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Abstract
There are many studies in the marketing and diffusion literature of the conditions in which

social contagion affects adoption processes. Yet most of these studies assume that social

interactions do not change over time, even though actors in social networks exhibit different

likelihoods of being influenced across the diffusion period. Rooted in physics and epidemiol-

ogy theories, this study proposes a Susceptible Infectious Susceptible (SIS) model to

assess the role of social contagion in adoption processes, which takes changes in social

dynamics over time into account. To study the adoption over a span of ten years, the

authors used detailed data sets from a community of consumers and determined the impor-

tance of social contagion, as well as how the interplay of social and non-social influences

from outside the community drives adoption processes. Although social contagion matters

for diffusion, it is less relevant in shaping adoption when the study also includes social

dynamics among members of the community. This finding is relevant for managers and

entrepreneurs who trust in word-of-mouth marketing campaigns whose effect may be over-

estimated if marketers fail to acknowledge variations in social interactions.

Introduction
Social network theory holds great importance for understanding social influences. Ideas, infor-
mation, trends, opinions, adoptions of new technologies, fads, and many other human activi-
ties spread among individuals through social interactions [1, 2], which makes seeking to
understand how social influence works and the extent to which it affects adoption, highly
relevant.

Early research assumed temporal and spatial homogeneity in social influence (i.e., every
actor had the same probability of influencing or being influenced [3]). However, people inter-
act with varying numbers of others, and with some of them more frequently than with others.
Research that accounts for such heterogeneity in human relations started using network mod-
els [4, 5] to address issues such as the role of opinion leaders in diffusion processes [5], in find-
ing out how to encourage people to get the word out [6], to determine whether regular
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consumers encourage the diffusion of innovations [7], and to discover whether there is a com-
plementary or substitute effect between social influence and traditional marketing (e.g., adver-
tising) [5, 8].

Modeling social contagion using network models requires taking two conditions into
account [9]. First, researchers must identify and follow up on users of the new product or inno-
vation over time, because individuals might adopt or reject the innovation at different times.
Second, they must account for variations in social relations among the community of custom-
ers over time, since social interactions are inherently unstable and change frequently. In other
words, the contact pattern among individuals does not have a static architecture, but rather
coevolves with the population as the contagion progresses.

Research in social interaction has distinguished between two types of dynamic networks.
Those networks in which the topology changes regardless of the contagion process taking place
on them are called evolving networks, while those networks that change their topology to miti-
gate or promote these processes are called adaptive networks [10]. During recent years adaptive
behavior in contagion has been studied extensively [11–23]. An adaptive case happens when
the behavioral changes produced by the perception of risk during the contagion process modify
the network structure. Given the wide range of human reactions and its impact on the spread
of the contagion, several models have been developed (See a review in [15]).

In adaptive networks, the social dynamic has been modeled using different types of rewiring
methods. For instance, as reported in [16, 21] once an uninfected vertex loses connection with
an infected neighbor it establishes a new connection only with other susceptible vertices. This
sort of rewiring is appropriate for symptomatic contagion. On the other hand, [18] reports a
new connection might be established at random with any other vertex without discrimination.
In [14] preferential reconnections take place only among infected vertices reflecting a sort of
self-imposed quarantine. An adaptation phenomenon is considered in [10] when an uninfected
vertex, based on local information, is disconnected from an infected vertex with a certain prob-
ability and restores it after a fixed time. In conclusion, adaptive network models have contrib-
uted to our understanding of dynamic networks because they provide insight into the
qualitative and universal features of how adaptive behavior affects the dynamics of contagion.

Our empirical setting and data correspond to an evolving network. In this regard we follow
mainly the work of Schwarzkopf et. al. [11] which accounts for an indiscriminate rewiring,
independent of the contagion process. Additionally, the studies previously mentioned are
based mostly on some theoretical assumptions and extensive computer simulations, while our
approach, is more closely related to data-driven model methodologies and is intended to
describe real processes based on rich and detailed longitudinal datasets.

Concerning the studies reported in the marketing and diffusion of innovation literature,
extant models, probably due to a lack of information, account for only the variation in adopters
over time, using a single social network across time (e.g. [4, 5]). As a result, the prevalence of
social contagion in the adoption process might be over or underestimated, because of not con-
sidering network dynamics. To the best of our knowledge, this issue remains unaddressed,
despite its important implications for marketing and diffusion of innovation theory. For exam-
ple, the assumption that social contagion is at work has prompted many entrepreneurs and
small firm owners with scanty resources to rely on word-of-mouth or grass-roots marketing
strategies to promote their products or services. But it could be that managers are overestimat-
ing the power of social contagion; these word-of-mouth (WOM) strategies might not be work-
ing as well as expected.

In summary, the central research question addressed in this paper is to understand how
social dynamic in evolving networks affect the weight of social contagion in the process of
adoption of new products.

Understanding Social Contagion Using Dynamic Social Networks
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1 Materials and Methods

1.1 SIS Model in a Static Network
To model social contagion, we use a SIS approach, which is common in physics, epidemiology,
and diffusion of innovation research [7, 23–26]. The models can depict contagion of individual
entities, who switch from potential customers to adopters and vice versa. They have also been
used to analyze the spread of diseases in heterogeneous networks with arbitrary vertex distribu-
tion (e.g., [27]).

In our model, those who have adopted an innovation are “infected”. The fraction or density
of the population in an infected state at time t is represented by x(t). Non-adopters (individuals
at risk of adopting) are in the susceptible state s(t) at time t. Each person in a susceptible state s
(t) at a time t is coded as either having transitioned to the infected state x(t) (s(t)! x(t)) or not
prior to this time (similar to transitions of the type x(t)! s(t)).

As an efficient means of constructing an SIS model, we applied mean field (MF) theory.
Such models can reveal the behavior and interactions of a large number of individual compo-
nents, thereby reducing complex problems to simpler ones and, in some cases, providing very
accurate results for real-world networks.

Two conditions are necessary to enable MF models to work better in real-world networks:

1. The states of the neighbor vertices must be independent of each other. Clustering coeffi-
cients and transitivity in the network should be low. For low transitivity networks, the vertex
states (susceptible or infected) and those of their neighbors can be treated as independent,
in such a way that it is possible to neglect dynamic correlations.

2. The average connectivity of the vertex neighbors should exceed the average connectivity of
the vertices. MF theory produces relatively few errors for networks in which the vertices
have highly connected neighbors [28].

An interesting consequence for randommixing networks (see Section 3.3) is that the aver-
age connectivity of the individuals’ neighbors exceeds the average connectivity of the individu-
als. Therefore, the MF model should give very accurate results for these types of networks.

The degree of a vertex is defined as the number of edges that enter or exit from it. We pro-
pose using the degree as the network unit of analysis. Such a degree-based approximation was
first proposed by Pastor-Satorras [27, 29–31], under the basic assumption that all vertices in a
given degree class can be considered to be statistically equivalent. That is, all vertices of the
same degree have the same probability of contagion at any given time. This approach takes its
simplest form when applied to a network with a given distribution function. In this case, the
results are equivalent as to work at the vertex level but are computationally more efficient.

