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Levenshtein’s Distance for Measuring Lexical
Evolution Rates

Filippo Petroni, Maurizio Serva and Dimitri Volchenkov

Abstract The relationships between languages molded by extremely complex so-
cial, cultural and political factors are assessed by an automated method, in which
the distance between languages is estimated by the average normalized Levenshtein
distance between words from the list of 200 meanings maximally resistant to change.
A sequential process of language classification described by random walks on the
matrix of lexical distances allows to represent complex relationships between lan-
guages geometrically, in terms of distances and angles. We have tested the method
on a sample of 50 Indo-European and 50 Austronesian languages. The geometric
representations of language taxonomy allow for making accurate interfaces on the
most significant events of human history by tracing changes in language families
through time. The Anatolian and Kurgan hypothesis of the Indo-European origin
and the “express train” model of the Polynesian origin are thoroughly discussed.

1 Introduction

The evolution of languages goes on like to haploid evolution for asexual organisms,
as evolving reproduction, mutation and extinction. Hypotheses concerning their re-
lationships can be verified provided a distance between languages is evaluated from
the lexical differences, in analogy with the genetic distance between species.
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The idea to assess the dissimilarity between languages using vocabulary, has its
roots in the work of the French explorer Dumont D’ Urville, who collected compar-
ative lists of 115 basic terms from various languages during his voyages aboard the
Astrolabe from 1826 to 1829 and introduced the idea of measuring the similarity
between words with the same meaning in his work about the geographical divi-
sion of the Pacific [1]. The method used by modern glottochronology developed by
Swadesh [2] estimates the distance between languages from the percentage of shared
cognates (words inferred to have a common historical origin) assuming that vocab-
ularies change at a constant average rate. However, the identification of cognates is
often a matter of sensibility and personal knowledge, as they do not necessarily look
similar, so that the task of counting the number of cognate words shared by the two
languages is difficult. For instance, the Spanish word leche and the Greek word gala
are cognates. In fact, leche comes from the Latin lac with genitive form lactis, while
the genitive form of gala is galactos. This identification became possible because of
our historical records that are hardly available for languages of Central Africa, Aus-
tralia or Polynesia. Moreover, the comparison of languages over a large vocabulary
is only apparently more accurate, as many similar words rather carry information
about complex social, cultural and political factors molding the extreme historical
contacts, than about the actual language similarity. It is also worth a mention that lan-
guages belonging to the same family may not share many words in common, while
languages of two distinct families may share many. For instance, Brahui spoken in
Pakistan, Afghanistan and Iran is a Dravidian language accordingly to its syntactic
structure, despite of 85 % of its vocabulary being Indo-European (IE). Eventually,
the rates of lexical changes in words are all different, being probably related to the
frequency of use of the associated meanings [3]; those words with a high rate of
changes might be worthless for inferring the language relatedness.

Summarizing, the successful application of phylogenetic methods to language
evolution requires:

1. A distance accumulating the differences in systematic sound correspondences
between the realizations of individual meanings;

2. A well-adjusted input vocabulary exhibiting uniformly high stability of items,
with respect to the defined distance;

3. A suitable agglomerative clustering technique that maps the matrix of lexical
distances calculated over the optimized vocabulary into low-dimensional space
of language groups;

4. A plausible hypothesis on the dynamical process of language evolution that
evolves the obtained geometric representation of language taxonomy in time.

In our work, we consequently fulfill the outlined program and apply it to the study
of the language evolution in the IE and Austronesian (AU) language families that
allows us for making accurate inferences on the most significant events of human
history by tracking changes in language families through time.
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2 The Relations Among Languages Encoded in the Matrix
of Lexical Distances

Complex relations between languages may be expressed in a numerical form with
respect to many different features [4]. The standard Levenshtein (edit) distance ac-
counting for the minimal number of insertions, deletions or substitutions of single
letters needed to transform one word into the other has been introduced in informa-
tion theory [5]. In our work, being guided by [6, 7], while comparing two words, w
and w,, we use the edit distance divided by the number of characters of the longer
of the two,

D (wiowy) = lwi,wallg 0
max (w1, [wa|)
where ||wq, w, ||, is the standard Levenshtein distance between the words w; and wy,
and |w| is the number of characters in the word w. For instance, according to (1)
the normalized Levenshtein distance between the orthographic realizations of the
meaning milk in English and in German (Milch) equals 2/5. Such a normalization
seems natural since the deleted symbols from the longer word and the empty spaces
added to the shorter word, then stand on an equal footing: the shorter word is supplied
by a number of spaces to match the length of the longer one. The distance (1) is
symmetric, D (wy, wp) = D (wp,w), and takes values between 0 and 1 for any two
words, wy and w», so that D (w,w) = 0, and D (w;,w,) = 1 when all characters
in these words are different. The normalized edit distance between the orthographic
realizations of two words can be interpreted as the probability of mismatch between
two characters picked from the words at random.
Given the short list £ containing | £| = M meanings, we define the lexical distance
between the two languages, /; and [, as the average of the normalized Levenshtein
distance (1)—the smaller the result is, the more affine are the languages,

d,b) = ZD ), (lz) )

acl

where o is a meaning from the list £, and w() is its orthographic realization in
the language /. The distance (2) is symmetric, d(l1,1y) = d(l»,11), d(l,]) = 0, and
d(ly,1;) = 1if and only if none of words of the £ meanings in the language /; has any
common character with those words in the language /,. that is already improbable
even over the short list of 200 meanings. The lexical distance (2) between two
languages, /; and [, can be interpreted as the average probability to distinguish
them by a mismatch between two characters randomly chosen from the orthographic
realizations of L. As a result, for the two samples of 50 languages selected from the
IE and AU language families, we obtained the two symmetric 50 x 50 matrices; each
matrix therefore contains 1225 independent entries. The phylogenetic trees from the
lexical distance matrices (2) were constructed and discussed in [6, 7].
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3 The Short List of Meanings and Its Stability

Following [8], we define the stability of the meaning « over a sample of N languages
by

Sa) = 1— m >'D (Wgo, Wg») 3)

l,‘>lj

where the sum goes over all ordered pairs (/;, ;) of languages in the sample. With this
definition, S(«) takes a value between 0 and 1. The sum in the RHS. of (3) is smaller
for those words corresponding to meanings with a lower rate of lexical evolution,
since they tend to remain more similar in two languages. Therefore, to a larger S(«)
there corresponds a greater stability.

