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a b s t r a c t

In a network of devices in close proximity such as Device to Device (D2D) communication network, we
study the dissemination of public safety information at country scale. In order to provide a realistic model
for the information dissemination, we extract a spatial distribution of the population of Ivory Coast from
census data and determine migration pattern from the Call Detail Records (CDR) obtained during the Data
for Development (D4D) challenge. We later apply epidemic model towards the information dissemination
process based on the spatial properties of the user mobility extracted from the provided CDR. We then
propose enhancements by adding latent states to the epidemic model in order to model more realistic
user dynamics. Finally, we study dynamics of the evolution of the information spreading through the
population.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

In communication networks, devices in each other’s physical
proximity can communicate. Information dissemination in such
proximity based networks have been the focus of a lot of studies.
Through this paper, we study the dissemination of public safety
information at country scale. For the type of communication net-
work, as a case study, we choose Device to Device (D2D) communi-
cation paradigms. This choice relates to the fact that the market of
context-aware applications and location-based services has grown
tremendously and operators have started to consider the deploy-
ment of D2D communications as an underlay to the cellular net-
works. D2D communication is defined as a short range
communication between devices in physical proximity without
any involvement of the network infrastructure. D2D has many
advantages like, autonomous communication, improved perfor-
mance and spectrum reuse, low energy consumption and reduced
load on the infrastructure. Moreover, other benefits of D2D com-
munication include direct communication between devices even
when the traditional infrastructure is down, better connectivity
in poor connectivity regions and increased average rate of success-

ful message delivery. These above mentioned benefits of D2D moti-
vate us to choose D2D communication paradigms as a Use Case.
Nevertheless, our Use Case can also be applied to mobiles applica-
tions such as Firechat [1] that leverages direct connection
between devices in close proximity to temporally connect users.

Moreover, in opportunistic networks, lot of studies have focus
on the store-carry-and-forward paradigm and on the dynamics of
the message delivery. The first attempt to model the process was
represented via epidemic forwarding. Variations of the process
includes the integration of Social Network Analysis measures to
study the dissemination process [2–5]. Further, modeling network
performance through Markov Chains in opportunistic networks
has also been the focus of several studies [6–9]. However, none
of the methods are scalable to the country scale since they rely
on computing individual transmission probability. Dissemination
methods based on mean field approach, however, are more scal-
able [10,11] but rely upon homogeneous contact dynamics that
is far from being valid. Thus, recent studies [12–15] on dissemina-
tion process are based on heterogeneous flow within the metapop-
ulation. This enabling us to study and create a heterogeneous
population model. These studies offer new perspectives on such
models and enable us to study more easily country wide dissemi-
nation process.

Since, our interest lies in studying the dissemination process on
a countrywide scale, we consider the population of the device to be
spatially structured into subpopulation of well mixed individuals
where the diffusion of safety information takes place. We use the
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official boundaries (termed as subprefecture) in Ivory Coast to define
the subpopulation structure of our metapopulation model. In order
to know the flow of people between the subprefectures, we use the
Call Detail Records (CDR) provided by the Orange Labs during the
Data for Development (D4D) Challenge [16]. For future reference,
we refer the provided CDR as the D4D dataset. The analysis of
the movement pattern of the people in Ivory Coast reveals the flow
of people between subprefectures. D4D dataset enable us to mon-
itor trajectories of people at unprecedented scale and derive key
spatio-temporal patterns of the movement. Thus, the mobility is
modeled as a network of interactions between each subpopulation
(population within a subprefecture) where the connections corre-
spond to the flow of people among them. Metapopulation[17,18]
model has been studied towards diffusion of information com-
bined with human mobility where mobility pattern show strong
heterogeneity [19,20,12]. Moreover, the outcome of the diffusion
of the public safety information is regulated by the coupling of
the mobility process and the diffusion process in each subpopula-
tion. Thus, it is of utmost importance that the mobility model cor-
rectly describes realistic pattern of mobility.

However, a simple memoryless mobility model is far from being
able to model recurring patterns such as commuting behavior or
traveling behavior that are often observed in mobility data
[19,21]. To include this effect we use a non-markovian diffusive
process to cope with the recurring behavior [13,14]. In a realistic
human population, a user is associated with a home location. Every
time a user moves away from the home location, there is a proba-
bility to return to the home location from the new location. This
return probability is also derived from the D4D dataset. More
details on how the return probability is computed is presented in
the Section 3.1.

The D4D dataset includes the information about the user mobil-
ity and the association of a user to a community, termed as subpre-
fecture. Further, in order to study the model with realistic
population structure, we use the census data provided in [22] to
populate each subprefecture (cf. Section 3.1).