Let sk(t) and xk(t) be the densities of susceptible and infected vertices with exact k connections
(degree), respectively. The degree distribution of a network can be described by Pk, which is the
fraction of vertices with degree k. Then the densities sk(t) and xk(t) can be defined as follows:

sðtÞ ¼
X
k

PkskðtÞ

xðtÞ ¼
X
k

PkxkðtÞ

Furthermore, these variables obey the following normalization condition:

sk þ xk ¼ 1

Understanding Social Contagion Using Dynamic Social Networks
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To assess the transmission of contagion, we use the excess degree of a vertex [24, 32]. If we
follow an edge to a vertex, the excess degree is one less than its degree. Contagion cannot be
transmitted back along the edge from which it came. The probability of reaching a vertex of
degree k (or the excess degree k − 1) by following a random edge is therefore proportional to k.
In turn, the probability that a vertex at the end of a random edge has an excess degree k − 1 is a
constant multiple of kPk, with the constant chosen to ensure that the sum over k of the proba-

bilities is equal to 1. Then the probability that a vertex has excess degree k − 1 is qk ¼ kPk
hki , where

the mean degree hki serves to ensure the normalization of the distribution. This distribution
also characterizes degree-uncorrelated networks.

The adoption process might occur for two reasons:

1. Non-social factors. To include these factors in the model, we use the term ϑ sk(t), which
indicates the spontaneous contagion of the susceptible population at a constant rate ϑ [33].
This parameter captures all non-social issues that might drive adoption, such as firm adver-
tising, the diffusion of the product in other countries, pricing, and so forth.

2. Contact with an infected infectious vertex through the links of the social network. This
probability is [27, 29, 31]:

YkðtÞ ¼
X
h

Pðh j kÞxhðtÞ

More precisely, Θk(t) is the probability that an edge emanating from a vertex of degree k
points to an infected vertex. Here, P(h j k) is the conditional probability that a vertex of
degree k is connected to a vertex of degree h. However, in the case of an uncorrelated ran-
dom network, the probability that an edge points to a vertex with h connections coincides
with the probability that this vertex has excess degree h − 1, such that

Pðh j kÞ ¼ hPh

hhi

where we rely on the knowledge that hki = hhi. Then,

Y tð Þ ¼
X
h

Pðh j kÞxhðtÞ ¼
1

hhi
X
h

hPhxhðtÞ ð1Þ

In this case, Θ(t) is independent of the degree k. Next, we define β as the transmission rate
at which a susceptible individual changes from a susceptible to an infected state after contact
with a single infected vertex. With a probability β per time unit, infected vertices spread the
contagion to their susceptible neighbors.
The probability of transmission from any neighbor of one particular vertex is βΘ(t)dt. In
addition, this particular vertex must itself be susceptible, which happens with probability
sk(t), so the final probability that the vertex will become infected is sk(t)β kΘ(t)dt. The factor
k stems because each network vertex admits the transmission from each of its contacts.

Thus, the rate of change of sk ( ddt sk tð Þ) due to social contagion is given by −β k sk(t)Θ(t)

In addition, we consider the parameter γ representative of the recovery rate of an individual
from the infected state xk and thus its return to the susceptible state sk. To include this recovery,
we use the term γ xk(t).

Understanding Social Contagion Using Dynamic Social Networks
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Taking all these considerations into account, we derive the following model, which we will
denote by SISϑ model:

d
dt

sk tð Þ ¼ �b k skðtÞYðtÞ � W skðtÞ þ g xkðtÞ
d
dt

xk tð Þ ¼ �g xkðtÞ þ b k skðtÞYðtÞ þ W skðtÞ

Table 1 describes the parameters and variables of the model.
By replacing sk = 1 − xk in the equation for xk, we obtain:

d
dt

xk tð Þ ¼ �a xk tð Þ � b k xk tð ÞY tð Þ þ b kY tð Þ þ W ð2Þ

where α = ϑ+γ.

1.2 Modeling the Dynamics of the Network
In model (2), we assumed that network relations did not vary over time. However, when the
number or identity of neighbor vertices in a particular vertex changes, each vertex is no longer
connected to a static set of neighbors but to a dynamic one. To assess this social network
dynamic, we measure the topological overlap between graphs in the time series. We use a varia-
tion on the temporal correlation coefficient presented in [34], in such a way that our variation
corrects for the large number of temporal disconnected vertices in the time series. Therefore, as
defined in [34, 35] the topological overlap in the neighborhood of i between two consecutive
time steps [tm, tm+1] is:

Ciðtm; tmþ1Þ ¼
P

jaijðtmÞaijðtmþ1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½PjaijðtmÞ�½

P
jaijðtmþ1Þ�

q ð3Þ

where aij represents an entry in the unweighted adjacency matrix of the graph. Therefore, sum-
ming over aij gives the edges between i and every other vertex. Next, the average topological
overlap of the graph at tm with the subsequent graph at tm+1 is given by:

Cm ¼ 1

max ½NðtmÞ;Nðtmþ1Þ�
XN
i¼1

Ciðtm; tmþ1Þ ð4Þ

Here, we average the maximum number of vertex participants in the network, instead of the
total number. The metric suggested in [34, 35] calculates averages by a fixed N, or the total
number of vertices in the network, so the resulting value underestimates the topological overlap
by the percentage of non-participating vertices. Further discussion of the difference between

Table 1. Parameters and Variables of the Model.

Model Parameters

β Transmission rate due to social influence.

W Spontaneous adoption rate due to external influences

γ Recovery rate

Model Variables

sk(t) Density of susceptible individuals (non-adopters) with degree k

xk(t) Density of infected individuals (adopters) with degree k

Θ(t) Probability that an edge from a vertex of degree k points to an infected vertex

doi:10.1371/journal.pone.0140891.t001
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this metric and the one presented in [34, 35] is available in [36]. The average temporal overlap
between any two temporally adjacent graphs (temporal correlation coefficient) in a series is
given by:

C ¼ 1

M � 1

XM�1

m¼1

1

max ½NðtmÞ;Nðtmþ1Þ�
XN
i¼1

Ciðtm; tmþ1Þ
 !

ð5Þ

If coefficient C equals 1, the network is static. If C is less than 1, we should use network mod-
els that account for network variability. We apply Eq (5) to our data in section 3.5 to verify the
constant turnover of neighbor vertices in the network.

Fefferman and Ng in [37] show that continuous shifting of social contacts based on individ-
ual association preferences powerfully affects social contagion processes. On the one hand, the
local network dynamic can define consistent properties of the convergent stationary network
structure (e.g., well-defined degree distribution function) [38, 39]. On the other hand, it will
affect the contagion processes even after the network has reached a stationary or stable state.
Thus, to investigate the potential role of individually driven network dynamics in social conta-
gion, we should consider that the social network is not static but rather changes over time.

To capture social interaction among individuals, we opt for a rewiring model. Given that
our empirical setting is characterized by an evolving network, our approach accounts for indis-
criminate rewiring, independent of the contagion process, but dependent on the vertex degree.

A general indiscriminate rewiring dynamic is as follows: an edge is chosen at random and
one end of the edge initially connected to vertex k is rewired to another vertex k0 with rate u(k,
k0). This is a random and instantaneous process. During the rewiring the number of vertices N
and the number of edges E are unchanged but the edges are stochastically detached from one
vertex and reattached to another.

A first simplification, is for u(k, k0) to factorize into a function of k and a function of k0, thus
the overall rate of a rewiring event such that two vertices with degrees k and k0 end up with
degrees k − 1, k0+1 is u(k, k0) = kϕk vk0. The factor k stems from choosing an edge at random.
Writing uk = kϕk we have the rewiring rate u(k, k0) = uk vk0 where uk is the detachment rate and
vk0 the attachment rate.

In order to better understand the indiscriminate rewiring process we map network rewiring
dynamics to the dynamics of hopping particles (see Fig 1). Thus, we think of the number of
edges connected to a vertex (vertex degree) as the number of particles at a site. The rate at
which a particle hops from a site with k to a site with k0 particles is then u(k, k0) = uk vk0. Using
the particle interpretation, uk and vk are respectively the rates at which a particle leaves a
generic site (k! k − 1), or arrives in this site (k! k + 1). These models are known as driven
diffusive systems [40]. A particular driven diffusive system is theMisanthrope process [41] in
which the hopping rate u(k, k0) depends on the occupancy of both the departure and target
sites. Since an edge may be rewired from one vertex to any other in the indiscriminate rewiring
process, we are considering Misanthrope dynamics on a fully connected geometry [42]. In this
regard, given that we use a mean—field approach, fully connected geometry or mean—field
geometry is guaranteed [43].