We computed the stability values for the 200 meanings according to the original
choice of Swadesh [2] for the 50 language samples of both language families. The
main source for the database for the IE group was the file prepared by Dyen et al.
[9]. This database contains Swadesh’s vocabulary with basic 200 meanings which
seem maximally resistant to change, including borrowing [10], for 96 languages.
The words are given there without diacritical symbols and adopted for using classic
linguistic comparative methods to extract sets of cognates—words that can be related
by consistent sound changes. Some words are missing in [9] but for our choice of 50
languages we have filled most of the gaps and corrected some errors by finding the
words from Swadesh lists and from dictionaries freely available on the web. For the
AU group, the huge database [11] has been used under the author’s permission that
we acknowledge. The AU database is adopted to reconstruct systematic sound cor-
respondences between the languages in order to uncover historically related cognate
forms and is under the permanent cleaning and development, with the assistance of
linguistic experts correcting mistakes and improving the cognacy judgments. The
lists in [11] contain more than 200 meanings that do not completely coincide with
those in the original Swadesh list. For our choice of 50 AU languages, we have
retained only those words which are included in the both data sets of [9] and of
the original vocabulary [2, 9]. The resulting list has still many gaps due to missing
words in the data set [11] and incomplete overlap between the list of [11] and the
original Swadesh list [2, 9]. We have filled some of the gaps by finding the words
from Swadesh’s lists available on the web and by direct knowledge of the Malagasy
language (by M.S.). We used the English alphabet (26 characters plus space) in our
work to make the language data suitable for numerical processing. Those languages
written in the different alphabets (i.e. Greek etc.) were already transliterated into
English in [9]. In [11], many letter—diacritic combinations are used which we have
replaced by the underlying letters, reducing again the set of characters to the standard
English alphabet. Interestingly, the abolition of all diacritical symbols favouring a
“simple” alphabet allowed us to obtain a reasonable result. The database modified
by the authors is available [12]. Readers are welcome to modify, correct and add
words to the database.
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Fig. 1 Stability in a decreasing ranking for the 200 meanings over the 50 languages samples from
the IE (a) and AU (b) language languages. The straight line between position 5/ and position /80
underlines the initial and final deviations from the linear behaviour

In Fig. 1, we have shown the plot of ranked stability values S(«) calculated for
the 200 meanings in the short lists, for the IE and AU language groups in [13]. At the
beginning the stability values drop rapidly; then, between the 50th position and the
180th, it decreases slowly and almost linearly with rank; finally at the end the stability
drops again. This behaviour is not Gaussian, since high and low stability parts of
the curve are not symmetric. The curve is fitted by a straight line to highlight the
initial and final deviations from linearity. Clearly, one should keep all the meanings
with higher information, take at least some of the most stable meanings in the linear
part of the curve and exclude completely those meanings with lower information.
The correlation coefficient between the stability index computed for the two groups
is roughly 0.21 [13] suggesting that the stability of items in the short list depends
strongly on the studied family. In order to understand whether the most stable terms
in the two short lists show a large coincidence, we considered the first n items in the
ranking list for both families, and we computed the number m(n) of common items
in the two lists. To underline the non-causal behaviour, m(n) has to be compared
with n?/N, which is the average number of common items if one randomly chooses
n items from any of the two lists. Then, it is natural to define p(n) as m(n) divided
by n?/N. If there is no relation between stability in the two families, p(n) must be
close to 1 for every n. The behaviour of p(n) as a function of n can be seen in Fig. 2
indicating that indeed there is a non-trivial overlapping of the two lists of most stable
n items since p(n) is always larger than 1. This fact confirms the correlation between
the two rankings, and also shows that this effect is strong only for small n (n < 50).
For larger n, the overlapping is much closer to 1 and random coincidences prevail.
This means that the most stable terms in the two lists are those that show a larger
coincidence.

To give an example of the lists found with our approach, we show here a table of
the 20 most stable items for the IE and AU language groups. Together with any of
the items we report its stability record within the family.
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Table 1 The 20 most stable

words for the Indo-European Indo-European | Stability | Austronesian | Stability

and Austronesian language YOU 0.45395 EYE 0.70646

families, with their stability

values within the family THREE 0.44102 | FIVE 0.70089
MOTHER 0.36627 | FATHER 0.51095
NOT 0.35033 | DIE 0.48157
NEW 0.31961 | STONE 0.48157
NOSE 0.3169 THREE 0.46087
FOUR 0.30226 | TWO 0.44411
NIGHT 0.29403 | LOUSE 0.43958
TWO 0.28214 | ROAD 0.41217
NAME 0.27962 | FOUR 0.39798
TOOTH 0.27677 | HAND 0.38997
STAR 0.27269 | NAME 0.38493
SALT 0.26792 | LIVER 0.38375
DAY 0.26695 | PUSH 0.37444
GRASS 0.26231 | MOTHER 0.35821
SEA 0.25906 | WE 0.35749
DIE 0.25602 | EAT 0.3529
SUN 0.25535 | STICK 0.34242
ONE 0.23093 | I 0.34208
FEATHER 0.23055 | VOMIT 0.33861
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4 The Structural Component Analysis of Linguistic Data

