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Based on the adaptive network, the feedback mechanism and interplay between the network topology and the

diffusive process of information are studied. The results reveal that the adaptation of network topology can drive

systems into the scale-free one with the assortative or disassortative degree correlations, and the hierarchical clustering.

Meanwhile, the processes of the information diffusion are extremely speeded up by the adaptive changes of network

topology.
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1. Introduction

The past few years have witnessed a hectic activ-

ity in the complex network.'—4

Particularly, much
attention is paid to two distinct directions. On
the one hand, statistical physics methods have been
developed to uncover topological features of vari-
ous real-world networks®=") and microcosmic mecha-
nisms leading to these features.[>%:3=10 On the other
hand, many dynamical processes, such as epidemic
spreading,''—13] traffic dynamics,"*~1 synchroniza-
tion of network,[!718] and diffusive processes,!!9~23]
have been intensively investigated to uncover the in-
fluence of network topology on various dynamical pro-
cesses. These studies not only provide deep insight
into the formation and evolution of many real-world
networks, but also promote the understanding of var-

ious dynamical processes taking place in them.

Usually, the evolution of networks and the dy-
namical processes on networks are studied separately.
However, less attention has been devoted to the mech-
anism of interplay and feedback between them. In
fact, the interplay exists universally in various real
complex systems, which can significantly influence
both the topological properties of the networks and
the dynamical behaviours of many processes.[24 For
example, in many technical distribution networks like
power grids,[?5! the mail network, the Internet or

[26—28]

wireless communication networks, the topolo-

gies can influence the dynamical states of nodes, i.e.,

adaptive network, information diffusion, degree correlation, hierarchical clustering

the flow or the density of traffic. In reverse, a high
load on a given link or node can cause traffic jams
or electrical line failures, even an avalanche or cas-
cading. The component failures will result in the
break of links or invalidation of nodes. More exam-
ples of the interplay phenomena can be found in infor-
mation networks like neural or genetic networks (see
Ref.[29] and references therein). Benefited from the
need to understand the nature and effects of these
interplays on both the network topologies and dy-
namical processes, some theoretical works, based on
the adaptive network, have begun to study the in-
terplays between various dynamical processes and the
evolutionary of network. A pioneer of researches in
adaptive networks is to discuss a variant of the fa-
mous Bak—Sneppen model of macro-evolution which
combines the population’s evolutionary fitness of each
node with the evolutionary dynamic of network.!3%
Their results suggest that adaptive networks are ca-
pable of robust self-organization of their topology."!
Recently, the adaptive synchronization, the traffic and
epidemic dynamics have been also introduced into net-

work evolutionary,[-31—33]

which have not only given
rise to richer dynamical features, but also uncovered
the profound effects of the interplay on the network
topology.

As is well known, the processes of information dif-
fusion frequently occur in both social and technolog-
ical systems,!™~23 which can significantly influence

network topology. For instance, in such technolog-
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ical network as World Wide Web (WWW), a great
deal of information is generated and transmitted ev-
ery day. If the information is of considerable value, the
webs without this information tend to build the hy-
perlink to the web with the information. Similarly, in
social systems, many innovations, important news go
the rounds, where people or companies are more likely
to maintain social connections with the informed ones.
In reverse, these adaptive changes of connections can
affect the dynamical process of information diffusion.
However, many studies about the information diffu-
sion have only focused on the static network.['9—23]
Dynamical behaviours of information diffusion on the
adaptive network has been rarely investigated. The ef-
fects of information diffusion on the topological prop-
erties of the network are not well understood. In
this paper, we intend to explore the adaptive network
by combining the dynamics of information diffusion,
which is expected to reveal qualitative or quantitative
effects of the adaptive nature on both the structure of
network and the dynamical behaviour of the informa-
tion diffusion.

2. The model

We here apply a standard model of information
diffusion, which is based on cellular counters (also
called voter dynamics).[34] In this model, a node in
the network representing an individual can be in two
discrete states: informed (I) or unaware (U). Con-
nections between individuals along which the infor-

mation can spread are represented by links. In each
time step, an unaware node obtains information with
a probability A if one or more of its neighbours are in
an informed state. Meanwhile, we consider that the
unaware nodes rewire their U-U links to randomly se-
lected informed nodes with a probability p, in order to
obtain the information more quickly. The probability
p denotes the degree of enthusiasm that individuals
desire this information, and also reflects the value of
information. Finally, double connections are prohib-
ited in the rewiring process.

