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Abstract

Mobility models play a critical role in the simulation studies of Mobile Ad hoc
Networks (MANETs). They greatly influence the performance of MANET routing
protocols. For MANET simulations, random mobility models have been used in nearly
all research studies in the past. In recent times, several studies have criticised the
use of random mobility models in the performance studies of MANETS for the lack
of realism in modelling mobility. Therefore, questions have been raised regarding the
credibility of MANET simulation studies.

Realism and simplicity are two attractive properties of mobility models; achiev-
ing both together in modelling mobility has been a challenging task. Recently, a
framework of mobility models called Destination Guided Mobility (DGM) models for
MANETSs with a basic software tool was proposed {1]. This framework can be used
to develop several simple DGM models with improved realism.

This thesis is primarily interested in studying DGM models for their suitability
in modelling mobility in various MANET scenarios. Qur study requires a suitable
simulation testbed for DGM models. Designing such a tool, referred to as DGMGen,
with suitable functionality to study DGM models is the secondary objective of this
thesis.

More specifically, after the design and implementation of DGMGen, we study: i)
the generality of the DGM models by modelling different real world scenarios; ii) the
connectivity analysis of three basic DGM models in comparison with the widely used
Random Waypoint (RWP) mobility model; iii) how to model a real life scenario using
DGM models, based on the trace collected from that scenario; and iv) the impact of
DGM models on the Ad hoc On-demand Distance Vector (AODV) routing protocol
using NS2.

Our study shows that i) the DGM framework is powerful in capturing various
MANET scenarios simply and more accurately, ii) DGM models confirm higher level
connectivity prevailed in most real world scenarios, iii) DGM models can generate
approximately the similar trace based on the insights of a real trace, and iv) the
mobility models can influence the performance of the routing protocol under study.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Background

Traditional communication networks such as Internet and cellular networks, have
established infrastructure and well regulated controls to facilitate communication be-
tween the nodes in those networks. Mobile Ad hoc Network (MANET) is a new class
of communication networks where nodes are mobile and they communicate with each
other without any pre-existing infrastructure [2]. That is, MANETs are expected
to be set up spontaneously in an ad hoc fashion using a collection of mobile nodes
to establish communication. They are typically set up for specific purposes under
special circumstances. In particular, MANETS are suitable for the scenarios where
no established infrastructure is available or even possible. Some scenarios or appli-
cations envisioned for MANETSs are: disaster management where the infrastructure
is partially or completely destroyed, communication network for scientific or business

conferences held in remote resorts and locations, military communication network set



up in enemy regions during war times, etc. Quick deployment with minimal configura-
tion makes MANETS suitable and attractive for many real-life applications. In recent
times, in addition to their potential applications, technological advancements in com-

munication and computing have generated a great deal of interest in MANETS [3-5].

Despite their potential use and technological feasibility, setting up and managing
MANETsS effectively are complex tasks. The topology of MANETS is highly dynamic
as the nodes are expected to move unpredictably. Also, the size of the network could
vary time to time as nodes can join and leave the network at any time. Due to the

complexity, most research studies in MANETS are based on simulations (3, 5, 6].

MANETSs are primarily set up for message communication and message routing
is an essential component of message communication. Routing of a message between
two nodes, say A and B, in a network is a process of transferring the message from
node A to node B, often involving other intermediary nodes in the network. As the
nodes in MANETs are mobile, the mobility of nodes heavily influences the routing of

a message. Therefore, mobility is one of the fundamental characteristics of MANETS.

As indicated earlier, most research studies on MANETS are done using simulation.
Modelling and simulation of MANETS intrinsically involve the modelling of mobility.
Mobility models generate a trace of the mobility of the nodes in the network; that, in

turn, is used in the performance study of routing and related activities in the network.

A survey conducted in 2005 showed that most of the earlier research studies on
MANETs were conducted using random mobility models (80% of studies are based
on random mobility models.) [3]. Such research studies have been widely criticized
for the lack of rigour and accuracy in modelling the network. Hence, questions have
been raised regarding the validity of the simulation results [3,7-9]. As modelling

the mobility of the nodes plays an integral role in the modelling and simulation of



MANETS, using the random mobility models is primarily responsible for the inaccu-
racies and criticisms. We believe the main reasons for the continued use of random
mobility models are: (i) the simplicity and hence ease of use; (ii) widely supported
in the existing MANET simulation tools; and (iii) lack of mobility generation and

analysis tools supporting alternative and more realistic mobility models.

In response to the criticisms of MANETSs simulations, several ideas have been
proposed in the literature to increase realism in modelling mobility by including real
life objects such as roads, building, etc. |2,4,5,10-13]. Although these proposals
improve the appearance of realism, they have increased the complexity of modelling
and implementation of mobility in the simulation studies of MANETSs. Therefore, the
use of these refined models has been limited and most simulation studies on MANETSs
continue to use the random mobility models |14] even though their use is widely

questioned [3,7-9].

Recently, a framework of mobility models called Destination Guided Mobility
(DGM) models was proposed [1]. The basic idea behind DGM models is that a
fixed number of destinations are assumed to be an integral part of the network and
the nodes only move between those destinations with specified transition probabilities.
This set-up is reasonable, realistic, and useful in that it is seldom that MANET nodes
walk randomly in the network region (as modelled by the random mobility models).
By suitably controlling the number and positions of the destinations and the mobility
of nodes between them, several interesting mobility models with improved realism can

be modelled and studied.

The framework proposed in [1] was primarily aimed at addressing the concerns ex-
pressed in [3,7-9] by providing guidelines for mobility model specification and a soft-

ware tool to generate suitable mobility trace for the performance studies of MANETS.



It was claimed that the framework is simple and capable of modelling mobility in
a variety of real life scenarios. However, despite the appeal of the idea behind the
proposed framework in modelling various mobility patterns, the work presented in [1]
is limited at least in two aspects: (i) The work presented is preliminary and lacks
detailed analysis and study of the proposed mobility models; and (ii) the software
tool presented to generate different DGM mobility models has limited functionality.
We feel that more study on DGM models is needed to explore the strengths and weak-
nesses of the DGM models so they can be understood well before widely adopted for
the performance study of MANETSs. This thesis is an extension of the work presented
in [1] in the two directions identified above. More specifically, we are interested in

studying the versatility and some performance aspects of DGM models.

1.1.2 Motivation

As discussed earlier, most past research on the performance study of the protocols
for MANETSs have used random mobility models [3,9]. However, the mobility of the
nodes in real life MANETS cannot be completely random to be modelled using random
mobility models. More specifically, we believe, using random mobility as the default
model for MANETSs is a dubious approach to study the performance of MANETS.
Also, as indicated earlier, MANETS are application specific and therefore modelling of
a MANET is dependent on the scenario that it intended to capture. Hence, we concur
with the observation reported in the literature |3,7-9] that the performance studies on
MANET protocols using random mobility models are not realistic and therefore lack
accuracy and credibility. Therefore, for the research studies on MANETS to be credible
and useful, they must be conducted based on more realistic mobility models. In this
context, realism refers to the closeness of actual scenario to be modelled. Furthermore,

a model to be widely understood and used, it must be simple and generic.



We consider a model as generic if, with suitable tuning, it can model a large

number of common scenarios. The question here is:

e How generic is the DGM framework in modelling mobility of the nodes in

MANETs under different scenarios?

Exploring the above question is the primary objective of this thesis. This explo-

ration involves several sub-questions that need to be addressed including:

e What are the representative scenarios in which MANETSs could be viable?

Is the DGM framework capable of generating mobility traces closer to the real

traces?

How do we illustrate or test whether the DGM framework is capable of modelling

a chosen scenario?

How the proposed DGM mobility modelling tool can be enhanced to support a

variety of representative mobility models?

Mobility models can be best understood only by studying the behaviour and per-
formance of the nodes in the system. Connectivity is a fundamental requirement
for communication between nodes [15-21]. Establishing a stable connection between
nodes of MANETS is necessary for their communication. Mobility of the nodes and
their communication range influence the connectivity between them. Since connectiv-
ity has such a fundamental influence on the performance of the protocols in MANETS,
a systematic study on the connectivity aspects of more realistic mobility models is

critical and necessary. The question here is:



e What are the interesting connectivity metrics involved in MANETs and how
they can be implemented in mobility generation and analysis tool to study

connectivity analysis of supported DGM models?

Although it is hard to define the characteristic of MANETS, the scale-free property
and the clustering coefficient have been found to be defining characteristics of various
real life networks that MANET is intended to model [22]. Scale-free property relates to
a power-law distribution of the degrees of the nodes, and clustering coefficient defines
the propensity of nodes to be gathered in small groups that are highly interconnected.
These observed basic characteristics of real life networks have been seldom studied in

the context of MANETSs. An interesting problem here is:

e How to implement and explore the scale-free property and clustering coefficient

for a selected set of DGM models?

Message routing is an important task in computer networks and it is a process of
transferring message from a source node to a destination node. Among the routing
protocols of MANETSs, Ad hoc On-demand Distance Vector (AODV), Dynamic Source
Routing (DSR), and Destination Sequence Distance Vector (DSDV) are the most
popular and widely studied. AODV and DSR are reactive protocols that establish a
route to a destination only on demand. In contrast, DSDV is a proactive protocol
which maintains a routing table at each node containing destination node, next hop,
hop count, and other metrics for every other node. These tables of all nodes are

updated periodically. We may ask:

e How does AODV perform under some representative DGM models as compared

to the RWP model?



The above questions are the main motivations for this thesis.

1.2 Contributions

The objective of this thesis is to explore the behaviour of the DGM models. The

main contributions of this thesis are:

1. Enhancement of the DGM mobility generation tool presented in [1]. The tool

is enhanced in four main directions:

e Redesign of the destination and mobility generation in a way that a large

number of scenarios can be modelled by setting suitably chosen parameters.

e Implementation of a comprehensive set of performance metrics to analyse

the mobility trace.
o Design and integration of a model and comparison with real traces.

e Design and integration of a component to visualize the result of the per-

formance of mobility models.
We refer to the enhanced mobility generation and analysis tool as DGMGen.

2. An illustration of the generality of the DGM framework provided by modelling

various real world scenarios.

3. An experimental evaluation of performance metrics such as average number of
contacts, average number of connection changes, average contact time, contact
time distribution, inter-contact time distribution, node degree distribution, clus-
tering coefficient, and k-hop paths, etc., for a set of DGM models is conducted

and compared with that of the RWP model.



4. An experimental evaluation of the traces generated by the studied models is

conducted and compared with the traces observed in real scenarios.

5. A study on the performance impact of the DGM models on one of the popular
routing protocols (AODV) of MANET is presented using NS2.

1.3 Organization of This Thesis

The documentation of this research work is distributed in the remaining five chap-
ters. Chapter 2 provides the literature review related to this thesis work. More
specifically, it provides the literature review on mobility models, connectivity anal-
ysis, real traces, performance analysis of routing protocols, and mobility generation
tools. The selected performance metrics for analysing mobility models and evaluating
the performance of routing protocols under the influence of DGM models have been
presented in Chapter 3. Chapter 4 presents the trace generation and network explo-
ration tool we enhanced for analysing the traces. A set of experiments for showing the
versatility of the DGM models and for evaluating the performance of the DGM mod-
els including RWP model and their impact on the performance of the AODV routing
protocol is presented in Chapter 5. Finally, Chapter 6 summarizes this research effort

and outlines the directions for further research.



Chapter 2

Literature Review

The work presented in this thesis is related to mobility models for MANETS, real
trace analysis, software tool for mobility trace generation and analysis, network per-
formance analysis, and MANET routing protocols. This chapter provides the litera-
ture survey related to the above five topics. Section 2.1 and Section 2.2 review related
mobility models and the importance of real mobility traces for the study of MANETs.
Section 2.3 reviews the related mobility trace generation and analysis tools. Section
2.4 describes the network performance analysis emphasizing the connectivity metrics.

Finally, Section 2.5 provides a brief survey on MANET routing protocols.

2.1 Mobility Models

Mobility models play an influential role in the simulation studies of MANETS, and
they are used to represent the movement patterns of mobile nodes for the MANET
scenarios to be studied. There are several surveys available for mobility models pro-
posed for MANETS [2,11,13,23,24], and a comprehensive survey can be found in [5].

In this chapter, to set the context, we review only a representative set of mobility



models.

Brownian motion [25] is one of the simplest and oldest basic mobility models to
represent the unpredictable movement of the entities of a system. In this model, each
entity moves from its current location to new location by choosing a random direction
and a random speed until it hits another entity or the boundary. This model was
proposed to mimic the movements of particles in a fluid. The Random Direction
Mobility Model (RDMM) {26,27] can be considered as a variation of Brownian motion.
In the RDMM, each mobile node moves from its current location to a new location by
randomly choosing a direction € from the interval [0, 27) using a uniform distribution
and randomly choosing a speed using a normal distribution in some given range. Then
the node travels for a selected time period and the process is repeated. In this model,
when a node hits the boundary of the simulation field, the node is bounced back in
the simulation region with an angle of —f or (= — ) if the node hits the horizontal
boundary. A number of simplified derivatives of this model has been introduced in [28].
One of the important derivatives is Random Walk Mobility Model [11], where each
mobile node chooses a direction 6 from the interval [0, 27), selects the speed between
0 and 10 m/s, and then travels either for a fixed number of steps or fixed time period
such as 60 seconds. Then the process repeats. Another variation is Random Drunken
Mobility Model [29] where a node periodically moves to a position chosen randomly
from its immediate neighbouring positions as long as the new position is within the
coverage area. The frequency of the change of nodes’ positions can be controlled based

on user-defined parameters.

The Random Waypoint (RWP) model introduced in |30}, is the most widely used
random mobility model in MANET simulations where each mobile node randomly
selects one point (waypoint) in the simulation area as the destination and then travels

to the chosen destination with constant speed chosen from a given range using uniform

10



distribution. Upon reaching the destination, the node pauses for a fixed period called
pause time which is chosen uniformly from a specific range. After this duration, the
node chooses another random point in the simulation area and continues in the same
way until the simulation time period is over. RDMM and RWP are the basic random
mobility models used in MANETSs. All other random mobility models proposed later

are variations of these two models.