Component analysis is a standard tool in diverse fields from neuroscience to com-
puter graphics. It helps to reduce a complex data set to a lower dimension suitable for
visual apprehension and to reveal its simplified structures. Independent component
analysis (ICA) [14] and principal component analysis (PCA) [15] are widely used for
separating a multivariate signal into additive subcomponents. However, it is clear that
these standard techniques of component analysis have to be dramatically improved
for any meaningful application on language data, as there is no reason to suggest nei-
ther that the directions of maximum variance recovered by the standard PCA method
are good enough for identification of principal components in the linguistic data, nor
that the language traits are statistically independent. Since all languages within a lan-
guage family interact with each other and with the languages of other families in real
time, it is obvious that any historical development in language cannot be described
only in terms of pairwise interactions, but it reflects a genuine higher order influence
among the different language groups. Generally speaking, the number of parameters
describing all possible parallels we may observe between the linguistic data from the
different languages would increase exponentially with the data sample size. The only
hope to perform any useful data analysis in such a case relies upon a proper choice of
features that re-expresses the data set to make all contributions from an asymptotically
infinite number of parameters convergent to some non-parametric kernel.

It is important to mention that any symmetric matrix of lexical distances (2)
uniquely determines a weighted undirected fully connected graph, in which vertices
represent languages, and edges connecting them have weights equal to the relevant
lexical distances between languages (2). Since the graph encoded by the matrix (2)
is relatively small (of 50 vertices) and essentially not random, it is obviously out of
the usual context of complex network theory. A suitable method for the structural
component analysis (SCA) of networks (weighted graphs) by means of random
walks (or Markov chains, in a more general context) has been formulated in [16—18].
Being a version of the kernel PCA method [19], it generalizes PCA to the case,
where we are interested in principal components obtained by taking all higher-order
correlations between data instances. The SCA method has been successfully applied
to the analysis of language taxonomies in [20].

Let us note that there are infinitely many matrices that match all the structure of
d(l;,1;) and contain all the information about the relationships between languages
estimated by means of the lexical distances (2). It is remarkable that all these matrices
are related to each other by means of a linear transformation, which can be interpreted
as a random walk,

T (1) = A7 d (1.15), “4)

defined on the weighted undirected graph determined by the matrix of lexical dis-
tances d(l;,1;), The diagonal matrix in (4) A = diag(é;,, 8y, .. &;,) contains the
cumulative lexical distances §;, = Zj.vzl d(l;,1;), for each language /;. Diagonal
elements of the matrix T are equal to zero, since d (/;,[;) = 0, for any language /;.
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The matrix (4) is a stochastic matrix, Z?’:l T(l;,1;) = 1, being nothing else, but the
normalized matrix of lexical distances (2). Random walks defined by the transition
matrix (4) describe the statistics of a sequential process of language classification.
Namely, while the elements of the matrix T'(/;,/;) evaluate the probability of suc-
cessful differentiation of the language /; provided the language /; has been identified
certainly, the elements of the squared matrix T2, ascertain the successful differentia-
tion of the language /; from /; through an intermediate language, the elements of the
matrix T3 give the probabilities to differentiate the language through two intermedi-
ate steps, and so on. The whole host of complex and indirect relationships between
orthographic representations of the vocabulary meanings encoded in the matrix of
lexical distances (2) is uncovered by the von Neumann series estimating the charac-
teristic time of successful classification for any two languages in the database over a
language family,

J () = lim Y T (ll;) = -7 (5)
k=0

The last equality in (5) is understood as the group generalized inverse [20], being a
symmetric, positive semi-definite matrix which plays essentially the same role for
the SCA, as the covariance matrix does for the usual PCA analysis. The standard
goal of a component analysis (minimization of the data redundancy quantified by
the off-diagonal elements of the kernel matrix) is readily achieved by solving an
eigenvalue problem for the matrix J(/;,/;). Each column vector gx, which deter-
mines a direction where J acts as a simple rescaling, Jgr = Arqx, with some real
eigenvalue A, = 0, is associated to the virtually independent trait in the matrix of
lexical distances d(l;,!;). Independent components {gx}, kK = 1,... N, define an or-
thonormal basis in RY which specifies each language /; by N numerical coordinates,
li = (g1, 92, - - -qn.i)- Languages that cast in the same mould in accordance with
the N individual data features are revealed by geometric proximity in Euclidean
space spanned by the eigenvectors {g;} that might be either exploited visually, or
accounted analytically. The rank-ordering of data traits {g;}, in accordance to their
eigenvalues, Ap = A < Ay = ... = Ay, provides us with the natural geometric
framework for dimensionality reduction. At variance with the standard PCA analysis
[15], where the largest eigenvalues of the covariance matrix are used in order to iden-
tify the principal components, while building language taxonomy, we are interested
in detecting the groups of the most similar languages, with respect to the selected
group of features. The components of maximal similarity are identified with the
eigenvectors belonging to the smallest non-trivial eigenvalues. Since the minimal
eigenvalue A; = 0 corresponds to the vector of stationary distribution of random
walks and thus contains no information about components, we have used the three
consecutive components (g2, g3,,q4;) as the three Cartesian coordinates of a lan-
guage point /;(x, y, z) in order to build a three-dimensional geometric representation
of language taxonomy. Points symbolizing different languages in space of the three
major data traits are contiguous if the orthographic representations of the vocabulary
meanings in these languages are similar.
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5 Geometric Representation of the IE Family

Many language groups in the IE family had originated after the decline and fragmen-
tation of territorially-extreme polities and in the course of migrations when dialects
diverged within each local area and eventually evolved into individual languages.
In Fig. 3, we have shown the three-dimensional geometric representation of 50 lan-
guages of the IE language family in space of its three major data traits detected in the
matrix of lexical distances calculated over the Swadesh list of meanings. Due to the
striking central symmetry of the representation, it is natural to describe the positions
of language points /; with the use of spherical coordinates,

r = ‘/qzzyi + q32,l- + qii, 6; = arccos (%) , ¢ = arctan (%) ,  (6)
1 N

rather than the Cartesian system.

