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Abstract—This paper presents a machine learning approach 
to explore the phenetic relations of historical scripts and 
their glyphs. Its first step is the identification of the 
observable topological transformations in the development 
of the glyphs, and with the use of these transformations, the 
method collects the possible cognate glyphs by minimizing 
the necessary topological transformations between the 
glyphs. In these investigations, the phonetic properties of the 
graphemes were consistently considered. The second step of 
our method is selecting similarity groups of possible cognate 
glyphs by minimizing the differences of their topological 
properties. The third step is multidimensional scaling and 
different cluster analyses based on the similarity groups of 
the glyphs of the historical scripts in order to explore the 
phenetic relationships between these scripts. The resulting 
phenetic structure of the scripts could be used for 
paleographical research, especially in deciphering ancient 
hard-to-read inscriptions. 

I. INTRODUCTION 

Archaeological objects with inscriptions are discovered 
from time to time. Their significant part often remains 
undeciphered, especially if they are short, and hence, the 
script (writing system) and the language of the text 
remains typically unknown. Nowadays, however, the 
knowledge base of the paleography has dramatically 
increased and therefore, a need has arisen to apply 
mathematical algorithms to analyze the vast amounts of 
known data, which may assist the paleographers in 
deciphering the hard-to-read inscriptions. This paper 
details an approach that utilizes the topological 
information of the glyphs in ancient scripts in order to 
provide data about undeciphered inscriptions. 

For the sake of clarity, first we define some terms. 
Grapheme is the smallest semantically distinguishing 
element in a script [1]. Graphemes, in other word 
characters, may be in form of letters, ligatures, numerical 
digits, or punctuation marks. The grapheme is taken as an 
object with different features, including its shape 
variations called glyphs, sound values, the age it was used 
in, its geographical distribution area and the script it 
belongs to. The glyph refers to a unique shape that can be 
described by topological information. A significant part of 
the surviving historical relics have inscriptions. The 
inscriptions are composed of symbols. Symbols are the 
minimum individual units of the inscriptions from a visual 
perspective. Consequently, a symbol is the materialization 
of a particular glyph of a grapheme, and the grapheme is 
the abstraction of a symbol. It is noteworthy that [2] and 
[3] use the term graph in the same meaning as the 
previously described term symbol. 

The scripts are constantly changing after being 
established [4] in the form of a changing set of graphemes, 
including the shape transformation of glyphs. One cause 

of this alteration is the evolution of writing technology, 
which impacts the glyph shapes. A special case is when 
the script used in making the inscription is known, but the 
inscription is composed of realizations of glyph variants 
which are significantly altered from the typical ones. 
Consequently, describing the glyph variations could help 
in deciphering inscriptions. Therefore, we model the 
topological transformations between the glyph variants of 
graphemes. Pardede et al. [5] created a multilayer 
grapheme model to distinguish between the visual identity 
of a grapheme within an alphabet and the everyday 
topological variations of the glyph of that grapheme. 

Revesz [6] compared some Mediterranean and Eurasian 
scripts using a translation of the scripts to a DNA 
encoding, and a hypothetical evolutionary tree 
reconstruction algorithm was applied. Note that Revesz 
generated similarity groups of glyphs with partly unknown 
or different sound values. In such a way, genetically 
independent, accidentally similar glyphs could be taken as 
relatives. Then Revesz created the sequence of the 
similarity groups of glyphs based on the alphabetic list of 
the graphemes of the appropriate scripts. However, the 
evolution of the graphemes surely happened individually, 
and not according to their place in an alphabetic list. 

In our research, we intended to filter out the 
homoplasies, which mean the appearance of similar 
glyphs without genetic relations. Nevertheless, in order to 
gain reliable results, we restricted the investigations to the 
phenetics, which does not need evolutionary 
consideration. 

This paper is organized as follows: Section II presents 
the exploration of similarities among graphemes of 
various ancient scripts and introduces the typical 
topological transformations on the glyphs. Section III 
presents the phenetic analysis of scripts based on the 
explored similarity groups of glyphs to produce a concise 
representation of the phenetic relations of the ancient 
scripts. Section IV draws conclusions. 

II. TOPOLOGICAL ANALYSIS OF GLYPHS 

In script evolution, glyphs can usually be deduced from 
earlier glyphs—unprecedented glyphs are extraordinary. It 
is noteworthy that the typical precondition of a 
genealogical tie between two glyphs is that their sound 
values must be identical or phonetically related. 

Based on the comparisons of the appropriate glyphs in 
various scripts, we identified glyph-forming 
transformations that were applied consciously or 
otherwise during the evolution of the analyzed scripts, e.g. 
line insertion, removal, extension, shortening, shifting, 
mirroring, rotating, ligature formation, duplication, line 
merger, ornamenting, straight to curve, and curve to 
straight [7]. 

