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Abstract
Opportunistic networking is a new communication paradigm. Content Distribution in opportunistic networks is challenging due to intermittent connectivity, short connection durations and a highly dynamic topology. Research is needed to develop new applications and protocols that can distribute content in opportunistic networks. This thesis explores and evaluates
approaches to developing mobile P2P systems for content distribution, focusing mainly on the problem of modeling device contacts. Contact duration
and patterns of connections influence routing and forwarding strategies.
To model device contacts we need to capture the characteristics of the
network and be able to model its behavior. Connectivity models capture
the aggregated network behavior by modeling the social connectedness of
the network. A model of inter-device relationships can be constructed using
parameters are extracted from connectivity traces collected in the field using real devices. These traces represent how connectivity might look in an
opportunistic network. Altering and fine tuning these parameters enables
us to change the stochastic behavior of the network and study the behavior of applications and protocols. Another approach is mobility modeling.
There are two major drawbacks to using mobility models. First, in ad hoc
networks traces have been collected which estimate the connectivity of the
network. Typically traces are then used to model node mobility which in
turn generates nodal connectivity during a simulation. This is a wasteful
process and as the network size grows it becomes a tedious job. Second, the
inter-contact time distribution observed in traces differs greatly from what
is generated by popular mobility models.
We have developed a connectivity model to generate synthetic device
contact traces for opportunistic networks. We present the preliminary validation results from a comparative study of synthetic traces and traces collected in the field.
Keywords : Opportunistic networks, Content distribution, Mobility models, Connectivity models, Connectivity traces.
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Chapter 1

Introduction
Content distribution networks provide a mechanism for distributing content
on the Internet to maximize bandwidth usage and improve accessibility and
reliability [37, 54]. During the last decade content distribution architectures
have evolved in many dimensions to provide different types of content to
end users. There are many successful commercial content distributors on
the web that provide content distribution and its related services [1, 8, 50].
Content distribution networks have evolved into many innovative applications including peer-to-peer file sharing and web blogging. The popularity
of content sharing applications and peoples’ enduring interest in sharing content motivates research on novel applications.
Small handheld mobile wireless devices have recently become popular
and are widely used. Short range wireless communication technologies such
as Bluetooth and WiFi are now a standard in many small mobile devices.
This introduces a new opportunity for information sharing. Opportunistic
networking exploits human mobility and local connectivity available among
these devices to distribute data [64, 39]. A typical scenario for opportunistic
networks might be to propagate information effectively and efficiently when
two or more PDAs or mobile phones, with their Bluetooth enabled, find
themselves in close proximity. We are interested in exploring the collective
capability of these devices to distribute content of interest.
Intermittent connectivity, short connection durations and frequent topology changes make opportunistic networks different from MANETs. Therefore research issues such as forwarding and routing strategies, and validation
of new applications need to be addressed and solved for opportunistic networks. This thesis proposes an approach of modeling the characteristics of
opportunistic networks. Our aim is to develop and compare mobile P2P
systems for content distribution in opportunistic networks.
1

1.1

Research Problems Addressed in this Thesis

High level characteristics of opportunistic networks are well known, but the
capacity of the network and its ability to disseminate content is not well
investigated. This thesis evaluates the nature of device encounters. The
insights gained are intended to assist in the design of applications, protocols
and algorithms that can tolerate the inherent characteristics of opportunistic
networks.
By measuring the contact times of device encounters we can approximately estimate the quantity of data that can be transferred. Even though
the results of our studies will be dependent on specific scenarios, they give
an impression of the data that could possibly be exchanged using the typical
radio range of wireless devices and human mobility patterns.
Experiments with devices being carried by humans in real set up can
reveal useful information about the nature of opportunistic networks. Two
important pieces of information, the contact time and the inter-contact time
give more insight about the capability of the network and enable predictions
for useful content distribution. Candidate use cases and scenarios so far used
by researchers are specific environments such as academic conferences and
urban areas. These experiments are normally conducted with a selected set
of participants carrying devices. When devices encounter each other they
log connection times. Results from these experiments give an idea of what
the contact time values are, how they vary over time and if available, the
repeated patterns of connections between pairs of devices. It is not always
possible to do real world experiments like this to test new applications and
protocols.
Due to the cost and technical complexity involved in conducting real
world experiments, researchers often prefer simulation based studies. Ad
hoc networking community has been using mobility models to model node
mobility. What mobility models do in essence is to, from the estimated
connectivity of traces, model the node mobility. During the simulation runs
nodes move according to this model and then the connectivity among nodes
is determined [34]. When the network size increases this results in modeling overheads in the form of human time, energy and waste of resources.
Experimental studies in opportunistic networking have revealed that device inter-contact time distributions exhibited in opportunistic networking
connectivity are very much different from what is generated using popular mobility models. Therefore simulation based studies in opportunistic
networks need to be carried out using new models [12].

1.2

My Contributions

My scientific contributions in this thesis are the following:
2

• I have characterized the contact times of mobile devices in a popular environment such as an airport, in the presence of intermittent
connectivity and evaluated the potential for distributing different
kinds of content.
• I have formulated and performed initial verification studies of a connectivity model for opportunistic networks.

1.3

Thesis Organization

This thesis is divided into two parts. The first part provides the background
and sets the stage for the scientific research. In Chapter 2, we describe the
background and the related research work in opportunistic networks. In
Chapter 3, we elaborate on the problems of conducting simulation based
studies in opportunistic networks and the problem of modeling device contacts. We survey popular mobility models, discuss their pros and cons and
lead the argument for the need of a connectivity model. We then present our
connectivity model, the preliminary results and, compare and analyze the
results with connectivity traces that were obtained from a potential opportunistic networking environment. In Chapter 4, we summarize and discuss
the the research issues addressed in the papers included in this thesis. In
Chapter 5, we discuss the significance of the work in thesis, conclusions and
the future directions of our research.
The second part of this thesis consists of three papers published in conferences. In the first paper, we explore the isolation of research, development
and implementation activities in the academia and the industry and lay the
foundation for future ways of unification of activities in the academia and
industry. In the second paper, we characterize the contact time durations in
a specific opportunistic environment using simulation based studies and look
at the types and amounts of possible content of distribution. The results we
have obtained and the problems we have faced with such a simulation based
study have revealed avenues for future research. Modeling device contacts
for opportunistic networks is one of the research issues we wanted to explore. In the third, paper we introduce connectivity models for simulation
based studies of opportunistic networks. We formalize connectivity models
from the observations on the social connectedness of nodes in opportunistic
networks and the experiences from node mobility models.

3
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Chapter 2

Background and Related
Work
Opportunistic networks have gained considerable attention in the recent
history. Researchers have been working on resolving different research issues.
Due to the nature of the inherent properties of opportunistic networks, many
issues in data forwarding need to be addressed. We begin this section with
content distribution networks and then describe about ad hoc networks. We
will then go through the steps of developments and evolution of ad hoc
networks towards opportunistic networks. We then describe research issues,
their significance and other related work in opportunistic networks.

2.1

Content Distribution Networks

A Content Distribution Network (CDN) is a system of computers networked
together across the internet that act as a trusted overlay network and cooperate transparently to deliver content of interest to endusers [69]. CDNs
deliver various types of content ranging from web objects to large multimedia
files [54]. CDNs improve network performance by maximizing the resource
utilization through content replication, caching, server-load balancing, request routing etc., [55].
In a centralized CDN clients connect to a single server or a cluster of
servers to request content and the server delivers the content [1, 49]. They
do not consider the resources available in the clients and the requests for
content originate from clients. These centralized CDN systems have the
advantage of good maintainability of the system while are vulnerable to
single point of failure. Techniques such as content replication, mirroring,
caching are widely used by centralized CDNs to alleviate these problems.
The single point of failure in centralized CDNs is an unacceptable situation to most internet based businesses. In decentralized CDNs [58, 44]
all participating nodes will be able to function as clients and severs. All
5

Figure 2.1: Content Distribution Networks
nodes will be able to communicate with other nodes directly or via other
nodes. Since the control is spread over many locations single point of failure
is avoided in decentralized CDNs. Because of the decentralized nature these
networks are harder to manage and require good lookup strategies.
An evolution of the CDN principle is the Peer-to-Peer networks which
has become very popular in the recently. A Peer-to-Peer (P2P) network is a
class of networking applications that share resources such as storage, CPU
cycles, content, human presence etc., available at the edges of the Internet
in a distributed and decentralized manner [63]. P2P networks facilitate the
formation of autonomous networks by being more flexible to the dynamic
changes in the network. They achieve this by enabling the nodes to join
and leave the network at any time. Network tolerates such changes while
still maintaining the network architecture. Its the social appeal, as a technology that resembles the human way of sharing, proves the potential and
popularity of P2P systems [67].
Many research issues in P2P have been addressed by researchers. Issues
such as searching [43], security [15], resilience [3], challenges [59] and incentives for sharing [70, 17] have been analyzed by researchers. Amid a lot of
criticisms, P2P systems have evolved through many different architectures
[60, 57, 65]. This is not the end of the list. There are many other systems
that focus on collaborative computational power sharing [4], host sharing
[14], P2P grids [45] etc., all based on the P2P technology.
It is the success story of P2P, e.g. Napster [49], Gnutella [58, 44], KaZaA
[51] and Bit Torrent [16], peoples’ never ending desire to share content of
6

interest with others, the cost effectiveness of sharing information in a P2P
fashion all encouraged researchers to come up with innovative ways of information sharing. The widespread use of small portable wireless computing
devices with abundant local resources including storage space, local connectivity and computing power have attracted them to look at sharing information using these devices. This is how the P2P information sharing using
small portable wireless computing devices entered in to a new era. Mobility of these devices, when carried by humans is an added facility to share
the information using these devices when opportunities to connect to other
devices when they encounter each other.