The principal components of the IE family reveal themselves in Fig. 3 by four
well-separated spines representing the four biggest traditional IE language groups:
Romance and Celtic, Germanic, Balto-Slavic, and Indo-Iranian. These groups are
monophyletic and supported by the sharply localized distributions of the azimuth
(¢) and inclination (zenith) angles (6) over the languages shown in Fig. 4a and b,
respectively.

The Greek, Romance, Celtic and Germanic languages form a class characterized
by approximately the same azimuthal angle (Fig. 4a), thus belonging to one plane
in the three-dimensional geometric representation shown in Fig. 3, while the Indo-
Iranian, Balto-Slavic, Armenian and Albanian languages form another class, with
respect to the inclination (zenith) angle (Fig. 4b).

It is remarkable that the division of IE languages with respect to the azimuthal
and zenith angles evident from the geometric representation in Fig. 3 perfectly co-
incides with the well-known centum-satem isogloss of the IE language family (the
terms are the reflexes of the IE numeral “100”), related to the evolution in the pho-
netically unstable palatovelar order [21]. The palatovelars merge with the velars in
centum languages sharing the azimuth angle, while in satem languages observed at
the same zenith angle the palatovelars shift to affricates and spirants. Although the
satem—centum distinction was historically the first original dialect division of the
IE languages [22], it is not accorded much significance by modern linguists as be-
ing just one of many other isoglosses crisscrossing all IE languages [23]. The basic
phonetic distinction of the two language classes does not justify in itself the areal
groupings of historical dialects, each characterized by some phonetic peculiarities
indicating their independent developments. The appearance of the division similar to
the centum-satem isogloss (based on phonetic changes only) may happen because
of the systematic sound correspondences between the Swadesh words across the
different languages of the same language family.

The projections of Albanian, Greek and Armenian languages onto the axes of the
principal components of the IE family are rather small, as they occupy the centre of
the diagram in Fig. 3. Being eloquently different from others, these languages can be
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Fig. 3 The three-dimensional geometric representation of the Indo-European language family in
space of the major data traits (g2, g3, q4) colour coded. The origin of the graph indicates the centre
of mass, g; = 7, of the matrix of lexical distances d(l;,[;), not the Proto-Indo-European language.
Due to the central symmetry of representation, it is convenient to use the spherical coordinates to
identify the positions of languages: the radius from the centre of the graph, the inclination angle 0
and the azimuth angle ¢

resolved with the use of some minor components gi, k > 3. Remarkably, the Greek
and Armenian languages always remain proximate confirming the Greeks’ belief that
their ancestors had come from Western Asia [24].

6 In Search of Lost Time

Geometric representations of language families can be conceived within the frame-
work of various physical models that infer on the evolution of linguistic data traits. In
traditional glottochronology [2], the time at which languages diverged is estimated
on the assumption that the core lexicon of a language changes at a constant aver-
age rate. This assumption based on an analogy with the use of carbon dating for
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Fig. 4 a The kernel density estimates of the distributions of azimuthal angles in the three-
dimensional geometric representation of 50 languages of the Indo-European language family,
together with the absolute data frequencies. Romance (RO), Germanic (GE) and the satem lan-
guages (SATEM) are easily differentiated with respect to the azimuthal angles. b The kernel density
estimates of the distributions of inclination (zenith) angles in the three-dimensional geometric rep-
resentation of 50 languages of the Indo-European language family, together with the absolute data
frequencies. Indo-Iranian (/7), Balto-Slavic (BS), and the centum languages (CENTUM) are attested
by the inclination (zenith) angles

measuring the age of organic materials was rejected by mainstream linguists, con-
sidering a language as a social phenomenon driven by unforeseeable sociohistorical
events not stable over time. Indeed, mechanisms underlying evolution of dialects of
a proto-language evolving into individual languages are very complex and hardly
formalizable.

In our method based on the statistical evaluation of differences in the orthographic
realizations of Swadesh’s vocabulary, a complex nexus of processes behind the emer-
gence and differentiation of dialects within each language group is described by the
single degree of freedom, along the radial direction (see (6)) from the origin of the
graph shown in Fig. 3, while the azimuthal (¢) and zenith (6) angles are specified by
a language group.

It is worth a mention that the distributions of languages along the radial direction
are remarkably heterogeneous indicating that the rate of changes in the orthographic
realizations of Swadesh’s vocabulary was varying over time. Being ranked within
the own language group and then plotted against their expected values under the
normal probability distribution, the radial coordinates of languages in the geometrical
representation, Fig. 3, show very good agreement with univariate normality, as seen
from the normal probability plots in Fig. 5a—d.

The hypothesis of normality of these distributions can be justified by taking on that
for a long time the divergence of orthographic representations of the core vocabulary
was a gradual change accumulation process into which many small, independent in-
novations had emerged and contributed additively to the outgrowth of new languages.
Perhaps, the orthographic changes arose due to the fixation of phonetic innovations
developed in the course of long-lasting interactions with non-IE languages in areas
of their intensive historical contacts.
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Fig. 5 The panels A—D show the normal probability plots fitting the distances r of language points
from the centre of mass to univariate normality. The data points were ranked and then plotted
against their expected values under normality, so that departures from linearity signify departures
from normality. The values of variance are given for each language group. The expected locations
of the proto-languages, together with the end points of the 95 % confidence intervals, are displayed
on the normal plots by circles

In physics, the univariate normal distribution is closely related to the time
evolution of a mass-density function p(r,t) under homogeneous diffusion in one

dimension,
1 (r —py?
) t = —— T A 5 )
pr-1) ma? P ( 202

in which the mean value p is interpreted as the coordinate of a point where all mass
was initially concentrated, and variance o> o ¢ grows linearly with time. If the dis-
tributions of languages along the radial coordinate of the geometric representation
do fit to univariate normality for all language groups, then in the long run the value
of variance in these distributions grew with time at some approximately constant
rate. The constant increment rates of variance of radial positions of languages in
the geometrical representation, Fig. 3, has nothing to do with the traditional glot-
tochronological assumption about the steady borrowing rates of cognates [25]. It is
also important to mention that the values of variance o' calculated for the languages
over the individual language groups (see Fig. 5a—d) do not correspond to physical
time rather give a statistically consistent estimate of age for each language group.
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In order to assess the pace of variance changes with physical time and calibrate our
dating method, we have to use the historically attested events.

