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Abstract

NS-2 is an open-source event-driven simulator designed specifically for re-
search in computer communication networks. It allows modeling of MANET
in two dimensions which imposes limits on investigating the MANET perfor-
mance in the real world. In this report, NS-2 source code was enhanced and
a capability to model MANETs in three dimensions was added. The inde-
pendent setdest utility was enhanced in order to make use of the output file
which initializes the nodes with the initial position and defines the movement
of nodes in 3D throughout the simulation time. A number of experiments
were conducted in which movements generated by the modified independent
setdest utility were used. The experiments show how the modified NS-2

simulator can be used to investigate MANET performance in 3D scenarios.
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Chapter 1

Introduction

1.1 Introduction

A mobile ad hoc network (MANET) is composed of mobile devices commu-
nicating with each other. Mobility of mobile devices plays a significant role
in the performance of a MANET. Examples of different mobility patterns
are discussed in [22]. Mobility patterns discussed in the literature are mostly
two dimensional [17]. Some real world scenarios may require deployment
of a MANET in three dimensions, for example, establishing communication
between trains traveling in a mountain region. Another example would be a
MANET formed by flying planes. Only a few studies at modeling MANETs
in three dimensions can be found in literature. One is Huginn, a software
which provides an intuitive way to visualize network simulation in three di-

mensions [11]. Huginn has the ability to show a two-dimensional MANET



scenario using the third dimension to display additional information about
both packet transmission processes currently being executed and the inner
state of the network nodes. In another study [21] terrain aware simulation
is presented as an extension for the NS-2 (network simulator-2). Simulation
is based on Durkin’s propagation model which is based on digital elevation

model data in an irregular space.

The main objective of this research is to develop a new tool based on the
existing NS-2 simulator version 2.35 which can model MANET nodes and mo-
bility patterns in three dimensions for the purpose of investigating MANET
operation in three dimensions. The new tool will be used for experimenting

with MANETSs that use different sample mobility patterns in 3D.

1.2 Project Description

The main objectives of this report are as follows:

1. Implement a 3D capability in NS-2 source code. This implementation

does not cover the visualization part.
2. Conduct validation tests of the NS-2 newly developed 3D capabilities.

3. Modify the existing Setdest independent movement generator utility to

generate 3D enabled output files.



4. Conduct validation tests of the Setdest independent utility which gen-

erates 3D enabled movement file for NS-2.

5. Conduct a series of experiments demonstrating the capabilities of the
modified simulator including MANETs simulation with different node

movement scenarios, both in 2D and 3D.

1.3 Report Layout

Chapter 2 introduces networks, wireless ad hoc networks, mobile ad hoc
networks, radio propagation models, ways to investigate the network perfor-
mance, and mobility patterns in MANETs. Chapter 3 discusses how NS-2
source code for 3D was enhanced. This involves code understanding, iden-
tification of classes and methods, making changes in NS-2 source code for
implementing 3D topography and 3D node movement and finally the testing
and verification of results. Chapter 4 talks about the node and movement
generator which includes examination of the independent setdest utility in
NS-2, modification of the setdest utility for 3D enabled node movement file
generation, and finally the testing of the modified Setdest utility. Chapter
5 elaborates different experiments conducted using the modified NS-2. The
scenarios for our experiments are pure 2D node movement in a plane, pure
3D node movement in a cube, modeling 3D node movement on different floors
in a building using independent motion of intermediate nodes, on different

floors using synchronized motion of intermediate nodes, and random motion



of intermediate nodes. Chapter 6 shows the results of different experiments
which have been conducted. Chapter 7 is the conclusion which includes re-

port results and a discussion of future work.



Chapter 2

Background

2.1 Networks Introduction

A mobile network is a radio network that consists of one or more base sta-

tions through which mobiles are connected.

There are two types of networks: infrastructure networks and ad hoc net-
works. An infrastructure network consists of a base station and a number
of mobile devices. In this case the mobiles are connected to the base station
and the communication between the mobiles is always through some base
station. A base station is installed at some geographical location and it can

send and receive radio signals.



2.2 Wireless Ad hoc Network

Ad hoc network is another type of network unlike an infrastructure network.
A wireless ad hoc network does not rely on existing infrastructure. Each
node participates in routing by forwarding data for the other nodes, and so
the determination of which nodes forward data is made dynamically based on
the network connectivity. In addition to the classic routing, ad hoc networks

can use flooding for forwarding the data [9].

An ad hoc network typically refers to any set of networks where all devices
have equal status on a network and are free to associate with any other ad
hoc network devices in link range. Very often, an ad hoc network refers to a

mode of operation of IEEE 802.11 wireless networks [9].

2.2.1 Mobile Ad hoc Network (MANET)

A mobile ad hoc network (MANET) is a classification of wireless ad hoc net-
works. A MANET inherently is an infrastructure-less network in which each
mobile device in the MANET is free to move independently in any direction,
and will therefore change its links to other devices frequently. Each must for-
ward traffic unrelated to its own use, and therefore be a router. The primary
challenge in building a MANET is equipping each device to continuously
maintain the information required to properly route traffic. Such networks

may operate by themselves or may be connected to the larger Internet [2].