2.2

Ad Hoc Networks

Figure 2.2: An example of a multi-hop wireless ad hoc network. Solid
lines indicate connectivity between any two nodes. Nodes are denoted by
alphabets from A through J.
In wireless networks nodes communicate with each other using radio
transmissions. Traditional wireless networks are called infrastructure based
networks as base stations act as the central point of coordination between
nodes. A wireless ad hoc network is an autonomous wireless network where
nodes do not depend on a central infrastructure for communication.
In wireless ad hoc networks, communication between nodes is not always direct. Communication between any two nodes could be carried out in
a multi-hop fashion resulting in nodes acting as routers for other nodes [72].
Data forwarding and routing decisions are also made dynamically, depend7

ing on network connectivity. Minimal configuration and quick deployment
make ad hoc networks suitable in situations where setting up traditional
networking facilities is cumbersome or impractical. There are many types of
ad hoc networks; mobile ad hoc networks, sensor networks [2], delay tolerant
networks [10], vehicle ad hoc networks [18] and mesh networks [7] to name
a few. In the following sections we will look at some of the above mentioned
networks and see how content distribution is handled in these networks.
The principles, approaches, performance gains and experiences from these
networks will greatly assist in designing content distribution systems for
opportunistic networks.
A Mobile Ad hoc NETwork (MANET) consists of a collection of mobile
wireless nodes, with limited communication range, communicating directly
with each other without infrastructure support. MANET nodes can move
around, thus passing in and out of radio range of each other. Consequently,
the network topology in a MANET can often change and the routing paths
have to be recalculated from time to time. MANETs use multi-hop paths to
route data when the source node and the destination node are out of range
of each other; Intermediate nodes route data from the source node to the
destination node. Classrooms where a set of students sit close by, conferences
where a set of participants stay together, disaster relief activities where
rescue team members work closely, and air port lounges where business
associates meet are a few scenarios where MANETs can be used.
There exist scenarios where moving MANET nodes will have to communicate to distribute content among themselves. Mobile nodes self organize
themselves in such scenarios and form the dissemination structure through
some distributed algorithm. Since the MANET topology could change as
the mobile nodes join and leave the control information of the topological
structure will also have to be propagated among nodes for efficient data
routing and forwarding. Flooding based policies and context aware routing
have been widely used in MANETs for efficient content distribution [68, 47].
A Delay Tolerant Network (DTN) is an overlay networking architecture
that spans multiple independent Internet-like networks including the Internet, where intermittent connectivity, long and variable delays, and asymmetric data rates of transfer are common between these networks [10]. Therefore, these independent networks require specialized communication facilities
in order to communicate with each other. Each of these networks form Regions, within which the communication architecture is almost homogeneous,
and a system of Gateways take care providing interconnection among these
Regions. Gateways lie at the boundaries of Regions and are defined by link
delay, link connectivity etc.
DTNs propose a store-carry-and-forward message switching approach
as a viable solution to the problems of intermittent connectivity. Devices
store messages until they encounter a suitable another device and forward
messages to other devices along a path that eventually delivers data to the
8

intended recipient. In order to achieve this, the DTN architecture introduces
a protocol layer called the bundle layer on top of the region specific lower
layers. This bundle layer takes care of aggregating data into bundles and
delivering them across multiple regions [10].
Nodes in a Wireless Sensor Network (WSN) organize themselves autonomously into a multi-hop wireless network distributed over a geographical area. Nodes use sensors to cooperatively monitor and collect physical or
environmental conditions, such as temperature, and relay sensed data back
to a collection point. Originally motivated by the military applications in
battlefield situations to monitor enemy movements, today wireless sensor
networks are widely used in many civilian applications including environmental and habitat monitoring, healthcare applications, home automation,
and traffic control [2]. Since many WSNs operate in extreme environments
such as forests or deserts, efficient data communication with resource constrained small devices is an important area of research [13, 23]. Data communication in WSNs is a challenging task since sensor nodes have limited
computation power, storage and communication power. Unicast and multi
cast protocols are often used for efficient data communication in sensor networks [13, 35, 26].

2.3

Opportunistic Networks

Figure 2.3: Opportunistic Networking - A typical example.
Opportunistic networking is a new communication paradigm which explores the potential of inter-device contacts due to human mobility [28, 32].
9

In Figure 2.3 we could see how connection opportunities arise. We can see
in the morning of a day, Tom and Jim walk together on the way to their offices. During this time the devices they carry communicate with each other.
Tom goes to his office and sits together with his colleagues Susan and Kim.
The devices that Susan and Kim have could also communicate with Tom’s
device. When Susan goes to a conference later in the afternoon, there she
stays closer to many people and her mobile device can communicate with
possible devices of others. Another person, Alice, who was sitting closer to
Susan, goes to a class and sits closer to some other people including Jack
and exchanges content. At the end of the class Jack starts walking home.
He meets his neighbor Tom on the way and they both walk together.
The above scenario explains how connection opportunities arise and how
the content gets disseminated from device to device in opportunistic networks. We could also see that the content dissemination spreads in to different classes of environments with different classes of people.
Opportunistic networks can be considered as a special kind of challenged
environment networking, where intermittent connectivity, non existence of
an end-to-end path between nodes, short connectivity durations and extreme
dynamism in the topological structure are inherent [32, 12]. In opportunistic networks devices make control and management decisions by themselves
with locally available information. Opportunistic networks are also considered as a subclass of delay tolerant networks. The unique differences that
draw the line between opportunistic networks and other legacy networking
environments call for newer approaches for systems development. Understanding the fundamental properties of opportunistic networks is the key for
the design, development and implementation of applications and services.

2.4

Connectivity Parameters in Opportunistic Networks

Content distribution in opportunistic networks is still at the level of experiments and case studies [41, 29]. In order to do content distribution we
need to be able to evaluate the impact of the pattern and duration of radio
contacts on the overall performance of the proposed system.
Two measures, namely, the contact time and the inter-contact time are
often used in opportunistic network research to analyze the patterns of connectivity.
Definition : Contact Time It is the time interval when two mobile
devices are in each others’ communication range and communicate with
each other. In experiments based on opportunistic networks contact times
are often recorded and are used as a measure to analyze how much data
could be transferred during these times and what is the pattern of contact
time distribution over time.
10

Figure 2.4: Identification of contact times and inter-contact times for two
nodes n1 and n2.

Definition : Inter-Contact Time When two mobile devices are in contact
with each other intermittently, this is the time interval measured between
two consecutive contacts. The inter-contact time values and their distribution over the period of time are two important pieces of information. The
likelihood that a device will be encountered again in a given time period can
also be determined or estimated from these values.
Many research activities in opportunistic content distribution networks
look at these two values and their distributions. Contact time values enable
the designer to estimate the amount of data that could be opportunistically
exchanged. The estimated likelihood of repeated encounters from intercontact time values will assist in two different ways. On one hand, it will
assist in identifying the type of potential scenarios and on the other hand
it will assist to determine the type of content distribution. By potential
scenarios we mean whether it is just one time data exchange whenever possible or, if is it a periodic or daily distribution of information such as hourly
news headlines, periodic weather forecasts etc. By type of content we mean
whether it is just data exchange to anybody or a query-response type of
exchange which may be intended for some specific node.
Researchers have analyzed real human connectivity traces from typical
scenarios and have analyzed these traces for variations, distributions etc.,
of these two values [12]. Results of these analysis bring many issues in to
light. One of them is the inter-contact time distributions represented by
opportunistic network traces. They differ greatly from what is represented
by popular mobility models and therefore the need for a new set of device
contact models has been understood. Repeated connections have also been
found in the traces. This paves the way for sharing periodic content among
nodes.
11

2.5

Potential Application Scenarios

Opportunistic networking arises in situations where the wireless mobile devices encounter each other and are ready to exchange content of interest
with each other. We list some of the potential application scenarios for
opportunistic communication and content distribution.

2.5.1

Providing Connectivity to Nomadic and Rural Communities

Huge cost factors influence building the infrastructure capacity to provide
Internet services for people in rural areas. Opportunistic networking can
resolve this problem and enable access to the Internet services using intermittent connectivity. Saami Network Connectivity (SNC) is such an initiative to provide network connectivity to the reindeer herder population who
live in the remote areas in northern part of Sweden, Norway, and Finland
and have no wired or wireless infrastructure capabilities [20, 19]. Saami network connectivity will be intermittent because of the nature of the area and
the community where the project is implemented and the limited availability of the network infrastructure. Another initiative is DakNet, an ad hoc
network aiming at the rural areas in India to provide asynchronous digital
connectivity to access networked services [56].

2.5.2

Content Distribution in Urban Settings

Content distribution in urban setting environment is very much similar
to what we are interested in our research work. Pocket Switched Networks(PSN) aims at conveying messages for mobile human scenarios taking
advantage of the local and global connectivity [28, 27]. It is based on a set
of assumption such as, the users carry more mobile devices have significant
storage space, the mobility of users take part in carrying data in devices from
location to location, the devices have local connectivity in them and also devices may have access to global connectivity. The real implementation of
PSN is called Haggle [66]. Haggle is a 4 year project aiming at solutions for
the opportunistic networks. Haggle research targets at looking at the contact and inter-contact time values in order to design appropriate forwarding
policies for opportunistically exchange information between devices. Haggle collects mobility traces on human movements in real experiments where
humans carrying mobile devices move around [62, 66].
Leguay et al have done an experimental study for a period of two months
in an urban setting by collecting device contacts with each other and have
analyzed their properties for data forwarding [41]. They utilize this connectivity information to study the feasibility of a city wide content distribution
networking. By categorizing users with different behavioral patterns they
12

analyze the effectiveness of this user population in distributing bundles.
In another work, LeBrun et al explore the feasibility of spreading content
of interest using transit buses in the UC Davis campus [38]. Here buses have
a Bluetooth Content Distribution cache called BlueSpot installed, which
holds the content of interest, and any device that has a bluetooth connectivity switched on can connect to these caches and download the content
of interest during the idle time while the bus is on en route. The authors
predict the provision of services like on demand paid iTunes music files as
one of future killer applications.
In [31], Karlsson et al propose a receiver-driven broadcasting system.
The system enhances the infrastructure based broadcast system that targets the pair-wise contacts of mobile nodes to spread the content. Once
the content is obtained by mobile nodes, it is spread out with pair-wise
encounter between mobile nodes in a plane. Results have been presented
with a simulation based studies and also by developing a prototype system
that uses Bluetooth as the wireless communication mechanism. Instead of
flooding to everyone who is met, the system smartly allows nodes to decide
on what to and from whom to download during encounters.
The reality mining project at MIT aims at collecting communication,
proximity, location and activity information of selected 100 participants over
a nine month period. Each participant has been given a mobile phone that
has accessibility with both bluetooth and the cellular network. This research
aims to look at the mobile device interactions in many directions starting
from social networks to information flow among devices [21, 22].
The main difference between our research work reported in this thesis
and many of the above mentioned research works is that we are working
towards modeling device contacts for reproducing connectivity traces in opportunistic networks. These generated connectivity traces will assist the
developers in the above research teams in simulating and validating new
applications, protocols and algorithms. Network behavior can be altered by
varying parameters during trace generations. Reproducibility of traces will
conserve a lot of energy, resources and time in conducting real experiments
with devices.
There is a great potential for opportunistic networks and collaborations
between devices will increase the chances for content distribution. But it
is not an easy task to carry out. The inherent properties of opportunistic networks make content distribution different and more challenging than
MANETs. In opportunistic networks we are interested in pair wise contacts
and the lengths of such contact intervals. Since these contact intervals are
expected to be very short, the type of and the amount of content being
shared are obviously going to be shorter and based on simple formats. This
pairwise content exchange paradigm will lead to further developments of
algorithms that can exploit contacts to opportunistically route and forward
data between devices therefore the data could be routed from one end point
13

of the network to other end point of the network.