The network configuration at time t is determined by the degree sequence Ki(t) (the occupa-
tion numbers in the particle-simile) with i = 1. . .N, and N the number of network vertices [32].
We assume that the probability of finding the network in a given configuration at time t factor-
izes, i. e. P(K1, K2, . . ., KN) = P(K1)P(K2). . .P(KN). Factorization is a crucial issue because it
allows focusing on the probability that an arbitrary vertex i has degree k, Pk(t) = P(Ki(t) = k) (in
the particle-simile, the probability of finding k particles in the generic site i).

Understanding Social Contagion Using Dynamic Social Networks
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The probability Pk(t) (that a site contains k particles at time t) is the degree distribution and
it is also the fraction of vertices in the network with degree k. Pk(t) satisfies the master equa-
tions given by [38]:

d
dt

PkðtÞ ¼ ukþ1Pkþ1 þ vk�1Pk�1 � ðuk þ vkÞPk; k � 1 ð6Þ

d
dt

P0ðtÞ ¼ u1P1 � v0P0 ð7Þ

These equations are non-linear, due to the dependence of the rates uk and vk of Pk(t). The
equation for P0 is special because one cannot select a zero degree vertex (an empty site) as a
departure vertex (site).

1.3 The SISW Model with Rewiring
Following Schwarzkopf et al. [11] we consider a generalization of the model (2) with rewiring
(a detailed derivation of this model is included in the appendix) in the form:

d
dt

xk ¼ �a xk � b kxkYþ b kYþ W� xk uk þ vkð Þ þ xkþ1Pkþ1ukþ1

Pk

þ xk�1Pk�1vk�1

Pk

� �
ð8Þ

The Eq (8) takes the change in the densities of infected vertices with degree k due to the
rewiring dynamics into account. Thus, when an edge end of an infected vertex (with a rate of
vk) attaches to a vertex of degree k, or else when a vertex of degree k is detached (with a rate of

Fig 1. The Mapping of the Misanthrope Process to Rewiring Dynamics in Networks.

doi:10.1371/journal.pone.0140891.g001

Understanding Social Contagion Using Dynamic Social Networks

PLOS ONE | DOI:10.1371/journal.pone.0140891 October 27, 2015 7 / 25



uk), the number of infected vertices of degree k decreases. This loss is described by the term −

xk(uk + vk) in model (8). On the other hand, the gain term xkþ1Pkþ1ukþ1

Pk
þ xk�1Pk�1vk�1

Pk

� �
in model

(8) reflects infected vertices of degree k − 1 that get an edge and the infected vertices of degree
k + 1 that lose an edge. Both cases ultimately arrive at a state with k edges.

It is worth noting that three points differentiate our study from [11]. First, we include an
extra term that accounts for spontaneous contagion. Second, the empirical network under
analysis is not a free scale network. And finally, attachment and detachment rates are estimated
directly from the data, fitting theoretical curves from the model (8) with the one of the evolu-
tion of adoptions over time.

2 Data Analysis

2.1 Social Network Data
The data set consists of records of telephone calls between community members in a small
town (approximately 4000 inhabitants). We have information on telephone calls among the
entire database of customers (corresponding to 1147 households) of a particular phone service
between 1998 and 2007, on the base of one month. To build the social network, we used the
phone numbers as labels for network vertices and calls as proxies for contacts or edges between
these vertices. Phone networks previously have been used to depict the communication and
social network contact among members of a community (e.g., in [44, 45]). The raw data are
lists of the total phone calls between vertices in a given month for a span of ten years. These
lists are directed (i.e., i calls j differs from j calls i) and aggregated monthly (the sum of all calls
from i to j in one month). The graphs and corresponding adjacency matrices created from
these lists are weighted and directed.

We discard all links that are not bidirectional from the original graph and treat the remain-
der as undirected edges. Yet not all directed links correspond to a real social tie: For example, i
might consider j her friend, but jmay not have that same consideration of i. Also, the direction-
ality of the link between two vertices in the graph does not indicate any sort of hierarchical or
differential social status among the community members in this case. Before performing any
analysis, we must therefore make the graphs undirected. If the relationship between two verti-
ces is not mutual in a given month, the edge is removed from the graph. Thus, two vertices are
connected with an undirected edge if there were at least one pair of reciprocated phone calls
between them (i.e., i calls j, and j calls i). Approximately 57% of the edges are excluded from
the graph with this step.

2.2 Internet Adoption Data Over Time
We studied the diffusion process of Internet service. We have data on the time of adoption of
this service from 1998 to 2007 for 250 customers (right censored). The raw adoption data for
Internet services is given as a Ymatrix with dimension N × T, where N = 1147 is the number of
vertices, and T = 118 is the number of months in the observation period. If a vertex has Internet
service in a given month, the corresponding matrix entry is equal to 1; a 0 would denote no
Internet service.

The adoption state may be acquired and lost repeatedly. An individual who ceases to be an
adopter immediately becomes susceptible (i.e., a consumer at risk of adopting). The fluctua-
tions between 1! 0! 1 are common in the time series, and we account for them by treating
0 users as susceptible entities (see Fig 2). A first-time adoption is the first time a vertex adopts,
and each vertex can appear once in a calculation involving first-time adoptions. Generally,
adoption implies a 0! 1 transition, and a vertex can transition more than once.

Understanding Social Contagion Using Dynamic Social Networks
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In our empirical investigation we are dealing with an evolving network. People do not
change connections with other individuals because they have contracted Internet service. In
other words, Internet spread does not alter the structure of contacts. However, the social inter-
action within the community changes over time and consequently affects the spread of the
Internet in the population.

3 Network Structure Over Time
To study adoption processes across evolving social networks, and in line with our model assump-
tions, we must characterize the structure of the network in which adoption may take place.

3.1 Degree Distribution
Fig 3 depicts the degree distribution functions, calculated over several months.

Although the observation window for registering the data is very large (ten years), the
degree distribution function does not reveal many changes. On average, it retains the same
shape over time (see Fig 3). This empirical evidence indicates that while the social network is in
a steady state, the monthly distribution function fluctuates around an average distribution.
This very desirable feature of the network allows for a comparison of the vertex degree across
months. Moreover, for future calculations, the degree distribution function Pk(t) of a particular
month tmay be replaced by the average degree distribution function Pk, taken over all the
months in the observation window.

In addition, the mean degree hki, defined as hki = ∑k kPk, of the participating vertices (verti-
ces with at least one link) in the graph remains relatively constant (a line of best fit has a slope

Fig 2. Fluctuations per month. The red line indicates the number of people who transitioned from susceptible to infected (0! 1); the blue line reveals the
number who transitioned from infected to susceptible (1! 0); and black shows the net change in the total number of adoptions for the given month.

doi:10.1371/journal.pone.0140891.g002
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of 0.01). Variation between months is much less than variation between vertices: the sample
standard deviation of the mean degree of participating vertices between months is 0.85,
whereas the standard deviation of the mean degree over all the months between vertices is 7.32.
However individual vertices show significant variation in degree over time.