It is observed in [2] that in varying velocity range and pause time in RWP model,
various mobility scenarios with different levels of nodal speed can be generated. For
example, we can generate a relatively stationary network if we choose speed within
a range of smaller velocities and long pause time; similarly we can create a highly
dynamic network by choosing speed within a range of higher velocities and small
pause time. Several variations have been proposed to increase realism by controlling
the speed, the direction, and/or the destination. Two important variations of the RWP

model are the Random Borderpoint Model [31] and the Realistic Mobility Model [32].

The objective of the Random Borderpoint Model [31] is to create hot spots in the
simulation area where clusters of nodes can be located at any time. In this model,
destinations are only located at the border region of the simulation area. Although the
model is simplified for mathematical derivations, due to the restriction of destination
to the border area it creates some non-uniform node distribution in the simulation

region.

The basic idea behind the Realistic Mobility Model [32] is that the nodes select
an initial speed and a direction of movement. At discrete time steps, which are
determined by the simulation environment, the speed and direction of movement are
re-evaluated, based on the current state of the mobile node, and using a Markovian

process.

11



The Gauss-Markov Mobility Model [33] and the Smooth Random Mobility Model
[26] are temporal dependent mobility models where the velocity of mobile node is
correlated over time. The Gauss-Markov model uses memory history to represent the
degree of dependency and a variety of mobility models can be generated based on
the weak or strong memory history. In Smooth Random model, in a given range, a
set of speed values with fixed probabilities are specified and the remaining speeds are
chosen using a uniform distribution. Along the way, acceleration and deceleration are
introduced and they are chosen uniformly within the given ranges. The movement

direction is uniformly distributed in the interval [0, 27].

The Freeway Mobility Model [34], the Manhattan Mobility Model [34], the City
Section Mobility Model [35] and the Obstacle Mobility Model [6] go one step further
to represent reality by introducing real life objects to the implementation. But these
models are very scenario specific and require considerable effort in incorporating real
life objects into the model. In most of these models, the selection of a destination

and initial distribution follows the RWP model.

To capture the battle field scenarios, the disaster management scenarios and the
other scenarios where a group of people work to achieve one objective, a number of
mobility models such as the Reference Point Group Mobility (RPGM) Model [36],
the Reference Velocity Group Mobility (RVGM) Model [37], the Column Mobility
Model [11, 38|, the Pursue Mobility Model |11, 38|, and the Nomadic Community
Mobility Model [11,38] have been introduced. In these models, a group of nodes shares
a common mobility pattern. More specifically, each group has a logical center which
controls the movement patterns (i.e., speed, direction, acceleration, deceleration, etc.)
of all its member nodes. In the RVGM model, a mean velocity of a group is used
as the velocity for that group. However, in these models, the logical center is chosen

based on the RWP model. The Virtual Track Based Mobility Model [39] is another

12



group mobility model where a group of nodes moves as a group along a track. This

model captures the two important group dynamics such as split and merge.

Recently a generic framework is proposed in [1] that can generate a set of mobility
models called the DGM models. The basic idea behind DGM models is that a fixed
number of destinations are assumed to be an integral part of the network and the
nodes only move between the destinations. This is a reasonable, realistic, and use-
ful assumption that seldlom MANET nodes walk randomly in the network region (as
modelled by the random mobility models). By suitably controlling the number and
positions of the destinations, and the mobility of nodes between them, several inter-
esting mobility models with increased realism can be modelled and studied. Since this
thesis is primarily interested in studying DGM models, we reproduce the definition

of MANET incorporating DGM models given in [1].

Definition 1 A MANET is a sextuple < N, Rn, D, 50, Ts: 8¢ >, where

M - a finite set of mobile nodes.

R - mobility space where the mobile nodes can move.

D - a finite set of destinations within Ry.

So - a function to choose a destination from .

s - a function to choose travel speed.

5. - a function from ® x D to {0,1}.
Sc(di,d;) = 1 means the destinations d; and d; are connected and therefore
communicate. With suitable implementation of §., various types of MANETSs

can be designed. If ViVj[§.(d:, d;) = 0] then the described MANET has no

communication infrastructure.
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Definition 2 A pause p of a node is a period in which it is stationary.

Definition 3 A leg 7 is a continuous movement from its current location to

a new location in ©.

Using p and 7, we define the mobility of an individual node in R,, as follows.

Definition 4 Mobility of a node i in Ry, is a sequence M; = 731, pix, Tiz, Pi2s
oy Tin, Pin alternating between two states leg and pause, where T, and py Te-

spectively are the k™ leg and pause of the node 1.

We can generate several mobility models with desired realism by choosing suitable
implementations for p and 7. In physical world, destinations are key aspects and they
are a set of fixed locations within R, with associated attributes. Each mobile node

is associated with a fixed destination as its home station where it originates.

By introducing the set © of destinations as an integral part of the model and defin-
ing communication infrastructure based on it, we believe that DGM models capture

the realism in a much simpler and convenient way.

The destination selection function §p and the speed selection function §, are
the next most significant components in DGM models. Both functions essentially
model the transition probabilities and are highly abstract. The functions Fp and §,
can introduce realism by properly controlling the probability of choosing the next

destination to move and the next speed to be followed respectively.

Another important optional feature of DGM models is the consideration of desti-
nations as stationary transmission nodes. This consideration enhances the capability
of DGM models to capture networks beyond the traditional MANETs where no com-

munication infrastructure is assumed. The assumption of some sort of on and off
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communication support within the network region is becoming increasingly valid as
many public and business locations offer complementary Internet service to their cus-

tomers.

2.2 Analysis of Real Mobility Traces of MANETSs

To understand the true behaviour of a routing protocol, the preferred method
could be evaluating the protocols using the trace collected from real networks. For
this purpose, several organizations [40-45] have started collecting real trace data and
make it available for research purpose. CRAWDAD |[46] is one such centralized site
that maintains links to these data sources that can be accessed publicly for research

purpose.

Despite the attractiveness of using real trace, there are several limitations to this
approach. First, traces are often not readily available especially for large MANETS.
Second, only history of traces is available. So it is difficult to use for future as
forthcoming networks and requirements keep changing. Also, collecting real traces
involves some other issues such as privacy and cost. Finally, as most of these are
collected based on WLAN access points, their accuracy is often limited. Therefore,
most research studies have used synthetic mobility models. Very few studies have been
done using real traces [4,20,36]. These studies include analysing the real traces for
some performance metrics and using the traces to validate the accuracy of synthetic

mobility models. A survey on the studies related to real traces can be found in [4].

For this thesis, we use a real trace to illustrate the generality of DGM model.
Specifically, by suitably adjusting the modelling parameters, we a generate mobility
trace using a DGM model which is closer in terms of inter-contact time distribution

and contact time distribution to a real trace obtained from [46].
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2.3 Mobility Trace Generation and Analysis Tools

There are several network simulators such as NS2 [47], GloMoSim [48], Qual-
Net [49], OPNET |50] and OMNeT++ [51] available for the modelling and simulation
of computer networks. Among them, NS2 is the widely used simulator within the
network research community. Most of the MANET simulators have included a com-
ponent to generate basic random mobility of nodes in the network. Later, realizing
the inadequacy of the supported mobility models in these network simulators, several
independent tools have been proposed to generate mobility models. We review the

widely known mobility generator tools below.

e BonnMotion [52]: BonnMotion is an open source tool which can be used to
create and analyse mobility traces. It was initially developed at the University of
Bonn, Germany. Recently, a set of mobility models have been added. Of them,
most are random mobility models, four are random group mobility models and
others are specific like disaster area, static model, chain scenario and TIMM
(Tactical Indoor Mobility Model). These models are implemented as separate
components. The tool also provides support for some statistical analysis metrics
such as relative mobility, average node degree, the average number of partitions,
the degree of separation, the average link duration, and the total number of links.
It lacks support for connectivity analysis such as inter-contact time distribution,

contact-time distribution and clustering coefficient.

¢ IMPORTANT [34]: The IMPORTANT is a mobility generator that supports
the Random Waypoint, the Reference Point Group, the Freeway, and the Man-
hattan models. It has limited support for statistical analysis which can be used

to compute the number of link changes, link duration and path availability.
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These metrics can be used to evaluate the impact of the mobility models on the

routing protocol performances in wireless ad hoc networks.

e RMobiGen [53]: The RMobiGen is mobility generator tool that can be used to
specify, visualize, analyse, and generate mobility traces for various random mo-
bility models such as Random Destination-Speed, Random Destination-Time,
Random Direction-Speed-Distance, Random Direction-Speed-Time and Ran-
dom Direction-Time-Distance models. This tool also provide some statistical
analysis - the number of leg movements, the average speed, the standard devia-
tion, the average motion time and the idle time, etc.; and connectivity analysis

- the number of connection changes, the session duration, and the link duration.

e VanetMobiSim [24]: VanetMobiSim is an extension to CanuMobiSim [54], a
generic mobility simulator, to support the vehicular mobility. Vehicular network
emphasizes on road and traffic regulations. VanetMobiSim can import maps
from TIGER [55] database and generate random maps by creating a Voronoi
tessellation on a set of non-uniformly distributed points. It models both macro-
mobility such as the road topology, the road structure (unidirectional or bidi-
rectional, single or multi-lane), the road characteristics (speed limits, vehicle
classes restrictions) and the presence of traffic signs (stop signs, traffic lights),

as well as micro-mobility such as an individual car’s speed and acceleration.

e CityMob [56]: The CityMob is again a mobility trace generator for vehicular
ad hoc network, and has implemented three mobility models. In the CityMob,
there is no such facilities to create user-defined road topology or extract road
topology from any GIS database. It does not provide any support for trace

analysis.

e GMSF [57]: The Generic Mobility Simulator Framework (GMSF) is another
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simulation tool for simulating and analysing the node mobility in vehicular ad
hoc networks. The GMSF extracts the road topology from the official Swiss
nation map and generates mobility trace within the extracted road topology
‘using one of its implemented mobility models. The implemented models are
Random Waypoint model, GIS model, Manhattan model and MMTS model.
As the network topology is extracted from the road topology which is accessible
only by vehicles, the movements of the nodes are constrained to those roads

which are accessible by vehicles.

e The other widely known mobility generator tools specially designed for vehicular
ad hoc networks are STRAW 58], FreeSim [59], SUMO [60], and MOVE [61].
They all generate traces using the RWP model or Dijkstra’s shortest path strat-
egy on the road topology extracted either from a database like Tiger [55] or

OSM [62] or from user defined topology.

The main objective of most of these tools was to produce mobility trace, not to
analyse the trace. However, our objective is also to provide performance analysis
features in our developed tool so that the user can observe dynamically the charac-
teristics of their studied scenarios and then can use the traces for performance study
of the networks. Also, these tools support mostly random mobility models and only

a few tools support specific scenarios such as Manhattan grid.

The DGMGen differs from other mobility generator tools in several aspects:

e DGMGen is based on the concept of destinations as the main guiding principle
of generating traces. That is, DGMGen is designed to generate and analyse the
traces of mobility generated by DGM models. None of the above mentioned

tools generate mobility trace of a DGM model.
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e DGM framework is generic and therefore capable of modelling a variety of real
life scenarios. In this sense, the DGMGen is more generic in generating and

analysing mobility trace of a variety of real life scenarios.
e DGMGen supports a comprehensive set of trace analysis metrics.

o DGMGen provides a feature to model and compare with real trace.

2.4 Network Performance Analysis

We are interested in studying the performance of the network related to mobility.
Specifically, the performance metrics include connectivity, clustering coefficient, and

scale-free property.

The connectivity is a fundamental property of a network that reflects the existence
of the connection between two nodes [63]. A network is connected if there is a path
between every pair of nodes in the network. A network is k-connected if there exist
k-disjoint paths between each pair of nodes in the network. The k-connectivity of
an ad hoc network ensures that each node can be reached even if any k£ — 1 nodes
are removed from the network [19,21]. Several theoretical and some simulation-based
analysis related to connectivity, mainly based on RWP mobility model, have been
reported in the literature [15-17,19,21, 52, 64-66]. Our study on connectivity uses

simulations on DGM models, in comparison with the RWP mobility model.

The work [15] studied analytical analysis on the connectivity metrics such as the
number of neighbours of a given node (node degree), the probability of having a path
between node pairs, and the probability that the entire network is connected of wireless

multi-hop networks in which the nodes move according to the RWP mobility model.

The paper [16] defined and developed the analytic expression for four connectivity
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metrics, such as the single-hop connectivity number (node degree), the multi-hop con-
nectiity number, connectivity distance and the connectivity hops, in vehicular network
environments. The first two metrics indicate how many nodes are reachable by 1-hop
path and by multi-hop path respectively from a particular node. The connectivity dis-
tance represents the geographic distance between vehicles and the connectivity hops

corresponds the number of hops required to reach all nodes in the connected network.

The k-connectivity, contact-time of the connectivity, and inter-contact time of the
connectiwity of an ad hoc network have been theoretically analysed in [19]. In their
studied network, the nodes move according to RWP mobility model. They provided an
analytical approximation for estimating the probability that a network is k-connected.
Like [19], the work {21] also provided an analytical approximation for the probability
that a network is k-connected. Moreover, this paper investigated the existence of the

cluster in their analysis.

The study in [34] defined some connectivity metrics such as (average) number
of link changes, (average) link duration, (average) path availability for analysing the
effect of mobility on connectivity graph between mobile nodes. Based on [34], the pa-
per [66] developed four k-hop metrics such as number of connected node pairs, number
of connected periods, path duration, and fraction of connected time for evaluating the

connectivity of nodes in vehicular ad hoc networks.

The work [67] studied real-world mobility and defined metrics such as inter-contact
time and contact time, for observing the possibilities of opportunistic data forwarding.
They analysed distributions of these two metrics on real data sets. To analyse con-
nectivity graph of mobile multi-hop wireless networks, the work [52] used node degree,
partitions and k-connectivity in their simulation-based study. The study in [53] also

conducted simulation based analysis of two connectivity metrics such as (average)
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number connection of changes and link/session duration.