2016 IEEE International Conference on Systems, Man, and Cybernetics • SMC 2016 | October 9-12, 2016 • Budapest, Hungary

978-1-5090-1897-0/16/$31.00 ©2016 IEEE SMC_2016    002248



Each glyph can be topologically characterized by 
geometrical parameters, e.g. number of vertices of degree 
one/two/three/four or higher, number of loops, number of 
horizontal/vertical/approximately 
horizontal/approximately vertical edges, and number of 
separate pieces of the glyph. Using these topological 
parameters, the shape of a glyph can be described by the ௚ܰ-element vector ݃, where and ௚ܰ is the number of 
topological properties ( ௚ܰ ൌ 13 in the present model), 
and each ݃ሺ݇ሻ element (݇ ൌ 1,… , ௚ܰ) is a topological 
property of the glyph ݃. 

Then the relation between the glyphs ݃ଵ and ݃ଶ is 
stated in (1), where ݉௜ denotes the topological 
transformations ሺ݅ ൌ 1,2,… , ௧ܰሻ, ௧ܰ is the number of 
types of ݉௜ topological transformations ( ௧ܰ ൌ 12 in the 
present model), and ܯ denotes the number of subsequent 
topological transformations in transforming ଵ݃ to ݃ଶ. 
Typically, different sequences of topological 
transformations can lead to the same glyph; therefore, the 
minimum ܯ is chosen according to the principle of 
parsimony (Occam’s Razor). ݃ଶ ൌ minெ ൣ൫∏ ݉௜ெకୀଵ ൯݃ଵ൧ , 0 ൑ ݅ ൑ ௧ܰ	  (1) 

The correspondence between glyphs in a similarity set 
could be genetic relation or only homoplasy. The more 
complex a glyph topologically is, the more reliably do its 
similarity set indicates descent relations. In order to 
measure the topological complexity, the Glyph 
Complexity Parameter (GCP) is introduced, which is 
calculated for a glyph as in (2). ܲܥܩ ൌ ሺsgnܰሻൣ൫∑ ݁௜ሺேሻே௜ୀଵ ൯ െ 1൧ ൅ ∑ ݁௞ሺோሻோ௞ୀଵ ൅ሾsgnሺܵ െ 1ሻሿܵଶ ൅ ሺsgn ∑ሻൣ൫ܮ ௝݁ሺ௅ሻ௅௝ୀଵ ൯ ൅ 1൧ ൅  ,ܣ

(2)

where ܰ is the number of vertices; ݁௜ሺேሻis the number of 

edges connected to vertex ݅; ܴ is the number of 
reflections or translations of edges; ݁௞ሺோሻ is the number of 
edges of the k’th reflection or translation of edges; ܵ is 
the number of separated partitions of the glyph topology; ܮ is the number of the non-overlapping loops in the 
glyph; ௝݁ሺ௅ሻ is the number of edges between the vertices of 
the ݆’th loop; and ܣ is the number of arches not belonging 
to any loop. If the edges are curved, the concentricity is 
considered as parallelism. Equation (2) has been tested on 
several glyphs. 

In order to develop a method to systematically explore 
the descent relationships among the graphemes, the sets of 
possible cognate glyphs have to be selected from the 
glyphs of the investigated scripts. We supposed that for 
the cognate glyphs the sequence of topological 
transformation as in (1) can be found, and is only 
composed of a small number of transformations. 
Therefore, selecting the sets of possible cognate glyphs 
should be based on the minimization of the sequence of 
topological transformation between them. 

It is noteworthy that the glyphs of the possible cognate 
graphemes could vary greatly; therefore, further 
elimination is necessary for identifying those similarity 
groups of glyphs as subsets of the possible cognate sets of 
glyphs, which could be handled as the most probable 
direct cognates. In the second step, our method minimizes 
the difference of the topological properties of glyphs, 
which belong to one of the possible cognate sets of 
glyphs. If the difference is under an arbitrary threshold, 
then the investigated glyphs belong to a common 
similarity group. If the difference exceeds the threshold, 
two or more glyph similarity groups are selected from the 
examined possible cognate set of glyphs. For calculating 
the difference of the topological properties of glyphs, (3) 
was applied. 

݀ሺ ଵ݃, ݃ଶሻ ൌ ට ଵே೒ ∑ ௞ሾ݃ଶሺ݇ሻݓ െ ݃ଵሺ݇ሻሿଶே೒௞ୀଵ , (3)

 
Figure 1 The 3-dimensional scatter plot of the scripts generated by the multidimensional scaling 
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where ݓ௞	൫݇ ൌ 1,… , ௚ܰ൯ is the weight representing the 
significance of each topological property. The value of ݓ௞ was determined experimentally based on the descent 
relations of certain well-known scripts from international 
paleography; moreover, ∑ ௞ே೒௞ୀଵݓ ൌ ௚ܰ. Equation (3) 
takes into account that in case of more complex shapes of 
glyphs the smaller differences are not yet significant, and 
contrarily, even the smallest differences can be important 
for less complex shapes. 