MANETs are a kind of wireless ad hoc network that usually has a routable

networking environment on top of a Link Layer ad hoc network [2].

2.3 Radio Propagation Model

A radio propagation model is also known as a radio wave propagation or radio
frequency propagation model [6]. Propagation models are used to predict the
average received signal strength at a given distance from the sender. In urban
areas there is often no direct line of sight path between sender and receiver,
and the presence of obstacles (e.g. building and vehicles) causes reflection,

diffraction, and scattering.

2.3.1 Radio Propagation Mechanism

Radio propagation waves can generally be attributed to diffraction, scatter-

ing, and reflection [16].

/
—e )Y

Diffraction Scattering Reflection

Figure 2.1: Radio Propagation Models



2.3.2 Different Radio Propagation Models

It is difficult to analyze wireless radio channels as compared to the wired
channel. In order to implement a wireless channel model, generally two cases
are considered: large scale propagation models and small scale propagation
models. In large scale propagation models, if the distance of the sender from
the receiver increases, then the radio wave must cover these areas. In the
case of small scale models, also known as fading models, the signal strength
depends on small movements or small time frames [16]. There are a number
of different radio propagation models but only the following will be covered:

free space model, two ray ground model, and shadowing model.

2.3.3 Free Space Model

The free space model is a large scale model in which received power is only
dependent on the sender transmitter power, the antennas’ gains and on the
distance between the sender and receiver. Its main idea is to cover the large
area when the radio wave moves away from the sender. The received power
decreases with the square of the distance. The free space propagation model
assumes the ideal propagation condition that there is only one clear, line of

sight path between the transmitter and receiver [16].



2.3.4 Two Ray Ground Model

The two ray ground model is a kind of a large scale propagation model. In
this model it is assumed that the received energy is the sum of the direct line
of sight path and the path including one reflection on the ground between
the sender and the receiver. In the case of the NS-2 simulator, there is a re-
striction that sender and receiver must be at the same height [16]. According
to [7] [14] [10] it is shown that this model gives a more accurate prediction

at a longer distance than the free space model [16].

2.3.5 Shadowing Model

The shadowing model of NS-2 realizes the lognormal shadowing model. It
is assumed that the average received signal power decreases logarithmically
with distance. A Gaussian random variable is added to this path loss to
account for environmental influences at the sender and the receiver [16]. The
shadowing model consists of two parts. The first one is known as the path loss
model, which also predicts mean received power at a distance. The second
part of the shadowing model reflects the variation of the received power at
certain distances. It is a log-normal random variable, that is, it is of Gaussian

distribution if measured in dB [23].



2.4 Investigating network performance

Each network aspect must be investigated and evaluated before the network
can be opened to regular users. A network can be evaluated experimentally
and lead to better implementation of networks in real life. With evaluating
the network performance, the errors in network operation can be detected
and corrected before it is put to use. There are three approaches that can be
followed to investigate the network performance: empirical study, analytical

modeling, and simulation.

2.4.1 Empirical Study

In an empirical study, the actual network under a controlled environment is
used. Testers (test users) are needed that behave like real users. Performance
is measured by observing the actual network. The main inconvenience with
this approach is that the entire (or a portion of a) network must be built,

which can be difficult and expensive.

2.4.2 Analytical Modeling

Analytical modeling is a tool that uses analytical techniques to predict net-
work performance. Using mathematical formulas to calculate the interactions
that might happen between different network entities predicts network per-
formance. Analytical models help to detect the errors that might happen

while the network is working and solve them before the actual network is

10



constructed.

2.4.3 Simulation

Simulation is using a computer program that tracks the behavior of a real
network. Simulation of MANETs includes protocol simulation, movement
simulation, and traffic generator. Using the network simulation helps to de-
termine how the real networks would work and to understand the network
behavior. Several programing languages and simulators are available for net-
work simulation. One such simulator is NS-2, also called network simulator

2.

2.4.3.1 Network Simulator 2 (NS-2)

NS-2 is well known in simulating networks. It is a discrete event simulator.
It has the capability to simulate both wireless and wired networks. Since
its inception in 1989, it has gained tremendous interest from industry, and
academia [24]. NS-2 is an open source event driven simulator designed specif-

ically for research in computer communication networks.

NS-2 is a powerful simulator for both wireless and wired networks. It sup-
ports TCP and UDP protocols. It can simulate the node movements. The
user can choose the appropriate network type, wire or wired, and the traffic
type, such as FTP and CBR. All the simulation aspects are defined in a

TCL script that defines network type, topography, the number of nodes, the

11



traffic, etc.

NS-2 has a built in tool which is called network animator (NAM). NAM
provides a visual representation of the network, which depicts nodes, their

movement, and the packet transfer between nodes.

2.5 Mobility Pattern in MANETS

Mobility patterns can be classified into three categories: Deterministic, Semi

deterministic, and Random [22].

2.5.1 Deterministic Mobility Model

This model gives a highly predictable random motion. The deterministic
mobility model is the most predictable type of motion and the most simplistic
of all mobility models. For example, if the mobile nodes are moving in a
straight line (i.e., following a deterministic model), then the deviation of the
direction vectors associated with any two positions would be zero, as the

mobile nodes continue to move in the same direction [23].