2.6

Forwarding and Routing Strategies in Opportunistic Networks

In opportunistic networks the idea behind forwarding is when nodes encounter each other, they forward messages so that the data will be carried
closer to the destination. There are other factors such as available storage
space and the battery level that determine a nodes willingness to forward
messages.
In the development of opportunistic forwarding algorithms, Chaintreau
et al [12] have done some initial work in analyzing the feasibility of applying
a forwarding policy to opportunistic networking environment. Wang et al
have proposed an Erasure-Code Based forwarding algorithm in [71], and
have shown using analysis and simulations against real world mobility traces
that the erasure-code based forwarding significantly improves the worst case
delay.
Routing in opportunistic networks is a challenging task. The inherent
properties of the networks make it difficult as the network topology evolves
frequently and this information in most cases is not communicated to nodes.
In Epidemic routing, messages are diffused from one node to other nodes
that come in to a pair-wise contact with this node. Nodes become infected
when they come in to contact with a node that has some message to deliver
to a destination and will become recovered once it delivers the message to the
destination. To stop the message being unnecessarily populated the dissemination process is controlled by introducing, on each message, a maximum
hop count that the message can traverse until it reaches the destination [68].
In another work Lindgren et al have proposed a probabilistic routing protocol called PRoPHET for intermittently connected nodes using a history of
encounters and transitivity [42].
Context based routing schemes exploit more information about the context of the environment, that nodes are operating in, to identify the suitable
next hop towards the eventual destination. Context aware routing assumes
the availability of a synchronous routing architecture so that the messages
can first be transferred to a node with highest probability to reach the destination, which is determined from the context information available, and
then the the message is routed from the source to this node through the
underlying protocol [47].
MobySpace routing uses the nodes’ mobility pattern as the context information for routing [40]. The authors introduce a high dimensional euclidian
space called MobySpace built up by the protocol. Each axis of MobySpace
represents a possible contact between a couple of nodes and the distance
along an axis measure the probability of that contact to occur. Two nodes
14

that have similar set of contacts, and that experience those contacts with
similar frequencies, are close in the MobySpace. Therefore, the best forwarding node for a message is the node that is as close as possible to the
destination node in this space.

15

16

Chapter 3

Modeling Device Contacts
The evaluation of systems, protocols or algorithms in opportunistic content
distribution networks depend on accurate models of inter device contact.
Conducting experiments with devices carried by experiment participants
and then measuring device contacts is only feasible for smaller user populations. Therefore to measure and determine device contacts, the network
research community often depends on simulation based studies. In simulation based studies, mobility models have been widely used to model the
device movement of ad hoc systems. Mobility models have been criticized
by researchers for their inability in modeling node movements accurately.
Newer proposals to model node mobility are emerging by paying more attention to many factors that affect the movement and the reception of signal
by nodes. Modeling device contact in an opportunistic networking environment is an interesting problem to tackle as the unique inherent properties
of opportunistic networks make it very much different from traditional ad
hoc networks.
We propose a model, called connectivity model, that models the connectivity among nodes than modeling the movement of nodes and their related
properties in scenarios.

3.1

Mobility Models

Mobility models have been used extensively by the networking research community in simulation based studies of mobile ad hoc networking. Traditional
mobility models describe how the nodes move from one location to another
in each time step as the time progresses. Each nodes’ mobility, coupled
with other characteristics, determines the link connections and the dynamic
topology of the network. Camp et al [9] provide a survey of mobility models
and have roughly categorized mobility models into entity mobility models
and group mobility models.
Entity mobility models describe the movement patterns of individual
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mobile nodes independent of other nodes in the environment. The Random
Walk and the Random way Point mobility models are the best known entity
models, and have been used in many case studies.
In the Random walk algorithm [9] each node chooses a random direction
value and a speed value from a predefined range of values in a 2-D area.
Nodes that follow Random walk model move either for a constant amount
of time or for a fixed distance, and then choose a new direction and speed
values of movement for the next period of movement.
In the Random way point (RWP) mobility model [9], each node pauses
for a period of time at a way point, chooses a new random destination and
a speed from the predefined range and then starts traveling to the newly
chosen destination. This process is repeated for each node until it leaves
the simulation area. This model is implemented in popular simulation tools
such as ns2 [52], and SWANS [5].
In the Random direction model, a mobile node selects a random direction
of travel and starts to travel. When it reaches the border of the simulation
area it pauses there for a predefined amount of time and then chooses another
angular direction and then starts traveling in that direction [61].
Group mobility models describe the movement of mobile nodes that depend on the movement of other mobile nodes in the group. The nomadic
community mobility model [9] uses an entity mobility model, e.g RWP, to
roam around a given reference point. When the reference point changes all
nodes in the group travel to the new area defined by the reference point
and then begin roaming around the new reference point. How far an entity may roam from the reference point is a parameter of the model. The
Reference Point Group Mobility model [24] represents the random motion
of a group of mobile nodes, as well as the random motion of each individual node within each group. Group movement is based upon the the path
travelled by a logical center of the group and it completely characterizes
the movement of its corresponding group of nodes, including their direction
and speed. Individual nodes randomly move about their own pre-defined
reference points.
Analysis and systematic studies of the stochastic properties of earlier
models have identified drawbacks such as unrealistic behavior, memoryless
movement, decay in the speed, congested node mobility in the center of the
simulation area, unrealistic environment etc., [9, 6]. New mobility models
have also been proposed that aim to mimic real world environments and
related movement patterns. We roughly categorize them in to three groups
as extension of track models, social network theory based models and trace
analysis based models.
We found two mobility models that come under the category of track
models. Jardosh et al [30] include obstacles in the simulation area. Paths
are found for nodes to move towards their destinations, through the modeled
obstacles such as buildings, exits and entry points, or by avoiding obsta18

cles. Dijkstra’s shortest path algorithm is used to establish paths between
any two points and nodes move on these established paths to reach their
destinations. MobiREAL considers obstacles along the path of movement
of nodes, and in addition pays attention to the behavioral changes of the
nodes due to the surroundings, information obtained from network system,
time etc. Rules are defined which describe the movement patterns of mobile
nodes. First mobile nodes are categorized into multiple groups depending
on their movement pattern and then, for each group of mobile nodes, a rulebased description is specified where dynamic and realistic behavior of nodes
is specified [36].
Mobility models based on social network theory [48, 46] describe group
mobility by considering the social relationships that human beings establish
among themselves. This type of model considers each individual node’s
mobility as a correlated movement with other members of the group to which
it belongs. During simulation runs of this model, individual node locations
are updated based on randomly chosen speed values and this results in
the change of group locations. In contrast to other models, where groups
are fixed, social network theory based models allow individual nodes to
leave their groups and join other groups and even leave the simulation area
independently.
There are significant efforts by researchers to create mobility models from
real world traces. User access traces are collected using a deployment scenario, and then analyzed in order to extract parameters that represent the
mobility of nodes. One can then verify that the mobility model developed
resembles the collected traces. Weighted way point (WWP) [25] recognizes
that people do not choose their way-points randomly. It models this behavior by defining the popular locations in the simulation field and their related
popularity weight values according to the probability of choosing these locations as the next destination. In this Markov-based model, the selection of
a new destination is determined based on the current location and the value
of the current time. Kim et al [34], have proposed another idea of generating
a mobility model from user traces. They describe a method for extracting
user’s mobility tracks from recorded Wi-Fi traces. They further have validated their method by performance comparison between trace locations and
the locations determined by users carrying both GPS and 802.11 devices.
The authors have examined the tracks in the traces and were able to extract
information on mobility such as speed, pause times, destination transition
probabilities, and way points between destinations. This information then
assists in forming an empirical model that can be used to generate synthetic
tracks [34].
All these mobility models come at a price. They are either computationally intensive or require significant quantities of other resources such as
memory to model the mobility of nodes. Also what mobility models do is to
estimate the network connectivity properties and then use them to model
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node mobility and which is in turn is used to derive the network connectivity.
Chaintreau et al [12] have analyzed connectivity traces from six different
opportunistic environments. They have looked at the complementary cumulative distribution of distribution of inter-contact time values and found
some interesting properties. All these connectivity traces exhibit a heavy
tail distribution that is lower bounded by a power law distribution. It is in
contrast with the exponential decay of device inter-contact time distributions that are implied by popular mobility models. They further argue for
newer mobility models or mobility models that are capable of modeling the
observed properties of opportunistic contacts more accurately.

3.2

Connectivity Models

In opportunistic networking environments, the aim is to optimize the utilization of connection opportunities. Any model that attempts to represent
such an environment should consider the factors that affect the most important features of real traces: the contact duration and the inter-contact times
[11]. A model that captures these desirable properties should be capable
of generating synthetic traces that closely match real traces. Movement of
clusters of nodes in extreme environments also pave the way for good opportunistic networking environment and any modeling should represent the
cluster of node’s movement in the form of group movement.
Johan et al [53] argue for a temporal connectivity model generated directly. The authors have developed methods to analyze traces and capture
stochastic properties, and then to create realistic connectivity models for
simulation and formal analysis.
We suggest that connectivity models should be based on an analysis of
connectivity patterns in real networking environments. Analysis of these
traces for their stochastic properties allows us to derive probabilistic properties to model inter-node relationships (so called small world properties of
social networks) as well as the probability of a relationship resulting in two
nodes being connected at a given point in time.
We define a connectivity model M as a 4-tuple
M = (K, PR , PC , N )
K is a set of clusters [K1 ..Kk ], for a model with k clusters.
PR (A, B), is the relationship function defining the probability that A
and B are socially related.
PC (e), is the connectivity function defining the probability that two
nodes related by an edge e are currently connected. Here e ∈ E, the set
of edges determined by applying the relationship function PR to all pairs of
nodes in the model.
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N is the total number of entities in the simulation.
Relationship modeling
PR is defined in terms of λ, the intra-cluster relationship distribution and
φ, the inter-cluster relationship distribution. Thus
(
λ; where A, B ∈ Ki
PR (A, B)=
φ; where A ∈ Ki , B ∈ Kj and i 6= j
PR (A, B) represents a set of probabilistic edges E. The set of potential
edges or relationships defines which defines a graph representing the social
relationships between nodes. If the parameters are chosen correctly the
graph defined should closely resemble the weighted aggregate connection
graph in the real traces from which the model parameters are obtained.

3.3

Preliminary Results on Connectivity Models

We obtained the imote connectivity trace data files (UC-Traces) from an
experimental study at the University of Cambridge. Full details of this test
can be found in [41]. Even though this data set contains connectivity information for 23 days, we found that the first 15 days of data covers the
connectivity of nodes and most useful. Each contact is represented by a tuple ( other nodes’ id, start time, end time). The anonymized version of this
data could be downloaded from the CRAWDAD 1 web site. Identifying the
exact distribution of the node connectivity for the generation of synthetic
connectivity is a crucial part of this work. We analyze the UC-traces and
find the appropriate parameters for the time distributions by statistical analysis. These parameters serve as the fundamental connectivity mechanism
for generating synthetic traces.
The process of generating synthetic connectivity traces is done in two
stages. In the first stage, number of nodes to connect for each node is
determined using the poisson distribution with the mean number of nodes
to connect as the parameter. At the end of this process each node will have
an idea of how many nodes and what are the nodes to connect throughout
the simulation period. In the second stage, we select each edge and assign
the connection start time and the connection end times using a normal
distribution. These time values are calculated relative to the actual clock
time of a day. Care is taken to avoid the same pair being connected with
the same start and stop time values. Therefore at the end of second stage,
each selected pair will have a connection start time and the end time. Then
as the simulation time progresses, pairs of edges whose start times match
1

Community Resource for Archiving Wireless Data At Dartmouth (CRAWDAD)
http://crawdad.cs.dartmouth.edu
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the clock are set to start the connection between them and when their end
times match the real clock time are set to end their connection. At this
instance their connection information is logged in to the data file.
In accordance to our proposed model from above, we have determined
the values of N, PR and PC . For the values of the set of clusters K, we have
assumed the experiment scenario as a single cluster environment and therefore the total number of clusters is equal to one. All the experiments were
run to last for the time period of 15 days and the connectivity information
is logged into files. At the end of the simulation data file is analyzed and
the aggregated data for the connectivity is recorded into files.
The distribution of inter-contact time values are computed for all pair
wise contacts in UC-traces and also for the synthetic traces. We plot the
inter-contact time distribution for the UC-traces and the synthetically generated traces in Figure 3.1. The inter-contact time in Figure 3.1 for both

