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Figure 1 : An overview of the reconstructed history of the Indo-European 
language family (Bouckaert et al., 2015).

Trees as an evolutionary history

Trees can describe many different structures and relationships in a set of 
entities. They have a wide range of applications, from a family tree of our 
ancestors or the organization of a sports tournaments, over the descripti-
on of the structure in a sentence, to their use as a data structure in compu-
ter science. In his ‘On the origin of species’, Darwin however realized that 
trees do not just describe the relatedness between different species; they 
represent the evolutionary history of the species under consideration.

Though seemingly very distant from animals, plants and other living 
beings, languages also change over time, in a similar way to the evolution 
of species. For example, the Romance languages (being French, Italian, 
Spanish, Portuguese and Romanian) all evolved from (vulgar) Latin. And 
clearly, Portuguese and Spanish are even more related to each other and 
share a common historical root later than Latin, after the other Romance 
languages had already diverged from them. And the Romance languages 
themselves are only one branch of the whole Indo-European language fa-
mily, which contains almost all European languages and the majority of 
languages spoken in the region from Armenia and Iran to India (see Figure 
1).

But since languages are a social construct, there are some fundamental 
differences to the biological evolution of living things. The first difference 
is that the evolution happens on a much shorter timescale. Latin was for 
example spoken 2000 years ago, and though Italian is clearly related, it 
is certainly not the same language anymore. Next, languages influence 
each other, resulting in horizontal transfer between different branches of 
the evolutionary tree. Think of loanwords as the most clear example: after 
the Norman invasion, English got a lot of French loanwords (e.g., ‘pork’, 
‘language’, …), while both languages were already in two separate subfa-
milies, the Germanic and Romance branches. These two issues make the 
evolution of languages arguably a more complex process than biological 
evolution, and as a result, the reconstruction of their history from current 
observations faces some extra complications.

Reconstruction of evolutionary processes

A rather major problem with studying history is that it is impossible to 
directly observe it. The only thing we can observe are the results we see 
in the present. Historic texts might act like ‘fossilized language’, but are 
still only snapshots of the continuous process of evolution. And for some 
languages or periods, no historical sources are available.

However, in the field of computational evolutionary biology techniques 
have been developed that use the differences and similarities between 
species to reconstruct how these species evolved. In 2003, Gray and At-
kinson used the same methods to reconstruct the history of the Indo-Eu-
ropean language family. Their purpose was to estimate how long ago the 
common ancestor of this family, Proto-Indo-European, would have exis-
ted, contributing in this way to historical and linguistic study of the origin 
and expansion of this culture.

The methods for reconstructing evolutionary processes can roughly be 
split into two categories. The first approach uses a distance measure 
between two languages and then hierarchically groups languages until 
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Figure 2 : An example of MCMC in 2D space, sampling from the projection 
of the 3s orbital of a hydrogen atom. The red line shows the last 50 steps 
of the MCMC random walk.

Figure 3 : The Neighbor-Net fitted to the group of Austronesian and 
Papuan languages by Dunn et al. (2005). Note the tree-like overall struc-
ture, complemented by edges that diverge from this tree and reduce the 
distance between some groups of languages.

the full tree has been constructed. Since there are exponentially many 
trees, it is unfeasible to enumerate all of them and try all groups, so these 
methods heuristically decide which languages to cluster in order to find a 
tree close to the optimal one. The best known algorithm that uses this ap-
proach is called Neighbor-Joining (Saitou and Nei, 1987).

On the other hand, there are the methods that use an explicit evolutionary 
model that can calculate how likely a given tree fits the data. These me-
thods then try to find the tree with the maximum likelihood. Again, there 
are extremely many trees and it is impossible to evaluate them all against 
a certain model. As a solution, the space of possible trees is sampled by 
Markov chain Monte Carlo (MCMC) algorithms. One can consider MCMC 
as a biased random walk, guided by a probability distribution. Figure 2 
shows a simple example of MCMC in action. One of the advantages of this 
more complex and computationally intensive approach is that by sam-
pling, we get an idea of the distribution of trees that might explain the 
data, instead of just one.

Phylogenetic networks

As mentioned before, the horizontal transfer between languages makes 
their evolution more complex than evolutionary, or phylogenetic, trees 
can describe, and we would therefore like to consider richer data struc-
ture. The Neighbor-Net algorithm (Bryant and Moulton, 2004) is a heuris-
tic method, that extends Neighbor-Joining and reconstructs a planar net-
work. Dunn et al. (2005) used this reconstruction in their study of a large 
group of Austronesian and Papuan languages (cfr. Figure 3). And so, the 
combination of this particular kind of networks, Neighbor-Nets, with the 
MCMC techniques was an interesting starting point for a master thesis.

In the first part, we ran MCMC on a small toy dataset, separately varying 
the structure of the network and the lengths of its edges. The underlying 
model of the likelihood of a network was deliberately kept very simple, 
as our focus lay on establishing perturbations of the network needed for 
the exploration by the MCMC method. The results came back rather disap-
pointing and varying parameters of the algorithm or tweaking the steps 
could not help to find the areas of high likelihood, even on this very small 
dataset.

As a consequence, we turned our concentration to the purpose of getting a 
better understanding of how the Neighbor-Net structure would represent 
and fit an evolutionary process with horizontal transfer. After all, knowing 
this can benefit the model and likelikhood function MCMC tries to opti-
mize, ánd can give insight into the way the space of possible networks can 
be traversed and explored.

Consequently, we constructed a generative model of an evolutionary pro-
cess with horizontal transfer. The advantage and usefulness of such an 
approach is that the underlying truth is known, as we generated the whole 
history ourselves. When the Neighbor-Net algorithm then reconstructed 
the phylogenetic network, we compared how this history and all of its 
known horizontal transfers between different branches of the evoluti-
onary tree was represented in the network. These experiments showed 

that when there was no horizontal transfer at all, the networks tended to 
overfit the inherent noise of the process. And, on the other hand, when 
there was a lot of exchange between branches, the network cluttered up 
with too many extra connections and the networks seemed inadequate to 
represent the transfer in a solid and understandable way. In other words, 
local changes in the network have too global an impact on the reconstruc-
ted history.

We thus concluded that Neighbor-Nets were too much just a mathema-
tically elegant generalization of the trees reconstructed by Neighbor-Joi-
ning. They are unlikely to be useful in the reconstruction of an evolutionary 
process in which the tree-like phylogenetic signal is complemented by a 
significant amount of horizonal transfer, such as historical language evo-
lution. Consequently, we believe a more interesting approach to pursue 
would be to try augmenting the tree models with linguistically realistic 
structures.

(Full thesis at http://ai.vub.ac.be/~yajadoul/master_thesis.pdf)
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