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INTRODUCTION

In recent years, a new paradigm has been gaining quickly interest
within the scientific community: the arXiv repository. In this web
platform, users share and classify their own preprints in a decentralized and open way. Users interact with this platform by sharing
TeX files and are prompted to choose from a predefined set of tags
representing areas of knowledge (for example, computer science
or statistics). At the global level, a category evolves in time with
no explicit central coordination from the microscopic activity of
users sharing content. Moreover, this activity is open: all the shared
content is freely available for users.
Regarding a specific category of arXiv, the process of content
sharing can be viewed as a semiotic dynamics phenomena, in which
populations of users develop a communication system (see, for
example, [5]). Indeed, the accumulation of preprints over time is a
way to densify and expand the meaning of the particular category.
An extended framework to reveal the development of complex
decentralized patterns of (human) behavior is network theory. Particularly, previous work on language networks has revealed small
world properties (see, for example, [4; 6]). These studies, however,
only focused on the individual degree or centrality of a given node,
not taking into account the relationships with other nodes.
To overcome these problems, the analysis known as k − shell decomposition highlights structural properties of (language) networks
not captured by classical graph measures. By removing sets of nodes
of increasing degree, the k − shell decomposition process [1; 2; 8]
identifies layers of nodes of similar connectivity, called k − shells,
each one obtained by a recursive pruning strategy that reveals the
hierarchical organization of the network.
In this work, we used the k − core decomposition analysis for
the study of language networks representing activity patterns of
arXiv users, within the computer science category. The main goal is
to understand the evolution of a scientific community arising from
the microscopic activity of users posting content.
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2 NOTATIONS AND DEFINITIONS
k − shell decomposition
Let us consider an undirected and unweighted graph G = (V , E),
where V denotes the set of |V | = n nodes and E denotes the set of
|E| = e edges. Now, we introduce some technical definitions from
[1; 2].
Definition 2.1. A subgraph H ⊆ G is a k −core Ck of G if and only
if H is the largest subgraph whose nodes have a degree of at least k.
The k − core of G may be obtained by removing all the nodes from
G of degree less than k, until all remaining nodes have degree at
least k.
Definition 2.2. A node u ∈ V has shell index k if it belongs to the
k − core but not to the (k + 1) − core. The k − shell Sk is formed by
all nodes whose shell index is k. The k − core is therefore the union
of all shells Sr , such that, r ≥ k, that is,
Ø
Ck =
Sr
r ≥k

.

The k − core decomposition therefore decomposes the graph in
successive layers, revealing groups of nodes with their own density
patterns from the outmost one to the most internal one (the Skmax ).

Graph-of-words (GoW)
We adopted a simple version of the Graph-of-Words representation
(GoW) of texts [3; 7]. A text is seen as a undirected and unweighted
graph where nodes are unique nouns, and where there is an edge
between two nodes if they co-occurr within a sentence. In our case,
we transformed a collection of texts C in a set of sentences S = {si }i .
In the first place, we identified the set of unique nouns W = ∪s ∈S s.
Secondly, through an iterative process we inspected all sentences
of S in order to find co-occurrences between pairs of nodes.

3

RESULTS

The dataset used in this study was obtained using a web scraper1 for
specific data ranges and categories from the electronic repository
of preprints arXiv 2 . Specifically, abstracts from the computer science
category from 1994 until 2017 were used.
The activity of users interacting with the arXiv system consists
to add new preprints to the system. To add a new preprint, besides
1 https://github.com/Mahdisadjadi/arxivscraper
2 https://arxiv.org/
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some metadata (authors, title, among others) the user is prompted
for a set of tags indicating knowledge categories3 .
For text preprocessing (sentence boundary detection, stopword
removal, noun filtering and lemmatization), we used the libraries
NLTK 4 and spaCy 5 . Graph construction and k −core decomposition
analysis was made using NetworkX 6 and NetworKit 7 .
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(a) |S k | over time. For each year, it is showed the size of the k −shell ( |S k | ) versus
the (normalized) index k .
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In this work was shown how k − shell decomposition helps to
understand the dynamics of the formation of the decentralized
and collaborative language community defined by the electronic
repository arXiv. Our results suggest that there are several global
patterns that emerges from the microscopic activity of users sharing
content. The growth of the collection of texts (and therefore of
the associated networks) was (almost) completely governed by the
outmost k − shells, which exponentially increased its size over time.
Nevertheless, the size of the most dense set of nodes (Skmax ) tends to
linearly increase its size. This points in the direction of the existence
of an exponential accumulation of words that forces changes in
the main discipline (computer science, in our case), represented by
Skmax . These observations were confirmed by the behavior of the
(normalized) critical index k ∗ = arg maxk |Sk |, since it exponentially
shifts to the outmost network layers. Further study should describe
the relationship between the index k and the number of connected
components of the k − shell Sk . Moreover, it is plausible to propose
that the decentralized features of arXiv appear precisely at those
external layers.
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(b) |S k max | and maxk |S k | over time. For each year, it is showed the evolution of
|S k max | and the size of |S k | at the critical value k ∗ = arg maxk |S k | .

Fig. 1. Analysis of the k − cor e decomposition over the time interval 19942017.

The first observation of the structure of the k−core decomposition
is shown in Figure 1 (a). This figure shows the size of of k − shell Sk
as a function of its normalized index k, for each graph representing
the collection of texts of each year from 1994 to 2017. For each
k − core decomposition, the behavior of |Sk | versus k exhibits three
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clear domains. First, |Sk | reached a maximum at k = k ∗ . This critical
value k∗ strongly depended on the year. Indeed, k ∗ tended to exhibits
a negative exponential trend over time. Second, a drastic decreasing
of |Sk | is observed for k > k ∗ , until a stationary value ∼ 0. Finally,
a drastic increasing in |Sk | was found at k = kmax .
The properties of the successive k − shells for the graphs constructed for each year can be studied by describing |Sk | over time.
Figure 1 (b) shows the evolution of two interrelated quantities: the
size of Sk ∗ (where k ∗ is the critical value of k ∗ ) and the size of Skmax .
Remarkably, Skmax followed a slow positive linear trend (with slope
∼ 0.04), whereas |Sk ∗ | followed a exponential law |Sk∗ | ∼ year 1.24 .

http://arxitics.com/help/categories for a detailed list

4 https://www.nltk.org/
5 https://spacy.io/
6 https://networkx.github.io/
7 https://networkit.iti.kit.edu/
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