3.2 Condition 1 of the MFModel: Clustering Coefficient
To check condition 1 from Section (1.1), we measured the clustering (transitivity) coefficient,
which can indicate what fraction of the vertices in a graph are involved in triangles [46]. It is

Fig 3. Degree probability function of the social network over time. The average probability distribution function (PDF) is in black. This PDF came from
fitting by Pk* kae−bk. The coefficients (95% confidence bounds) are as follows: a = 0.8199(0.7873, 0.8525), b = 0.1548(0.1506, 0.1589); goodness of fit
(SSE) = 0.777 × 10−4; R-square = .9975, adjusted R-square = .9975, RMSE = 0.9141 × 10−3.

doi:10.1371/journal.pone.0140891.g003
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calculated as:

ci ¼
1

kiðki � 1Þ
X
j;h

aijaihajh ð9Þ

where ki is the degree of vertex i.
Fig 4 presents the average clustering coefficient, depending on the vertex degree. As shown,

the clustering coefficient for the vertex in the network is very low and falls even lower as the
vertex degrees increase.

3.3 Condition 2 of the MFModel: Average Nearest Neighbor Degree knn
and Degree Assortativity
To confirm condition 2 from Section (1.1), we studied the average nearest neighbor degree of
vertices of degree k, as defined by knnðkÞ ¼

P
hhPðh j kÞ over time. In this case, P(h j k) is the

conditional probability that a vertex of degree k is connected to a vertex of degree h.

Fig 4. Average clustering coefficients (ci) versus vertex degree (ki), for each vertex and calculated for the time series of networks.

doi:10.1371/journal.pone.0140891.g004
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If two-point correlations are not present in the network, the conditional probability takes

the form Pðh j kÞ ¼ hPh
hki , and the average nearest neighbor degree reads:

knn ¼
X
h

h2Ph

hhi ¼ hh2i
hhi ¼ hhi þ VarðhÞ

hhi ð10Þ

which is independent of k.
In this case, we encounter proportionate mixing, also known as random mixing, which

occurs when vertex interactions have no particular preference. Connections are seemingly

made at random from the connection pool, with a probability distribution function qh ¼ hPh
hhi

[47]. As a consequence of proportionate mixing, the average connectivity of the individuals,
neighbors exceeds the average connectivity of the individuals, as Eq (10) indicates.

In contrast, the explicit dependence of knnðkÞ on k necessarily implies the existence of non-
trivial correlations. For example, in many social networks, vertices with high degrees more
preferably connect to highly connected vertices, reflecting a property referred to as assortative
mixing [46].

In Fig 5, we observe that <k2>
<k>

� knn. That is, the graph is non-assortative (there is propor-

tionate or randommixing) for the degree.

Fig 5. Average degree hki, average nearest neighbor degree knn, and variance-to-mean ratio hk2i
hki of the Network over Time and over Participating

Vertices.

doi:10.1371/journal.pone.0140891.g005
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To further corroborate proportionate mixing in the network, we used the degree assortativ-
ity, which can be measured as the Pearson correlation coefficient r [46, 47]:

r ¼ 1

s2
q

X
jk

jkðejk � qjqkÞ ð11Þ

where q is the degree distribution of a vertex at the end of a randomly chosen edge (i.e., degree
distribution of nearest neighbors, as described previously); s2

q is the sample variance of q; and

ejk is the joint probability distribution of the degrees of two connected vertices.
In a network with no assortative mixing, qj and qk are independent, and ejk = qj qk, so the

coefficient is identically 0. We have 118 snapshots of an evolving network with degree assorta-
tivity ranging from 0.0068 to 0.0211 in our study. Therefore, we assert that we can consider
this social network to be an evolving, non-assortative graph.

3.4 Estimating Values for SISW Model Parameters
First we consider the case of a static network. Fig 6 shows the fit for the three numerical solu-
tions obtained from Model 2. Note that in this case the real data shown in Fig 6 is the accumu-
lated data of the number of consumers who remained adopters until a given month. This is
unlike the data shown in Fig 2, which records what happens in each specific month (month
after month) regarding the number of adoptions and dis-adoptions of the Internet service.

The gray dash-dotted curve came from taking the corresponding spontaneous contagion
parameter ϑ = 0. The values for the other parameters were found by fitting the solution given

Fig 6. Fitting the Theoretical Solutions Provided by Model 2 and Adoption Data over Time. The gray curve represents the fit for the pure contagion
case: W = 0, β = 0.0045, γ = 0.01, with a residual mean square SD = 0.2. The orange curve is the fit for pure non-social influences: W = 0.0006, β = 0, γ = 0.01,
SD = 0.054622. The red curve is the fit for the combined effect W = 0.0007, β = 0.0017, γ = 0.01, SD = 0.005.

doi:10.1371/journal.pone.0140891.g006
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by the model and the actual evolution of adoptions in the community. The theoretical solution
provided by the model in this case includes only the effect of social contagion through network
links. As Fig 6 shows, we obtained a relatively good fit in this case for only the first 40 months,
after which the model with these values for the parameters loses its predictive ability.

For the orange dotted curve, we set the parameter β = 0 and adjusted the parameter corre-
sponding to spontaneous contagion ϑ. However, this yields an even worse fit than the previous
option; after about 30 months, long-term predictions are impossible.

Finally, for the red dashed curve, we used two parameters, β and ϑ, to match the theoretical
solution to real data. In this case, the model can reproduce the entire evolution of adoptions
with notably better precision.

From this analysis, it seems clear that social contagion and non-social factors, such as adver-
tising and influences from outside the community, play complementary roles in terms of their
impact on the adoption process. Non-social influences most likely create new adopters sponta-
neously, whereas social contagion leads to the expansion of already existing adopters. The
interplay of these complementary influences then gives shape to the dynamics of adoption.

In our empirical application we found that social contagion is approximately two and a half

times stronger than non-social influence, bW � 2:5. In other words, in the particular case of this

community, members were more likely to adopt Internet service as a result of social influences
than as a consequence of other, non-social factors.

3.5 Estimating the Values of the SISW Model Parameters While
Accounting for Social Dynamics
We apply Eq (5) to our data. For this time series, the temporal correlation coefficient is 0.5282.
Using the metric defined in [34] produces a resultant temporal correlation coefficient of 0.3834.

The temporal correlation data reveal that as time passes, global changes in the graph prog-
ress evenly (see Fig 7). That is, the graphs do not change more in the beginning than at the end
of the observed window (i.e., the gradient from red to navy is not greater at the bottom left
than at the top right). Furthermore, as time progresses, the global features of the graphs overlap
less and less. On average, the topological overlap between a graph and its temporal neighbor is
0.5282, which represents the temporal correlation coefficient. The average overlap is 0.2836
between any two graphs, and between the two most separated graphs (first and last), the topo-
logical overlap decreases to 0.1099, which constitutes the stable kernel of the series. However,
these figures reflect only global tendencies. Each neighborhood of every vertex changes differ-
ently, at a different rate and with significant monthly fluctuations. It is also interesting to note
that every vertex i has at least one point at which the temporal overlap between the neighbor-
hood of im and im+1 is equal to 0.

As mentioned in Section (1.3), we simulated the role of individually driven network dynam-
ics in social contagion by using model (8), which includes network rewiring. This rewiring
dynamics is independent of the contagion process. So, we first estimated the detachment and
attachment rates from network data and then fit the parameters of contagion for the whole
model. In this section we explain this procedure step by step.

