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a b s t r a c t

The delay tolerant networking paradigm aims to enable communications in disconnected environments
where traditional protocols would fail. Opportunistic networks are delay tolerant networks whose nodes
are typically the users’ personal mobile devices. Communications in an opportunistic network rely on the
mobility of users: each message is forwarded from node to node, according to a hop-by-hop decision pro-
cess that selects the node that is better suited for bringing the message closer to its destination. Despite
the variety of forwarding protocols that have been proposed in the recent years, there is no reference
framework for the performance modelling of opportunistic forwarding. In this paper we start to fill this
gap by proposing an analytical model for the first two moments of the delay and the number of hops
experienced by messages when delivered in an opportunistic fashion. This model seamlessly integrates
both social-aware and social-oblivious single-copy forwarding protocols, as well as different hypotheses
for user contact dynamics. More specifically, the parameters of model can be solved in a closed form in
the case of exponential and Pareto inter-meeting times, two popular cases emerged from the literature on
human mobility analysis. In order to exemplify how the proposed framework can be used, we discuss its
application to two case studies with different mobility settings. Then, we discuss how the framework can
be also extended to accommodate inter-meeting times following a hyper-exponential distribution. This
case is particularly relevant as hyper-exponential distributions are able to approximate the large class
of high-variance distributions (distributions with coefficient of variation greater than one), which are
those more challenging, e.g., from the delay standpoint. Finally, we provide a validation for the frame-
work with both ideal contacts (i.e., exactly following a given distribution) and contacts extracted from
a real mobility trace. This evaluation highlights the strength of the framework in terms of its ability both
to provide very accurate predictions under ideal mobility and to effectively approximate the behaviour of
the delay moments under real mobility.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the advent of powerful and lightweight mobile devices,
such as smartphones and tablets, the ubiquitous networking vision
is quickly becoming a reality. A further step in the direction of
communicating anytime anywhere is represented by the Delay
Tolerant Networking paradigm, which enables communications
also in disconnected environments. In such conditions, the main
requirement of protocols for legacy Mobile Ad Hoc NETworks
(MANET), i.e., the presence of an end-to-end path connecting the
source and the destination of a message, can hardly be satisfied.
Typical delay tolerant networks are, e.g., networks made up of

subnetworks connected only by satellite links [1], or networks
whose nodes are people moving around with their hand-held
devices [2]. The latter case is the scenario considered in this paper.
In the literature, such networks have been named Pocket Switched
Networks (PSN [3]) or simply opportunistic networks, because they
opportunistically exploit contacts between users. Opportunistic
networks are particularly suitable for content generation, sharing,
and access, along the paradigm of content-centric networking [4].

In opportunistic networks, messages are dynamically handed
over from node to node upon contact, according to the store-
carry-and-forward paradigm. Nodes carry messages with them
while they move across the network and with their movements
they create transmission opportunities that enable communica-
tions. Thus, in opportunistic networks the delay accumulated by
the messages along the forwarding path critically depends on the
way users move. The simplest exploitation of contact opportunities
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in order to forward messages is represented by Epidemic forward-
ing [5], which generates and hands over a new copy of the message
for each new encounter. The rationale behind this approach is to
leverage as many routes to the destination as possible. Unfortu-
nately, this greedy approach suffers from severe resource con-
sumption and tends to overload the network [6]. Smarter
strategies as to who to forward and how many copies should be
generated have been devised since then. According to the type of
information used when making forwarding decisions, these strate-
gies can be classified as partially social-aware [7,8] and fully social-
aware [9–11]. They leverage information about the users, their
contact dynamics, the environment they operate in, the social rela-
tionships they share, in order to select one (or a bunch of) best next
hop. Depending on the number of copies generated for the same
message, forwarding protocols can also be classified into single-
copy or multi-copy schemes. In the first case, at any time, in the
network there is just one copy of the message to be delivered,
while in the second case more copies are generated, hoping that
at least one of them will eventually reach the destination. While
multi-copy strategies have been shown to improve the reliability
of delivery, they are typically resource consuming.

Despite the variety of practical forwarding solutions based on
different heuristics (such as encounter frequency and sociality
metrics) no general framework has been introduced so far for the
analysis of opportunistic forwarding protocols in a structured
way. Some models exist in the literature (e.g., [12,13,8,14,15]),
but they are specific to the protocols being studied and can hardly
be re-used when the protocols are changed. The situation is even
worse for social-aware schemes, which, despite their popularity,
are typically difficult to model analytically. Moreover, the absence
of a general consensus on some fundamental properties of user
movement patterns (e.g., the distribution of the inter-meeting
times) makes it even more complex to found a model on a solid
basis. In fact, the performance of message forwarding closely
depends on the users’ contact dynamics [16]. From the analysis
of real movement traces many hypotheses (e.g., [16–22]) have
been made as to which distribution better describes significant
quantities such as the time between consecutive contacts, or the
duration of a contact, but without ultimate consensus.