Although historical compendiums report us on grace, growth and glory succeeded
by the decline and disintegration of polities in days of old, they do not tell us much
about the simultaneous evolution in language. It is beyond doubt that massive pop-
ulation migrations and disintegrations of organized societies, both destabilizing the
social norms governing behaviour, thoughts and social relationships can be taken
on as the chronological anchors for the onset of language differentiation. However,
the idealized assumption of a punctual split of a proto-language into a number of
successor languages shared implicitly by virtually all phylogenetic models is prob-
lematic for a linguist well aware of the long-lasting and devious process by which a
real language diverges [26]. We do not aspire to put dates on such a fuzzy process,
rather consider language as a natural appliance for dating of those migrations and
fragmentation happened during poorly documented periods in history.

While calibrating the dating mechanism in our model, we have used the four
anchor events [27]:

. The last Celtic migration (to the Balkans and Asia Minor) (by 300 BC)

. The division of the Roman Empire (by 500 AD)

. The migration of German tribes to the Danube River (by 100 AD)

. The establishment of the Avars Khaganate (by 590 AD) overspreading Slavic
people who did the bulk of the fighting across Europe

AW N —

It is remarkable that a very slow variance pace of a millionth per year

t
— = (1.367 £0.002) x 10° @)
o
is evaluated uniformly, with respect to all of the anchoring historical events mentioned
above.
The time—variance ratio (7) deduced from the well attested events allows us to
retrieve the probable dates for

1. The break-up of the Proto-Indo-Iranian continuum preceding 2400 BC, in a good
agreement with the migration dates from the early Andronovo archaeological
horizon [28]

2. The end of common Balto-Slavic history as early as by 1400 BC, in support of
the recent glottochronological estimates [29] well agreed with the archaeological
dating of Trziniec—Komarov culture, localized from Silesia to Central Ukraine

3. The separation of Indo-Aryans from Indo-Iranians by 400 BC, probably as a result
of Aryan migration across India to Ceylon, as early as in 483 BC [30]

4. The division of Persian polity into a number of Iranian tribes migrated and settled
in vast areas of Southeastern Europe, the Iranian plateau and Central Asia by 400
BC, shortly after the end of Greco—Persian wars [31].
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7 Evidence for Proto-Indo-Europeans

The basic information about the Proto-Indo-Europeans arises out of the comparative
linguistics of the IE languages. There were a number of proposals about early Indo-
European origins so far. For instance, the Kurgan scenario postulating that the people
of an archaeological “Kurgan culture” (early fourth millennium BC) in the Pontic
steppe were the most likely speakers of the proto- IE language, is widely accepted
[32]. The Anatolian hypothesis suggests a significantly older age of the IE proto-
language as spoken in Neolithic Anatolia and associates the distribution of historical
IE languages with the expansion of agriculture during the Neolithic revolution in the
eighth and sixth millennia BC [22].

It is a subtle problem to trace back the diverging pathways of language evolution
to a convergence in the IE proto-language since symmetry of the modern languages
assessed by the statistical analysis of orthographic realizations of the core vocab-
ulary mismatches that in ancient time. The major IE language groups have to be
re-examined in order to ascertain the locations of the individual proto-languages as
if they were extant. In our approach, we associate the mean p of the normal distribu-
tion of languages belonging to the same language group along the radial coordinate
r with the expected location of the group proto-language. Although we do not know
what the exact values of means were, the sample means calculated over the several
extant languages from each language group give us the appropriate estimators. There
is a whole interval around each observed sample mean within which, the true mean
of the whole group actually can take the value.

In order to target the locations of the five proto-languages (the Proto-Germanic,
Latin, Proto-Celtic, Proto-Slavic, and Proto-Indo-Iranian) with the 95 % confidence
level, we have supposed that variances of the radial coordinate calculated over the
studied samples of languages are the appropriate estimators for the true variance
values of the entire groups. The expected locations of the proto-languages, together
with the end points of the 95 % confidence intervals, are displayed on the normal
plots, in Fig. 5a—d. Let us note that we did not include the Baltic languages into
the Slavic group when computing the Proto-Slavic centre point because these two
groups exhibit different statistics, so that such an inclusion would dramatically reduce
the confidence level for the expected locations of the proto-languages. Although
the statistical behaviour of the proto-languages in the geometric representation of
the IE family is not known, we assume that it can be formally described by the
“diffusion scenario”, as for the historical IE languages. Namely, we assume that the
locations of the five proto-languages from a statistically determined central point fit
to multivariate normality. Such a null hypothesis is subjected to further statistical
testing, in which the chi-square distribution is used to test for goodness of fit of the
observed distribution of the locations of the proto-languages to a theoretical one.
The chi-square distribution with k degrees of freedom describes the distribution of a
random variable Q = Zle X?, where X; are k independent, normally distributed
random variables with mean 0 and variance 1.
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Fig. 6 The graphical test to check three-variate normality of the distribution of the distances §; of
the five proto-languages from a statistically determined central point is presented by extending the
notion of the normal probability plot. The integer parameter i specifies the number of degrees of
freedom. The chi-square distribution is used to test for goodness of fit of the observed distribution:
the departures from three-variant normality are indicated by departures from linearity

In Fig. 6, we have used a simple graphical test to check three-variate normality by
extending the notion of the normal probability plot. The locations of proto-languages
have been tested by comparing the goodness of fit of the scaled distances from the
proto-languages to the central point (the mean over the sample of the five proto-
languages) to their expected values under the chi-square distribution with three
degrees of freedom. In the graphical test shown in Fig. 6, departures from three-
variant normality are indicated by departures from linearity. Supposing that the
underlying population of parent languages fits to multivariate normality, we con-
clude that the determinant of the sample variance—covariance matrix has to grow
linearly with time. The use of the previously determined time—variance ratio (7) then
dates the initial break-up of the Proto-Indo-Europeans back to 7000 BC pointing
at the early Neolithic date, to say nothing about geography, in agreement with the
Anatolian hypothesis of the early Indo-European origin [7, 21, 22, 24, 33].