The authors in [17] contrasted connectivity profiles obtained from RWP and Man-
hattan grid model against the profiles extracted from a realistic traffic simulator, and
showed that widely used MANET mobility models are inadequate to capture the spe-
cific properties of VANETS in urban environments. They used average node degree
and transitive connectivity metrics and highlighted multi-hop connectivity in delay
tolerant applications in sparse networks. Though this work led the preliminary idea
that classical mobility models do not represent realistic connectivity profiles, they
didn’t show through connectivity analysis and provide what would be impact of the

observation on routing protocols.

To characterize mobility models, the work [64] proposed five metrics such as net-
work diameter, neighbourhood instability, nodes distributions, repetitive behaviour, and
clustering coefficient. Using these metrics, mobility models can partially be differen-
tiated. The authors in [65] showed the relationship of input parameters (e.g., trans-
mission range, simulation area, speed ) and performance metrics (e.g. total links, link
duration). Their simulation results revealed that sometimes based on the configura-
tion, only some metrics are not able to differentiate mobility models. Therefore, we

need to study the models based on the more representative set of metrics.

The scale free network describes the class of networks in which the degree distri-
bution of the nodes obeys the power law. The work [68] proposed the scale-free metric

to measure what extent of a graph/network is scale-free.

Based on the connectivity metrics found in literature, we have presented a repre-

sentative set of connectivity metrics in the next chapter.
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2.5 MANET Routing Protocols

From the literature, we found Ad hoc On-Demand Distance Vector (AODV), Dy-
namic Source Routing (DSR) and Destination Sequenced Distance Vector (DSDV)
are the most widely studied MANET routing protocols [69-72]. Through simulation
study, it is shown that the reactive protocols (AODV, DSR) perform significantly bet-
ter than the proactive protocol DSDV. The author in [73] analysed the performance
of DSR protocol under the Reference Point Group Mobility (RPGM) model, and
showed that the protocol performance is highly dependent on the mobility behaviour
adopted by nodes in MANETSs. They used different mobility models where the leader
is moved as levyWalk, random direction, probabilistic random direction and random

walk models.

Between AODV and DSR, AODV is the more studied routing protocol and it is
found that AODV performs better than DSR at higher traffic loads. We are interested
in studying AODV protocols under DGM models in comparison with RWP model.
Also, we analysed AODV for a set of performance metrics under some representative

DGM models.

2.6 Summary

This chapter provided the literature review related to this thesis work. We re-
viewed mobility models, analysis of real mobility traces of MANETS, mobility trace
generation and analysis tools, network performance analysis and MANET routing pro-
tocols. Collecting real trace is getting attention among MANETs research community
for observing the true behaviour mobile nodes. We discussed the collection, storage,
and use of real traces in MANET research. We also reviewed some important mobility

generation and network analysis tools and showed how the DGMGen is different from
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those tools. We also provided a brief survey of the performance metrics (especially
connectivity) for analysing the mobility models. Finally, we briefly explained how and

why AODV routing protocol has been chosen for our study.
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Chapter 3

Performance Metrics

Performance metrics of a system indicate how well the system performs. Performance
metrics could be quantitative or qualitative. This chapter describes the different
quantitative performance metrics for analysing mobility models and routing protocols
for MANETS. In this context, the performance of mobility models is measured based
on how well the communication is achieved between nodes in the system. This heavily
depends on the connectivity between the nodes in the system. Therefore, our focus
is mainly connectivity and related metrics for analysing mobility models. For routing

protocols, we use packet delivery ration, data loss, and end-to-end delay.

Section 3.1 describes the fundamental concept of connectivity. Following that, we
describe the terminology and metrics for connectivity analysis in Section 3.2. Section
3.4 explains some metrics for evaluating the performance of the MANET routing

protocols. Finally, we conclude the chapter by providing a brief summary.

24



3.1 Connectivity Metrics

Connectivity is a fundamental property that reflects the existence of the connec-
tion, the link or the path between nodes. For example, if two nodes are within their
communication range, they are connected by a link shown in Fig. 3.1(a). If they are
not within their communication range but there are some intermediate nodes that
help to build a path between the two nodes, then they are connected by a path shown
in Fig. 3.1(b). If there exists a set of nodes that are not connected either by a link
or by a path, then they are considered as isolated nodes as shown in Fig. 3.1(c). In a
static wireless network, the connectivity is primarily influenced by the density of the
nodes, the nodes’ transmission range, and the network areas. However, in dynamic
ad hoc networks including vehicular ad hoc networks, there are some other impor-
tant parameters that influence the connectivity of the networks. These include the

mobility pattern generated by the mobility models, the speed, and the pause time.

(a) Link (b) Path (c) Isolated Nodes

Figure 3.1: Connection by Link and Path or Isolated Nodes

To analyse the connectivity of any network using simulation, we need a good set of
connectivity metrics. In the literature, there exists a number of works [15,16,18,19,21,
64] for analysing the connectivity properties of ad hoc networks. Some of them have
done analytical studies and the others are simulation-based analyses. Most of these

works have done their analysis based on just one or a few metrics for evaluating the
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connectivity of their studied networks. The work [15] presents the network topology
in three viewpoints: single node, two nodes and complete network view, and studies.
We have summarized the metrics found in the literature and use some of them to

study DGM models.

The following sections describe all the depicted metrics. We, first, define the
terminology and then describe the metrics for connectivity analysis based on the

defined terminology.

3.2 Terminology

Here, we introduce some terminology needed in defining the performance metrics.

Definition 5 A link is said to exist between two transmission nodes ¢ and j if and

only if they are within their transmission range.

Definition 6 A communication path between the nodes i and j is a set of nodes
Ny, N, N3, Ny, ...Ny Such that i = ny and j = n,, and a link exists between n;.; and

ny, 1 <1< n. The length of this path is m — 1.
Definition 7 A path is said to be a k-hop path if its length is k.

Let T be the duration of the experiment, ¢t € T and N be the number nodes in a

network. We define the following functions.
e P(i,7,t) : A path at time ¢. Formally,

o 1 if there exists a path between 7 and j at time ¢
P(i,j,t) =
0  otherwise
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Pi(i,7,t) : A k-hop path at time t. Formally,

o 1 if there exists a k-hop path between ¢ and j at time ¢
Pk(%]’ t) =
0 otherwise

P(i,7) : A path exists at least once during the simulation time. Formally,

o 1 if3eT>P@j5t)=1
P(i,j) =
0 otherwise

Pi(7,7) : A k-hop path exists at least once during the simulation time. Formally,

o 1 ifHReT > P35t =1
Pk (’L, .7) =
0 otherwise

C(%,7) : The number of contacts between 7 and j during the simulation time.

Formally,
T

C(i,5) = Y (1= P(i,j,t — 1)) - P(i, 5,1).
t=1
Ci(%,7) : The number of contacts with k-hop path between i and j during the

simulation time. Formally,

T
C(3,5) = 3 (1= Peli,j,t — 1)) - Pils, 5,1).

t=1

Ny(2,t) : The set of neighbours of node ¢ at time ¢. Formally,

Nb(i)t) = {.7 : Pl(irjat) /\j 7& Z}
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e E(3,t) : The set of edges in the neighbour set Ny(i,t). Formally,

Ey(i,t) = {ew : u € Np(3,t) ANv € Np(,8) A Pr{u,v,t) Au # v}.

Using the above terminology, next we introduce the connectivity metrics that we

intend to study using simulation of nodes mobility in DGM models.

3.3 Connectivity Metrics

e Repetitive visit: It is the ratio of time a node spends at its initial service area (or
its initial few locations) as compared to the simulation time. The value closer

to 1 represents that the model exhibits strong repetitive visit.

e Node degree (ND): The node degree of a node at a particular time in a dynamic
network represents the number of nodes to which that node is connected with.

Formally, the node degree of a node ¢ at time ¢ can be defined as:
NDgy =| No(3,8) | -

The average node degree of a node i can be defined as:

T

NDAGi) = 7 3 | Nuli, ) 1.

t=1

At a particular time, the node degree distribution of an ad hoc network is the

distribution of the node degree of all nodes.

e Clustering coefficient (CC): The clustering coefficient of a node in a network
is the ratio between the number of connections among its neighbours and the

number of connections if the neighbours of the node were fully connected. For-
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mally, the clustering coefficient of node 7 at time ¢ can be defined (when network

is undirected) as
2% , Eb(l t) l
CCuy = ———+
(’L t) (n _ 1)
where n =| Ny(%,t) | is the number of neighbours of 7 at t. The node clustering
coefficient is termed as local clustering coefficient. In case of ad hoc network, at a
particular time, the network clustering coefficient is the average of the clustering

coefficients of all nodes at that time. Formally, the clustering coefficient of an

ad hoc network consisting of V nodes at time t can be defined as:

N

1
CCret = 7 D_ CCliy.

i=1

Number of connected pairs (Np): This is the number of node pairs connected

at least once during the simulation period. Formally,

Similarly, the number of node pairs connected at least once with k-hop length

path during the simulation time can be defined as

N-1 N
NP}: = Z Z Pk(zaj)
i=1 j=i+1

Number of contacts (N¢): This is the total number of contacts among the nodes.

Formally,
N-1 N
-y 2 C6a).
=1 j=1i
The average number of contacts is the average of the number of contacts existed

in all nodes in the entire simulation time. Formally, the average number of
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contacts can be defined as

Nac = —.
Ac = o

The number of contacts with k-hop path can be defined as

N-1 N
No, =Y > Cili,j).
i=1 j=i+l

Number of connection changes (Noc): It is the number of the link/path appari-
tion and disappearance. This metric intrinsically represents the neighbourhood

instability [64].

Contact duration (contact time): It is the time period during which two nodes
are connected by a link or a path. The contact duration between a node pair %

and j can be defined as

CD(M) = CD(s,j,t1,t2),

where t1 is the start time of the contact and ¢2 is the end time of the contact.

Therefore, contact duration ¢ = (t2 — ¢1).
— Average contact duration between a pair: It is the average of all the
contact times existed between a node pair.

— Contact duration distribution between a node pair: The contact
time distribution between a node pair is the distribution of their contact

times during the entire simulation time.

— Average contact duration: It is the average of average contact duration

of each node pair in the network.

— Contact duration distribution in a network: The contact-time dis-

30



tribution of a network is the distribution of the contact times happened

among all the nodes during the entire simulation time.

e Inter-contact time: The interval between two successive contacts between nodes
1 and 7. Suppose, there are two contacts such as CD(3, 7, t1,12) and CD(i, 7,13, t4),
happened at t1 and t3 and finished at 2 and t4 between nodes ¢ and j respec-

tively. The inter-contact time between nodes 7 and j can be defined as

IC(.L"]') =t3 — t2.

— Average inter-contact time between a node pair: The average inter-
contact time is the average over all inter-contact times computed for a pair

of nodes.

— Inter-contact time distribution between a node pair: It is the distri-
bution of all the inter-contact times computed between a node pair during

the entire simulation time.

— Average inter-contact time in a network: It is the average over all the

inter-contact time computed for the nodes in the entire simulation time.

— Inter-contact time distribution in a network: It is the distribution
of the inter-contact time computed for nodes during the entire simulation

time.

e Scale-free metric: Scale free network describes the class of networks in which
the degree distribution of the nodes obeys a power law distribution. More
specifically, in a scale-free network, the probability that a node has exactly x
neighbours/links follows a power law distribution |74]. That is, thereisa A >0
such that

P(z) ~z™*
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for large x. An important property of scale-free networks is the preferential
attachment and growth. Social networks, cellular metabolism, research collabo-
rations, world wide web and protein interaction are some examples of scale-free
networks. To measure at which extent a network is scale-free, the scale-free
metric is proposed in [68]. A more explanation regarding this metric can be

found in {68, 74, 75}.
To define the scale-free metric in a simplified way, let
— G = (V,E) be a graph where V and E are the sets of nodes and edges,
respectively,
— e;; denotes an edge between nodes % and j,
— deg(i) is the degree of node i € V,
— H denotes the set of all the graphs having the identical node degree distri-

bution of G.

the metric s(G) is defined [75] as

s(G) = deg(i) - deg(s)-

e, ;€EE

The value of s(G) is maximized when high degree nodes are connected to other
high degree nodes and s(G) depends only on the graph G not the process of

how G has been constructed. Therefore, the scale-free metric can be defined as

where S, is the maximized value of s(H). If S(G) closes to 0, the graph/network

is scale-rich and if S(G) closes to 1, the network is scale-free [68,75].
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3.4 Performance Metrics for Routing Protocols

To compare the impact of the DGM models in comparison to the RWP model
on performance of routing protocols (e.g., AODV) in MANETS, we use the following

metrics.

e Data loss (Dy): It is the ratio between the number of lost packets (V) and the
number of generated data packets (Nr). That is,

Np

DL:N—T'

e Data delivery ratio (Dg): It is the ratio between the number of received data
packets (V. r) and the number of generated data packets. Formally,

DR——'ZVI:.

e End-to-end delay (Ep): It is the time between send and receipt of the data

packet.

Data loss and data delivery ration are usually estimated in percentage (i.e., (Dr-100%)

and (Dg - 100%), respectively).

3.5 Summary

In this chapter, we described the performance metrics for analysing the connec-
tivity of the mobility models and evaluating the performance of the MANET routing
protocols. First, we explained the basic concept of connectivity that reflects the pres-

ence of the connection between nodes. Then, we summarized some important connec-
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tivity metrics. These metrics are used to evaluate DGM models. Three performance

metrics for analysing MANET routing protocol performance were also discussed.
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Chapter 4

Trace Generation and Network

Exploration Tools

This chapter describes the architecture and the functionality of the mobility gener-
ation and analysis tool, DGMGen. It also describes the architecture of the routing
protocol performance suite designed for analysing the performance of a MANET rout-
ing protocol. Section 4.1 describes the higher level architecture of DGMGen and its
main components. Section 4.2 explains DGMGen from users’ point of view. Section
4.3 presents the higher level architecture of the routing protocol performance suite.

Finally, Section 4.4 gives a brief summary of this chapter.

4.1 DGMGen - Architecture

DGMGen is a software tool that can be used to generate the trace of mobile nodes
in a MANET using DGM models and analyse the trace by visualizing the movements
and performance metrics. The tool has a graphical user interface to set input param-

eters, to visualize the movements, to compute performance metrics, and to show the
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results dynamically. Internally, it has components to model the destinations and the
mobility of nodes, to create mobility trace, to compute performance and animation

geometries, and to parse real traces. The higher level architecture of DGMGen is

given in Fig. 4.1.