3. Statistical properties of the

adaptive networks

Initially, the network is a random graph where the
links are distributed homogeneously. At ¢ = 0, one
node selected randomly from network carries infor-
mation (I = 1), and is called the Information Source
(or simply the Source); all other nodes are unaware,
i.e. without information (I = 0). Following the rule
of the model mentioned above, information will flow
throughout the network from the Source, and the
rewiring process is terminated since all nodes are in

the informed state.

3.1. Degree distribution

Many real-world networks are scale-free. The de-
gree distribution P(k) of these networks, which gives
the probability that a node in the network possesses
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Fig.1. Degree distributions for the networks with three different spreading probabilities A=0.02 (a),

0.01 (b), and 0.005 (c). The simulations have been run in networks with the average degree < k >= 6

containing 10000 nodes and averaging over 400 different realizations.
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k links, follows the power-law form P(k) oc k=7, with
exponents varying in the range 2 < v < 3.0-36] In
present adaptive network, the scale-free feature is also
reserved. Several examples of power-law degree distri-
butions are illustrated in Fig.1. The scale-free regime
could be well defined despite the deviation in the small
degree region and the slope does not depend on the
More-
over, the exponent y varies with the parameter p and

network size in the double-logarithmic plot.

the spreading rate A. For several different p and A,
the exponent v as a function of p is shown in Fig.2.
We find that v decreases with the increase of p. For
the same value of p, the larger the A, the larger the
v. It should be mentioned that the scale-free feature
can emerge only when the parameter p is close to the
spreading rate A, i.e., p =~ A. It indicates that both
the parameter p and the spreading rate A\ are not in-
dependent of each other. The value of p reflects the
importance of information. The larger the p is, the
more important the information is, which would lead
to a higher spreading probability.
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Fig.2. Exponent v in P(k) o< k=7 as a function of the
adaptive rewiring probability p, with A=0.02, 0.01, and
0.005.

3.2. Degree correlation

Assortative or disassortative mixing patterns
of degree (also referred to as the degree-degree
correlations) are possessed by many real complex
networks.[*®/ For instance, many social networks ex-
hibit that the nodes with high connectivity (hubs)
connect more preferably to the hubs, which are called
the assortative mixing networks. On the opposite side,
many technological and biological networks show dis-
assortative mixing, i.e., the hubs are preferably con-
nected to the nodes with small degree. In this stage,

most of network models that have been proposed to

simulate the structures of various real networks are
somewhat incomplete due to the absence of these mix-
ing patterns.To explore dynamical mechanism or mi-
crocosmic origin of the feature of the degree correla-
tions still continue.

A simple and coarse-grained manner to quantify
the degree correlations is the average nearest neigh-
bour function &y, (k).[?% It can be calculated from the
conditional probability P(j|k) = P(j, k) (k) /[kP(k)]
as

Epn (k) = ZjP(jlk)~ (1)

A network with an (de-)increasing ki, (k) is called

(dis-)assortative correlation. In Fig.3, we report

knn(k) as a function of k for the present networks for
a fixed spreading probability A=0.01. An adjustable
correlation pattern can be obtained by adjusting the
parameter p. We also calculate k., (k) for different
spreading probability A, same result is found, which
indicates that the degree correlations likely originated

from the adaptation of the systems.
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Fig.3. Average degree of the neighbours of a node with
connectivity k in the adaptive network, with spreading
probability A=0.01.

3.3. Hierarchical clustering

Hierarchical clustering, existing in many real net-
works, such as Actor network, WWW and Inter-
net, indicates that these networks are fundamentally
modular.3”! In society, the modules represent groups
of friends or co-workers; in the WWW, they denote
communities with shared interests. This clearly iden-
tifiable modular organization is at the origin of the
high clustering coefficient observed in many real net-
works. It can be characterized in a quantitative man-
ner using a scaling law C(k) —k~7,138 which describes
the dependence of the clustering coefficient on the
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node degree. We argue that this scaling law quan-
tifies the coexistence of a hierarchy of nodes with dif-
ferent degrees of clustering and applies to the present
adaptive networks as well. In Fig.4, different relations
between C(k) and k are shown for A=0.01. Particu-
larly, when p > 0.1, it asymptotically follows the 1/k
law, indicating the presence of the hierarchical archi-
tecture. In contrast, when p ~ 0.005, the clustering
coefficient is independent of k, i.e., the scaling law

does not apply.
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Fig.4. The C(k) curves for different p values. The net-
works’ parameters used are the same as that in Fig.1.