It is worth noting that the network mean degree hki ¼ E
N
is a conserved quantity:

d
dt

P
kkPk tð Þ ¼ 0. Using this condition and master Eqs (6) and (7) we have:

X1
k¼1

Pkuk ¼
X1
k¼0

Pkvk ð12Þ
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We assume the rewiring depends only on the degree of the departure vertex. This simplifica-
tion is consistent with indiscriminate rewiring and with the random mixing property of the
network studied. In the particle analogy, when the particle hopping rate depends only on the
occupation number of the departure site, the dynamics is called Zero-Range Process (ZRP) [42,
43]. For this case, introducing the notation uk = dk and using Eq (12) we have:

uk ¼ dk; vk ¼
X1
l¼1

Pldl ¼ hdi ð13Þ

Fig 7. Topological overlap between every graph in the time series and every other graph in the time series.

doi:10.1371/journal.pone.0140891.g007
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From Eq (6) and steady state condition d
dt
Pk tð Þ ¼ 0 we get the relation:

Pk

Pkþ1

¼ dkþ1

hdi ð14Þ

As the rewiring rate does not depend on the destination site, the end of the detached edge

can be attached to any vertex in the network, so we use vk ¼ hdi ¼ 1

N
.

Using vk so defined, and the steady state relation Eq (14) we can find the detachment rate:

dkþ1 ¼
Pk

NPkþ1

ð15Þ

We can use relation Eq (15) directly to work with the detachment rate, but we can also esti-
mate dk by fitting the average degree distribution function from network data. Fitting Pk we
obtain Pk * kae−bk. The coefficients (95% confidence bounds) are a = 0.8199(0.7873, 0.8525),
and b = 0.1548(0.1506, 0.1589). We substitute this fit of Pk in Eq (15) and get:

dk ¼
eb

N
1� 1

k

� �a

ð16Þ

Thus, we can rewrite the Eq (8) as follows:

d
dt

xk ¼ �a xk � b kxkYþ b kYþ W� n xk dk þ
1

N

� �
þ n

xkþ1

N
þ dkxk�1

� �
ð17Þ

Where, we have used the Eq (15) and have introduced the parameter ν, which describes the
overall time scale of the rewiring process, compared with that of the contagion process.

We use a heuristic approach for estimating model parameters and follow three basic steps:
(1) We choose values for the parameters β, ϑ, ν from a mesh of equally spaced values (the value
γ = γs is fixed, i.e. it is the same as in the case of a static network), (2) We solve the differential
Eq (17) using these parameters, and (3) We calculate the minimum value using the least
squares method:

min
b;W;n

k xðtÞ �
Xkmax

k¼kmin

Pkxkðb; W; n; tÞ k ð18Þ

Where, x(t) is the density of adopters obtained from data and xk(β, ϑ, ν, t) is the solution of
the differential Eq (17) for the choosing parameters. The least squares method is applied using
available data points for time ti (month), i = 1, 2, . . ., N, with T = 118.

To choose the parameters we start the calculation with ν = 0, i.e. with a static network, and
determine the values of βs and ϑs for this static case. Then we build a three-dimensional grid
with the intervals jβ − βsj � h1 βs, jϑ − ϑsj � h2 ϑs, and ν 2 [0, 500]. h1 and h2 are some fractions
of βs and ϑs respectively. We used, several values for these parameters, but after some explora-
tions we found reasonable results for h1 = h2 = 0.7 when ν 2 [0, 500].

Fig 8 depicts two important results. First, the network rewiring diminishes the contagion
relative to the static case. Indeed, in order to keep the fit of the curve when rewiring occurs, the
value of the β parameter should be adjusted upward. On the other hand ϑ oscillates between
ranges close to its value from the static network. This behavior is shown more clearly in Fig 9.
Second, we observe that the mesh used, which basically consists of analyzing the behavior of
the network rewiring in a neighborhood of the static network, is useful for fitting the model’s
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parameters even for large values of the rewiring rate. The fitting procedures show great stability
and clear trends in the parameter estimates.

The contagion spreading is not necessarily enhanced by the dynamics of the network (see
Fig 10), and the prevalence of contagion could be less than in the case of a static network. A
plausible explanation for this behavior is as follows. In a static model, the only way to vary the
number of connections each person has with others is by choosing a particular degree distribu-
tion for the network. However, the local shifting of the network affects the processes of conta-
gion spread because the number of connections between individuals could eventually change.

In our empirical setting, the network has an (almost) fixed size, a fixed mean degree and
even a fixed number of links, but it is not static since its structures vary over time. These
changes in the number of connections between individuals can be modeled as rewiring pro-
cesses. Because connections predispose individuals to contagion—causing contact, changes in
the number of connections evidently will produce a variation in the spread of the contagion,
because this contagion can only be transmitted along the links of the network and these links
change over time.

Now we take the point of view of a susceptible vertex, and assume that this vertex has a link
to an infected vertex. Usually, infected vertices have a higher degree than the susceptible ones
because in heterogeneous networks a large fraction of hub vertices mediates the infection pro-
cess (see for example [25, 48]). We corroborate this argument in Fig 11.

Fig 8. The figure shows an example of 20 × 20 mesh for fitting the model parameters. In (a), (c) and (d)
the vertical axis indicates the interval partition for the values of parameter β and the horizontal axis indicates
the partition for the parameter W. A mesh is constructed for each value of the rewiring rate ν. The (W, β) pair,
which fulfills Eq (18), is represented by a red box in each figure. (a) depicts the case of a static network with ν
= 0, and (b) is a three-dimensional representation of the fitting, where the vertical axis indicates the value
found for the “distance” between the model solution and the real curve. Finally, (c) and (d) represent the
cases of networks with rewiring.

doi:10.1371/journal.pone.0140891.g008

Understanding Social Contagion Using Dynamic Social Networks

PLOS ONE | DOI:10.1371/journal.pone.0140891 October 27, 2015 17 / 25



From Eq (16) we know that the detachment rate for links connected to hubs is higher than
for low degree vertices. Thus, the link of this susceptible vertex with the infected one is quickly
detached. Once a link is detached it is instantaneously attached to another vertex without pref-
erence by state of adoption or degree. Because the number of susceptible vertices is significantly
higher than the number of infected vertices, which is more noticeable at the beginning of the
diffusion of adoption, the probability that the link will be attached to another susceptible vertex
is also high.

In summary, a combination of two factors explains why social contagion has a lower effect
on adoption behavior for these dynamics networks: 1) the effective decrease of contagion rate
because of the rapid detachment from infected vertices (usually, highly connected vertices) and
2) the non-preferential attachment to other vertices, mostly susceptible ones. Thus, the con-
stant turnover of neighbor vertices could lead to an effective reduction of contagion and could
even suppress the spread of contagion in the network, as was mentioned in [37, 48].

3.6 Results and Discussion
Traditional marketing instruments have become less effective [49], prompting marketers to
seek new ways of influence customers. The increasing availability of network data in turn has
triggered interest among managers in exploiting customers’ social networks. In this context,
our research goal was to contribute to a better understanding of how and to what extent social
contagion drives the adoption of a new product. Many studies have addressed this issue previ-
ously, using network theory [4, 5, 8, 9]. However, we take a novel approach and model social
contagion by accounting for social dynamics over time, as well as for the multiple state changes
from adoption to disuse that occur over the years. This consideration is critical, because actors

Fig 9. Values and trends for the parameters W and β fitted for the model (17) for different rewiring rates ν = 0. . .500, corresponding to the curves
represented in Fig 10.

doi:10.1371/journal.pone.0140891.g009
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Fig 10. Long term prediction for adoption given by different rewiring rates ν. The fitting of available adoption data is replotted on a finer scale and is
given in the inset. Note that increasing the rewiring reduces the adoption.

doi:10.1371/journal.pone.0140891.g010

Fig 11. Mean degree of all network vertices sorted by adoption status. The red dots show infected vertices and the green dots represent susceptible
vertices. The inset box chart clearly shows that the infected vertices have a higher degree.

doi:10.1371/journal.pone.0140891.g011
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in a social network exhibit different likelihoods of being influenced during the diffusion pro-
cess, and this probability changes over time [9].