The linguistic community estimates of dating for the proto-IE language lie be-
tween 4500 and 2500 BC, a later date than the Anatolian theory predicts. These
estimations are primarily based on the reconstructed vocabulary (see [34] and refer-
ences therein) suggesting a culture spanning the Early Bronze Age, with knowledge
of the wheel, metalworking and the domestication of the horse and thus favouring the
Kurgan hypothesis. It is worth a mention that none of these words are found in the
Swadesh list encompassing the basic vocabulary related to agriculture that emerged
perhaps with the spread of farming, during the Neolithic era. Furthermore, the de-
tailed analysis of the terms uncovered a great incongruity between the terms found
in the reconstructed proto-IE language and the cultural level met with in the Kurgans
lack of agriculture [35]. Let us note that our dating (2400 BC) for the migration from
the Andronovo archaeological horizon (see Sect. 6) and the early break-up of the
proto-Indo-Iranian continuum estimated by means of the variance (see Fig. 5¢) is
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compatible with the Kurgan time frame. However, despite the Indo-Iranian group of
languages being apparently the oldest among all other groups of the IE family, we
cannot support the general claim of the Kurgan hypothesis, at least on the base of
Swadesh’s lexicon.

8 In Search of Polynesian Origins

The colonization of the Pacific Islands is still the recalcitrant problem in the history
of human migrations, despite many explanatory models based on linguistic, genetic
and archaeological evidences have been proposed in so far. The origins, relationships
and migration chronology of Austronesian settlers have constituted the sustainable
interest and continuing controversy for decades. The components probe for a sample
of 50 AU languages immediately uncovers the both Formosan (F) and Malayo-
Polynesian (MP) branches of the entire language family (see Fig. 7).

The distribution of azimuth angles shown in Fig. 8a identifies them as two mono-
phyletic jets of languages that cast along either axis spanning the entire family plane.
The clear geographic patterning is perhaps the most remarkable aspect of the ge-
ometric representation. It is also worth mentioning that the language groupings as
recovered by the component analysis of lexical data reflect profound historical rela-
tionships between the different groups of AU population. For instance, the Malagasy
language spoken in Madagascar casts in the same mould as the Maanyan language
spoken by the Dayak tribe dwelling in forests of Southern Borneo and the Batak
Toba language of North Sumatra spoken mostly west of Lake Toba.

Despite Malagasy sharing much of its basic vocabulary with the Maanyan lan-
guage [36], many manifestations of Malagasy culture cannot be linked up with the
culture of Dayak people: the Malagasy migration to East Africa presupposes highly
developed construction and navigation skills with the use of out-rigger canoes typical
of many Indonesian tribes which the Dayak people, however, do not have, also some
of the Malagasy cultivations and crop species (such as wet rice) cannot be found
among forest inhabitants. In contrast, some funeral rites (such as the second burial,
famadihana) typical of the leading entities of the Madagascar highlands are essen-
tially similar to those of Dayak people. A possible explanation is that population of
the Dayak origin was brought to Madagascar as slaves by Malay seafarers [6]. As the
Dayak speakers formed the majority in the initial settler group, in agreement with
the genetic parental lineages found in Madagascar [37], their language could have
constituted the core element of what later became Malagasy, while the language of
the Malay dominators was almost suppressed, albeit its contribution is still recovered
by the exploration of the leading traits on language data.

The AU language family forks at the northernmost tip of the Philippines, the
Batanes Islands located about 190 km south of Taiwan (see Fig. 8b). On the distribu-
tion of azimuth angles shown in Fig. 8a, the Itbayaten language representing them in
the studied sample is pretty close to the azimuth, ¢ = 0, bridging over the separating
language family branches (Fig. 8b). By the way, the MP-offset descends from the



Levenshtein’s Distance for Measuring Lexical Evolution Rates 231

0z —
016 —
M o012 —
a oo —
l 004 —
a oo —
y 0.04 —
0O o —
. iz —
P 016 — ?'.6
o ., _ ;ESH{EE?_W : __\\a
I 024 — Ei g ' h
y ]
Yo ] e LANGUAGES RIDING
e 032 — | AN ‘EXPRESS TRAIN’
s 036 — .Ha;{;aﬁan
i o4 —f |Remore
a 044 — | OceANIA
n 043 — ;
052 —j Tam'iian
le ;
0.56 T
042 0.04 0.04 0.42 0.2 0.28 0.38 0.44 0.52 06 0.68

Fig. 7 The geometric representation of the 50 AU languages in space of the major data traits
(92, q3) shows the remarkable geographic patterning. It is convenient to use the polar coordinates:
the radius from the centre of the graph, r; = | /qzzyi + %2,[’ and the azimuth angle ¢ = arctan (%),
to identify the positions of languages. For languages in the “normal sector”, the distribution of
radial coordinates conforms to univariate normality. At variance with them, languages located
at the distant margins of the AU family apparently follow the “express train” evolution model
(see Sect. 9) The “normal sector” consists of the following languages: from Philippines, Bontoc,
Kankanay, llokano, Hanunoo, Cebuano, Tagalog, Pangasinan, Mansaka, Maranao; from Great
Sunda and Malay, Malagasy, Maanyan, Ngaiu dayak, Toba batak, Bali, Malay, Iban, Sasak, Sunda,
Javanese; from Lesser Sunda and Sulawesi, Sika, Kambera, Wolio, Baree, Buginese, Manggarai,
Sangir, Makassar; from Near Oceania, Manam, Motu, Nggela, Mota; of Paiwan group (Taiwan)
Pazeh, Thao, Puyuma, Paiwan, Bunun, Amis, Rukai, Siraya, Kavalan