Figure 3.1: Inter-Contact time distributions of UC-traces and synthetically
generated traces.
traces show a close match and both exhibit a power law based behavior for
a certain period of time. As Chaintreau et al showed in [12], these traces too
exhibit a power law based behavior. In addition, we observe that the power
law behavior in this plot is applicable only for a certain period of time and
thereafter the graphs shows heavy tail and it starts to decay slowly. This
could be an effect of the testing process. This effect has also been observed
in other opportunistic connectivity traces [12].
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3.4

Discussion

Modeling node mobility is a critical issue in simulation based studies. We
have analyzed different mobility models [33] and have proposed a connectivity model. Opportunistic networks are different from other ad hoc networking environments with their unique properties. Opportunistic networks will
have certain properties due to the population density and the nature of urban environments. Our observation is that when the network is not densely
populated and the nodes move relatively slow, mobility models would be a
good choice to model node mobility. When it comes to opportunistic networks, where large number of nodes need to be modeled and we are mainly
focused on the contact time values, connectivity models is the candidate of
choice. Researchers around the world have been working hard to come up
with efficient routing and forwarding algorithms that maximize the system
throughput. Our work on connectivity models will help them to come up
with smarter approaches for routing and forwarding issues in the future.
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Chapter 4

Summary of Papers
This section contains summaries and retrospective discussions of papers included in part 2 of this thesis. The papers are listed in the chronological
order, starting with our first paper Paper A, with which our research activities stemmed up. Fundamental concept in all these listed papers is to
explore research issues in content distribution in a peer to peer manner
and our related research work towards finding solutions. Trend in content
distribution gets changed over the time as more challenging environments
are emerging and therefore there is a need to embrace these changes with
technological advancements.
Paper A: Approaches to P2P Internet Applications Development – Discussion
This paper is the result of some initial investigations I have done in the peer
to peer content distribution networks as a first year PhD student. Research
and development activities in peer to peer networks are carried out in isolation by two different parties at the same time with the same goal. Academic
and industrial researchers have found their own way of carrying out experiments and systems development, and it seems that the experiences and
results are not being shared between them. Even though the academia has
proposed solutions to some key problems, the industry has found its own
way of solving those issues. The industrial research seem to be motivated
by their commercial benefits and are widely used and popular among user
groups. This leads to a situation where there are replication of research
and development activities in the same area and inefficient use of resources.
Therefore it is essential to have both research activities go hand in hand
for the next level of active research for innovative applications. We have
identified how academics could take a fair share in the activities of systems
development and implementation, how their expertise and test results could
be utilized in crucial areas. We propose the unification of research activities
for them to work together instead of ad hoc development of products.
Paper B: What and When ? Distributing Content in Oppor25

tunistic Networks – Discussion
Devices in opportunistic networks experience intermittent connectivity and
the implications of this intermittent connectivity has an effect in future
networking research for the development of applications, protocols and algorithms. Contact opportunities that arise as a result of the intermittent
connectivity is the deciding factor of the network for successfully distributing content. When mobile devices are being carried by humans and when
these people stay close enough to each other, devices too encounter each
other. What could be possible patterns of connection times, what could be
possibly exchanged during such connected times are some of the questions
we felt would be more interesting to explore. We carried out a simulation
based study for a typical popular environment such as an airport scenario.
We used a modified weighted way point algorithm [25] and have recorded
contacts between devices. From these contact time values we were able to
estimate the potential amounts of data transfers in a scenario. The lessons
learned from this simulation based study enabled us to raise some interesting
questions and our work towards connectivity models.
Paper C: Connectivity Models - A New Approach to Modeling
Connectivity in Opportunistic Networks – Discussion
Carrying out experiments in real environments for the testing of new implementation of applications, protocols and algorithms are not always possible
and simulation based studies provide the comfort of testing and verifying
of the the implementation of new ideas. Even though a simulation based
study cannot represent a realistic environment exactly in all respects, it still
remains the preferred alternative for carrying out experimental studies because of the overheads in real experiments. In such simulation based studies,
especially in the MANETs, mobility models have been widely used to model
the movement of mobile devices.
In this paper we do a survey of existing mobility models and their related
overheads. With our simulation experiences from Paper B and the observed
patterns of social connectedness of nodes, we formulate the Connectivity
Models as a four tuple with parameters and present it. When devices stay
closer to each other and make clouds of connections, form a set of cluster of
nodes in the environments. Each device will belong to one or more clusters
and because of the nature of mobility of nodes the clusters too are dynamic
and change in size and numbers. Therefore our connectivity modeling design
should take the clusters present in the environment in to account and then
try to model the connectivity relative to clusters.
We further envision that these connectivity models will assist us great
in reproducing device connectivity traces in opportunistic networking environments. By observing and estimating the properties of real connectivity
traces it will be possible. The ability to reproduce device connectivity will
relieve researchers from the trouble of conducting real world experiments.
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Chapter 5

Conclusions and Future
Work
This thesis investigates modeling device contacts in mobile P2P. Modeling
device contacts accurately is essential for testing and validation of newly
designed protocols, algorithms and applications.
We observe that research and development activities in P2P CDN proceed largely in isolation from each other. The fundamental principle of the
P2P CDN research that the empirical developments of systems be in parallel
with the research activities by the academia has been established. It is evident that a coordinated approach would produce more reliable applications
and systems avoiding wastage of resources in repeated activities.
Modeling individual scenarios and studying them with mobility models
does not give clear insights of the network and its behavior. It is also
observed that without varying the behavior of the network, it is difficult
to characterize the behavior of developed protocols and applications using
such studies. The need for a model that enables the developer to understand
the behavioral changes of new applications and protocols by varying the
stochastic behavior of the network is identified and argued for.
We have developed a connectivity model which is a first step towards
modeling device contacts in opportunistic networks. Connectivity models
capture the network properties by modeling the extracted parameters of
a candidate real network. Understanding connectivity models enables us
to study the connectedness of the network and its behavior when testing
new protocols and applications. Altering parameters in connectivity models
further enables to analyze the developed systems’ behavior in great detail.
Preliminary results of connectivity models are promising and confirm that
we are on the right track. Connectivity modeling still has many potentially
intriguing issues to study. The impact and capability of the connectivity
model we have developed should be investigated on many opportunistic
networking environment trace sets.
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Future Work
Future mobile devices will have the capability to support content sharing
in a more general way by means of advanced software systems. Already
many mobile devices have been sharing content in a limited manner and the
success story of peer to peer systems, the business models behind content
sharing and peoples’ never ending desire to share information using more
sophisticated solutions like peer to peer sharing, web blogs will trigger the
development of new platforms, applications, architectures and protocols.
In order to complement the work in the field for content distribution in
opportunistic networks, we have identified that work in the following area
is needed.
Reproducibility of Connectivity Traces : Extend the work on generating synthetic connectivity traces by connectivity models as a full fledged
connectivity trace generator with the input of a set of scenario description
seeds. I strongly believe that the reproduction of synthetic connectivity
traces will enable reproducible and comparable simulation experiments on
the behavior of large scale systems operating in opportunistic environments.
This will further reduce the overheads associated with repeating experiments
in real scenarios.
Data Persistency in Opportunistic Networks : An important
research question is to evaluate the feasibility of treating a large scale opportunistic network as a persistent data store. In such a system the content
of interest could persist in mobile devices and be shared opportunistically
with other encountered devices. Ensuring that the content is available and
persistent in the network is not trivial. Intermittent connectivity, high node
mobility and frequent topological changes have a high impact on data survival in these networks.
Data persistency will allow future development of applications that rely
on opportunistic connections among devices, and will open up new avenues
for content distribution. It allows any peer in the network to request for
a content (which we assume that somehow he knows the existence of the
content in advance) by typing a query in his device and the system will find
the response from some of the peer nodes in the network and then the result
will be propagated back to the requester. So far research in opportunistic
networks has concentrated on data forwarding, routing techniques, characterizing contact and inter-contact times and the possibility of distributing
different types of content among peers.
Bit Torrent Fashioned Data Sharing in Opportunistic Networks:
Bit Torrent [16] is very successful in sharing content among peers in peer
to peer networking, while maintaining a good incentive mechanism. We
plan to extend data forwarding in opportunistic networks to adapt the Bit
Torrent form of sharing content [16]. Since humans move in clusters and
there exist inter-cluster and intra-cluster relationships, Bit Torrent type of
sharing will be a candidate type of sharing in opportunistic networking en28

vironments. Content can be divided into a number of smaller chunks as in
typical Bit Torrent, and be shared opportunistically. By splitting a content
into a number of smaller chunks we can overcome the problem of shorter
contact times as smaller chunks could be easily exchanged during smaller
time intervals. Missing chunks of a content may be retrieved during inter cluster movements. In addition, inter-cluster nodes may also take the
roles of data mules, carrying data for others. Different roles of nodes, data
chunking, chunk caching and distribution schemes need to be analyzed and
explored.
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Abstract
Research in overlay and P2P networking has
been tightly focused on fundamentals in the last
few years, leading to developments on a range
of important issues. The time has come to
integrate these insights into existing and new
systems. We see this as a vital part of the effort to influence the development of Internet
services and arrive at a generalized architecture within which to design and construct overlay and P2P systems. This paper analyzes deployed P2P systems in the public and research
arenas providing a taxonomy of issues and research. The paper then discusses the roles of
overlays, P2P applications and network infrastructure and argues for a multi-dimensional
view of systems development to describe the
inter-relationships between these components.
The parametric space in which one defines the
role of a P2P application depends on the level
of complexity we expect in that application, in
comparison to the richness of the services provided by overlays and the network core.
The contribution of the work presented here
is to identify the key research issues in both
academic and industrial environments and
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then suggest that an alignment of research activities and application development should focus on constructing a unified overlay architecture which ensures efficiency, fault tolerance
and scalability.