Rooted in theories of epidemiology, physics, and diffusion, we have developed a model to
check how social contagion (WOM, imitation) and non-social factors (advertising, context)
complement each other in terms of their impact on the adoption process. Furthermore, our
model accounts for changes in social dynamics over time. We used a standard MF network SIS
model and included the role of individual driven network dynamics in social contagion,
according to network rewiring. We also checked the validity of our model by applying it to a
unique data set that combines the dynamics of social relationships and adoption patterns
among customers in a community over ten year period, with information gathered on a
monthly basis. By studying a small community, we are sure that we have accounted for all rele-
vant social relations among the individuals in our sample.

In line with previous research, the results of applying the model to our data reveal that both
social contagion and contextual factors matter for the diffusion of innovations. The effect of
either single factor alone (social interaction or contextual factors) cannot drive adoption by
itself. However, social contagion prevails when we consider the weight that each factor has in
terms of explaining adoption. In our empirical investigation, the social contagion coefficient is
two and a half times greater than that of any of the other factors that affect adoption.

Despite the importance of social contagion, its effect weakens when we account for social
changes over time. Our results indicate that using a single network over the diffusion period
might overestimate the effect of social contagion on the adoption process. Specifically, we show
empirically that in a static network, the adoption rate can reach 40% of the population. How-
ever, when we account for social dynamics this value drops to less than 30%.

This finding has meaningful managerial implications. In the age of the Internet and
advanced communication technologies, both practitioners and scholars need to develop mod-
els that can help entrepreneurs and corporations leverage grass-roots marketing strategies and
replace traditional marketing tools with WOM tactics for reaching consumers. Our results con-
firm that social contagion functions, but we also find that constant turnover among neighbors
effectively reduces the rate of contagion and could even suppress its spread in the network.
Therefore, practitioners need to be more cautious about assuming that social contagion has a
strong effect, as some other researchers have warned as well [50]. With our empirical research,
we demonstrate that the outcome depends mostly on the stability of networks over time. For
that reason, and in line with the findings of Watts and Peretti in [51] and Van Den Bulte and
Raghuram in [50], managers cannot simply stop investing in advertising during product
launches. The complementary effect of free WOM depends substantially on the social network
stability of the target community.

Our research also makes three further and related contributions. First, our model reveals a
way to simplify network data, by using the degree distribution of the vertex instead of nodes.
This approach reduces computation complexity for estimates of social contagion through
social networks, which is relevant considering the size of the networks for most customers. Sec-
ond, our method can be used to estimate the potential effect of social contagion on the adop-
tion of new products. If firms can access their customers’ social network data (which is
relatively easy, considering the availability of free public information stored in social network
sites), they can simulate the expected diffusion of their new products through social contagion
and test, for example, if first adopters are hubs or regular consumers, if firms should substan-
tially increase their marketing effort at the beginning of the release campaign and target hubs
directly, and so forth. Using this simple model, managers can assess whether grass-roots mar-
keting campaigns are likely to work for the launching of their newest product, even before its
release. However, it is worth noting that this implication will depend on network dynamics. If
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the rewiring process is too high, the strategy of targeting hubs would not work as expected
because social contagion would be lower since the rewiring tends to homogenize the network.

Finally, the importance of relating the flexible, but abstract simulation-based approach
with the more realistic, but limited empirical approaches is worth highlighting. For example
Watts and Dodds [7] developed conditions under which opinion leaders might accelerate the
diffusion of innovations while Goldenberg and colleagues [52] showed, using real data, that
they might foster the diffusion of innovation depending on whether the targeted consumers
are innovators or followers. Likewise, in our work we applied a simulation-based approach
[11] for modelling the rewiring process in a real data set, extending some of the work of
Schwarzkopf and colleagues.

3.7 Limitations and Further Research
We acknowledge some limitations in this study and thus some avenues for further research.
First, our approach models social contagion as a single parameter, but social influence might
be explained by several factors, such as WOM or peer pressure. It would be interesting to test
the effect of different sources of social contagion in the diffusion process- with a more complex
model and data that supports isolating the effect of each driver of social influence.

Second, and in line with our previous comment, we also model non-social factors as a single
parameter, yet the weights of the different factors in the adoption process might differ. Addi-
tional research could address this problem by incorporating as many parameters as there are
non-social issues that the research aims to test. Third, the simplicity of our model relies on the
assumption that the empirical data (social networks) match the conditions required for MF
theory and that the degree follows a given distribution. If these conditions are not met,
researchers would need to use another approach.

In addition, future research might explore what-if scenarios in which simulation-based and
empirical approaches are merged. An example of this line of work was done by Aral et al. [53]
who studied conditions under which seeding and incentive strategies could work (simulation
approach) in a real, large-scale social network of 27 million individuals interacting daily.

Appendix
In the following we present the procedure to obtain Eq (8) for the SISϑ model with rewiring.

Let Pðinf Þ
k be the probability that a generic infected vertex has k edges. This probability is also

the fraction of infected vertices of degree k. Due to the rewiring dynamics we have:

d
dt

Pðinf Þ
k tð Þ ¼ ukþ1P

ðinf Þ
kþ1 þ vk�1P

ðinf Þ
k�1 � uk þ vkð ÞPðinf Þ

k
ð19Þ

If Xk is the number of infected vertices with degree k and Nk the number of vertices with
degree k, we have the following relations:

Pðinf Þ
k ¼ Xk

N
¼ Nkxk

N
¼ Pkxk ð20Þ

The next step is to substitute Eq (20) into Eq (19):

d
dt

ðPkðtÞxkðtÞÞ ¼ ukþ1Pkþ1xkþ1 þ vk�1Pk�1xk�1 � uk þ vkð ÞPkxk ð21Þ
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Now we consider the case in which the network is in a stationary steady state with respect to
the rewiring dynamics, i. e. d

dt
Pk tð Þ ¼ 0. The Eq (21) takes the following form:

d
dt

xk tð Þ ¼ ukþ1

Pkþ1xkþ1

Pk

þ vk�1

Pk�1xk�1

Pk

� uk þ vkð Þxk ð22Þ

In an analogous manner we can obtain a similar equation for the density of susceptible ver-
tices with degree k

d
dt

sk tð Þ ¼ ukþ1

Pkþ1skþ1

Pk

þ vk�1

Pk�1sk�1

Pk

� uk þ vkð Þsk ð23Þ

Similarly, if Sk is the number of susceptible vertices with degree k we have the following rela-
tions:

Nk ¼ NPk ð24Þ

Nk ¼ Sk þ Xk ð25Þ

1 ¼ Sk
Nk

þ Xk

Nk

) sk þ xk ¼ 1 ð26Þ

Considering a stationary steady state with respect to the rewiring dynamics d
dt
Pk tð Þ ¼ 0 we

obtain:

dNk

dt
¼ N

dPk

dt
ð27Þ

dPk

dt
¼ 0 ) dNk

dt
¼ 0 ) NkðtÞ ¼ Nk ð28Þ

1 ¼ sk þ xk 8 k; t ð29Þ

The Eqs (22) and (23) take only the change in the densities of infected and susceptible verti-
ces with degree k into account due to the rewiring dynamics. To consider the complete dynam-
ics i.e. the SISϑ model with rewiring, we should write:

d
dt

xk ¼ �gxk þ b k skYþ Wsk � xk uk þ vkð Þ þ xkþ1Pkþ1ukþ1

Pk

þ xk�1Pk�1vk�1

Pk

� �
d
dt

sk ¼ gxk � b k skY� Wsk � sk uk þ vkð Þ þ skþ1Pkþ1ukþ1

Pk

þ sk�1Pk�1vk�1

Pk

� �

It is easy to prove that these equations fulfil the normalization Eq (29). Indeed, summing
both equations we have:

d
dt

sk þ xkð Þ ¼ ukþ1Pkþ1 skþ1 þ xkþ1

� �þ vk�1Pk�1 sk�1 þ xk�1ð Þ � uk þ vkð ÞPk sk þ xkð Þ ð30Þ

Using Eq (29) we write:

0 ¼ ukþ1Pkþ1 þ vk�1Pk�1 � uk þ vkð ÞPk ¼
d
dt

Pk tð Þ ¼ 0 ð31Þ
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From normalization Eq (29) we have sk = 1 − xk, so, we can write the full equation (consider-
ing spontaneous infection, social contagion and rewiring dynamics) for the density of infected
vertices in the following way:

d
dt

xk ¼ �a xk � b kxkYþ b kYþ W� xk uk þ vkð Þ þ xkþ1Pkþ1ukþ1

Pk

þ xk�1Pk�1vk�1

Pk

� �
ð32Þ

where α = ϑ + γ.