northern Philippines (the northern Luzon Island) and springs forth eastward through
the Malay Archipelago across Melanesia culminating in Polynesia (Fig. 9); in accor-
dance with the famous “express train” model of migrations peopled the Pacific [38].
In its turn, the F-branch embarks on the southwest coast of Taiwan and finds its way
to the northern Syueshan Mountains inhabited by Atayal people that compose many
ethnic groups with different languages, diverse customs and multiple identities. Evi-
dently, both the offshoots derived their ancestry in Southeast Asia as strengthened by
multiple archaeological records [38], but then evolved mostly independently from



232 F. Petroni et al.

08 8 =
Distribution of azimuth angles
06 g
A
T
0.4 A
Mataro- N
POLYNESIAN ITBAYATEN /' FORMOSAN e E
02|  smaNeW BRANCH n
0 ”Ill‘ ‘ ¢(grad) ‘."‘.
4 2 0 2 4 ' H
a b

Fig. 8 a The distribution of azimuth angles in the geometric representation of the 50 AU languages
shown in Fig. 7. b The Itbayaten language is pretty close to the azimuth, ¢ = 0, bridging over the
language family branches lexically and geographically

BATANES

Fig. 9 The geometric representation of the 50 AU languages (Fig. 7) projected onto the geographic
map uncovers the possible route of Austronesian migrations



Levenshtein’s Distance for Measuring Lexical Evolution Rates 233

Kambera
.
0.2 - '
| Baree
.
Rukal
Wolia”
.
0.15 - s
. .
Amis
.
Buginese ,
-
AR, s
Malagasy - #pyyynian
Kavalans % Toha_batak
Thae =
Siraya
Makassar®
. 1 aiu_clayal *
0.1 dayak
Hanunog
Matiy e
ke
e,
.
ot BRE2% ertmayaton
Tagalog - ec Mapsaka
Smm.b‘ 's:?f”p
Javanese
o ®
fa Mot »
Pan; a:h{?nm's; A
0.05 | e
Bontoc 2 -3
4 . fa—
0°=1.5-10
Kankanay
Ie
N(u,02)

Fig. 10 The normal probability plot fitting the distances r of language points from the “centre of
mass” of the geometrical representation of the AU language family to univariate normality. The
data points for languages belonging to the “normal sector” shown in Fig. 7 were ranked and then
plotted against their expected values under normality, so that departures from linearity signify
departures from normality. The value of variance over all languages belonging to the “normal
sector” is 02 = 1.5 x 1073

each other, on evidence of the Y-chromosome haplotype spread over Taiwanese and
Polynesian populations [39].

The distribution of languages spoken within Maritime Southeast Asia, Melanesia,
Western Polynesia and of the Paiwan language group in Taiwan over the distances
from the centre of the diagram representing the AU language family in Fig. 7 conforms
to univariate normality (see Fig. 10) suggesting that an interaction sphere had existed
encompassing the whole region, from the Philippines and Southern Indonesia through
the Solomon Islands to Western Polynesia, where ideas and cultural traits were shared
and spread as attested by trade [40, 41] and translocation of farm animals [42, 43]
among shoreline communities.

Although the lack of documented historical events makes the use of the developed
dating method difficult, we may suggest that variance evaluated over Swadesh’s
vocabulary forges ahead approximately at the same pace uniformly for all human
societies involved in trading and exchange forming a singular cultural continuum.
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Then, the time—age ratio (7) deduced from the previous chronological estimates for
the IE family returns 550 AD if applied to the Austronesians as the likely break-up
date of their cultural continuum, pretty well before 600—1200 AD while descendants
from Melanesia settled in the distant apices of the Polynesian triangle as evidenced
by archaeological records [44—46].

9 Austronesian Languages Riding an Express Train

The distributions of languages spoken in the islands of East Polynesia and of the
Atayal language groups in Taiwan over the radial coordinate from the centre of the
geometric representation shown in Fig. 7 break from normality, so that the general
“diffusive scenario” of language evolution used previously for either of the chrono-
logical estimates is obviously inapplicable to them. For all purposes, the evolution of
these extreme language subgroups cannot be viewed as driven by independent, petty
events. Although the languages spoken in Remote Oceania clearly fit the general
trait of the entire MP-branch, they seem to evolve without extensive contacts with
Melanesian populations, perhaps because of a rapid movement of the ancestors of
the Polynesians from South-East Asia as suggested by the “express train” model [38]
consistent with the multiple evidences on comparatively reduced genetic variations
among human groups in Remote Oceania [47—49].

In order to obtain reasonable chronological estimates, an alternative mechanism
on evolutionary dynamics of the extreme language subgroups in space of traits of the
AU language family should be reckoned with. The simplest “adiabatic” model entails
that no words had been transferred to or from the languages riding the express train to
Polynesia, so that the lexical distance among words of the most distanced languages
tends to increase primarily due to random permutations, deletions or substitutions
of phonemes in the words of their ancestor language. Under such circumstances the
radial coordinate of a remote language riding an “express train” in the geometric
representation (see Fig. 7) effectively quantifies the duration of its relative isola-
tion from the Austronesian cultural continuum. Both of the early colonization of a
secluded island by Melanesian seafarers and of the ahead of time migration of the
indigenous people of Taiwan to highlands can be discerned by the excessively large
values of the radial coordinates r of their languages. In Fig. 11, we have presented the
log-linear plot, in which the radial coordinates of remote languages were ranked and
then plotted against their expected values under the exponential distribution (shown
by the dash-dotted line in Fig. 11).