III. PHENETIC ANALYSIS OF SCRIPTS 

Based on the similarity groups of glyphs selected based 
on (3), the phenetic analysis of the investigated scripts 
were carried out as the third step of our method. We 
analyzed 58 different historical Mediterranean and Asian 
scripts as data points. These data points were described 
with the use of several features (variables), including 342 
different similarity groups of the glyphs and 12 
orthographical properties of the scripts as variables. The 
examined glyphs were obtained from a comprehensive set 
of paleographical publications [8]–[23]. There are two 
abbreviations used: ASA for Ancient South Arabian 
script, and ONA means Oasis North Arabian, a group of 
scripts [16]. 

In the phenetic analysis the Jaccard distance was used 
for calculating the 58 ൈ 58 distance matrix of the scripts. 
This matrix was converted by an excessive 
multidimensional scaling to 2- and 3-dimensional data 
structures without significant data loss. The resulting 3-

dimensional scatter plot is presented in Fig. 1. 
To determine phenetic relationships of the scripts, we 

applied the k-means clustering algorithm [24] with 6 

clusters on the result of the 2- and 3-dimensional 
multidimensional scaling. In the k-means clustering 
algorithm the squared Euclidean distance was used; 
therefore, each centroid is the mean of the data points in 
that cluster. The resulting scatter plot in the case of 2-
dimensional scaling is presented in Fig. 2; the 
computation was carried out with the use of MATLAB 
[25]. The cluster structure was validated by the Dunn 
index [26], which was 0.76 in the presented case. Other 
phenetic analyses were also carried out, using various 
hierarchical clustering algorithms [27], including single 
linkage, complete linkage, and two average linkages: 
UPGMA [28] and WPGMA [29]. The appropriateness of 
these algorithms strongly depends on the data structure to 
be clustered. The investigated scripts were developed 
based on an evolution. Therefore, some branches of the 
scripts remained close to each other during the history. 
That is the reason why the single linkage clustering is not 
efficient, since it cannot distinguish the clusters with 
elements close to each other. Moreover, there are outlier 
members of the script branches; therefore, the complete 
linkage clustering is also not optimal. Particularly, certain 
scripts had several descendants (e.g. Aramaic script), 
while others remained singular (e.g. Lybico-Berber 
script). Consequently, the number of elements of the 
clusters is inhomogeneous. The UPGMA gives weights to 
each cluster according to the number of elements of the 

 
Figure 2 Scatter plot of early scripts based on MDS to 2-dimension 

and then k-means clustering 

 
Figure 3 Dendrogram of early scripts based on phenetic analysis 

with WPGMA clustering 
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cluster in each step. Sneath and Sokal [30] demonstrated 
that the UPGMA would favor clusters more similar in 
size. On the contrary, the WPGMA is appropriate when 
there is a reason a priori to eliminate size differences 
between the resulting clusters. Fig. 3 presents the 
phenogram of the scripts calculated by using WPGMA. In 
the hierarchical clustering investigations the Jaccard 
distance was used and an optimal leaf ordering for 
hierarchical binary cluster tree [31] was applied. 

Besides the crisp clustering algorithms, the fuzzy c-
means clustering [32], [33] was also applied to explore the 
behavior of the scripts. The fuzzy clustering was carried 
out based on iterative minimization of (4). 

,ߤሺܬ ܽሻ ൌ ∑ ∑ ௝ݔ௜௝௠ฮߤ െ ௝ܽฮଶ௖௝ୀଵ௡௜ୀଵ , 

௜௝ߤ ൌ ฮ௫೔ି௔ೕฮషమ/ሺ೘షభሻ∑ ‖௫೔ି௔ೖ‖షమ/ሺ೘షభሻ಴ೖసభ , ܽ௜ ൌ ∑ ఓ೔ೕ೘௫ೕ೙ೕసభ∑ ఓ೔ೕ೘೙ೕసభ , 

(4)

where ݊ is the number of data points (scripts), ܿ is the 
number of clusters, ݔ௜ is the i’th script as data point, ݑ௜௝ is 
the degree of membership of ݔ௜ in the j’th cluster, ௝ܽ is the 
j’th cluster center, ‖ ‖ is any norm that expresses the 
similarity between ݔ௜ and ௝ܽ, ݅ ൌ 1,… , ܿ, and ݆ ൌ 1,… , ݊. 
The ݉ weighting exponent is a fuzziness index (fuzzifier) 
that influences the performance of the c-means, ݉ ∈ ࣬, 1 ൑ ݉ ൏ ∞. Fig. 4 presents the result of the fuzzy 
clustering, where ݊ ൌ 58 scripts were grouped into ܿ ൌ 6 
clusters, and the fuzzifier ݉ ൌ 1.3. 