1. Introduction
The emergence of Overlay and Peer to Peer
(P2P) networks can be attributed, for the most
part, to frustration with the standard services
and structures of the present Internet. Users
behind NAT boxes and firewalls cannot participate as fully qualified Internet citizens and
share information on an equal basis with other
users due to the limitations imposed by address translation, traffic filtering and dynamic
IP address allocation.
P2P networks address such problems by
providing an extension of the Internet design
within which communities of users have implemented distributed storage, search and sharing, and distributed computation applications
[2, 12].
An Overlay network is an organized subset of Internet nodes that collectively provide
services to the participants. Overlay network
nodes could participate in one or more overlay networks based on the type of activities

in which it wishes to participate. In the literature P2P and overlay systems are typically
categorized as Structured or Unstructured systems [8, 23].
Irrespective of the nature of the architecture all P2P and overlay systems confront a
common set of issues; efficiency, scalability,
topology awareness, efficient routing, storage,
caching, resilience and security etc. [21, 24].
Recently P2P overlay networks have gainedmuch attention in the research world, in part
due to the tremendous growth in public interest and use of such systems, and their impact
in terms of generating Internet traffic [12]. Researchers focusing their attention on various
aspects of P2P design have developed innovative approaches to deal with many of the above
mentioned issues efficiently [12].
Research in P2P networking has two main
directions [2, 12]. Academic researchers have
proposed solutions to some key problems and
at the same time the current trend and the
popular products seem to have their own ideas
and solutions. Even though there are some attempts to unify these two distinct streams (e.g.
Intel, HP and more than 60 leading universities in the world have collaborated to form
Planet Lab) [16], still the division exists. Popular P2P applications are motivated by the industrys marketing targets. These systems have
very little knowledge of the outcomes of the
research activities done by the academic community, at least have implemented few of the
resulting ideas. Academic research too has a
weak point of not concentrating on the improvement of the popular or commercially oriented products. These differences in the way
of looking at the research and the deployment
of the popular systems have led to the development of the two distinct streams with more and
more differences and there is a severe need to
bridge these two communities. The emergence
of stable efficient P2P and overlay networks depends on improvements in all the above men-

tioned areas [23].
Ultimately research results that could improve the performance and security of P2P systems have had little impact on the development of deployed systems. The same argument
is also valid for overlay networks that provide
generalized support for developing P2P applications. We believe that this situation is due
to the increasing trend of separating academic
research from systems programming in the Internet environment. Development of Internet
applications and protocols is no longer solely
a domain of research groups, in fact increasingly, the development activity has moved into
the hands of the open source community and
the commercial developers.
Some research aims to bridge this gap [3],
however there are few such published results
and, so far as we are aware, no production
system has been produced and maintained by
networking research groups. This paper discusses the roles of research groups and applications development in the context of a design
space analysis of network infrastructure, overlays and P2P applications.
In this paper we analyze the existing systems
and identify their problems and then are trying
to direct future research in P2P and show how
the three dimensional parametric space introduced by us could be used in the development
and in the implementation of newer services
benefiting different involved parties.
This paper is organized as follows. Section 2
gives a background study of the P2P systems.
Section 3 talks about the Internet, P2P and the
middleware capabilities and needs. Based on
the study of sections 2 and 3, Section 4 introduces the three dimensional parametric space
and explains how systems could be developed.
Section 5 gives conclusions we have arrived and
Section 6 gives outlines the future directions of
P2P research.
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2

Background

P2P and overlay networks are categorizable
into two classes. Unstructured P2P networks
allow nodes to join and leave freely and connect participating nodes ad hoc into a random
graph. Such nets typically use broadcast flooding to locate desired data items. Gnutella and
Freenet are some examples of this kind of network [4, 18].
Structured overlay networks, which are designed with the aim of improving the efficiency of data discovery, maintain a logical
node structure and impose constraints on the
node structure and data placement to ensure
effective data discovery. CAN, Chord, Pastry
and Tapestry are some examples of Structured
overlay networks [17, 20, 22, 26].
Desirable Properties of P2P Systems

Efficiency

Resilience

Security

Searching

Topology Awareness

Scalability

Routing

Caching / replication / Storage

Figure 1: A P2P systems research overview
Even though P2P networking has experienced fast-paced development in the recent
years, designers of P2P and overlay networks
face many challenges in constructing efficient
systems. Unlike systems which have centralized control over nodes that join the network
where the trust among participating nodes is
high, P2P networks are highly decentralized
and the trust among nodes is very low [2].
A structured view of the key issues in overlay networking and the relevant inter-area relationships can assist us to analyse the area.
Figure 1 clearly identifies that crucial areas
for P2P are routing and searching, and it is
thus not especially surprising that much academic work has concentrated in these areas.
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The envisaged uses of overlays also argue for
a fair amount of effort being devoted to issues
such as resilience, decentralization, scalability,
load balancing, availability, security, topology
awareness and correct performance.
Routing research in structured P2P and
overlay networks focuses on graph structures,
forwarding algorithms and the awareness of the
underlying topology of the IP network [24].
Research here strives to develop efficient routing algorithms, and optimize lookup services
and caching behavior. Much of this work focuses on improving routing matrices using insights gained from a graph theoretic analysis
of the network [15, 25]. This ranges from arriving at suitable topological structures for the
overlay networks to proposing efficient routing
for the overlay networks in order to improve
forwarding and search performance.
Search mechanism finds the desired data in
a node or in a set of nodes for a given search
query issued by an individual user. In searching flooding is the primitive technique used
and many recently proposed searching techniques are based on simple key word matching [6,18]. Researchers have studied and found
the overheads of such techniques and have proposed better mechanisms for searching. Incentives encouraging active participation and
the derivation of economic models for P2P architectures are also of interest to academic researchers [7, 24].
2.1

Unstructured Networks

In any network system the rate at which
nodes enter and leave the network is called the
churn rate. In unstructured networks the overlay topology has no role to play in the placement of data. Normally unstructured networks
have less control on nodes which results in a
high churn rate. These unstructured networks
manage their content locally and are very popular among file sharing user groups. Search-

ing techniques play a major role in unstructured P2P networks since there is no centralized index which records the files of interest.
One good example of this kind of application
is Gnutella. It is actually a search protocol
and it enables nodes to connect to an unstructured network and then search for specific contents [11]. Further, these unstructured networks are considered to face scalability issues.
Much attention has been paid in the recent literature for the improvement of unstructured
P2P systems especially in searching, caching
and replication [7, 18].
2.2

Structured Networks

Structured overlays have strict algorithms
which determine the way nodes are added to
and removed from the network and have specific protocols for efficient routing and searching. This tight control over the structure of the
overlay makes them more efficient in searching and satisfying queries. Much attention has
been paid by the academic researchers to the
improvement of look up, routing and searching
techniques for structured overlay networks, especially in the way of distributed hash tables
which map keys to overlay nodes [13, 15].

applications that drive the technical research
that the newer network systems should be able
to support. But the Internet has a different
sort of history. In the Internet, first the standardized set of protocols and environment variables were defined and then the applications
started to develop. Therefore for the Internet, insertion of newer sets of protocols to the
standardized protocol stack remains a tedious
job. At this point P2P seems to be a suitable
candidate. Middleware sits between the networking software and the popular network applications as a layer and provides services that
could be used for the development and the deployment of distributed computer network applications. The existing middleware are not designed for the P2P. Even though they support
the synchronous or asynchronous communication among peers, in reality P2P is much concerned with multicast overlay network management and resource discovery. JXTA [10]
is one of the popular general purpose middleware available for developing P2P contentmanagement applications.
MiddleWare / Proxies

Overlays

3

The Internet , P2P systems
and the Middleware capabilities

The Internet and P2P are two fast growing
areas of interest in Computer networking. Despite the greater amounts of similarities and
the research focus from industrial and academic communities, these two systems do not
help each other to grow, develop and include
newer services. In P2P, still the concept of
sharing resources in end user systems that join
the P2P network remains unchanged and this
sharing has evolved in to various types of resource in the recent history. In P2P, it is the

Service Specific Networks
Network Complexity
P2P

Application Complexity

Figure 2: A P2P System design parameter
space

4

Towards Constructing Next
Generation P2P Systems

The preceding discussion identified two
largely disjunct communities working on P2P
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applications and infrastructure to support such
applications. A key observation that can be
drawn from the overview presented there is
that deployed applications, almost all except
BitTorrent [5], which is a file transfer protocol,
fail to build upon the advances generated by
academic researchers.
Structured overlay networks are clearly not
popular with the designers of file sharing and
content distribution P2P applications. One
possible reason for this could be that many
DHT based systems have demonstrated themselves unable to handle the high churn rates
present in existing P2P systems. A notable exception is Bamboo, which has been shown to
perform well with high churn rates in emulated
network studies using ModelNet [19]. Despite
research results which show good performance
of research systems for searching with partial
query matches, such approaches have not been
used in production systems, nor do they seem
to be under consideration for inclusion. This
seems hard to understand when we know that
techniques such as the flooding-based query
algorithms used by unstructured overlays are
considerably less effective and create high levels of redundant traffic in the network.
4.1

A Research Vision

Academic research results focus on providing newer or better performing architectures
and, implementing and understanding systems
properties for wide area distributed computing
environments. On the other hand, at present
the popular applications among user groups
are mostly built from the ground up, using
only basic transport layer services. In many
cases development of such systems is motivated
by making marketing gains for the commercial
community [2, 12]. We believe that it is necessary to build, test and verify the correctness
and completeness of the theoretical results of
academic research in widely used public p2p
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systems. Only then will the present research
and related activities provide the foundation
for the next stage of innovative research.
One of the fundamental early tenents of network systems research was that theoretical research results and the practical implementations of systems go hand in hand. In order
to achieve this we need to implement and test
services in isolation using P2P techniques. To
successfully implement this idea in the future
research products an envisioned approach on
the Figure 2 would be very helpful. It is easier
to look at the three dimensional view of the
parametric space and it is easier to view how
different research could be directed towards the
production of various networking products.
At this point the biggest question arises.
Much current research focuses on the improvement of structured networks and many have
been shown to perform well [17, 20, 22, 26]. At
the same time, other types of systems for example, unstructured systems which are popular among the user groups, seem hesitant to apply the outcomes of academic research. Is there
any way of unifying these two distinct types of
development so that performance gains could
be integrated, thus supporting the formation of
P2P networks with good performance [8, 24].
To understand the research and implementation context, we have parameterized the P2P
design space. Systems can be developed at any
location in this space (as described in Figure
2). In each of its axes different sets of actors
are working on and the research and development activities in each axis affects the others.
The level of complexity with respect to each
axis depends to some extent on ideologies and
economic factors. For example ISPs may have
an economic motivation to develop more complex network services or overlays in order to
create marketable services or products.
Ad hoc development of applications or systems for end users may ultimately lead to replication of effort and inefficient use of resources.

However, such applications respond to user
perceived shortcomings in existing networks.
One viable role for academic research in such
an environment is to provide well structured
support for ad hoc development activity and
to evaluate the value of including such support in core networks. In this context overlays
and similar infrastructure research initiatives
lay the groundwork for the construction of efficient and reliable systems. At the same time
such efforts also assist in evaluating the feasibility and advisability of migrating some of
this functionality in to lower network layers. If
we accept that this is a desirable role for academic research, the current practice of developing fragile prototype systems is not sufficient.
Researchers in this area need to adopt a more
systems research approach. By generating stable distributable overlays, routing substrates
and underlay indirection infrastructures, networking research in P2P systems can re-assert
itself as a formative influence. In so doing it is
crucial to identify the areas in which our specific competencies can create the greatest impact. Using our previous analysis (see Figure
1) we suggest that these areas should be those
where existing academic research has a strong
presence. Given their complexity and theoretical nature it appears clear that the areas of
resilience, searching and security are of special
interest.
4.2

Resilience

In order to extend P2P networks as a more
reliable applications oriented technology and
not just to be used as a file sharing system,
the design of more reliable resilient systems
need to be addressed. P2P systems are often
faced with the problems of disconnections by
peers, unreachability of nodes and node failures. More research has to be done to improve
the resilience of P2P systems, and so far little research has been done. Even though fre-

quent replication is said to be a solution for
these kinds of problems, replication of data
items needs special care in P2P systems. In
addition, since the concept of P2P overlays attracts the involvement of more and more people from various disciplines, this increases the
probability that P2P systems will not only be
used for file-sharing, but also resource sharing
in a broader context, such as computing power,
storage etc [9]. In such environments replication may not be the most appropriate solution
to resilience. Most other approaches to improve the resilience of a network concentrate
on balancing the load or making the system
more adaptable to failures. Improving the failure resilience of the Internet also improves the
overall performance of the Internet. Some of
the possible future research could concentrate
on the resilience of network systems in handling the failure of single nodes, disconnection,
or partitioning of overlays [1].