 Perf ter Setting . . .
erformance l Parameter Setting l Animation Window

Observation Window. Window l
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Figure 4.1: Higher Level Architecture of the DGMGen Tool

The development of the DGMGen started in [1], as a part of the effort to present
a DGM framework to model and generate mobility traces. In that effort, five com-
ponents Parameter Setting Window, Destination Creation, Mobility Trace Generator,
Animation Fngine, and Animation Window were implemented. These components
are shown in bold (solid and dotted) rectangles. The remaining components have

been added to increase its functionality. The dotted bold rectangles indicate that
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the components have been redesigned to enhance the capability of generating more
variations of DGM models. The shaded rectangles such as Real Trace, Mobility Trace
and Different Trace Formats represent simple files containing the mobility traces in

different formats.

The functionality of the main components of our developed tool are briefly de-

scribed as follows:

e Parameter Setting Window: This component is used for initializing the sim-
ulation parameters like simulation area, simulation start and end times, speci-
fication of mobility, speed and pause-time ranges, probability distributions for
choosing speed and pause, and starting the basic simulation environment. It is
also used to import real trace files as well as previously saved parameter setting

files.

¢ Destination Creation: This component basically helps to create destinations
in two modes: (i) one at a time and (ii) as random clusters. The tool also allows
addition or deletion of destinations, individually or at a cluster level. While
creating a random cluster of destinations, the steps of addition and deletion can

be repeated until a desired scenario of destinations is created.

e Mobility Trace Generator: The mobility trace generator is accountable for
placing the mobile nodes and generating their mobility trace based on the de-
fined parameters. The generated trace, referred to as Mobility Trace, contains
information required for visualization and statistical and/or connectivity infor-

mation for further analysis in the Performance Calculation Engine.

e Animation Engine: This component refines the mobility trace and makes the

trace in a presentable form for the Animation Window.
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e Animation Window: This window is used for animating the nodes’ move-
ment and visualizing the traces for individual node, as well as for all the nodes

together.

e Real Trace: Real trace is a mobility trace collected from a real-world network
or a practical system. For this thesis, we obtained the real trace from the

CRAWDAD repository [76].

¢ Real Trace Parser: This is a parser module which takes the raw real trace data
as input from a file, parses it, and produces the trace into a format convenient

for the Performance Calculation Engine module.

e Performance Calculation Engine: The Performance Calculation Engine is
responsible for analysing the mobility trace (real or synthetic). It takes different
synthetic traces generated by mobility models and refined real trace from the
Real Trace Parser module, computes the performance metrics of these traces

and stores the results in different data structures for graphical representation.

e Mobility Trace Exporter: This component allows users to export the mobil-
ity trace into a desired format (e.g., NS2, NAM) so that it can further be used

in the simulation studies of the MANET routing protocols.

¢ Performance Observation Window: This window is used for observing the
different performance metrics graphically. It takes the numerical result of each
performance metric from the Performance Calculation Engine and presents it
graphically. The results can be viewed for individual run as well as for multiple

runs at the same time.

DGMGen has four main logical functions that are typically invoked in the order

for a typical use.
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Destinations Creation: To create desired destinations.

Mobility Trace Generation: To generate the trace of the mobile nodes in

the system for the desired period.

¢ Mobility Trace Analysis: To analyse the trace visnally and using statistical

parameters to study the properties of the trace.

Mobility Trace Exportation: To transform the trace in a format that can

be used in the network simulator.

4.2 DGMGen- Implementation and Use

The DGMGen has been implemented in Java. With the help of NetBeans IDE
7.0.1, we used Java Swing package, the AWT package and the open source jFreeChart
-1.0.13 package to build the graphical user interface (GUI) for the DGMGen. The
GUI components of DGMGen have been implemented as hierarchical panels. The

seven main GUI components are described here.

e Parameter Setting Window: The parameter setting window shown in Fig.
4.2 is used to configure the parameters for the simulation. It allows users to set
simulation parameters and node parameters. The input for the simulation pa-
rameters are: simulation width, simulation height, duration of simulation, warm
up period, node class, and mobility model. The input for the node parameters
are: number of nodes (or number of groups and number of members in a group),
speed range, pause time range, transmission range, and default probability dis-
tributions for choosing speed and pause time. The parameter Boundary Action
is only used for the RWP model which has been implemented in this tool for

comparative analysis purpose. After setting the node parameters, the user can
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Figure 4.2: The Parameter Setting Window.

add the configured parameters into the Node Class Parameter list by pressing
the Double Right Arrow button. Once the simulation parameters and the node
parameters are entered, the user can save the configuration into a file by press-
ing the Save Configuration button. The Browse and Load buttons are used
to retrieve the previously saved configuration file for simulation study. Once
the simulation configuration is ready, the user can proceed to the Destination

Creation phase by pressing the Proceed to Destination Creation button.

Mobility Generator and Animation Panel: The mobility generator and an-
imation panel depicted in Fig. 4.3 is used to create destinations (individual or
cluster), set priority for transition matrix, generate mobility, see the generated
traces, run animation, and save the created destination configuration into a file.
This component has four parts: Destination Draw and Animation, Individual,

Cluster, and Mobility Generator panels. First, the user can create destinations
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Figure 4.3: The Mobility Generator and Animation Panel.

in the animation window panel by pressing the Refresh button. The user can
also manually add or delete destinations into/from the Destination Draw and
Animation panel after pressing the Add and Delete buttons respectively. The
Set Priority button is used to set priority to any designed destination individu-
ally. To design a cluster-based scenario, at first, a user needs to set the cluster
size and the number of destinations in the cluster in the Size box and the No. of
destinations box respectively. Thereafter, by pressing the Create Cluster but-
ton, one can create his/her desired cluster in the Animation panel by clicking
the mouse. Once the destination creation is done, the user can generate mo-
bility by pressing the Generate Mobility button, observe the trace graphically
by pressing the Trace button (Node box is used if user wants to see the trace
of one selected node), run the animation by pressing the Animate button, and

save the destination configuration into a file by pressing the Capture button.
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Figure 4.4: The Pair-level Statistics Panel.

e Pair-level Statistics Panel: This panel shown in Fig. 4.4 is used for observing
the contact time and inter-contact time among node pairs. This component
basically allows the user to observe the connectivity (e.g., connection by link or
path, éontact duration of each individual connection between each node pair,
inter-contact time, and so on) among nodes. By putting one node number in
the Movement Trace for Node # box and pressing the Display Connectivity Info
button, one can observe the total connected time, disconnected time, directly
connected time, or indirectly connected time of the given node with all other
nodes in the upper table. Inserting a peer node ID in the box preceded the
Display button and then pressing the button, the user can observe each contact
duration (e.g.,From, To, State, and Type) and inter-contact time of the given

node with the provided peer node.

e Single Scenario Performance Analysis Panel: Both the Single Scenario
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Figure 4.5: The Average Statistics Sub-panel.

Performance Analysis and the Multiple Scenarios Performance Analysis panels
are used to measure the same set of performance metrics. But the Single Sce-
nario Performance Analysis Panel is used to observe the performance metrics
for an individual scenario whereas the Multiple Scenarios Performance Analysis
Panel is designed to observe the performance metrics for multiple runs at the
same time. This panel has three sub-panels: Average Statistics, Distribution and
Real Trace Statistics. Figure 4.5 expands the Average Statistics sub-panel where
the user can observe average number of connection changes, average number of
contacts, average contact duration, link duration and path duration by pressing
the Average Trace Statistics button. Figure 4.6 expands the Distribution sub-
panel under the Single Scenario Performance Analysis Panel where the user

can observe node degree distribution, node degree distribution at a particular

43



Average Statistics |  Distribution | Reai Trace Statistics |

Degree Distribution - .
: Clustering
l Node Degree Distribution } ] Coeﬁ‘ocient
l Node Degrae Distribaution at [E;ﬁ)jth sec Contact Time
: Distribution
l Awerege Node Degres I il
: : i inter-contact
l Node Degres on Inteval T ito H . TlmeDistribntmn

Node degree distribution @ 100th sec

20 : : \*

10 1

Number of nodes (%)

o i ! i H H H t L
0.0 05 10 15 20 25 30 35 40 45 50
Node degree

- RDGM model

Figure 4.6: The Distribution Sub-panel.

time (e.g., node degree distribution at 100th second has been shown graphically
for RDGM model by pressing the Node Degree Distribution at button), aver-
age node degree, node degree at interval, clustering coeflicient, contact-time
distribution and inter-contact time distribution by pressing the corresponding

captioned buttons.

Figure 4.7 expands the Real Trace Statistics sub-panel. Using this component,
the user can read a real trace file by selecting the trace name in the Real Trace
Analysis combo-box and then pressing the Read Trace button. Thereafter, the
user can observe contact-time and inter-contact time distribution graphically
by pressing the Inter-contact Time Distribution and Contact Time Distribution

buttons respectively.

e Multiple Scenarios Performance Analysis Panel: This component shown
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Figure 4.7: The Real Trace Statistics Sub-panel.

in Fig. 4.8 is designed for measuring the same set of performance metrics as the
Single Scenario Performance Analysis Panel. But it is used to observe the per-
formance metrics of multiple scenarios at the same time. The user can execute
multiple runs (multiple models) at the same time in the DGMGen and anal-
yse their comparative results using this panel. The panel has two sub-panels:
Computation and Result. In the Computation sub-panel, pressing the Average
Trace Statistics button, the user can analyse the average number of connec-
tion changes, the average number of contacts, the average contact duration, the
link duration and the path duration for multiple runs simultaneously. Using
the K-hop Paths button, the path of distinct lengths are calculated for the
entire simulation time. Similarly, the Clustering Coefficient, the Node Degree

Distribution, and the Contact Time & Inter-contact Time Distribution compo-
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Figure 4.8: The Multiple Scenarios Performance Analysis Panel.

nents provide the facility to measure the clustering coefficient, the node degree
distribution, the contact time distribution, and inter-contact time distribution
respectively. All of these components allow multiple, simultaneous runs for
analysing the respective metrics. The buttons in the Computation sub-panel
are used to calculate the respective metrics and store the numerical results.
The user can observe the calculated results by pressing the View Comparative
Result button. The View Comparative Result button pops up the Performance
Observation Window where the user can observe their calculated metrics one

by one.

Performance Observation Window: The performance observation window,
shown in Fig. 4.9 allows the user to observe the result dynamically in graphical

mode. The window has an option to choose the performance metrics to be
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Figure 4.10: The Export Trace Panel of the DGMGen.
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observed out of a list of performance metrics. Multiple simulation runs can
be observed and the results can be compared at the same time. The user can

analyse any metric choosing the desired metric from the given list of metrics.

¢ Trace Exporter Panel: The trace exporter panel shown in Fig. 4.10 is used
to convert the generated mobility trace of a particular scenario into the desired
network simulator format so that it can be used for analysing the different
protocols. This component allows the user to convert the generated mobility
trace into NS2, GlomoSim, and NAM format. The user can generate their
desired trace by selecting the trace name from the given Combobox selector and
then pressing the Generate Trace button. As an example, the NS2 trace shown
in the box in the Fig. 4.10 is obtained by selecting the NS2 format in the drop

down combo-box and then pressing the Generate Trace button.

4.3 Routing Protocol Performance Suite

The higher level architecture of the routing protocol performance suite is shown

in Fig. 4.11. It has six components that are described next.

e Mobility Trace in NS2 Format: This component is a file containing a mo-
bility trace generated by DGMGen. The trace is in NS2 format so that the

performance of a routing protocol can be executed and tested in NS2.

e TCL Script: This component is the TCL (Tool Command Language) script
for the routing protocol to be studied. To study the impact of the DGM models,
we write the TCL scripts for simulating AODV routing protocol for various con-
figurations and run these TCL scripts using the traces imported from DGMGen

in NS2 simulation environment (shown in Fig 4.12). During the execution of
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Figure 4.11: The Routing Protocol Performance Suite

those scripts, NS2 generates traces of the AODV routing protocol. The Traces

are stored for further analysis.

e NS2: The network simulator (NS2) [47], developed by the VINT project sup-
ported by DARPA, is a discrete event simulator that provides substantial sup-
port for the simulation of the Transmission Control Protocol (TCP) and routing
protocols over wired and wireless networks including satellite networks. This
simulator provides an environment to simulate mobile nodes with wireless inter-
face as well as multi-hop wireless ad hoc networks. By default, the NS2 supports
random waypoint mobility model; however, any mobility model can be imported
into NS2 to test the performance of the intended protocols. We used this tool

to study the AODV routing protocol.

e Routing Protocol Traces From NS2: After running the TCL script written
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Figure 4.12: A GUI Snapshot of AODV Simulation in Ad Hoc Network in NS2.
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Figure 4.13: A Snapshot of AODV Routing Trace File in NS2
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for the routing protocol which uses the synthetic mobility trace generated by
any of the studied mobility models, the NS2 generates the traces called the
routing protocol trace. As an example, a snapshot of a routing protocol trace
from NS2 is shown in Fig. 4.13. For each run, one routing trace file is obtained.

Those files are stored for further analysis in the NS2 Trace Parser module.

NS2 Trace Parser: This is a Java-based parser which takes routing proto-
col trace file(s) as input, analyses them, and produces a numerical result. It
basically parses the trace imported from NS2 and provides the information of
how much data have been successfully transferred, what is the delivery ratio,
and what is the end-to-end delay for sending the data packet. The numerical
result is sént to the Performance Observation Window for observing the result

graphically.

Performance Observation Window: This module is used to visually observe
the studied performance metrics of routing protocols. It takes the numerical

result from the NS2 Trace Parser and displays the results graphically.

4.4 Summary

In this chapter, we presented the higher level architecture of the DGMGen with

its background. We also described how the developed tool can be used to generate

the mobility traces, import the real traces, visualize and analyse the connectivity

characteristics of those traces, compare those trace characteristics dynamically, export

the generated trace into different network simulator formats, and finally produce the

result graphically. A higher level architecture of the routing protocol performance

suite has also been discussed. In the next chapter, we will present the experiments

we conducted for analysing the DGM models and evaluating the performance of one
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routing protocol using these tools.
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Chapter 5

Exploration of DGM Models

The objective of this chapter is to present our study on DGM models. The study is
conducted with two main objectives in mind: i) to illustrate the versatility of the DGM
models, and ii) to analyse DGM models using connectivity metrics in comparison with

RWP mobility model.