Thus, in this paper, we use insights from the dissemination in
the metapopulation model and the D4D dataset to formulate our
analytical model. Further, our model is divided into various stages.
First, construct synthetic yet realistic population of the devices
using census data [22] for the region of Ivory Coast. Then extract
mobility information from the D4D dataset. Then find mobility
steady state population in each community. Finally, apply Suscep-
tible(S)-Infected(I)-Recovered(R) type epidemic modeling (cf. Sec-
tion 4.2) to model the information dissemination process at the
countrywide scale.

In order to reduce the complexity of the dissemination process
at country scale, we use the reactive–diffusive equation with
homogeneous assumption to describe the subpopulation at the
mechanistic level. We use a variation of the SIR epidemic model
where Susceptible (S), Infected (I) and Recovered (R) states corre-
spond to the state of a device ‘not having the message’, ‘having
the message and transmitting it’ and ‘having received the message
but stop transmitting it due to message timeout (message time to
live, TTL)’, respectively. A comprehensive survey about the epi-
demic model is provided in [23,24]. Recently, the authors of [25]
showed that not only the community structure affects the dissem-
ination process but the density of the communities also play an
important role in the dissemination process. In metapopulation
model it is often assumed that the population within a single
subpopulation is well mixed. This is of course not generally true
specially in a large subpopulation. To acknowledge this in a large
subpopulation where some devices may never be in contact at a
certain time, we include Latent states (E) in our model. Device in
latent state account for devices that belong to a given subpopula-
tion but are not participating in the diffusion process. To distin-

guish between devices that are Latent but Susceptible, Latent but
Infected and Latent but Recovered, we subdivide E into three
states: ES; EI and ER. In our model only active devices in S; I and
R states participate in the dissemination process. Thus, the novelty
of the paper lies in the introduction of latent states and in the way
we compute the number of interactions per device.

The remainder of this paper is organized as follows. In Section 2
we first provide an overview of the D2D scenario. In Section 3 we
describe how the dataset provided by the D4D organizers is used
to get useful information. A detailed description of the model is
then provided in Section 4 which is followed by the results
obtained in Section 5. The paper finally concludes with Section 6.

2. Loosely controlled D2D support for information
dissemination

We assume the following D2D scenario: Using a Public Warning
System (PWS), an eNB (evolved Node B, a radio interface in the
Long Term Evolution (LTE) network) has to broadcast a national
emergency warning which should reach the maximum number
of people in the country. However, in such situations, the opera-
tor’s network is massively overloaded by a huge traffic of users try-
ing to use their mobile devices at the same time. Also, the warning
message may not reach a part of the population due to network
coverage issues in rural areas. Using D2D communications, devices
in the physical proximity can communicate directly with each
other and exchange messages. This mechanism allows not only
an extension to the broadcasting area but also enhances the traffic
on the network infrastructure and avoids network saturation and
waste of resources. A D2D communication has two phases: the
Neighbor Discovery phase and the Communication phase for the
data exchange. Both phases can be based on either a direct
approach or a network-assisted approach [26–30].

In the direct D2D approach, devices discover other devices in
their surrounding by exchanging presence beacons. Both the
phases, the discovery and the communication phase, are done in
an adhoc-like way without any assistance or control of the network
infrastructure. The communicating devices then form a self-orga-
nized and a self-configurable network. This approach is flexible
and highly scalable as it can adapt to an increasing number of con-
nected devices and active D2D links. This allows offloading the
traffic of the core operator network to local D2D communication.
Besides, it is also a solution to avoid communication disruption
when some eNBs are down in a disaster situation like Earthquake
or when an eNB fails. The users could still use their devices and
be connected to the operator network using direct communication.

In the centralized D2D approach, the operator network may
fully control the discovery and communication phases (fully con-
trolled D2D) or assist the devices during the whole D2D process
(loosely controlled D2D) by enabling authentication and QoS
mechanisms. Nevertheless, this approach is less scalable than the
direct approach as it consists of performance and load balancing
issues at the Radio Access Network (RAN) when dealing with a
huge number of D2D connections. As depicted in Fig. 1 we shows
that some eNBs can allow the direct communications between
devices that are in physical proximity while some do not.

In addition, a device can move from one eNB to another. More-
over, the device can also move within an associated eNB. In this
paper, we assume that all eNBs allow direct communication
between devices that are in physical proximity and that a public
warning message is generated in some area associated to an eNB.
In the Section 4, we are interested in investigating how fast dis-
semination of the warning message can be achieved through a
large population in a D2D environment where the devices are also
mobile and links are intermittent. By fast dissemination we mean
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