4.3

Searching

A very good scalable searching mechanism
is an essential feature for a successful P2P
sharing system since the querying system of
the underlying architecture mainly depends on
searching. The two main properties a good
search mechanism should have are the ability
to search and find rare items and the ability to support partial match queries. The
search mechanisms proposed by Gnutella have
been proved to find popular items and the
DHT techniques used by systems such as CAN
and others find rare items [14]. These two
techniques have their own demerits, for example Gnutellas inability to find rare items
and the problems that DHTs have in scaling
to large distributed networks with high churn
rates [14].
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4.4

Security

Security of P2P systems is an important issue since placing the security of a P2P system
at risk exposes the whole system. Much research activity is going on in providing security features for P2P systems. Some systems
handle the problem with encryption techniques
and advanced techniques need to be introduced
to protect systems from malicious attacks [4].

5

Conclusions

Internet traffic studies demonstrate that
P2P systems are increasingly popular and generate a growing percentage of network load.
Developingmore robust and efficient systems is
interesting from both research and commercial
standpoints. Historically many of the experimental systems developed by academics have
been shown to outperform popular systems in
certain respects. However, systems research on
Internet protocols and systems is increasingly
not what academics do, and systems results are
typically not what is published in the major
conferences. Development of code, its release
and distribution has, more or less, ceased to be
an academic activity in networking research.
Open source projects are typically started by
non-academic people with an interest in systems programming. These people tend not to
be in touch with the latest research. Making academic research results accessible to this
community should be a priority if we are to
fulfill our duty to society and the development
of knowledge as researchers.
This paper argues that transfer of results
will be facilitated if we understand the design parameter space in which we work. Such
knowledge can be used to guide the choice of
research topics, and also guide us towards systems research areas that will have a higher impact on future P2P systems developed in the
commercial and the open source domains. One
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powerful approach identified here is to focus
on producing general purpose infra-structures
that simplify the task of implementing efficient,
robust and secure P2P applications. Production of stable overlays and similar infrastructure support in academic research groups,
and demonstrating the benefits of research informed designs to open systems and commercial developers increases the relevance of networking research. At the same time production of stable overlay support for P2P systems
provides a new opportunity to study the operational impact of innovative protocols and more
easily incorporate design innovation into future
systems.

6

Future Work

So far we have discussed the existing streams
of activities in the Peer to Peer systems and
the big questions ahead of us. We have presented the future direction of research path as
a three dimensional parametric space with different set of actors working on and motivating
the activities towards their ultimate goals. Our
future work emphasizes the development of infrastructure support for various categories of
networking needs.
Recent literature highlights the need for
sharing more general resources such as computing power [9]. We plan to implement infrastructure support for enhanced resource sharing, this not only includes file sharing but also
targets other forms of resource sharing. This
will lead us to the implementation and more
research work on the addition and implementation of newer protocols to the protocol stack
and the inclusion of protocol heaps etc. We
also plan to derive and implement newer protocols to start with this aim.
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Abstract
Tomorrow’s mobile data exchanges will often
occur using intermittent connectivity and the design and development of mobility models, applications, protocols and infrastructures are an essential part of future research in computer networking. Widespread deployment of mobile devices has motivated the research community to focus on a range of new networking issues. Aforementioned devices can transfer data in two ways
- first by transmitting it over a wireless network
interface, and secondly while being carried from
location to location by their user. Propagation of
data using opportunistic exchanges has recently
become a topic of networking research. Proposals have been published [6, 22] which explore the
possibility of data exchanges when small mobile
devices, with wireless connectivity enabled, encounter each other while on move.
Our contribution is to simulate and analyze the
nature of communication behavior between such
small devices in the presence of intermittent connectivity. We use the results to estimate their capacity to support distribution of popular forms of
content such as podcast data over such networks.
We envisage that this will also enable future research, development and deployment of communication facilities in developing nations and remote
∗
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areas, where the establishment of fixed communication infrastructure is often impeded by cost and
political factors.

1. Introduction
The widespread use of small portable wireless
devices in recent years has been observed by researchers and many are interested in exploring
efficient content distribution using these devices
[14]. The properties of these devices such as
small size, wireless connectivity interfaces, limited storage capacity etc. identify themselves as
ideal candidates of research explorations. These
devices can transmit data over a wireless medium
and at the same time, when they are carried from
place to place, can transmit data to other devices.
It has also been noted that the applications that
run on these devices do not utilize the available
full wireless bandwidth and could well be designed to take advantage of local and intermittent
connectivity. The newer networking paradigm of
opportunistic networking could also benefit from
the above mentioned properties of small portable
devices that enable efficient content distribution.
The basic idea behind opportunistic networking is that, in the absence of a fixed infrastructure for connectivity, content of interest could
be transferred between mobile devices using the

connection ”opportunities” that arise whenever
the mobile device happens to come into wireless
range of other wireless devices due to the mobility of their users [6, 22]. Opportunistic networking exploits human mobility and local forwarding in order to distribute data [13, 21]. A
typical scenario would be where content of interest could be exchanged effectively and efficiently,
when two or more PDAs with wireless connectivity enabled are being carried by humans who
stay in the connectivity range of these devices in
popular places like hotel lobbies, airport lounges
etc. While the devices are in close proximity of
each other with short range wireless technology
such as bluetooth etc., enabled could transfer content among them. Much of the research to date in
opportunistic networking deals with potential use
cases and protocols, and standards dealing with
issues such as addressing and naming [6,15], data
forwarding [13], routing [2, 9, 11, 23], to name
a few. Any researcher interested in opportunistic networking faces a more fundamental research
question. What is the pattern and duration of radio contacts which will be experienced by such
systems and protocols? Based on this knowledge
we can ask two further questions. What type of,
and scope for, information transfer and services
might be possible in typical use cases? What mobility models best represent such environments?
As a first step to providing answers to these questions we have conducted a simulation study. In
this paper, we present empirical results of the impact of mobility and intermittent radio contact on
the potential for opportunistic content distribution among small hand held devices. The results
are generated using a simulation environment in
which we have modeled nodes moving in a predefined area that represents an airport terminal. We
use these data to compute the windows of opportunity for connectivity and thus an upper bound
on the potential for content distribution throughout such a network. In addition, we parameterize
the behavioral pattern for content distribution.
The remaining part of this paper is organized as

follows: Section 2 gives a background study and
related research work in opportunistic networks
and in intermittently connected networks. Section 3 describes about the usage model, a use case
scenario, and how we modeled the use case in
the simulation engine to represent such a use case
scenario. In section 4 we present experimental results of the simulation and the data collected, and
present discussions and analysis on the results. In
section 5 we present our conclusions and in section 6 we briefly present our future work.

2. Background
For a decade or two, the environment of communication among peer devices has been based
on the Internet, of which most of the services provided relied on the fixed end to end connection
availability. Recent technological advancements
in the design of small portable devices with wireless networking capabilities make them wander
around everywhere with connectivity. Most of the
connectivity available to mobile wireless devices
are in hot spots because of the commercial benefits behind them and quite often these devices
experience intermittent connectivity to other devices and services [12, 19]. Since these devices
often get disconnected, internet services become
inaccessible to usage.
Intermittent connectivity has been defined as,
the nature of connectivity of nodes that it is not
assured that the connectivity be available to any
fixed or mobile access points at all times. In
reality this means that it is not guaranteed that
there exists an end to end path between the source
and the destination at all times. In recent networking research, opportunistic networking in
intermittently connected environments has been
a magical word among researchers, and many
have approached the problem from various points
of views and have proposed innovative ideas to
exploit the available connectivity and other resources to make sure that the data is disseminated
as much as it could [2, 6, 7, 15, 19]. Opportunis-
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tic networking has been categorized as a sub-class
of Delay-Tolerant Networking (DTN) [5, 10, 11]
and Mobile Ad-Hoc Networking (MANET) [6].
Unlike the current end-to-end connectivity based
mobile networking, opportunistic networking depends on each individual connection opportunity
discovered with other nodes whenever they are
closer to each other and then tries to exchange
as much as information as possible. The limited
broadband coverage and the cost factors that are
involved in the implementation of such services
in many regions of the world also pave the way to
opportunistic networks.
A typical scenario that establishes the environment for an opportunistic networking is that when
two or more users carrying wireless connectivity (e.g. Bluetooth, Wi-Fi) enabled devices (e.g.
PDAs) meet each other or walk pass by each other
at some popular places and then try to exchange
data among them. One more scenario where opportunistic networking could be useful is in the
rural areas in developing countries which have intermittent connectivity to fixed infrastructures [7]
or no connectivity at all and the cost factors involved in establishing fixed infrastructures are not
economically feasible or impossible.

2.1. Related Work

A great deal of present research focuses on the
opportunistic networking. Research by [6] analyzes the idea of opportunistic networking called
pocket switched networking to disseminate data
in an epidemic fashion exploiting the connection
opportunities and user mobility. Su et al. in [22]
have studied the feasibility of forwarding data
content among user groups exploiting user mobility. Haggle [20] tries to present a set of architectural principles for pocket switched networks.
What distinguishes our work is the concentration
on high level content distribution in contrast to
packet forwarding strategies.
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Figure 1. A Sketch of the scenario

3. Description of the Usage Model
In todays business world people on move often
have circumstances of gathering in hotel lobbies,
airport lounges etc. Currently many such people carry small portable short range communicable devices with them as they travel from place to
place. When these people are waiting at such popular places, the small devices they carry could establish direct communication and exchange useful information. In many instances the duration of
such meetings varies from a few seconds to several minutes. This enables the devices to exploit
the unused bandwidth and the communication capability of the devices opportunistically and to
transfer content of interest. Depending on the
available resources such as memory etc., devices
can potentially transfer considerable amounts of
data efficiently and effectively in this manner.
3.1. Use case
In this paper we consider a typical situation in
an airport where passengers arrive and gather at
attractor places like check in counters, luggage
claim points, cafeteria etc., and then leave the airport. By ”arriving at the airport” we mean passengers who enter the airport either as an arriving passenger from an air plane or from any other

place. By ”leaving the airport” we mean passengers departing the airport in an airplane or through
one of the exit gates. When people gather at these
attractor places and stay there for certain amounts
of time, the devices they possess come in to the
communication range of each other. This allows
the devices to contact each other directly and exchange information. After staying at an attractor for a certain amount of time, passengers either
move towards another point of attraction or move
towards one of the exit points and leave the airport.

our simulations. Simulations are run for enough
time that all the nodes considered can move
through the simulation field and then leave the
field. Nodes are introduced through one of the
entry points at uniform random intervals of time.
In our experiments, simulations are run with 50
nodes, and connection information about nodes
including the paired nodes and their connection
time are logged. We use a simplified Way Point

number of nodes
50,100 & 200
wireless technology
Bluetooth
radio range
10 meters
radiated power
1 mW
speed of nodes
1 m/sec