The chapter is organized as follows. After providing a brief discussion on DGM
models in Section 5.1, we present some representative real-world scenarios in Section
5.2 and, in Section 5.3, show how the different real-world scenarios can be suitably
modelled using DGM models. Section 5.4 presents a set of experiments we conducted
for analysing the performance (connectivity) of the mobility traces generated by DGM
models. A comparative analysis between the generated synthetic trace and the real
trace has been shown in Section 5.5. Section 5.6 describes two sets of experiments
for evaluating the impact of the studied mobility models on the performance of the
AODV routing protocol. We conclude the chapter by providing a brief summary in

Section 5.7.
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5.1 DGM Models

We start with restating the definition of MANET provided in [1}:

A MANET is a sextuple < M, Rn, D, 89, s, 3¢ >, where

91 - a finite set of mobile nodes.

R, - mobility space where the mobile nodes can move.
D - a finite set of destinations within Ry,.

Fo - a function to choose a destination from .

35 - a function to choose travel speed.

8. - a function from ® x D to {0, 1}.

§(di, d;) = 1 means the destinations d; and d; are connected and therefore they
communicate. With suitable implementation of §,, various types of MANETS
can be designed. If ViVj[§.(d;,d;) = 0] then the described MANET has no

communication infrastructure.

The models generated using the above framework are called DGM models.

The most significant components in this definition of MANET are the destination
selection function §p and the speed selection function §,. They essentially model
the transition probabilities and are highly abstract. These two functions §» and s,
when implemented properly, can introduce realism in various levels. That is, using
these two functions, we can model various scenarios by properly controlling both the
probability for choosing the next destination to move and the probability for choosing

the speed to travel.
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The type of destination, the time, the role, and the speed of the mobile nodes can
heavily influence these functions. As an example, let the destination be a bus stop,
the time be a morning, and the mobile node be a college student. As individuals
usually follow significant regularity in their travel pattern, the most likely destination
of this college student is one of the local colleges and his/her speed will be a bus

speed.

Moreover, the model deliberately avoids complex geometries; destinations are kept
simply as locations. This abstraction keeps the DGM models simple and that will
help the researchers to focus on developing and implementing the functions §p and J;
systematically and gradually to capture more sophisticated mobility models, including

group mobility and mobility of vehicular ad hoc networks.

In the next two sections, we present some representative real-world scenarios.
We model some of these scenarios using the DGM framework and illustrate how
those scenarios are modelled by just controlling the number of destinations and the

destination selection function §p.

5.2 Representative MANET Scenarios

To provide some real-world representative scenarios for MANETSs, we look from
three different perspectives: land, water, and air. We illustrate some interesting

MANET scenarios under these topics next.

5.2.1 MANET Scenarios on Land

On land surface, there are many possible MANET scenarios. For example, hu-
man/vehicle movement in a city, student movement in a campus, participant move-

ment in a conference, pedestrian mobility in different stations, user movement in
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a beach or any big recreation place, rescue worker mobility in disaster areas, sol-
dier movement in a battle-field, and human/vehicle movement within and between
cities are interesting MANET scenarios. Some of these representative scenarios are

described below.

e City scenarios: A city generally has a set of popular places such as stores,
shopping malls, institutions, parks or recreational places, and so on. People or
vehicles in a city most frequently visit these popular places with the preference

to the nearest places and less frequently some unpopular or far distant places.

e Campus scenarios: A university campus has a set of class rooms/labs, li-
braries, cafeteria(s), coffee-shop(s), sport centre(s), parking lot(s), and a few
gathering places. Students, faculty and staff usually move among these men-
tioned places and spend their time based on the purpose of visit. For example,
a student attending a class normally stays in the class 50 to 80 minutes but the
same student usually spends 25 - 30 minutes in Cafeteria. The observation is
that the mobility of the students in campus are normally guided mostly by those

aforementioned destinations as well as by the time and type of the destinations.

¢ Pedestrian mobility in stations: The scenarios such as train stations, pas-
senger ports or big bus stations have various types of mobile users. These
scenarios are not occupied only by the restricted types of users like students
in campus environment, participants in conference, and so on. In stations or
passenger ports or big bus stations, passengers /pedestrians usually visit ticket
counter(s), food court(s), arrival area(s), departure area(s), washroom(s), wait-
ing room(s), and so on. Though the pedestrians have different speed based on
the type of pedestrians, their mobility is generally influenced by the mentioned

places.
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¢ Beach or any recreational place scenarios: At a beach, there are some
common places such as volleyball court(s), washroom(s), snack bar(s), and some
predefined path through the landscape. Beach users such as sun-bather(s),
walker(s), jogger(s), biker(s), and volleyball-player(s) are unevenly distributed
over the landscape. Some of the beach users may be stationary while others
may move with different characteristics and/or speeds. However, the actions
that beach users take are not always random. Rather, some of their movements
tend to be toward certain previously mentioned common places and others move

in a predefined path through the landscape [77].

e Inter-city scenarios: Almost all cities have some popular locations that have
already been mentioned in city scenarios. A person or a vehicle generally moves
among these popular places within the city and rarely moves randomly in differ-
ent locations. The same person or vehicle may travel from one city to another
city, move within the destination city with a preferred set of destinations in
mind, come back to the previous city and the process may be repeated. The
observation regarding the mobility of the nodes (e.g., vehicles or peoples) in
these scenarios is that their mobility is controlled by the different common places

within the city that they most frequently visit and less frequently between cities.

e Disaster area scenarios: In the disaster area scenarios, the whole infrastruc-
ture for mobile communication may be partially or completely destroyed. In
disaster areas, there may be injured people, animals, and so on who need help.
To help them, civil protection services work as different groups such as medi-
cal teams, fire brigades, rescue teams, and so on. These groups in the disaster
area scenario do not move randomly. They walk toward some specified regions
in the disaster area and work under the leadership of different group leaders.

The authors in [78] studied the two different real-life disasters that happened in
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Germany, and divided the disaster area and its surrounding into five different
zones: the technical operation command, the incident site, the casualties treat-
ment area, the transport zone, and the hospital zone. Here, the mobility of the
nodes such as medical teams, fire brigades, rescue teams is guided mostly by

the regions and the group leader.

e Battle-field scenarios: Like the disaster area scenario, a battle-field scenario
is a set of strategic locations where soldiers move as different groups. Instead
of moving randomly from location to location in the entire battle field area,
the soldiers move from one strategic location to another strategic location as a
group. The mobility of the nodes (e.g., soldiers, vehicles, tanks) in these types
of scenarios is also guided by the different strategic locations (destinations) as

well as by the group leader.

5.2.2 MANET Scenarios on/under Water

Under water, some scenarios are single fish movement, the movement of schools
of fish, pursuing one fish by the other, and so on. On the surface of the water, ship
movements from port to port, and even boat movements between locations defined by
different latitudes and longitudes are possible scenarios. Two representative scenarios

are given below.

¢ Fish movement scenarios: Fish movement scenario is one of the under water
scenarios. Fish generally swim in water randomly. They move or swim individ-
ually or as a group. Even the movement of fish sometimes is influenced by the

places where foods sources are dense.

e Ship movement scenarios: Ship movement scenarios are heavily influenced

by their infrastructure/destinations (e.g., ports ). Ships travel from one selected
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port to another selected port.

5.2.3 MANET Scenarios in Air

An aircraft scenario (single or group in military scenario) is one example in this

category. Two aircraft scenarios are explained below.

e Single Aircraft scenarios: Aircraft are heavily influenced by their destina-
tions (e.g., airports). Single aircraft travel from one military airstrip to another
military airstrip or to some predefined destinations; they generally never fly
randomly from location to location. Here, the mobility of the nodes such as

aircraft is primarily controlled by their airports (destinations).

e Group aircraft scenarios: In battle field, a group of aircraft flies together to
achieve their strategic objectives. Even in such scenarios, their movements are
controlled by different strategic locations in the air defined by the latitude and

longitude as well as the land positions.

From a mobile nodes perspective, the nodes either move independently or as a
group. Their mobility is typically influenced by their destinations. Both of these
points can be closely modelled by suitably controlling the destinations in DGM mod-

els.

5.3 Versatility of the DGM Models

To model the scenarios and subsequently study the DGM models, we chose four
DGM models that have the potential to represent several of the above described

scenarios.
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5.3.1 Representative DGM Models

e RWP model !: This model considers all the points in the simulation region
as destinations. The transition probabilities for choosing the next destination,
speed, and pause time from their respective given ranges are derived from a
uniform distribution. This model can capture the fish movement (individual

movement) scenario or the movements of birds flying in the air aimlessly.

¢ RDGM (Random Destination Guided Mobility) model: This model
considers a finite set of uniformly distributed points in the simulation region as
destinations. The transition probabilities for choosing next destination, speed,
and pause-time are generally uniform.v By suitably controlling the number of
destinations, and the transition probability to choose destinations, we can model
the mobility of people/vehicles in a city, in different stations and in beach sce-

narios.

e RCDGM (Random Clustered Destination Guided Mobility) model:
This model considers a finite set of points in the simulation region as destina-
tions but these destinations have to be organized into different clusters. Each
cluster has its own session time which dictates how long a mobile node will stay
inside that cluster once the node enters that cluster. The transition probabil-
ities for choosing the next cluster and the next destination can be uniform or
user-defined. By suitably controlling the number of clusters, the number of des-
tinations within cluster, and the transition probabilities for choosing the next
cluster and the next destination, we can model scenarios such as campus, beach,

inter-city, etc.

IRWP modes is an extreme case of DGM models where all the points in the mobility region
are considered as destinations. Therefore, we use RWP model as the base model to compare other
proper DGM models.
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¢ RDGRPGM (Random Destination Guided Reference Point Group
Mobility) model: This model considers a finite set of uniformly distributed
points in the simulation region as destinations. The transition probabilities for
choosing next destinations, speed, and pause time are also uniform. The nodes
are divided into different groups; one node from each group is designated as
a leader node and the remaining nodes are kept as the member nodes. Only
leader nodes choose the next destination based on the transition probabilities
but the member nodes follow their respective leader’s mobility. This model can
capture battle field scenarios, group aircraft scenarios, and, at least partially,

disaster area scenarios.

The power of the DGM framework is that it can model various scenarios just by
tuning its parameters suitably. We don’t require an separate implementation for each
scenario. To illustrate, next we model some of the real-world scenarios mentioned in
the previous section just by controlling the destination and the destination selection
functions of the DGM framework. As a case study, we have considered the following

scenarios:

5.3.2 Scenario Modelling

¢ Fish movement scenarios: In these scenarios, the nodes are fish and all the
points in the swimming space are the destinations. So the RWP mobility model
can capture this scenario (single fish movement). If we consider all points in the
simulation area as destinations, we can model the mobility of a group of fish

movement using a RDGRPGM model.

The trace generated by two DGM models (RWP model and its variant) using

DGMGen for capturing the movement of a fish or a group of fish moving together
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(a) Fish Movement Trace (single)  (b) Fish Movement Trace (group)

Figure 5.1: Modelling Fish Movement

shown in Fig. 5.1. Fig. 5.1(a) shows the trace of a single fish movement and Fig.
5.1(b) shows the trace of a group of fish movement. Here, we set all the points
in simulation region as destinations, the speed range as 0 - 10 meters/second,

and the pause time as 0 - 5 seconds.

Ship or aircraft scenarios: These scenarios can closely be captured by the
RDGM model. In these scenarios, the nodes are ships or aircraft. To model these
scenarios, each port or airport or landing station is assumed as a destination,
the boarding time as the pause time and the travelling speed as the speed.
Therefore, a user, based on the number of ports, can define the number of
destinations as well as set extra priority to a destination which will represent a
busy port.

The trace of a ship or an aircraft modelled by the RDGM model is shown in Fig.

5.2. Here, we set the number of destinations as 25, speed range as 100 to 150

meters/second, and pause time as 1800 to 3600 seconds to model this scenario.

City scenarios: In city scenarios, the nodes are the people or vehicles. All
the common places such as shopping mall(s), different institutions, park(s),

or recreational place(s) are preferred destinations and the places are ordinary
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Figure 5.2: Ship or Aircraft Movement Trace

destinations. The RDGM model can closely capture these scenarios.

(a) Single Node Trace (b) Traces of All Nodes

Figure 5.3: Human or Vehicles’ Movement Trace in a City

A sample trace for the city scenario modelled by the RDGM model is shown in
Fig. 5.3 where few destinations have been assigned higher priority to be chosen
by the mobile nodes. Fig. 5.3(a) shows the trace of a single node and Fig. 5.3(b)
shows the trace of all the nodes in the simulation. Here, we set the number of
destinations as 100 (3 destinations as higher priority destinations), the speed

range as 0 - 5 meters/second, and the pause time as 600 - 900 seconds.

Campus scenarios: In these scenarios, the nodes are the students and the

common places such as classes, labs, sport centre(s), coffee-shop(s) and cafete-
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Figure 5.4: Students’ Movement Traces in a Campus

ria(s) are considered as clustered destinations. These scenarios can closely be

captured by the RCDGM model.

A sample trace of a university campus modelled by the RCDGM model is shown
in Fig. 5.4. Here, the session time of each cluster is randomly chosen from 5
minutes to 60 minutes, the speed range as 0 to 2 meters/second, and the pause
time varies based on the cluster. Similarly, one can model inter-city scenarios

using the RCDGM model.

Battle-field scenarios: In battle-field scenarios, the nodes are the soldiers and
tanks (even helicopters). All the strategic locations are the destinations. These

scenarios can be captured by the RDGRPGM model.

A sample trace of group of soldiers’ mobility in a battle-filed modelled by the
RDGRPGM model is shown in Fig. 5.5. Here, we set the number of destinations
as 50, the speed range as 5 - 10 meters/second, the pause time range 0 to 5

seconds, and the group size as 5 nodes.
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Figure 5.5: One Group Movement Trace in Battle-field Scenarios

Similarly, we can model various real world scenarios including the remaining sce-
narios mentioned in-the previous section by the DGM framework. What the user
needs is to set the right parameter after getting the intuition about the scenarios to

be modelled.