Acknowledgments
The authors acknowledge financial support from Proyecto Inter-Facultades, Universidad del
Desarrollo: “Big Data study of the diffusion of new products and services in real- world com-
munities of consumers. The role of social networks and advertising”. The funders had no role
in the study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Author Contributions
Analyzed the data: MH GJA EHS. Wrote the paper: MH GJA EHS.

References
1. GoffmanW, Newill VA. Generalization of epidemic theory. Nature. 1964; 4955: 204–225.

2. Leskovec J, Adamic LA, Huberman BA. The dynamics of viral marketing. ACM Transactions on the
web. 2007; 1:1–5. doi: 10.1145/1232722.1232727

3. Mahajan V, Muller E, Kerin RA. Introduction strategy for new products with positive and negative word-
of-mouth. Management Science. 1984; 30(12): 1389–1404. doi: 10.1287/mnsc.30.12.1389

4. Burt R. Social contagion and innovation: Cohesion versus structural equivalence. American Journal of
Sociology. 1987; 92(6):1287–1335. doi: 10.1086/228667

5. Iyengar R, Van Den Bulte C, Valente T. Opinion leadership and social contagion in new product diffu-
sion. Marketing Science. 2011; 30(2): 195–212. doi: 10.1287/mksc.1100.0566

6. Hinz O, Skiera B, Barrot C, Becker JU. Seeding strategies for viral marketing: An empirical comparison.
Journal of Marketing. 2011; 75(6): 55–71. doi: 10.1509/jm.10.0088

7. Watts DJ, Dodds P. Influentials, networks and public opinion formation. Journal of Consumer
Research. 2007; 34(4): 441–458. doi: 10.1086/518527

8. Risselada H, Verhoef PC, Bijmolt THA. Dynamic effect of social influence and direct marketing on the
adoption of high-technology products. Journal of Marketing. 2014; 78(March): 52–68. doi: 10.1509/jm.
11.0592

9. Strang D, Brandon Tuma N. Spatial and temporal heterogeneity in diffusion. American Journal of Soci-
ology. 1993; 99(3): 614–639. doi: 10.1086/230318

10. Valdez L, Macri PA, Braunstein LA. Intermittent social distancing strategy for epidemic control. Physical
Review. 2012; E 85 (3):036108. PMID: 22587150

11. Schwarzkopf Y, Rákos A, Mukamel D. Epidemic spreading in evolving networks. Physical Review;
2010 E 82(3):036112. PMID: 21230144

12. Funk S, Salath M, Jansen VAA. Modelling the influence of human behaviour on the spread of infection
diseases: a review. Journal of the Royal Society Interface. 2010; 7(50):1247–1256. doi: 10.1098/rsif.
2010.0142

13. Kimura D, Hayakawa Y. Coevolutionary networks with homophily and heterophily. Physical Review.
2008; E 78:016103 PMID: 18764016

14. Risau-Gusman S, Zanette DH. Contact switching as a control strategy for epidemic outbreaks. Journal
of theoretical biology. 2009; 257(1): 52–60. doi: 10.1016/j.jtbi.2008.10.027 PMID: 19056403

15. Schwartz IB, Shaw LB. Rewiring for adaptation. Physics. 2010; doi: 10.1103/Physics.3.17 PMID:
21949567

16. Shaw LB, Schwartz IB. Fluctuating epidemics on adaptive networks. Physical Review. 2008; E 77
(6):066101 PMID: 18643330

Understanding Social Contagion Using Dynamic Social Networks

PLOS ONE | DOI:10.1371/journal.pone.0140891 October 27, 2015 23 / 25

http://dx.doi.org/10.1145/1232722.1232727
http://dx.doi.org/10.1287/mnsc.30.12.1389
http://dx.doi.org/10.1086/228667
http://dx.doi.org/10.1287/mksc.1100.0566
http://dx.doi.org/10.1509/jm.10.0088
http://dx.doi.org/10.1086/518527
http://dx.doi.org/10.1509/jm.11.0592
http://dx.doi.org/10.1509/jm.11.0592
http://dx.doi.org/10.1086/230318
http://www.ncbi.nlm.nih.gov/pubmed/22587150
http://www.ncbi.nlm.nih.gov/pubmed/21230144
http://dx.doi.org/10.1098/rsif.2010.0142
http://dx.doi.org/10.1098/rsif.2010.0142
http://www.ncbi.nlm.nih.gov/pubmed/18764016
http://dx.doi.org/10.1016/j.jtbi.2008.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19056403
http://dx.doi.org/10.1103/Physics.3.17
http://www.ncbi.nlm.nih.gov/pubmed/21949567
http://www.ncbi.nlm.nih.gov/pubmed/18643330


17. Wieland S, Aquino T, Nunes A. The structure of coevolving infection networks. EPL (Europhysics Let-
ters). 2012; 97(1):18003 doi: 10.1209/0295-5075/97/18003

18. Zanette DH, Risau-Gusmán S. Infection spreading in a population with evolving contacts. Journal of
biological physics; 34(1–2):135–148. doi: 10.1007/s10867-008-9060-9 PMID: 19669498

19. Böme GA, Gross T. Analytical calculation of fragmentation transitions in adaptive networks. Physical
Review. 2011; E 83 (3):035101.

20. Gross T. Interplay of network state and topology in epidemic dynamics. In: Boccaletti S, Latora V,
Moreno Y (eds) Handbook of biological networks. World Scientific, Singapore; 2009. pp 417–436

21. Gross T, D’Lima CJD, Blasius B. Epidemic dynamics on an adaptive network. Physical review letters.
2006; 96(20):208701. doi: 10.1103/PhysRevLett.96.208701 PMID: 16803215

22. Gross T, Sayama H. Adaptive Networks: Theory, Models and Applications, Springer, Berlin. 2008.

23. Dongchao G, Stojan T, Van de Bovenkamp R, HuijuanW, Van Mieghem P. Epidemic threshold and
topological structure of susceptible-infectious-susceptible epidemics in adaptive networks. Physical
Review. 2013; E 88(4):042802.

24. NewmanM. E. Spread of epidemic disease on networks. Physical Review. 2002; E 66(1):016128.
PMID: 12241447

25. Boguña M, Castellano C, Pastor-Satorras R. Nature of the epidemic threshold for the susceptible—
infected—susceptible dynamics in networks. Physical review letters. 2013; 111(6):068701. doi: 10.
1103/PhysRevLett.111.068701 PMID: 23971619

26. Goltsev A V, Dorogovtsev S N, Oliveira J G, Mendes J F. Localization and spreading of diseases in
complex networks. Physical review letters. 2012; 109(12):128702. doi: 10.1103/PhysRevLett.109.
128702 PMID: 23006000

27. Pastor-Satorras R, Vespignani A. Epidemic dynamics and endemic states in complex networks. Physi-
cal Review. 2001; E 63(6):066117. PMID: 11415183

28. Gleeson JP, Melnik S, Ward J, Porter MAMucha PJ. How accurate is mean-field theory for dynamics
on real-world networks?. Physical Review. 2012; E 85(2):026106.