3.2. Simulation Design
In order to determine the scope for content
distribution using opportunistic connectivity, we
have developed a simulation environment which
models the presence of small devices carried by
humans in the scenario outlined above.The simulation area considered here is a 200m*200m
square region with four entry points and two exit
points to resemble a portion of an airport. The entry points and the exit points in to the airport are
marked with clear sign marks in Fig. 1. Nodes
enter through the entry points and leave through
the exit points during the course of simulation.
Places of attraction are identified as the check in
counters, baggage claim points and the cafeteria.
The number of different attractor points at each
attractor and the waiting times at these attractors
are chosen to represent a real world set up based
on information obtained from the literature that
deals with airport simulations [4] and practical
observation. At its entry in to the simulation area,
each node moves at a constant speed of 1m/s [18]
within the simulation field and the range of the
wireless communication for it is chosen to be 10
meters. Also we have assumed that each radio device will have a circular coverage area around it.
3.3. Experimental Parameters
We have used the Jist/SWANS [1] a general
purpose discrete event simulation engine to run

Table 1. Experiment Parameters

mobility model [3] to which we have added attractors and predefined waiting times at each attractor. From its entry in to the simulation area,
each node moves towards one of the attractors or
to one of the exit points. Random pause times are
replaced with predefined waiting times for each
type of attractor [4]. We consider Bluetooth to be
the underlying communication technology, due to
its wide deployment in mobile devices. The suitability of Bluetooth for opportunistic data transfer
is widely established due to its short communication range and low power consumption [8]. Bluetooth is theoretically capable of achieving a transfer speed of 1.0 Mbps, and the recently announced
Bluetooth version 2.0 is supposed to provide a
promising theoretical data rate of 3.0 Mbps. In
practice bluetooth achieves much lower effective
data rates; approximately 721 kbps for Bluetooth
1.1 and 2.1 Mbps for Bluetooth 2.0. User profiles such as service discovery application profile,
file transfer profile, object push, advanced audio
distribution profile etc., available in Bluetooth enables it to be used depending on the need of the
data transfer.

56

Figure 2. Connection duration, frequency histogram

3.4. Assumptions
In our experiments we have assumed that users
have configured their systems in such a way so
that the devices interact without the need for user
intervention [24]. This eliminates the overhead
associated with manual authentication at each
node discovery. In highly mobile environments
like this we expect a large number of device interactions, consequently we feel that automated authorization is a prerequisite for system usability.

4. Experimental Results
4.1. Data and Definitions
During each simulation run, connectivity information is logged. From these logs
we extract the following information tuples:
{nodenumber,
nodenumber,
connectionduration} and {connection-duration, number
of nodes}. The first data set summarizes the
inter-device communication durations. We then
compile statistics for the number of connections
of a given duration. See Fig. 2.
4.2. Window of Connectivity
The graph in Fig. 2 shows connectivity frequencies for a 50 node scenario. We can ob-
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Figure 3. Connection Time Distribution for
Range 1 Connections

serve that these connection times form into three
groups. First group includes the considerable
number of connections of between 1 and 3 minutes duration and, the second includes a large
number of connections of between 4 and 6 minutes duration (Range-1) and third group includes
a considerable amount of connections has durations in the range of between 18 and 21 minutes duration (Range-2). As we described in Section III-B the nodes have waiting times of 6 minutes at the check in counters and at the luggage
claim points and a waiting time of 20 minutes at
the cafeteria. Thus we would expect there to be
many interactions at the check in counters, luggage claim points and cafeteria with mean duration closer to the waiting times defined for the
simulation scenario.
4.3. Discussion
Wang et al., in [24] have analyzed the Bluetooth scan, scan-request and handshake process
times and have empirically shown that for Bluetooth enabled devices this time varies between 18
and 25 seconds. These aforementioned times are
needed for the Bluetooth devices to find neighboring Bluetooth devices within the network range.
Additional time is needed by the applications
and Bluetooth Piconet formation brings down the
transfer rate further down. Recall from the as-

sumptions subsection of section III, that we have
assumed that there is no overhead from device authentication delays. Even though the literature on
Bluetooth claim a transfer speed of 721 kbps, in
reality it is not. Wang et al., in [24] have measured and reported about the variation in the transfer rate of devices with differing distance gaps.
The small time interval of between 1 and 3 minutes enables us to quicker data exchanges in the
sizes of a few bytes to a couple of tens of bytes.
These types of exchanges are ideal for exchanging business cards, text based news headlines, a
short list of places of attraction in the city etc.

an average case transfer speed of 21.0 KBps [24]
we will be able to transfer as much as 4.3 MB to
6.76 MB of data, and with Range-2 case we will
be able to transfer data amounts between 21.5 MB
to 25.2 MB of data. This shows us the variability
in the amount of data exchanged in each case.
Range-1 device encounters are better suited for
small scale object exchanges. Range-1 represents
a highly dynamic and opportunistic situation. It
is evident from Fig. 3 that the Range-1 interactions are bursty when nodes are at the attractors
especially at the check in counters. Podcasting of
audio video files, exchanging digital photographs
are some of the potential applications for this type
of connection time durations.
Device encounters in Range-2 are quite an advanced case for data exchanges and can be used
for more data centric information exchanges. Examples of possible applications include video
clips, mobile games etc.
4.4. Data Diffusion Factor

Figure 4. Connection Time Distribution for
Range 2 Connections

If we consider the Range-1 case, there we have
connectivity window that lies between 4 and 6
minutes, and after deducting the thirty second
overheads of the connection establishments we
are left with a connection time of between 3.5
minutes to 5.5 minutes. Therefore by assuming a
worse case transfer speed of 12.3 KBps from [24]
we will be able to transfer as much as 2.5 MB
to 3.9 MB of data. Range-2 case is an advanced
case for data exchanges and this shows that with
the available time of between 17.5 minutes to 20.5
minutes we will be able to transfer data amounts
between 12.6 MB to 14.7 MB of data. This shows
us that there are very good chances for much useful data exchanges in Range-1 connectivity and
not just business card exchanges. If we assume

A critical success indicator for opportunistic
content distribution is the extent to which content can be delivered. In order to analyze how
far the data from one node can be propagated to
other nodes, and how much information could be
disseminated, we have performed additional analysis using the simulation logs. For a source node
Ri , we construct a tree of encounters. Nodes that
have directly encountered Ri form the first level of
descendants who inherit content from Ri . These
nodes then, in turn, encounter other nodes, and so
on. The size of this tree in relation to the size of
the scenario defines a measure of the capability to
distribute content throughout the network.
Suppose that the first node that enters the scenario (referred as node-1 from now on) holds a
podcast file of size 4 MB, and the average transfer speed is 21 KBps. Thus, a connection time
of 4 minutes is sufficient to complete the transfer,
including the additional time needed for the connection establishment. The reason for selecting
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node-1 as a candidate node is, first of all it enters the simulation area first and second, if it has a
content to distribute it would be more interesting
to find how well the content distributed by it be
exchanged among other nodes and its reachability. From the tree of encounters, we have found
that node-1 had 21 direct encounters with other
nodes that lasted between 4 and 6 minutes. At
the second level these 21 nodes established connections to 16 new nodes of more than 4 minutes
duration. Therefore a potential content of interest which was distributed by node-1 was able to
spread to other potential 37 nodes through various node encounters. This gives us a successful
exchange diffusion factor of 75%. This will be an
interesting observation for potential podcasters at
popular places.

5. Conclusions
This paper presents results from a simulation
study of content distribution in opportunistic networks composed of small hand held devices. The
principal results of the investigation are to characterize inter-device connectivity, in terms of both
duration and coupledness, and to quantify the
rate and extent to which content (such as podcast files) can be disseminated using opportunistic
contacts. We have also confirmed previous suppositions about the nature of expected opportunistic
environments and shown that there is a potential
for quick data exchanges such as electronic business cards, text based news head lines etc., even
in fleeting contacts while in motion, as well as the
possibility of exchanges that are more data centric
e.g podcast files, mobile games, short movie clips
etc.

6. Future Work
We are currently working to extend the simulation scenario to model a specific application
in order to more closely investigate how data be
disseminated. Further, we plan to adapt realistic
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mobility models based on scenarios which model
both social organization and topographical translation [16]. Building on simulations we then intend to implement a content distribution system
on real devices and deploy it in a live situation
with sufficient controls to allow us to replicate the
mobility from live tests [17], thus allowing us to
validate our simulations against real world data.
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Abstract

argues that for Opportunistic networking simulations high fidelity mobility models are both
too costly and inappropriate.
We summarize the early proposals in mobility models for MANETs, then look at the relevance of recent advances. We introduce connectivity models as an alternative approach and
explain their potential when simulating the performance of opportunistic network protocols.

The influence of node mobility in Mobile Ad
hoc NETworks (MANETs) is significant and
has significant implications for system performance. The difficulty and cost associated with
collecting real movement traces has resulted in
the use of synthetic mobility models in many
simulation studies. Simulations use mobility
models to describe how devices move in the
geographical (coordinate) space of the simulated deployment environment. Typical mobility models describe the location, speed, direction of movement etc., of mobile entities over
time [1].
It has been observed by many researchers
that synthetic mobility models fail to capture
common features of real world movement of
humans and the connectivity patterns they establish [4, 16]. This has prompted the development of a range of more complex mobility models which address deficiencies in earlier models [7, 8, 11, 14]. However, the increase in the
fidelity of mobility models comes at a price.
There is a corresponding increase in simulation storage and time overheads. This paper

1

Opportunistic networking is a new paradigm
in mobile ad hoc networks. The basic idea
behind Opportunistic networking is that, in
the absence of a fixed infrastructure for connectivity, data exchanges could take place using the connection opportunities that arise due
to impromptu encounters with other devices
[3, 9, 18]. Widespread use of small portable
hand held devices with one or more wireless
communication interfaces makes them an ideal
platform for opportunistic networking applications [12].
Representing the mobility of nodes more accurately has been seen as an important part
of modeling mobile ad hoc networking behavior. Mobility models have significant impact on
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Introduction

simulation results [5]. For system design and
implementation, extracting modeling parameters from real-life measurements is a challenge,
but has been seen as a necessary step towards
better simulators. Though much of this is still
at the level of lab experiments [4, 16]. One of
the most important issues is the selection of
the most appropriate mobility model, one that
accurately represents node mobility in the type
of networking environment being investigated.
In this paper we argue for a paradigm shift
from mobility models to connectivity models
especially in simulation studies of opportunistic networks. This paper is organized as follows: In section 2 we provide the background
study of modeling mobility and also look at the
recent developments in mobility modeling. In
section 3 we provide an analysis of many mobility models used in the field and overheads
associated with simulating mobility models.
Section 4 addresses the issue of connectivity
modeling, talks about the shift to connectivity
models, and describes the connectivity modeling. In section 5 we present the discussions
and our future research directions and address
some of the open questions for future research
work.