With this understanding of the representative DGM models, we next analyse them
for connectivity metrics. This, in a way, is a comparative study of three proper
DGM models with its extreme case, RWP model - a widely used model in MANET

simulation so far.

5.4 Connectivity Analysis of the DGM Models

The simulation study of connectivity analysis is conducted using a system with

the following configuration:

e Operating System : Ubuntu 10.11

e Processor (CPU) : Intel(R) Core(TM)i7-2600 CPU 3.40GHz
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¢ Installed Memory (RAM) : 12.0 GB
e Mobility Generator and Analysis Tool : DGMGen

e Network Simulator : NS2

5.4.1 Simulation Setup

In this study, we are interested in analysing the connectivity metrics on four mo-
bility models: RWP, RDGM, RCDGM, and RDGRPGM models. The common simu-
lation parameters such as the simulation area, the number of nodes, the transmission
range, the speed range, the pause time, and the simulation time, and their values are

summarized in Table 5.1.

Parameters Value(s)
Nodes 50

Simulation area | 2000m x 2000m
Transmission 40-100

range
Speed range 0m/s-25m/s
Pause time | Os - 2s

range

Simulation time | 1 hour

Table 5.1: Simulation Parameters for Mobility Modelling

For all four models, the pause time is chosen within the given range using uniform
distribution. For the RWP model, the next destination within the simulation region
is selected using a uniform distribution. The speed of the node is also chosen within

the given range using a uniform distribution.

For the RDGM model, one hundred destinations are chosen within the simulation
region using a uniform distribution. Each node chooses one of the remaining 99
destinations as its next destination to move and its travelling speed within the given

range using a uniform distribution.
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For the RCDGM model, four clusters within the area of 150m x150m in the
four corners of the simulation regions are chosen. Each cluster has 25 nodes chosen
uniformly within their region. Each node has a home cluster where it is initiated. A
node after entering a cluster moves within that cluster for a duration (referred to as
a session) chosen uniformly randomly within the range of 0 to 6 minutes (one tenth
of the simulation time). After a session expires, a node stays in the same cluster
for another session with probability 0.2, may choose to move to another cluster with

probability 0.3, or return to its home cluster with probability 0.5.

For the RDGRPGM model, the nodes move as a group where one acts as a group
leader and the others act as members of the group. All nodes are organized into
different groups. One hundred destinations are chosen within the simulation region
using a uniform distribution. The group leader node chooses one of the remaining 99
destinations as its next destination to move to and chooses its travelling speed within
the given range using a uniform distributions. The member nodes place themselves
randomly around their group leader’s current position and move with the same speed

as their leader.

5.4.2 Simulation Experiments

The objective of our experiment is to study the connectivity in RDGM, RCDGM,
and RDGRPGM models, in comparison with that of the RWP model. Connectivity
is a complex metric and has several dimensions. We have conducted two sets each
of 3 experiments, mainly observing the connection changes, number of contacts, and

contact duration by varying the transmission range and the speed of the nodes.

Experiment 1 In this experiment, we computed the average number of connection

changes, the average number of contacts, and the average contact duration for four
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mobility models, RWP, RDGM, RCDGM, and RDGRPGM, by varying the transmis-

sion range as 40m, 60m, 80m, and 100m. The result is shown in Fig. 5.6.
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Figure 5.6: Variation of Contacts, Connection Changes, and Contact Duration vs.
Transmission Range.

As the nodes in the RWP wander around randomly within the simulation area, a
node meets another node rarely. Therefore, the average number of contacts is low for
the RWP model, as shown in Fig. 5.6(a). Since the nodes rarely establish contacts
with other nodes, the average number of connection changes is also low as shown in
Fig. 5.6(b). Though the number of contacts and the connection change increases as
the increment in transmission range, the trend is very low. The contact duration in all
cases for the RWP model is also low as compared to the other models. As this model
is very random, it provides the least number of contacts and the contact duration. As
a result, any performance study of routing protocol on the RWP model will be biased

by the random property of this model which may not be true in many real scenarios.

On the other hand in the RDGM, as mobile nodes choose destination from a
fixed set of locations, more nodes will choose the common location. When they move

toward the selected destination, they will have higher chance to have contact with
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one another. As a result, the average number of connection changes and the number
of contacts are higher than that of the RWP model. The almost increases linearly
as the transmission range increases. However, in the RCDGM, the average number
of connection changes and contacts increases very sharply as the nodes’ transmission
range increases. This is because destinations are placed in compact way within a
smaller region. Therefore, the nodes have a higher chance to meet. However, after
certain ranges, the trend is flat and even goes down. This is because the connected
nodes remain connected for long time for their high transmission range. The contact
duration has the opposite effect as shown in Fig. 5.6(c). In the RDGRPGM model,
the contact duration increases as the increment of the transmission range upto 60
meters but the duration decreases after that level. This is because the likelihood of
one group of nodes meeting with another group of nodes for higher transmission range
is high but contact time is low as they are different groups; however these contacts

have greater impact on the average contact time.

Experiment 2 In this experiment, we computed the average number of connection
changes, the average number of contacts, and the average contact duration for four
mobility models, RWP, RDGM, RCDGM, and RDGRPGM models, by varying the
speed as 5 m/s, 10 m/s, 15 m/s, 20 m/s, and 25 m/s while keeping the number of
nodes fized at 50 and keeping other parameters constant. For the RDGRPGM, 50
nodes are divided into 10 groups; each group consists of 5§ nodes. The result is shown

in Fig. 5.7.
Again, as explained with Experiment 3, the performance under the RWP model

is not properly pronounced as compared to the DGM models and therefore, the RWP

model may not be a suitable model to study protocols useful for practical MANETS.
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Figure 5.7: Variation of Contacts, Connection Changes, Contact Duration vs. Speed.

When the same study is repeated on the RDGM and the RCDGM models, the
performance on the average number of contacts, connection changes, and contact
duration are high. Furthermore, their variations with respect to change in the speed
are sensitive, as they increase (or decrease) almost linearly, as shown in Fig. 5.7(a -
c¢). The almost linear trend in performance is clear that the slower nodes can have
fewer contacts overall, but each contact can last longer. The reason for the better
performance of the RCDGM over RDGM model is intuitive in that in the RCDGM
model the nodes have higher probability of staying longer time within the same cluster

(smaller region), and hence have a higher chance of being connected longer.

For an experimental result to be useful and relevant, the performance results must
be significant and sensitive to the changes of the critical parameters of MANETS such
as nodes’ speed and their transmission range. From these experiments, we observe
that all the models are sensitive to the changes of nodes’ transmission range and
speed. We observed that DGM models always perform better. Therefore, we believe
that the performance study of protocols must be conducted based on more realistic

mobility models such as DGM models for the results to be more credible and useful.
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Experiment 3 In this experiment, we computed the clustering coefficient of the ad
hoc networks generated by the studied mobility models while keeping the speed range
at 5 -10 m/s, the number of nodes as 50, the transmission range as 50 meters, and
all of the other parameters at the default shown in Table 5.1. The result for a selected

duration (0 to 1000 second) is shown in Fig. 5.8.
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Figure 5.8: Clustering Coefficient of the Networks Generated by the Studied Models.

As the nodes wander around in the RWP model, the clustering coefficient of the
ad-hoc network generated by the RWP model shows a very poor connection in the
entire simulation time shown in Fig. 5.8. In contrast to the RWP model, the RDGM
model represents a network that is better connected than that of the RWP model. The
primary reason behind this is that the nodes move among the selected destinations
only; they do not wander around randomly within the entire simulation area. The
network generated by the RCDGM model is far more connected than even that of the

RDGM model. This is because the nodes move most of the time within the cluster
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where the destinations are arranged very compactly within the different clusters and
travel between the clusters less frequently. The other DGM model, the RDGRPGM
model, which shows that the network is almost fully connected as the nodes move as
a group from destination to destination. When the nodes move as a group, the nodes
of one group maintain connection within the group most of the time. From the graph
shown in 5.8, we can easily infer that DGM models provide better connectivity than

that of RWP model. This, we believe, is the likely case for many real life MANETS.

Experiment 4 In this experiment, we computed the node degree distribution at a
particular time instant of the networks generated by the RDGM, the RCDGM, and
the RWP models in the configuration where the number of nodes is 50, the speed range
5 -10 meters/second, the transmission range is 50 meters, and all other parameters

remain the same as shown in Table 5.1. The result is shown in Fig. 5.9.
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Figure 5.9: Degree Distribution of the Networks Generated by Three Studied Models.
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The graph shown in Fig. 5.9 presents what percentages of the nodes have con-
nected neighbours and how many neighbours are there for a particular node in the
network. At a particular time, say at 700th second, almost 85% of nodes are isolated
and even though the remaining 15% have connected neighbours, but they have only
one neighbour in RWP model. In contrast to the RWP model, 69% of nodes are
isolated and the remaining 31% have connection to other nodes. Of them, 19% have
one neighbour, 9% have two connected neighbours and 3% even have three neigh-
bours. In the RCDGM model, 39% of nodes are isolated at the observed time while
the remaining 61% have 1 to 4 neighbours. Of the connected nodes, 37% have one
neighbour, 15% have two neighbours, 6% have three neighbours and the remaining
3% have even four neighbours. Both the RDGM and the RCDGM models have the
trends that reflect the power law distribution in terms of node degree distribution.
This is because the nodes visit within the destinations arranged in different compact
area for the RCDGM model and move only among the selected destinations. So, the
nodes have higher chances to meet one another in the RDGM model and a far better
chance to meet one another in the RCDGM model than that of the RWP model.
This graph clearly shows that if the nodes move following the DGM models, then
they will have higher chance to meet other peers. This happens in most of the real

world scenarios.

Experiment 5 In this experiment, we computed the number of different hop length
paths seen during the entire simulation in the networks generated by the RDGM, the
RCDGM, and the RWP models in the configuration where the number of nodes is 100,
the speed range 5 -10 meters/second, the transmission range is 50 meters, and all of
the other parameters remain the same as shown in Table 5.1. The result is shown in

Fig. 5.10.
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Figure 5.10: Number of Different Hop Length Paths During the Simulations

This Fig. 5.10 shows how many distinct length paths exist under different mobility
models. The RCDGM model has 1-hop to 5-hop length paths, the RDGM has 1-hop
to 3-hop length paths and the RWP has 1-hop to 2-hop length paths. Again, as the
nodes wander around in the RWP model, one node meets another node rarely and
if they meet, they are connected mostly by link and less frequently by 2-hop length
paths. By contrast, the RDGM model has some 3-hop length paths. This is because
the RDGM model uses a limited number of destinations; therefore, a set of nodes
can build a larger length when entering/leaving into/from any common destination.
The reason for having higher length paths in the RCDGM model is that the nodes
are visiting the destinations that are arranged in a cluster. The presence of the long
paths reflects that the respective model conforms better connectivity and captures
clustering nature as well as series nature (e.g., a set of vehicles follows the same road)

seen in real world scenarios.

74



5.5 Modelling and Analysis a Scenario Based on Real

Trace

So far, we have seen how to model mobility of known scenarios using DGM models.

Suppose we have a real trace of a mobility model collected from a scenario which is not

explicitly known. The question is: can we model that scenario using DGM models?

This section is an attempt to answer this question. We take a real trace collected from

the Haggel project at Cambridge [46] and derive intuition to determine the number

of destinations, the number of nodes, the pause time, the speed, and the transition

probabilities to choose the next destination. A snapshot of the real trace is shown in

Fig. 5.11.
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Figure 5.11: A Snapshot of Real Trace That Contains Contact Information Recorded

by iMote Devices

In Fig. 5.11, the first and second columns represent the devices’ IDs. First column
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gives ID of the devices which record the seen device ID represented in the second
column. The third and fourth columns show the start time and the end time ID1
meets ID2. The fifth column enumerates the number of contacts happened between
ID1 and ID2. The last column shows the time difference between the end of previous
contact and the beginning of the current contact of ID1 and ID2. This real trace
is about a group of users carrying small devices for six days in the Intel Research
Cambridge Corporate Laboratory. The users are research students. The intuition
behind this trace is that the probability of the users to stay a long time at the lab
is high, the number of travelling places might be limited, they may visit a number of

place in the university (that could be representative in cluster), and so on.

Based on this intuition that we get from the given real trace, we have considered

the following simulation parameters for modelling this scenario using DGM models.

Parameters Value(s)

Nodes 9

Number of destinations 15

Cluster size 100m x 100m
Destinations in a cluster 3

Cluster session time 0 - 8 hours
Simulation area 2000m x 2000m
Transmission range 50

Speed range Om/s-5m/s
Pause time range 0Os - 1800s
Simulation time 3 days (259200s)

Table 5.2: Simulation Parameters for Modelling Scenario Derived from Real Trace

Using the above simulation configuration, we have conducted the following two

experiments.

Experiment 6 In this experiment, we computed and compared the inter-contact time
distribution of the generated synthetic traces with that of the real trace collected from

the Haggel project at Cambridge [46]. The result is shown in Fig. 5.12.
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Figure 5.12: Inter-contact Time Distribution

The graph shown in Fig. 5.12 presents the inter-contact time distribution of the
node pairs in the networks generated by the chosen DGM models and the real trace.
In this test, as compared to the RWP model, the RDGM, and the RCDGM models
show the closer proximity to that of the real trace. The trend of the inter-contact time
distribution follows the power law distribution which is one of the important properties
of many real world networks such as collaboration networks, Internet, WWW, protein-
protein interaction network, social networks, and so on. The possible reason for
showing the close proximity in the RDGM and the RCDGM models are the number
of limited contact locations, the cluster size and its session time, and the transition
probability. The trend is even closer in case of the RCDGM model. This is because
the destinations are organized as cluster consisting of only a few destinations and the
nodes frequently visit within a cluster, which is also true in the activity of research

students.
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Though it is difficult to model a scenario accurately based on intuition alone,
our observation is that the DGM models can be the good choice as it has a set of
parameters such as destinations, transitions probabilities to choose destination, and
cluster size that can be tuned to fit the real world scenario to be studied. Although
the inter-contact time is totally random for this experiment for all models, this can be
tuned to represent the real-world scenario in the DGM models by properly choosing

the destination as well as by incorporating the activity properties of the nodes.