29. Pastor-Satorras R, Vespignani A. Epidemic spreading in scale free networks. Physical Review Letters.
2001; 86(14):3200. doi: 10.1103/PhysRevLett.86.3200 PMID: 11290142

30. Pastor-Satorras R, Vazquez A, Vespignani A. Dynamical and correlation properties of the Internet.
Physical Review Letters. 2001; 87(25):8701. doi: 10.1103/PhysRevLett.87.258701

31. Pastor-Satorras R, Vespignani A. Epidemic dynamics finite size scale-free networks. Physical Review.
2002; E 65: 035108.

32. NewmanM. E. The structure and function of complex networks. SIAM Review. 2003; 45(2): 167–256.
doi: 10.1137/S003614450342480

33. Bass F. A new product growth for model consumer durables. Management Science. 1969;(15: ): 215–
227. doi: 10.1287/mnsc.15.5.215

34. Nicosia V., Tang J., Mascolo C., Musolesi M., Russo G., Latora V. Graph metrics for temporal networks.
In Temporal Networks, Understanding Complex Systems. Holme P, Saram; 2013. pp 15–40.

35. Holme P, Saramäki J. Temporal networks. Physics reports. 2012; 519(3): 97–125. doi: 10.1016/j.
physrep.2012.03.001

36. Pigott F, Herrera M. (2014) Proposal for a correction to the temporal correlation coefficient calculation
for temporal networks. arXiv:1403.1104.

37. Fefferman NH, Ng KL. How disease models in static networks can fail to approximate disease in
dynamic networks. Physical Review. 2007; 76(3):031919. PMID: 17930283

38. Dorogovtsev SN, Mendes JFF. Evolution of networks. Oxford: Oxford University Press;2003

39. Dorogovtsev SN, Goltsev AV, Mendes JFF. Critical phenomena in complex networks. Reviews of Mod-
ern Physics. 2008; 80(4):1275. doi: 10.1103/RevModPhys.80.1275

40. Domb C, Zia R K, Schmittmann B, Lebowitz J L. Statistical Mechanics of Driven Diffusive Systems.
Academic Press ( Vol.17); 1995.

41. Godrèche C, Luck JM. Nonequilibrium dynamics of urn models. Journal of Physics: Condensed Matter.
2002; 4(7):1601.

42. Evans M R and Hanney T. Nonequilibrium statistical mechanics of the zero-range process and related
models. Journal of Physics A: Mathematical and General; 38(19):195–240. doi: 10.1088/0305-4470/
38/19/R01

43. Godrèche C. Dynamics of condensation in zero-range processes. Journal of Physics A: Mathematical
and General. 2003; 36:6313–6328. doi: 10.1088/0305-4470/36/23/303

Understanding Social Contagion Using Dynamic Social Networks

PLOS ONE | DOI:10.1371/journal.pone.0140891 October 27, 2015 24 / 25

http://dx.doi.org/10.1209/0295-5075/97/18003
http://dx.doi.org/10.1007/s10867-008-9060-9
http://www.ncbi.nlm.nih.gov/pubmed/19669498
http://dx.doi.org/10.1103/PhysRevLett.96.208701
http://www.ncbi.nlm.nih.gov/pubmed/16803215
http://www.ncbi.nlm.nih.gov/pubmed/12241447
http://dx.doi.org/10.1103/PhysRevLett.111.068701
http://dx.doi.org/10.1103/PhysRevLett.111.068701
http://www.ncbi.nlm.nih.gov/pubmed/23971619
http://dx.doi.org/10.1103/PhysRevLett.109.128702
http://dx.doi.org/10.1103/PhysRevLett.109.128702
http://www.ncbi.nlm.nih.gov/pubmed/23006000
http://www.ncbi.nlm.nih.gov/pubmed/11415183
http://dx.doi.org/10.1103/PhysRevLett.86.3200
http://www.ncbi.nlm.nih.gov/pubmed/11290142
http://dx.doi.org/10.1103/PhysRevLett.87.258701
http://dx.doi.org/10.1137/S003614450342480
http://dx.doi.org/10.1287/mnsc.15.5.215
http://dx.doi.org/10.1016/j.physrep.2012.03.001
http://dx.doi.org/10.1016/j.physrep.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17930283
http://dx.doi.org/10.1103/RevModPhys.80.1275
http://dx.doi.org/10.1088/0305-4470/38/19/R01
http://dx.doi.org/10.1088/0305-4470/38/19/R01
http://dx.doi.org/10.1088/0305-4470/36/23/303


44. Haythornthwaite C. Social networks and Internet connectivity effects. Information Communication and
Society. 2005; 8(2):125–147. doi: 10.1080/13691180500146185

45. Onnela J-P, Saramäki J, Hyvönen J, Szabó G, Lazer D, Kaski K, et al. (2007) Structure and tie
strengths in mobile communication networks. Proceedings of the National Academy of Sciences. 2007;
104(18):7332–7336. doi: 10.1073/pnas.0610245104

46. NewmanMEJ. Assortative mixing in networks. Physics Review Letters. 2002; 89(20): 208701. doi: 10.
1103/PhysRevLett.89.208701

47. NewmanMEJ. Ego-centered networks and the ripple effect. Social Networks. 2003; 25:83–95. doi: 10.
1016/S0378-8733(02)00039-4

48. Wu AC. Epidemic spreading on dynamical networks with temporary hubs and stable scale-free degree
distribution. Journal of Statistical Mechanics: Theory and Experiment. 2014(3):03015.

49. Hann I-H, Hui K-L, Lee S-YT, Png IPL. Consumer privacy and marketing avoidance: A static model.
Management Science. 2008; 54(6):1094–1103. doi: 10.1287/mnsc.1070.0837

50. Van Den Bulte C, Raghuram I. Tricked by truncation: Spurious duration dependence and social conta-
gion in hazard models. Marketing Science. 2011; 30(2): 233–248. doi: 10.1287/mksc.1100.0615

51. Watts D, Peretti J. Viral marketing for the real world. Harvard Business Review. 2007; 30(5): 1–2.

52. Goldenberg J, Han S, Lehmann D, Hong J W. The role of hubs in the adoption process. Journal of Mar-
keting. 2009; 73(2):1–13. doi: 10.1509/jmkg.73.2.1

53. Aral S, Muchnik L, Sundarajan A. (2013) Engineering social contagions: Optimal network seeding in
the presence of homophily. Network Science. 2013; 1(2):125–153. doi: 10.1017/nws.2013.6

Understanding Social Contagion Using Dynamic Social Networks

PLOS ONE | DOI:10.1371/journal.pone.0140891 October 27, 2015 25 / 25

http://dx.doi.org/10.1080/13691180500146185
http://dx.doi.org/10.1073/pnas.0610245104
http://dx.doi.org/10.1103/PhysRevLett.89.208701
http://dx.doi.org/10.1103/PhysRevLett.89.208701
http://dx.doi.org/10.1016/S0378-8733(02)00039-4
http://dx.doi.org/10.1016/S0378-8733(02)00039-4
http://dx.doi.org/10.1287/mnsc.1070.0837
http://dx.doi.org/10.1287/mksc.1100.0615
http://dx.doi.org/10.1509/jmkg.73.2.1
http://dx.doi.org/10.1017/nws.2013.6