2

Modeling Mobility

The discussion in this section groups mobility models for MANETs following the classification of Camp et al. [2]. They divide mobility
models into two classes Entity mobility models
and Group mobility models.
2.1

Entity mobility models

Entity mobility models describe the movement patterns of individual mobile nodes independent of other mobile nodes in the environment. The Random walk and the Random way
point mobility models are the best known entity models, and have been used in many case

studies.
The Random walk mobility model [2] node
moves from its current location to a new location by randomly choosing a direction and
speed to travel. The new speed and direction
are chosen from predefined ranges. Random
walk nodes move either for a constant amount
of time or for a fixed distance, and then choose
a new direction and speed for the next movement.
In Random way point (RWP) mobility
model [2], each node after staying for a period of time at each way point, chooses a new
random destination and a speed from the predefined range and then starts traveling to the
newly chosen destination. This process is repeated for each node until it leaves the simulation.
In Random direction model, a mobile node
selects a random direction to travel and when
it reaches the border of the simulation area it
pauses there for a predefined amount of time
and then chooses another angular direction and
then starts traveling in that direction [17].
2.2

Group mobility models

Group mobility models describe the movement of mobile nodes that depend on the movement of other mobile nodes in the group.
In nomadic community mobility model [2]
each node uses an Entity mobility model, e.g
RWP, to roam around a given reference point.
When the reference point changes all nodes in
the group travel to the new area defined by the
reference point and then begin roaming around
the new reference point and preset parameters
define how far an entity may roam from the
reference point.
The Reference Point Group Mobility model
[6] represents the random motion of a group
of mobile nodes as well as the random motion of each individual node within each group.
Group movement is based upon the the path
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travelled by a logical center of the group and
it completely characterizes the movement of its
corresponding group of nodes, including their
direction and speed. Individual nodes randomly move about their own pre-defined reference points.

2.3

More focus on obstacles

Analysis and systematic studies of the
stochastic properties of earlier models have
identified drawbacks such as unrealistic behavior, memoryless movement, decay in the speed,
congested node mobility in the center of the
simulation area, unrealistic environment etc.,
[1, 2]. Many new mobility models have been
proposed that mimic real world environments
and related movement patterns.
Jardosh et al., [8] create a mobility model
by including obstacles in the simulation area.
Paths are found for nodes to move towards
their destinations, through the modeled obstacles such as buildings, exits and entry points,
or by avoiding obstacles. Dijkstra’s shortest
path algorithm is used to establish paths between any two points and nodes move on these
established paths to reach their destinations.
MobiREAL [11] considers obstacles along
the path of movement of nodes, and in addition pays attention to the behavioral changes
of the nodes due to the surroundings, information obtained from network system, time
etc. It adopts a rule based model to describe
the movement patterns of mobile nodes. First
mobile nodes are categorized in to multiple
groups depending on their movement pattern
and then, for each group of mobile nodes, a
rule-based description is specified where dynamic and realistic behavior of nodes is specified.
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2.4

Applying social network theory based
aspects

Mobility models based on social network
theory [13, 14] describe group mobility which
considers the social relationships that human
beings establish among them selves depending
on their attraction towards groups of people
as the basis for the derivation of the mobility model and considers each individual node’s
mobility as a correlated movement with the
members of the group to which it belongs.
During simulation runs of this model individual node locations are updated based on the
randomly chosen speed values and this results
in the change of group locations. A good feature of this group mobility model is that, it
allows individual nodes to leave their groups
and join other groups and even leave the simulation area independently.
2.5

Models generated from user traces

There are significant efforts by some researchers to create mobility models from real
world traces. This includes the process of collecting user access traces from networks and
then analyze and extract parameters that represent the mobility of nodes and then verify
that the developed mobility model resembles
the collected traces.
Proposed by Hsu et al. [7], Weighted way
point (WWP) mobility model recognizes that
people do not choose their way-points randomly. It models this behavior by defining the
popular locations in the simulation field and
their related popularity weight values according to the probability of choosing these locations as the next destination. In this Markovbased model, the selection of a new destination is determined based on the current location and the value of the current time.
Kim et al., [10], have proposed another
idea of generating a mobility model from user

traces. They describe a method for extracting user’s mobility tracks from recorded WiFi traces. They further have validated their
method by performance comparison between
trace locations and the locations determined
by users carrying both GPS and 802.11 devices. The authors have examined the tracks in
the traces and were able to extract information
on mobility such as speed, pause times, destination transition probabilities, and way points
between destinations. This information then
assists in forming an empirical model that can
be used to generate synthetic tracks [10].
It is obvious to see that the research community is working hard towards modeling mobility more accurately. Considering all aspects
of the environment and then trying to model
node mobility accordingly remains a challenging problem. In the following sections we will
talk more about the complexity issues involved
in some of the well known mobility models.

3

Analysis

All mobility models have a common aim,
representing a more realistic and accurate mobility pattern of mobile nodes in simulation environments.
Mobility models that consider obstacles: It is
obvious to note that many of the mobility models make unrealistic assumptions about obstacles which may be present in any environment
for the ease of implementation. It is mostly
assumed that there are no obstacle that blocks
the random movement of the mobile nodes and
how these affect the strength of the signal being transmitted. This results in experimental
results that are not trustworthy. Therefore it
is necessary to consider obstacles in any mobility model and techniques that find paths and
model the effects of obstacles on the transmitted signal are an essential part of any mobility
model for future networking research.
Mobility models based on social networking

theory: Recent proposals [13, 14] to consider
the social relationships among people to design sound mobility models have gained much
attention. The idea behind considering social networks is simple. After all, mobile devices are carried by humans and human mobility is mostly influenced by the social relationships amongst them. Authors of [13, 14] claim
that their generated traces represent characteristics of real traces, especially in terms of
inter-contact times and duration of such contacts.
Mobility models extracted from user traces:
Models derived from user traces have been
shown to represent realistic movement patterns
with slight error rates. The most recent work
by Kim et al., [10] is based on WiFi traces.
Again the question of applicability of traces
collected from access points in covering all the
areas of possible node mobility and the real
connectedness among the nodes exists. There
is also a criticism about the type of the scenario from which the traces are collected and
how well such scenarios represent all use cases.

Services
TCP / IP
Connectivity
Mobility
Figure 1: Layered approach to simulations
Much research in wireless ad hoc networks is
to support traditional applications and services
that are available to the fixed nodes, in particular end-to-end reliable data delivery. Ultimately to evaluate any proposed protocols
etc., we need to do simulation based studies
to understand the behavioral changes. Traditional simulations of MANETs have the lay-
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ered architecture shown in Figure 1. A conventional simulation uses the node mobility model
to determine the pattern of inter-node wireless connections. In situations where physical node mobility plays no part in the simulation outcomes (e.g we are simulating to determine inter-contact times) mobility models
can be replaced by connectivity models, in
which the inter-node connectivity graph perturbations are modeled directly.
It is clear to see that the trend in representing node mobility in MANETs is to rely
on the synthetic mobility models. These synthetic models have been long criticized for not
representing the mobility of nodes realistically.
The property of exponential decaying of the
inter-contact time distributions of many of the
mobility models has also been observed.
Mobility models may be a basis for simulations where the nodes move slowly and are
normally used to model mostly connected environments where perturbations of the network
graph occurs to a fairly limited degree. The
overheads of simulating such mobility is lower
than in opportunistic networking environments
where the disconnectedness among nodes is
high, the nodes are sparsely distributed, and
the overhead of simulating enormous numbers
of such nodes in an intermittently connected
environment is significantly greater than for
traditional MANETs. Mobility models already
suffer from issues such as simplicity in implementation, simulation efficiency, fidelity etc.
This analysis leads to the following realization:
what mobility models do is to provide a mechanism to generate permutations in the network connection
graph.
In other investigations of routing protocols
for mobile ad-hoc wireless networks by Wibbling et al., [19] the changes in the network
graph are simulated directly, rather than in-
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directly using a mobility model. Why then
we use mobility models at all? What impact would directly modeling the connectivity patterns for the network have on simulations? There are several aspects to consider, fidelity, simulation/modeling/storage complexity and computational overhead.
3.1

Modeling/Storage complexities
simulating mobility models

in

As the need for a more realistic mobility
model increases the need to store more data to
represent the node locations, and other metrics proposed by the mobility model need to
be stored as the simulation progresses.
3.2

Computational Overhead in simulating mobility models

Computational Overhead in simulating the
mobility model refers to the complexity in the
calculations of node movements and other related issues as the number of mobile nodes
increases. Anybody who wants to model
with greater realism should be able to model
real dimensions, locations of obstacles etc.
Placement of nodes, their movement through
the simulation field throughout the simulation
time poses extra computational overheads.
3.3

Fidelity

Fidelity of a mobility model refers to the dependability of the test results obtained. Most
of the mobility models have assumptions that
avoid some of the crucial issues such as the
fading of the signal as it passes through walls
etc., and such assumptions will result in lower
fidelity levels.
The parameters that are used in the derivation of the above order complexity for the three
overhead issues are number of nodes in the simulation area, the spatial representation of each

node, the speed of the nodes under consideration, the direction of their movement, number
of attractor places in the simulation field etc.
Issues in mobility modeling

Model

Storage/

Computing

Modeling

Complexity

Fidelity

Complexity
RW/RWP

O(E)

O(E)

Low

WWP

O(E)+O(L2 )

O(E)

Moderate

Nomadic

O(E)

O(E)

Low

RPMG

O(E)

O(E)

Low

Social NWT

O(E2 )

O(E2 )

Moderate

Obstacles

O(N * M)

O(E logE)

Moderate

Table 1: A comparison of modeling
complexity
The complexity trade off table in Table 1.
summarizes the complexity issues of the mobility models we have looked in Section 2. In this
table, E is the number of moving entities/nodes
in the simulation environment and L represents
the possible number of attractor places for selection for the Weighted way point mobility
model. For the obstacles model, the storage
overhead should consider different factors such
as the , and here N is the number of obstacles
in the simulation area and M is the number of
coordinates for each obstacle assumed in the
simulation area.

4
4.1

Connectivity Models
Connectivity Models and Opportunistic Networks

In opportunistic networking environments,
the aim is to optimize the connection opportunities and any mobility model that attempts
to represent such environment should consider
the factors that affect the most important features of real traces: the inter-contact times and
the contact duration [3]. Movement of clusters

of nodes in extreme environments also pave
the way for good opportunistic networking environment and any mobility modeling should
represent the cluster of node’s movement in the
form of group mobility.
A mobility model that captures these
desirable properties should be capable of
generating synthetic traces that closely match
real traces.
4.2

Connectivity models.

We suggest that connectivity models should
be based on an analysis of connectivity
patterns in real networking environments.
Analysis of these traces for their stochastic
properties allows us to derive probability
distributions to model inter-node relationships
(so called small world properties of social
networks) as well as the probability of a
relationship resulting in two nodes being
connected at a given point in time.
Our connectivity model is constructed in two
phases: (i) we determine the social connectedness of the node set
(ii) once the social relationship network has
been determined the frequency of connection
events between two related nodes is used to
generate a connectivity trace with the desired
properties.
Initially we define the connectivity model M
as a 4-tuple
M = (K, PR , PC , N)
where
N is the total number of entities in the simulation.
K is a set of clusters [K1 ..Kk ], for a model
with k clusters.
PR (A, B), is the relationship function defining the probability that A and B are socially
related.
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PC (e), is the connectivity function defining
the probability that two nodes related by an
edge e are currently connected. Here e ∈ E,
the set of edges determined by applying the
relationship function PR to all pairs of nodes
in the model.

5

Discussion & Future Work

Work on formulating temporal connectivity
models is emerging. Nykvist et al., [16]. argue for developing temporal connectivity models directly using the underlying properties of
real movement traces as an alternative to attempting to parameterize mobility features of
the traces in order to generate synthetic mobility models.
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