The cluster centers are denoted with colored × marks in 
Fig. 4. This result is consistent with Fig. 2, since the same 
groups of scripts are represented by the two most 
separated clusters (Aramaic and Ancient Arabic), while 

centers of other clusters became close to each other. 
Consequently, the separation of these clusters became 
very weak. The clusters of the Aegean and the Canaanite-
Paleohispanic scripts merged into one cluster, which could 
indicate the weak separation of these two groups of 
scripts. Since the number of clusters was predefined (6), 
the Runic script created an individual cluster. In case of 
the k-means clustering, the Runic belonged to the 
Anatolian-Ancient Italic cluster (Fig. 2), while in case of 
the hierarchical WPGMA clustering; the Runic was in the 
same cluster with the Paleohispanic scripts (Fig. 3). The 
difference between the two different clustering algorithms 
is not special. Considering the leaf ordered dendrogram in 
Fig. 3, the Runic script is located between the 
Paleohispanic and the Anatolian (Lycian, Phrygian, 
Lydian) scripts. This position expresses the similarity of 
Runic with both groups of scripts. In case of the fuzzy 
clustering, when the Paleohispanic scripts are clustered 
together with other groups (Canaanite and Aegean), and 
the Anatolian scripts are clustered with Ancient Italic 
scripts, Runic remained alone in a separate cluster. This 
example demonstrated that the results of the various 
clustering algorithms are not contradictive despite their 
differences. 

IV. APPLICATION OF THE RESULTS 

In case of homoplasy, glyphs of unrelated graphemes of 
different scripts could be identical. In our research we 
were able to filter out the homoplasies, since the sound 
values of the graphemes of the same glyphs belonging to 
the same cluster are usually identical or at least similar to 
each other, as Table I presents some examples for 
demonstrating the diversity of graphemes with identical 
glyphs. The glyphs are based on the paleographical 
literature [8]–[23]. On Table I, the transliteration values 

 
Figure 4 Scatter plot of early scripts based on MDS to 3 dimension and then c-means clustering 
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(usually corresponding to the sound values) are placed in 
angle brackets, and the names of the clusters are in italics. 
Table I shows that the graphemes belonging to the same 
cluster of scripts have typically cognate sound values. 
However, there are exceptions, e.g. in the last row, where 
two Paleohispanic scripts, the SE-Iberian and the NE-
Iberian have different sound values for the same glyph: 
<e> and <ř>, respectively. In case of an undeciphered 
inscription the determination of the script used for 
producing the inscription is difficult due to the differences 
of the signs of the inscription and the glyphs of the 
appropriate graphemes. However, determining which 
cluster of scripts is the most appropriate for the 
undeciphered inscription is much easier than choosing 
only one script. Then the deciphering process can be 
carried out based on the sound values of all graphemes of 
each script in the same cluster. As it was demonstrated 
above, the cluster structure depends on the applied 
machine learning algorithm; therefore, additional 

investigation could be necessary to decide which 
clustering algorithm is the most appropriate. 

V. CONCLUSIONS 

The paper presented a machine learning approach, 
including a composite method. Its first step is searching 
for sets of the possible cognate glyphs. It utilizes the 
determined typical topological transformations of the 
glyphs, which were used in the evolution of the scripts. 
This method selects the possible cognate glyphs from the 
phonetically similar graphemes in such a way that it 
minimizes the necessary topological transformations 
between glyphs. 

The second step of our method generates similarity 
group of each set of the possible cognate glyphs by 

minimizing the differences between the topological 
properties of the glyphs belonging to the same group. 

The third step is a set of various machine learning 
methods in order to obtain a phenetic model for the 
investigated scripts based on the explored similarity 
relations of their graphemes (based on the topological 
similarity of their glyphs). In this step, the 
multidimensional scaling and various crisp and fuzzy 
clustering algorithms were applied. 

The presented results give an overall picture about the 
phenetic relations of the examined scripts. Our research 
does not include phylogenetic or cladistic investigations; 
notwithstanding, the resulting phenograms give a rough 
estimation of their genealogical ties. 

The present study concentrated on the phenetic analysis 
of the Mediterranean and Aramaic-based Asian scripts; 
but the presented method could be extended to other 
writing systems. The introduced approach may give a 
support for the paleographers in exploring the relations 
among scripts and deciphering ancient inscriptions. 
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