The radial coordinates of the languages at the distant margins of the AU family
diagram shown in Fig. 11 may be deduced as evolving in accordance with the simple
differential equation

F o= ar ®)

where 7 means the derivative of r with respect to isolation time, and a > 0 is
some constant quantifying the rate of radial motion of a language riding the express
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Fig. 11 The log-linear plot fitting the distances r to remote languages riding an “express train”
in the geometric representation (see Fig. 7) to an exponential distribution. The radial coordinates
of the languages were ranked and then plotted against their expected values under the exponential
distribution. As usual, the departures from linearity signify departures from the tested distribution
(given by the dash-dotted line)

train in space of the major traits of the AU family. In the proposed model of language
evolution, it is suggested that in absence of contact borrowings the orthographic real-
izations of Swadesh’s meanings would accumulate emergent variations in spellings,
so that the radial coordinate indicating the divergence of a remote language from the
rest of the group can grow unboundedly with isolation time.

A simple equation mathematically similar to (8) has been proposed by Swadesh
[2] in order to describe the change of cognates in time, in the framework of the
glottochronological approach. In our previous work [6], another similar equation
has been suggested for the purpose of modeling the time evolution of normalized
edit distances between languages. However, we have to emphasize that the statisti-
cal model (8) has a direct relation to neither the percentage of cognates (as in the
traditional glottochronological approach), nor the edit distance itself.

Then the relative dates estimating the duration of relative isolation of the distant
languages from the extensive contacts with other Austronesian languages can be
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derived basing on the assumption (8) as

1 r

tH—th = — -In— )
a r

where r, > r; are the radial coordinates of the languages from the centre of the

sample diagram shown in Fig. 7.

Tahiti located in the archipelago of Society Islands is the farmost point in the
geometric representation of the Austronesian family and the foremost Austronesian
settlement in the Remote Oceania attested as early as 300 BC [44], the date we placed
the incipience of the Tahitian society. According to many archaeological reconstruc-
tions [44—46], descendants from West Polynesia had spread through East Polynesian
archipelagos and settled in Hawaii by 600 AD and in New Zealand by 1000 AD
testifying the earliest outset dates for the related languages. It is worth mentioning
that all stride times between the offsets of these three Polynesian languages hold
consistently the same rate

a = (4.27+£0.01) x 1074 (10)

affirming the validity of the “adiabatic” conjecture described above and allowing us to
assign the estimated dates to the marks of the horizontal axis of the timing diagram
presented in Fig. 11. The language divergence among Atayal people distributed
throughout an area of rich topographical complexity is neatly organized by the myths
of origin place, consanguine clans and geographical barriers that have lead to the
formation of a unique concept of ethnicity remarkable for such a geographically small
region as Taiwan. The complexity of the Atayal ethnic system and the difficulty of
defining the ethnic borders hindered the classification of the Atayal regional groups
and their dialects which has been continuously modified throughout the last century.

In our work, we follow the traditional classification [50] of the Atayal group into
three branches based on their places of origin: Sediq (Sedek), Ciuli (Tseole) Atayal,
and Squiliq (Sekilek) Atayal. In account with the standard lexicostatistic arguments
[51], the Sediq dialect subgroup could have split off from the rest of the Atayal groups
about 1600 years ago, as both the branches share up to a half of the cognates in the
200 words of basic vocabulary. This estimated date is very tentative in nature and
calls for a thorough crosschecking. The Atayal people had been recognized as they
had started to disperse to the northern part of Taiwan around 1750 AD [52]. Being
formed as the isolated dialect subgroups in island interiors, they showed the greatest
diversity in race, culture and social relations and sometimes considered each other
as enemies and prime head hunting targets.

Given the same rate of random phonetic changes as derived for the Polynesian
languages, the “adiabatic” model of language evolution returns the stride times of
1000 years between the Sediq dialect subgroup and Squiliq Atayal and of 860 years
between the Ciuli and Squiliq Atayal languages. Consistently, Sediq is estimated
to have branched off from the other Atayal languages 140 years before the main
Atayal group split into two. The Squiliq subgroup had been attested during the latest
migration of Atayal people, as late as 1820 AD [52]. Perhaps, a comprehensive study
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of the Atayal dialects by their symmetry can shed light on the origins of the Atayal
ethnic system and its history.

10 Conclusion

We have presented the new paradigm for the analysis of language phylogeny. The
proposed method is fully automated; it avoids subjectivity since all results can be
replicated by other scholars assuming that the database is the same. Furthermore, it
allows for rapid comparison of items of a very large number of languages.

We applied here our method to the IE and AU families of languages considering
200 items lists of words according to the original choice of Swadesh. The output
was a stability measure for all items computed separately for the two families. The
ranking plots show that the two families behave in the same way, with the higher
stability items deviating from the linear interpolation because of their very large
values. We are convinced that this phenomenology we observe, both for IE and AU
languages, should be a universal characteristic of stability distributions, common to
all families. On the contrary, it turns out that the most stable items are not the same
even if there is a positive correlation between the stability computed for IE and AU
groups.

We evaluated the lexical distances between languages by means of the mean
normalized edit distances between the orthographic realizations of Swadesh’s mean-
ings. Then, we considered an infinite sequential process of language classification
described by random walks on the matrix of lexical distances. As a result, the re-
lationships between languages belonging to one and the same language family are
translated into distances and angles, in multi-dimensional Euclidean space. The de-
rived geometric representations of language taxonomy are used in order to test the
various statistical hypotheses about the evolution of languages.

Our method allows for making accurate inferences on the most significant events
of human history by tracking changes in language families through time. Com-
putational simplicity of the proposed method based primarily on linear algebra is
its crucial advantage over previous approaches to the computational linguistic phy-
logeny that makes it an invaluable tool for the automatic analysis of both the languages
and the large document data sets that helps to infer on relations between them in the
context of human history. Recently, we have applied the developed method in order
to investigate the detailed historical configuration of Malagasy dialects spoken on
Madagascar [53].
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