The contribution of this paper is twofold. First, a general
framework for the analysis of single-copy forwarding schemes is
introduced. This model, based on Markov chains, allows us to com-
pute significant quantities, such as the first and second moments of
the number of hops and delay, which characterise the forwarding
performance. These moments can then be used to approximate
the full distribution of the delay and number of hops. Clearly, the
full distribution of, e.g., the delay is more informative than just
its expectation, as it allows us to analyze, for example, the depen-
dency of the delay on the TTL. This general framework also takes
into account social-awareness, which can be incorporated seam-
lessly into the model. In addition, our framework is independent
of specific mobility assumptions, thus it would remain usable even
if new insights on the way users move were provided.

The second contribution is the instantiation of the framework in
three different mobility scenarios. More specifically, we solve the
parameters of the framework in closed form in the case of exponen-
tial and power law inter-meeting times, which are popular
assumptions for inter-meeting times emerged in the literature
[19,16,23,24]. In addition, we also provide a complete solution to
the framework in the case of hyper-exponentially distributed
inter-meeting times. To the best of our knowledge, this is the only
modelling framework that accommodate heterogeneity not only at
the level of the parameters of the distribution (e.g., different pair-
wise rates for exponential intermeeting times) but also at the level
of the distribution itself.The result about the hyper-exponential
case is particularly significant, since the hyper-exponential

distribution can approximate the behaviour of a large class of dis-
tributions, those having a coefficient of variation greater than 1.
The coefficient of variation [25] is defined as the ratio between
the standard deviation and the mean, and measures the dispersion
of a probability distribution. The higher the coefficient of variation,
the more distant a sampled value can be from the mean. High-
variance distributions are extremely important in opportunistic
networks for two reasons. First, they have often emerged as a plau-
sible hypothesis for inter-meeting times (apart from the power law
hypothesis, recently the LogNormal one has also gained a lot of
popularity [24]). Second, high-variance distributions can drasti-
cally affect the delay experienced by messages, causing the expec-
tation of the delay to diverge in extreme cases [26,16].

The characteristics of single-copy schemes have been analyti-
cally studied in the literature for what concerns social-oblivious
strategies [8,16], but, to the best of our knowledge, the one pro-
posed in this paper is the first general framework that takes into
account the social-awareness of the forwarding process. Moreover,
results obtained for single-copy schemes are important to multi-
copy schemes as well. Consider for example multi-copy schemes
in which replication can occur only at the source node. Each copy
travels along a path independently of the others. While the deliv-
ery from the source node to the first relays is significantly different
from a single-copy delivery due to the multi-copy generation, from
the first relay to the destination the delay can be approximated
using single-copy results. The extension of the framework to the
multi-copy case is currently under study.

The paper is structured as follows. In Section 2 we review the
state of the art on forwarding protocols and performance model-
ling for opportunistic networks. In Section 3 we describe the
scenario we consider and the assumptions we make, based on
which, in Section 4, we define our general modelling framework.
After defining in Section 5 our reference forwarding schemes, in
Section 6 the general framework is specialised under the assump-
tions of exponential and power law inter-meeting times. In order
to exemplify how the proposed model can be used, we discuss
its application to two case studies with different mobility settings
in Section 7. After that, in Section 8 we extend the model to include
the case of hyper-exponential inter-meeting times, and we discuss
how this case can be used to solve the framework approximately in
the general case of high-variance inter-meeting times. Finally, in
Section 9 we evaluate the quality of the predictions provided by
the framework. More specifically, we first compare the predicted
first two moments of the expected delay to their values measured
from simulations assuming that intermeeting times are ideally Par-
eto and hyper-exponentially distributed, and then we compare
predicted and measured delays when simulations are performed
using a real contact trace as input.

2. Related work

2.1. Opportunistic forwarding

According to the type of information that they exploit when
making forwarding decisions, forwarding protocols can be classi-
fied into social-oblivious, partially social-aware and fully social-
aware protocols [9]. In the following we overview some of the
most significant protocols for each of these categories. For a more
detailed survey, we refer the reader to Al Hanbali et al. [27]. Social-
oblivious protocols do not use at all information on the way nodes
meet or relate with each other. This is the case of the Epidemic pro-
tocol [5], whose strategy is to generate and hand over a new copy
of the message to each node encountered, and of the Direct Trans-
mission protocol [28], in which messages can only be delivered to
the destination when encountered directly. Their performance is
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