total variance in the dataset. The results are de-
picted in Fig. 11. All methods gave similar clustering
results, which demonstrate robustness of the clustering
step with respect to the chosen merging criterion. We
should also state that the corresponding computed den-
drograms were similar to those shown in Fig. 9 and 10.

We validated our framework by comparing the quan-
titative results shown in Fig. 11 with the expected out-
come based on archaeological evidence. These evidence
indicate that all the inscriptions belong to the same mon-
ument and were probably manufactured by the same
workshop [25]. Therefore we expect the observed vari-
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Fig. 11 Comparison of various clustering criteria. The y-
axis shows the percentage of the variance explained by the
clusters against the total variance in the dataset using dif-
ferent predefined values of the expected number of clusters
(shown in x-axis). The dashed line was obtained by clustering
synthetic data from a single multivariate isotropic Gaussian
distribution.

ation on the letterforms to be relatively small (i.e. all
letters belong to a single cluster). This observation is
consistent with the obtained visual and quantitative re-
sults. First, by observing the dendrograms we notice
that there are no significant formations of subclusters,
which indicates that all the elements belong to the same
group. This result is also validated quantitatively. We
generated multi-dimensional data from a multi-variate
isotropic Gaussian distribution and we clustered them
using the Agglomerative hierarchical clustering. Regard-
ing the construction of the synthetic samples, we should
note that the mean and standard deviation of an isotropic
Gaussian distribution does not affect the clustering per-
formance. The percentage of the variance explained by
the clusters against the total variance in the synthetic
dataset is plotted in Fig. 12 (dashed line). By observing
this figure, we can see that the results from the synthetic
data agree with the results from the real epigraphic data,
which also indicates that there are no different types of
letterforms in the data.

Finally, Table 1 presents the time complexities for
each individual step of the framework. According to this
table the total running time in our experiments was
about 16 min. For different experimental setups the reader
can get an idea of the running time by observing the cor-
responding complexities.

5 Conclusions

In this paper we presented a novel framework for 3D
reconstruction and analysis of ancient inscriptions. Our
framework consists of several steps involving shape re-
construction from shading, letter segmentation, and clus-
tering. In this framework we efficiently reconstruct in 3D
inscribed surfaces by using two scanned images of the

Table 1 Complexities and time performances. S is the size
(resolution) of the images, N is the number of the images, K

is the number of iterations at each minimization algorithm,
and M is the number of inscribed characters contained in the
images.

Algorithm Complexity Time

Acquisition N × S ≈ 40 sec
3D reconstruction K × N × S ≈ 4 min
Segmentation K × N × S ≈ 60 sec
Registration K × M

2
× S

2
≈ 10 min

Clustering M
2

≈ 1 sec

squeezed papers. There is no need for using complicated
3D scanning devices in the archaeological sites, which
some times may not even be feasible. The advantages of
3D reconstruction in epigraphical research are numerous.
It provides a way to store digitally the squeezes, elimi-
nating the possibility of any damage, and also to read
more clearly the inscribed text, especially in the case of
badly weathered or damaged epigraphs. Moreover, the
analysis and study of the lettering schemes and their
variability can be performed very efficiently by using
the proposed framework, which is another contribution
of our method. A specialist, when using our stastistical
tool, can come easily to accurate scientific conclusions,
avoiding the time-consuming manual analysis and study
that have been commonly used up to date.

We applied our framework to five ancient Greek in-
scriptions. Our results were reported in detail and the
variations found in lettering techniques were commented
on by archaeologists who also validated the accuracy of
our proposed method.

In our future work, we will employ our framework to
construct a library of 3D epigraphs. The obtained library
of datasets will be used for the recovering of missing
fragments from damaged inscriptions and also for the
automatic dating of each inscription.
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