4. Temporal behaviours of the in-

formation diffusion

Two quantities are usually used to charac-
terize the temporal behaviours of the information
diffusion.[3949 One is the average density of informed
nodes. If I(t) and N denote the number of informed
nodes and the total number of nodes in the network re-
spectively, then the density of informed nodes is given
by i(t) = I(t)/N. The average density of informed
nodes is computed by the average of i(t) over many
independent realizations. Another is the spreading ve-
locity, which is defined as
_di) _10+0-10)

dt N ’

To demonstrate the effects of the adaptive rewiring

Vin ()

on the diffusive process, we perform extensive numer-
ical simulations for different values of p. Figure 5(a)
shows that the smaller the p is, the more slowly the
information diffuses. Obviously, all the nodes will be
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Fig.5. a Average density of informed nodes versus time in an
adaptive network of 10000 nodes with average k < k >~ 6.
b Corresponding spreading velocity at each moment ¢ in the
adaptive networks with the same parameters.

in informed state in the limit of time, i.e., tlggloc(t) =
1. Asis shown in Fig.5(b), the corresponding diffusive
velocities have a peak at a certain time step ¢, where
i(t) increases at the fastest rate. This time step is ref-
ereed to as the moment of the outbreak or the peak
time, which shows a transition from the small inci-
dence of the information to a macroscopic outbreak.
Similar to the epidemic diffusion on both un-weighted
and weighted scale-free network, the diffusive velocity
goes up to a peak quickly.394%) These results have not
a fundamental deviation from the traditional results
of the information diffusion on the scale-free networks.
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Fig.6.
“peak” time for the adaptive networks with different

The scaling of the diffusive velocity after the

rewiring probabilities at different spreading rates. The
networks’ parameters used are the same as those in Fig.1.
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However, what is interesting, velocity decays exponen-
tially after the peak time (Fig.6)

Vin(t) ~ exp[—At]. (3)

The decaying form seems to be independent of net-
worked structures. In addition, by numerical calcu-
lating the other models, such as random graph and

[6] we obtain

Barabasi and Albert scale-free network,
the same result. This suggests that it might be a gen-
eral property of the diffusion dynamics. However, the
moment of the outbreak or the peak time is different.
Comparing the result with that on random graph, we
see that it is smaller on the adaptive network, indi-
cating that the process of the information diffusion is

speeded up by the adaptive rewiring of networks.

5. Summary and discussion

We have investigated the feedback mechanism
and the interplay combining the dynamic of informa-
tion diffusion with the evolutionary dynamic of net-
work. In addition to the scale-free feature, two im-
portant properties of real networks, the degree cor-
relations and hierarchical clustering, are affected by
the adaptive rewiring mechanism, which are rarely
encompassed by a single network model in the pre-
vious studies. Moreover, the temporal behaviours of
information diffusion are also strongly affected by the
adaptive mechanism.

It is worth mentioning that in this paper only a
simple example of the adaptive network is presented.
Richer dynamics may be expected in more complex
and strict models. For instance, irrespective of the
kind of object to be transmitted, a realistic diffu-
sive model should take into account whether the ob-
ject passed from one individual to another is modified
during the process. In particular, information might
be continuously revised while flowing throughout the
network. Some recent works considered the degrada-
tion of information during transmission processes and
investigated the information spreading on the static
networks.'941] In this aspect, more complicated vari-
ations of the microscopic rules of adaptive rewiring
may be implemented to reveal important qualitative
and quantitative effects on both the dynamics of net-
works and information spreading.

In addition, the information, such as public opin-
ion, technological innovation, or new idea, can spread
by replication rather than transference, i.e., they could
be copied with some freedom and without conserva-
tion of the total number. However, in some spreading
systems, the objects to be transmitted might be con-
servative, i.e., they spread by transference rather than
replication.[?) Therefore, one can consider the spread-
ing of the objects with conservation on an adaptive
network, which possibly enrich both the topological
properties and the dynamical features.
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