Experiment 7 In this experiment, we computed and compared the contact time dis-
tribution of our generated synthetic traces with that of the real trace collected from the

Haggel project at Cambridge [46]. The comparative result is shown in Fig. 5.13.
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Figure 5.13: Contact Time Distribution

In Fig. 5.13, the trends of the contact time distribution of the studied traces

clearly depict that the RDGM and the RCDGM models show similar trend as to the
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real trace. This is because the number of destinations are very limited ( which might
be also true in the real trace as research students rarely visit a large number of places).
The trend is even very close in case of the RCDGM model. The reason behind this is
that the destinations are organized into clusters consisting of only few destinations.
The nodes move within the cluster frequently which is also true in the students’ life.
They may stay in lab, go to take class and spend time in cafeteria. During these
times, they may remain connected. Similarly, the size of the clusters influences the

contact time distribution.

From this observation, we believe that we can model a scenario based on real trace
more accurately by tuning parameters like the number of destinations, the transition
probability, the speed range, the pause time, the cluster size, and the session time
of cluster. Though modelling a scenario based on real trace is a complex task, it is
possible through trial and error process if we have a sufficient insight of the real trace.
In this perspective, DGM models provide the better tuning mechanisms to model a

real world scenario.

5.6 Performance Study on MANET Routing Proto-

col

In this section, we present the performance study on a MANET routing protocol,
AODV, under DGM models in comparison with the RWP model. The performance
is measured based on the protocol performance metrics mentioned in Chapter 3.
Here we describe what was the simulation setup we followed, and then illustrate the
experiments we did. Throughout the experiments, the behaviour of AODV is better
pronounced in DGM models than that of the RWP mobility model.
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5.6.1 Simulation Setup

In this study, we are interested in analyzing the performance of AODV based on
the four mobility models. We use NS2 to conduct our simulation of routing. The
common simulation parameters such as the number of nodes, the speed range, the
simulation region, the data sources, the transmission range, the simulation time, and

their values are summarized in Table 5.3.

Parameters Name | Value(s)

Number of nodes | 40 - 80

Node speed range | 5- 10 m/s

Simulation region | 2000m x 2000m

Data sources 30 - 50 CBR sources(4
pkt/sec, Packet size 512)

Transmission range | 250m

Routing protocol AODV

Simulation time 700 sec + 400 sec warmup

Table 5.3: NS2 Simulation Parameters

Mobility traces of the RWP, the RDGM, the RCDGM and the RDGRPGM models
were generated using the DGMGen software tool. For all four models, the traces are
generated by varying the number of nodes as 40, 50, 60, 70, and 80, and the speed
range as 5 to 10 m/s. We used CMU generator embedded in NS2 to generate CBR

traffics as data.

5.6.2 Simulation Experiments

We have conducted two sets each of 3 simulation experiments, primarily observing
the data delivery ratio, the data loss, and the end-to-end delay, by varying the number
of nodes and the number of data generating sources.

Experiment 8 In this experiment, we computed the data delivery ratio, the data loss,
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and the average end-to-end delay of AODV for four models RWP, RDGM, RCDGM
and RDGRPGM by varying the number of nodes as 40, 50, 60, 70, and 80, while
keeping the number of data generating sources constant as 35 at each cases. The

result is shown in Fig. 5.14.
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Figure 5.14: Impact of Mobility Models on the Performance of AODV vs. Number of
Nodes

As noted in the previous section, the poor connectivity in RWP model causes the
data delivery ratio to be very low as shown in Fig. 5.14. The delivery gets better
only when the region is highly populated with mobile nodes. Even then the decrease
of data loss is very slow. The end-to-end delay is computed only for those delivered
data. The true performance must include all the data, in which case the RWP model
performs very poorly. Also, it is hard to explain the behaviour considering that the

nodes move randomly.

In RDGM and RCDGM models, the data delivery ratios are higher while the
data loss is lower than the RWP model , but their trends are linearly increasing and
decreasing respectively, as shown in Fig. 5.14(a & b). The increasing trend of the

data delivery ratio in the RDGM and the RWP models is higher than that of the
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RCDGM model. This is because the nodes in the RDGM move uniformly within the
larger region, whereas the nodes in the RCDGM stay within the cluster of smaller
regions longer than it moves between clusters. So, if a node moves with data to a new
cluster, then it will have a lower chance of delivering the data to a location outside of

that cluster during its session.

The end-to-end delay and delivery ratio in the RDGM increase as the number of
nodes increases. This seems to suggest that more nodes facilitate more delivery and
the increased portion is more likely the delayed deliveries. However, it is interesting to
note that the end-to-end delay increases in the RCDGM model too, even though data
delivery in the RCDGM increases very slowly as the number of nodes increases. This
is because, although the number of sources is fixed, the number of possible receivers
increases as the number of nodes increases. In addition, each receiver is confined
within a cluster longer duration than it travels between clusters. In this experiment,
AODV shows very high data delivery and very low data loss in the RDGRPGM model.
This is because a set of nodes are almost always connected which greatly impacts on

the overall the data delivery ratio, the data loss and the end-to-end factors.

Experiment 9 In this experiment, we computed the data delivery ratio, the data loss,
and the average end-to-end delay of AODV for four models, RWP, RDGM, RCDGM
and RDGRPGM, by varying the number of data generating sources as 20, 30, 40, and
50, while keeping the total number of nodes constant as 70 at each cases. The result

is shown in Fig. 5.15.

Again, Fig. 5.15(a) shows that the data delivery ratio in RWP model is very low,
and therefore makes the same impact that we already discussed. These experiments
illustrate that increasing the number of source nodes decrease the data delivery ratio,

and increase the data loss and the end-to-end delay. This is because, more data,
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Figure 5.15: Impact of Mobility Models on the Performance of AODV vs.
Generating Sources

Data

more loss, and more delayed delivery result in an increased average end-to-end delay
increased. Overall, the performance of routing protocols using DGM models is more

pronounced and has consistent explanation based upon the topology of the network.

5.7 Summary

In this chapter, first, we presented a set of real world representative scenarios and
how different scenarios can closely be captured by the basic DGM models (RWP,
RDGM, RCDGM and RDGRPGM models). Second, we explained the experiments
conducted for analysing the performance metrics such as the average number of con-
nection change, the average number of contacts and the average contact duration by
varying the transmission range and the speed. In addition, we showed the trend of
the node degree distribution,the clustering coefficient and the distinct & — hop paths
exhibited in the mobility traces generated by the DGM models. The trends of the
node degree distribution and the k-hop paths of the DGM models’ traces follow the

power law distribution in some extent. The metrics such as the average number of
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connection changes, the average number of contacts, the average contact duration,
and the clustering coeflicients in the conducted experiments indicate that the DGM
models better capture the connectivity patterns prevalent in real-world scenarios than
that of the RWP model. Third, the experiments conducted incorporating real trace
exhibited another strength of the DGM models. Though those two experiments are
based on the intuition we obtained from the real trace, the close proximity trends of
metrics such as the inter-contact time distribution and the contact time distribution
explored the possibility that the larger social scenarios can be captured by the DGM
models. Finally, we presented two sets of experiments for evaluating the performance
of the AODV routing protocol using the DGM models. As per our expectation, the
experiments showed that AODV performs better under the proper DGM models than
under the RWP model.
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Chapter 6

Conclusion and Future Directions

Mobile ad-hoc networks have received a great deal of interest in recent times, due to
their potential applications and their technological advancements. The topology of
MANETSs is highly dynamic as the nodes are expected to move unpredictably. Due
to their complexity, most research studies in MANETSs are based on simulation. As
the mobility of nodes is one of the fundamental characteristics of MANETS, mobility
models have been proposed over the years with the objective of accurately capturing
the mobility of the users in MANETSs. Due to the possibility of numerous combinations
and unknown factors, it is difficult to model mobility in a satisfactory way. Therefore,

the credibility of simulations studies on MANET have been criticised heavily.

Recently, a generic framework to generate mobility models has been proposed to
model mobility under several scenarios of MANET. DGM models are mainly based on
the concept of destinations. The approach emphasizes that the destinations must be
considered as an integral component of MANETSs and that mobility can be modelled
more accurately and easily based on destinations. In this thesis, we have imple-

mented a mobility modelling and analysis software tool and have conducted a study
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on DGM models framework to test its versatility and suitability for modelling mobility

in MANETSs.

Through an analysis of representative scenarios (including real trace) and simu-
lation studies using DGM models, we found that the DGM framework can be used
to model mobility for a variety of MANET scenarios more accurately and easily than
using the earlier mobility models of MANETSs. That is, using DGM models framework
mobility can be modelled more realistically with little effort than the earlier mobil-
ity models used in MANETs. Also, we conducted a simulation study of one of the
dominantly used MANET routing protocols AODV. As we expected, the performance
study of AODV shows that it performs better under more realistic DGM models than
under RWP model.

Overall, the work we did for this thesis confirms our initial intuition that the DGM
framework is simple and capable of modelling mobility for MANETs more accurately
than the earlier models used in MANETS simulations. Therefore, we believe, if the
DGM framework is used to model and analyse the mobility traces properly before
using the trace to study MANETSs, some of the scepticisms raised in the literature
regarding MANET simulation studies can be dispelled. In that regard, we believe our

work is interesting and useful.

Our thesis work is a first study on DGM models. It can be extended in several

directions, and some of them are the following.

e More sophisticated or more specific MANET scenarios can be modelled and
studied in detail using the DGM framework. For example, a specific real life
scenario like a wild-life scenario or an office scenario can be modelled and studied

in depth.
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An interesting research exercise would be examining the suitability of DGM
models in modelling delay tolerant network scenario (e.g., a bus transit system,

a message ferry in a remote village, etc.).

The connectivity analysis can be done assuming that the destinations are con-

nected to the Internet or connected to cellular networks.

The performance analysis of other routing protocols such as DSR and DSDV
can be conducted under DGM models and compared with their performance

under RWP models.

More experiments can be conducted importing traces of different real-world
scenarios collected by different organizations, experimenting with DGM models
to determine under what circumstance the DGM framework can simulate the

collected real traces.

Several analytical results have been reported in the literature for RWP and
its variant models. It would be interesting to see how those metrics could be

characterized and derived for DGM models.

87



Bibliography

1]

2l

(3l

[4]

[6]

A. Aravind and V. Manickam, “Destination guided mobility models for mobile ad
hoc networks,” The 7th International Conference on Future Information Tech-

nology , FutureTech 2012, June 26 - 28, Vancouver, Canada, 2012.

F. Bai and A. Helmy, “A survey of mobility modeling and analysis in wireless ad-
hoc networks,” Book Chapter in the book , Wireless Ad Hoc and Sensor Networks,
Springer, October 2006, ISBN: 978-0-387-25483-8., 2006.

S. Kurkowski, T. Camp, and M. Colagrosso, “MANET simulation studies: the
incredibles,” SIGMOBILE Mob. Computer Communtcatin Review, vol. 9, pp. 50—
61, October 2005.

N. Aschenbruck, A. Munjal, and T. Camp, “Trace-based mobility modeling for
multi-hop wireless networks.,” Computer Communications, vol. 34, pp. 704 — 714,

2011.

R. R. Roy, Handbook of Mobile Ad Hoc Networks for Mobility Models. Springer,,
2011.

A. Jardosh, E. M. Belding-Royer, K. C. Almeroth, and S. Suri, “Towards realistic

mobility models for mobile ad hoc networks,” in Proceeding of the 9th annual

88



(7]

[10]

[11)

[12]

[13]

international conference on Mobile computing and networking, MobiCom 03,

(New York, NY, USA), pp. 217-229, ACM, 2003.

T. R. Andel and A. Yasinac, “On the Credibility of Manet Simulations,” Com-
puter, vol. 39, pp. 48-54, July 2006.

D. Cavin, Y. Sasson, and A. Schiper, “On the accuracy of manet simulators,”
in Proceeding of the second ACM international workshop on Principles of mobile

computing, POMC ’02, (New York, NY, USA), pp. 38-43, ACM, 2002.

1. Stojmenovic, “Simulations in wireless sensor and ad hoc networks: Matching
and advancing models, metrics, and solutions,” IEEE Communication Magazine,

pp. 102 — 107, 2008.

A. Aravind and H. Tahir, “Towards modeling realistic mobility for performance
evaluations in manet,” ADHOC-NOW, Lecture Notes in Computer Science,

vol. 6288, pp. 109-122, 2010.

T. Camp, J. Boleng, and V. Davies, “A survey of mobility models for ad hoc
network research,” Wireless Communications and Mobile Computing (WCMC):
Special Issues on Mobile Ad Hoc Networking : Research, Trends, and Applica-
tions, vol. 2, pp. 483-502, 2002.

M. Feeley, N. Hutchinson, and S. Ray, “Realistic mobility for mobile ad hoc
network simulation,” ADHOC-NOW 2004, LNCS 3158, © Springer- Verlag Berlin
Heidelberg 2004, pp. 324 —329, 2004.

M. Musolesi and C. Mascolo, “Mobility models for systems evaluation - a survey,”

in Middleware for Network Eccentric and Mobile Applications, pp. 43-62, 2009.

89



[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

J. Collins and R. Bagrodia, “A quantitative comparison of communication
paradigms for manets,” in Proceeding of the 7th International ICST Conference

on MobiQuitous, 2010.

C. Bettstetter, “On the connectivity of ad hoc networks,” The Computer Journal,
(© The British Computer Society; all rights reserved, vol. 47 No.4, pp. 432447,
2004.

M. Boegsted, J. G. Rasmussen, and H. P. Schwefel, “Connectivity analysis of
one-dimensional ad-hoc networks,” Wireless Netw (©) Springer Science + Business

Media, LLC 2010., vol. 17, pp. 87-101, January 2011.

H. Concei¢ao, M. Ferreira, and J. Barros, “A cautionary view of mobility and
connectivity modeling in vehicular ad-hoc networks.,” in VT'C' Spring, IEEE,

2009.

