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Although there is much research on network formation based on the preferential attach-
ment rule, the research did not come up with a formula that, on the one hand, can re-
produce shapes of cumulative degree distributions of empirical complex networks and, on
the other hand, can represent intuitively theories on individual behavior. In this paper, we
propose a formula that closes this gap by integrating into the formula for the preferential
attachment rule (i.e., a node with higher degree is more likely to gain a new link) a repre-
sentation of the theory of individual behavior with respect to nodes preferring to connect
to other nodes with similar attributes (i.e., homophily). Based on this formula, we simulate
the shapes of cumulative degree distributions for different levels of homophily and five

Empirical data and simulation different seed networks. Our simulation results suggest that homophily and the preferen-
tial attachment rule interact for all five types of seed networks. Surprisingly, the resulting
cumulative degree distribution in log-log scale always shifts from a concave shape to a
convex shape, as the level of homophily gets larger. Therefore, our formula can explain
intuitively why some of the empirical complex networks show a linear cumulative degree
distribution in log-log scale while others show either a concave or convex shape. Further-
more, another major finding indicates that homophily makes people of a group richer than
people outside this group, which is a surprising and significant finding.

© 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the recent decade, empirical research has shown that large complex networks, including the World Wide Web
[1], online social networks [2] and Wikipedia [3], can have significantly different network topologies. These topological
characteristics are of major interest as they determine the diffusion of information [2,4-6] and the robustness of systems
[7,8]. These network topologies have been characterized to have concave, convex, and linear cumulative degree distributions
[9,10].

For the formation of these networks, the preferential attachment rule has commonly been accepted. This rule assumes
that the probability of adding a new link to a network is proportional to the number of links that a node already has [1].
The resulting cumulative degree distribution has a linear shape, representing a power law function. For reflecting empirical
networks more precisely and achieve convex and concave shapes of cumulative degree distributions, prior research has
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Fig. 1. Empirical data based cumulative degree distributions of EU institution employees email exchanges, Yahoo advertising word linkages, and Wikipedia
contributors message exchanges (taken from http://konect.uni-koblenz.de/).

modified the preferential attachment rule into several versions by introducing links generated among existing nodes [11] and
by considering preferences according to the geographical distance between nodes [12,13].

The theoretical relationship between actual behavior of agents and the formulas given only covers linear and concave
cumulative degree distributions. It is widely accepted that the basic preferential attachment rule represents the effect that
the popularity of a node increases with its node degree. The cumulative degree distribution in log-log scale results in a
linear curve. It has also been accepted that the addition of links between existing nodes through friends-of-friends effects
results in concavely shaped cumulative degree distributions in log-log scale.

However, the theoretical connection between realistic individual behavior of agents in those networks and the concavely
shaped cumulative degree distributions in log-log scale is hard to make with the existing formula. The existing formula
introduces an exponent to the degree of a node, which is not intuitive, rather a mathematical tool to generate convexly
shape curves [12]. Beside this formula, there is no other mathematical formulation that achieves a convex cumulative de-
gree distribution and is an intuitive representation of a theory on individual behavior. Therefore, the following examples of
convex cumulative degree distributions in log-log scale, which are shown in Fig. 1, cannot be explained by a formula based
on theory on individual’s behavior. The examples include the cumulative degree distribution of words used by advertises in
their phrases at Yahoo (Yahoo advertising word linkages), which shows a light convex shape, and the curves of the email ex-
change between employees of a large EU institution (EU institution employees email exchanges) and the message exchange
between Wikipedia users through discussion pages (Wikipedia contributors message exchanges). Those degree distributions
depict a convex shape at the beginning of the curve and a concave shape at the tail of the curve [10]. Consequently, it
can be stated that a formula is needed that can link the convex shape of a cumulative degree distribution with theory on
individual behavior intuitively.

Further empirical studies showed that the network evolution is also impacted by attributes of nodes [14,15]. For example,
software services belonging to the same company are likely to be combined to develop new services compared to those
software services of different companies [16,17]. People in a virtual community are likely to gather according to their gender,
age, and proximity [18,19]. This preference of agents to be connected with other agents that share common attributes is
called “homophily” [20]. Theoretical research proved that homophily promotes a group of nodes with common properties
to be integrated more densely than groups without that property [21]. However, this effect of homophily on the curvature
of cumulative degree distributions has not been investigated yet.

Our research objective is to bring together the research on cumulative degree distributions and the research work on
homophily. With respect to this research objective, the following research questions rise: How does the formula look like
that combines the preferential attachment rule and homophily? What is the cumulative degree distribution of networks that
evolve based on homophily and on the preferential attachment rule? Does a seed network topology influence the evolution
of the network?

To answer these research questions, we introduce the modified preferential attachment model that is based on [22]. This
model combines the homophily preference with the preferential attachment model [11] within a single formula. For the
analysis, we investigate the topology of networks evolved through our modified preferential attachment model for different
levels of homophily and five different seed networks (i.e., a single dipole network, a multiple dipole network, a ring network,
a star network, and a random network).

The result of the comparison is threefold. First, homophily affects the network evolution based on the preferential at-
tachment rule for all types of seed networks that we used. Surprisingly, the resulting cumulative degree distribution always
shifts from a concave shape to a convex shape, as the level of homophily gets larger. Second, there is a level of homophily
that can compensate concave-shaping effects, making the cumulative degree distribution linear in log-log scale. Third, the
link density of the seed networks can cause local distortions on the network evolution, as our results for high-density,
random networks show.
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