0. Dousse and P. Thiran, “Connectivity vs capacity in dense ad hoc networks,”
in Twenty-third AnnualJoint Conference of the IEEE Computer and Communi-
cations Societies (INFOCOM 2004 )., 2004.

P. Lassila, E. Hyytis, and H. Koskinen, “Connectivity properties of random way-
point mobility model for ad hoc networks,” in Proceeding of the 4th Annual

Mediterranean Workshop on Ad Hoc Networks ( MedHoc-Net), pp. 159168, 2005.

J. Nykvist and K. Phanse, “Modeling connectivity in mobile ad-hoc network
environments,” in Proceeding of the 6th Scandinavian workshop on Wireless Ad

Hoc Networks (ADHOC 06), Johanesberg Slotts, Stockholm, May, 2006.

H. Pishro-Nik, K. Chan, and F. Fekri, “Connectivity properties of large-scale
sensor networks,” Wireless Netw (©)Springer Science + Business Media, LLC

2009, vol. 15, pp. 945-964, October 2009.

90



[22]

[23]

[24]

[25]

[26]

[27]

V. Borrel, M. D. de Amorim, and S. Fdida., “On natural mobility models.,”
International Workshop on Autonomic Communication (WAC), Lecture Notes

in Computer Science, pp. 243-253, 2005.

N. Aschenbruck, E. Gerhards-Padilla, and P. Martini, “A survey on mobility
models for performance analysis in tactical mobile networks,” Journal of Cluster
Computingnal of Telecommunication and Information Technology (JTIT), vol. 2,
pp. 5461, 2008.

J. Harri, F. Filali, C. Bonnet, and M. Fiore, “Vanetmobisim: generating realistic
mobility patterns for vanets,” in Proceeding of the 8rd international workshop
on Vehicular ad hoc networks, VANET ‘06, (New York, NY, USA), pp. 96-97,
ACM, 2006.

C. Hartmann and H.-J. Vogel, “Teletraffic analysis of sdma-systems with inhomo-
geneous ms location distribution and mobility,” Wirel. Pers. Commun., vol. 11,

pp- 4562, October 1999.

C. Bettstetter, “Smooth is better than sharp: a random mobility model for simu-
lation of wireless networks,” in Proceeding of the 4th ACM international workshop
on Modeling, analysis and simulation of wireless and mobile systems, MSWIM

'01, (New York, NY, USA), pp. 19-27, ACM, 2001.

P. Nain, D. Towsley, L. Benyuan, and L. Zhen, “Properties of random direction
models,” in Proceeding of IEEE 24th Annual Joint Conference of the IEEE Com-
puter and Communications Societies(INFOCOM‘05.), vol. 3, pp. 1897 - 1907,
2005.

91



[28]

[29]

(30]

[31]

[32]

[33]

34]

[35]

E. M. Royer, P. M. Melliar-smith, and L. E. Moser, “An analysis of the optimum
node density for ad hoc mobile networks,” in Proceeding of the IEEE International

Conference on Communications, pp. 857-861, 2001.

L. Bajaj, M. Takai, R. Ahuja, K. Tang, R. Bagrodia, and M. Gerla, “Glomosim: A
scalable network simulation environment,” Computer Science Department, Uni-

versity of California, Los Angeles, Los Angeles, CA 90095.

J. Broch, D. A. Maltz, D. B. Johnson, Y.-C. Hu, and J. Jetcheva, “A performance
comparison of multi-hop wireless ad hoc network routing protocols,” in Proceeding
of the 4th annual ACM/IEEE international conference on Mobile computing and
networking, MobiCom 98, (New York, NY, USA), pp. 85-97, ACM, 1998.

C. Bettstetter and C. Wagner, “The spatial node distribution of the random
waypoint mobility model,” in Mobile Ad-Hoc Netzwerke, 1. deutscher Workshop
iber Mobile Ad-Hoc Netzwerke WMAN 2002, pp. 41-58, GI, 2002.

A. E. Kamal and J. N. Al-Karaki, “RMM: A new realistic mobility model for
mobile ad hoc networks,” in Proceeding of the IEEE International Conference on

Communications (1CC), 2007.

B. Liang and Z. J. Haas, “Predictive distance-based mobility management for
pcs networks,” in In Proceedings of IEEE Information Communications Confer-

ence(INFOCOM 1999), pp. 13771384, 1999.

F. Bai, N. Sadagopan, and A. Helmy, “The IMPORTANT framework for an-
alyzing the impact of mobility on performance of routing protocols for adhoc

networks,” Ad Hoc Networks, vol. 1, pp. 383-403, 2003.

V. A. Davies, “Evaluating mobility models within an ad-hoc network,” Master’s

Thesis, Colrado School of Mines, 2000.

92



[36]

371

[38]

[39]

[40]
[41]

[42]

[43]
4]

[45]

[46)

X. Hong, M. Gerla, G. Pei, and C.-C. Chiang, “A group mobility model for ad
hoc wireless networks,” in Proceeding of the 2nd ACM international workshop on

Modeling, analysis and simulation of wireless and mobile systems, MSWiM 99,

(New York, NY, USA), pp. 53-60, ACM, 1999.

K. H. Wang and B. Li, “Group mobility and partition prediction in wireless
ad-hoc networks,” Proceedings of IEEE International Conference on Communi-

cations(ICC’02), vol. 2, pp. 1017 — 1021, 2002.

M. Sanchez and P. Manzoni, “ANEJOS: a Java based simulator for ad hoc net-
works,” Future Generation Computer Systems, vol. 17, Issues 5, pp. 573-583,
2001.

B. Zhou, , K. Xu, and M. Gerla, “Group and swarm mobility models for ad
hoc network scenarios using virtual tracks,” In IEEE Proceedings of MILCOM,
pp. 289 —294, 2004.

Roof-top network at MIT, http://pdos.csail.mit.edu/roofnet/.
TFA wireless data at Rice University, hitp://tfa.rice.edu/.

Traces and tools at NUST Wireless and Secure Networks Research Lab,

http://www. wisnet. seecs.nust. edu.pk/downloads.php,.
UMass Trace Repository, hitp://traces.cs.umass.edu/.
UCSD Wireless Topology Discovery, http://sysnet.ucsd.edu/wtd/.

UNC/FORTH Archive of Wireless Traces,  Models, and  Tools,

http:/ /netserver.ics.forth.gr/datatraces/.

A Community Resource for Archiving Wireless Data At Dartmouth (CRAW-
DAD) , hitp://crawdad.cs.dartmouth.edu/.

93


http://pdos.csail.mit.edu/roofnet/
http://tfa.rice.edu/
http://www
http://traces.cs.umass.edu/
http://sysnet.ucsd.edu/wtd/
http://netserver
http://crawdad.cs.dartmouth.edu/

[47) ns-2 — The Network Simulator - ns-2, hitp://www.isi.edu/nsnam/ns/.

[48] GloMoSim - Global Mobile Information Systems Simulation Library |

http://pcl.cs.ucla.edu/projects /glomosim/.
[49] QuaiNet Netwrok Simulator, http://www.scalable-networks.com/.
[50] OPNET Simulator, hitp://www.opnet.com/.
[51] http://www.omnetpp.org/.

[52] N. Aschenbruck, R. Ernst, E. Gerhards-Padilla, and M. Schwamborn, “Bonn-
motion - a mobility scenario generation and analysis tool,” in SIMUTools 2010
March 15i£19, Torremolinos, Malaga, Spain. Copyright 2010 ICST, ISBN 7§-
963-9799-87-5. Digital Object Identifier: 10.4108/ICST.SIMUTOOLS2010.8684,
2010.

[53] A. A. Aravind and X. Cui, “Rmobigen: a trace generation, visualization, and
performance analysis tool for random mobility models,” in Proceedings of the
2008 Spring simulation multiconference, SpringSim ’08, (San Diego, CA, USA),

pp. 403-412, Society for Computer Simulation International, 2008.

[54] (CanuMobiSim) -  CANU  Mobility  Simulation  Environment

http://canu.informatik.uni-stuttgart.de/mobisim/.

[65] Tiger Database, Topologically Integrated Geographic Encoding and Referencing

system, hittp://www.census.gov/geo/www/tiger/.

[56] F. Martinez, J.-C. Cano, C. Calafate, and P. Manzoni, “CityMob: a mobility
model pattern generator for vanets,” in Proceeding of the IEEE International

Conference on Communication(ICC), pp. 370 -374, 2008.

94


http://www.isi.edu/nsnam/ns/
http://pci
http://www.scalable-networks.com/
http://www.opnet.com/
http://www.omnetpp.org/
http://canu
http://www

[57]

[58]

[59]

[60]

[61]

62]

[63]

[64]

[65)

P. Sommer, “Design and analysis of realistic mobility models for wireless mesh
networks,” Master’s thesis, Communication System Group, Computer Engineer-
ing and Networks Laboratory (TIK), Department of Information Technologoy and

Electrical Engineering, Institute of Technology, Zurich, 2007.

STRAW - STreet RAndom Waypoint - vehicular mobility model for network sim-

ulations, http://www.aqualab.cs.northwestern.edu/projects/STRAW /indez.php.
FreeSim — Freeway Simulator , hitp://www.freewaysimulator. com/index.html.

M. Behrisch, L. Bieker, J. Erdmann, and D. Krajzewicz, “Sumo - simulation of
urban mobility: An overview,” in SIMUL 2011, The Third International Confer-
ence on Advances in System Simulation, (Barcelona, Spain), pp. 63-68, October

2011.

F. K. Karnadi, Z. H. Mo, and K. chan Lan, “Rapid generation of realistic mo-
bility models for vanet,” in Proceeding of the IEEE Wireless Communications &

Networking Conference, 2506-2511, 2007.
Opnet Steet Map, http://www.openstreetmap.org/.

M. M. Artimy, W. Robertson, and W. J. Phillips, “Connectivity in inter-vehicle
ad hoc networks,” CCECE 2004 - CCGEI 2004 Niagara Fulls, © 2004 IEEEF,
vol. 1, pp. 293-298, 2004.

F. Theoleyre, R. Tout, and F. Valois, “New metrics to evaluate mobility models
properties,” tech. rep., CITI Laboratory -INRIA Rhone Alpes - INSA Lyon, 21,
Avenue Jean Capelle -69621 Villeurbanne Cedex -France, 2007.

E. R. Cavalcanti and M. A. Spohn, “Estimating the impact of mobility models’

parameters on mobility metrics in manets,” in Proceeding of the Eighth IEEE

95


http://www
http://www.freewaysimulator.com/index.html
http://www.openstreetmap.org/

[66]

[67]

[68]

[69)

[70]

International Symposium on Network Computing and Applications, NCA ’09,
(Washington, DC, USA), pp. 227-233, IEEE Computer Society, 2009.

I. W. H. Ho, K. K. Leung, J. W. Polak, and R. Mangharam, “Node connectivity
in vehicular ad hoc networks with structured mobility,” in Proceeding of the
32nd IEEE Conference on Local Computer Networks, (Washington, DC, USA),
pp- 635-642, IEEE Computer Society, 2007.

A. Chaintreau, P. Hui, J. Crowcroft, C. Diot, R. Gass, and J. Scott, “Pocket
switched networks: Real-world mobility and its consequences for opportunistic
forwarding,” tech. rep., University of Cambridge Computer Laboratory, Tech.
Rep. UCAM-CL-TR-617, February, 2005.

L. Li, D. Alderson, J. C. Doyle, and W. Willinger, “Towards a theory of scale-free
graphs: Definition, properties, and implications (extended version),” arXiv:cond-
mat/0501169v2, the primary verstion of this paper at Internet Mathematics. vol
2, page 4, 2005.

P. Johansson, T. Larsson, N. Hedman, B. Mielczarek, and M. Degermark,
“Scenario-based performance analysis of routing protocols for mobile ad-hoc net-
works,” in Proceedings of the 5th annual ACM/IEEE international conference
on Mobile computing and networking, MobiCom ’99, (New York, NY, USA),
pp. 195-206, ACM, 1999.

D. B. Johnson and D. A. Maltz, “Dynamic source routing in ad hoc wireless
networks,” the book Mobile Computing, Chapter 5, edited by Tomasz Imielinsk
and, Hank Korth (Eds.), Kluwer Academic Publishers, Boston, pp. 153 — 181,
1996.

96



[71]

[72]

(73]

[74]

(75]

[76]

[77]

(78]

S. Tang and B. Zhang, “A robust aodv protocol with local update,” The 2004
Joint Conference of the 10th Asia-Pacific Conference on Communications, 2004
and the 5th International Symposium on Multi-Dimensional Mobile Communi-

cations Proceedings., vol. 1, pp. 418 — 422, 2004.

C. Perkins, E. Belding-Royer, and S. Das, “Ad hoc on-demand distance vector
(aodv) routing.,” IETF. RFC 3561, July, 2003.

K. Amjad, “Performance analysis of dsr protocol under the influence of rpgm

3

model in mobile ad-hoc networks.,” in 31st International Conference on Dis-
tributed Computing Systems Workshops, pp. 100-104, IEEE Computer Society,

2011.

A.-L. Barabasi, “Scale-free networks: A decade and beyond,” SCIENCE, vol. 325,
pp. 412 — 413, 2009.

A. Polynikis, “Random Walks & Scale-Free NeTworks,” Master’s thesis, Depart-

ment of Mathematics, University of York, August, 2006.

J. Scott, R. Gass, J. Crowcroft, P. Hui, C. Diot, and A. Chaintreau, “CRAW-
DAD trace cambridge/haggle/imote/intel (v. 2006-01-31).” Downloaded from
http://crawdad.cs.dartmouth.edu/cambridge/haggle/imote/intel, Jan. 2006.

S. Ray, “Realistic mobility for MANET simulation,” Master’s thesis, University

of British Columbia, Vancouver, Canada, 2003.

N. Aschenbruck, M. Frank, P. Martini, and J. Tolle, “Human mobility in manet
disaster area simulation - a realistic approach,” in Proceeding of the 29th Annual
IEEE International Conference on Local Computer Networks, LCN ’04, (Wash-
ington, DC, USA), pp. 668-675, IEEE Computer Society, 2004.

97


http://crawdad.cs.dartmouth.edu/cambridge/haggle/imote/intel