2.5.2 Semi Deterministic Mobility Model

This model is not as predictable as random motion. The mobility pattern
followed by the nodes is not so deterministic. Consider, for example, a bat-

talion of battle tanks marching ahead. Here, the path followed by each tank

12



is not specified, but they do move in a general direction (i.e., towards the war
front). Even though the individual tanks do not have a specified direction,
a general pattern of a column evolving out of it is seen. Such a mobility

pattern is termed a column model [23].

2.5.3 Random Mobility Model

This motion is totally stateless. That is, the future movement here is com-
pletely independent of the past movement. Hence, there are no bounds im-
posed on the maximum deviation which the nodes can take up for their next

movement [23].

13



Chapter 3

NS2 Code Enhancements for 3D

This is the core part of my report. NS-2 version 2.35 is enhanced to make it
work for 3D. Enhancements in existing software come under the maintenance
phase of the software development life cycle. Software maintenance is a very
broad activity that includes error correction, enhancements of capabilities,
deletion of obsolete capabilities, and optimization. Because change is un-
avoidable, mechanisms must be developed for evaluation and for controlling
and making modifications. Software maintenance and evolution are charac-
terized by their huge cost and slow speed of implementation. Yet they are
inevitable activities because almost all software that is useful and successful

stimulates user generated requests for change and improvements [13].

14



3.1 Understanding the Code

In order to make enhancements in NS-2 version 2.35 source code, under-
standing how the source code is organized and then identifying the classes
and methods which require changes is needed. “NS-2 all in one” is a package
which contains required components used in running NS-2. NS-2 all in one

source code is organized in the following directories:

o NS-2

e NAM

TCL (Tool Command Language)
o TK (Tool Kit)
e OTCL

TCLCL

“TCL (Tool Command Language) is a very powerful but easy to learn dy-
namic programming language, suitable for a very wide range of uses, includ-
ing web and desktop applications, networking, administration, testing and
many more. Open source and business-friendly, TCL is a mature yet evolving

language that is truly cross platform, easily deployed, and highly extensible.”

18]

15



“TK is a graphical user interface toolkit that takes developing desktop appli-
cations to a higher level than conventional approaches. TK is the standard
GUI not only for TCL, but for many other dynamic languages, and can pro-
duce rich, native applications that run unchanged across Windows, Mac OS

X, Linux, and more.” |§|

“OTCL, short for MIT Object TCL, is an extension to TCL/TK for object
oriented programming. It should not be confused with the IXI Object TCL
extension by Dean Sheenan. OTCL is designed to be dynamically extensible,
like TCL, and is built on TCL syntax and concepts rather than importing

another language.” [5]

“NAM is a TCL/TK based animation tool for viewing network simulation
traces and real world packet traces. It supports topology layout, packet level

animation, and various data inspection tools.” [3]

NS-2 contains the core implementation of network simulator 2. As we know
NS-2 directory contains the core implementation of network simulator 2, so
changes in the other directories such as TCL, TK, OTCL, TCLCL, and NAM,

are not needed for the work described in this report. [1]

16



3.2 Identify Classes and Methods for Changes

As the objective of the project is to enhance NS-2 capabilities from 2D to
3D, identifying the code that manipulates node position and coordinates is
needed. The class files in the ns-2.35 directory that have a cc extension are
filtered by using a command. The command gives us a list of all the class
files which have the X coordinate variable in them and, similarly, all the class
files which have the Z coordinate variable in them, to check weather the Z

coordinate is implemented or not.

The commands are as follows:

find . —-name ’'*.cc’ —-exec grep —-g X_ {} \; -print

find . -name ’'*.cc’ —-exec grep —-q Z_ {} \; -print

These are UNIX commands as the work for NS-2 enhancement was done in
Ubuntu 12.04. Now a list of files from each search are acquired and there are
a few files which are common to both searches. Then each file was analyzed
to see whether it requires changes to implement the Z coordinate or not.
In fact, this process is a cumbersome task as NS-2 was developed by many
developers and it consists of over 300,000 lines of source code [4]. The ¢ plus
plus class and header files, and the included method names, that required

changes were as follows:

e Mobilenode.cc

17



— MobileNode( )

— command( )

— bound_position( )
— set_destination3d( )
— update_position( )

— log_movement( )

e Mobilenode.h

getVelo( )

— destZ( )

set_destination3d( )

initialized( )
e Topography.cc

— load_cube( )

— command( )

e Topography.h

load_cube( )

lowerZ( )
— upperZ( )
— Topography( )

18



3.3 Implementation for 3D Node Movement

This section only describes the changes made in each header and class to

achieve the 3D node movement functionality.

In order to move a node in 3D space 3D topography needs to be defined.
The maxZ of type double was defined and initialized to 0.0 in Topography
constructor where the maxX and the maxY was already initialized to 0.0.
There are two getter methods defined for the maxZ in the topography header
file. One is lowerZ, which always returns 0.0, and upperZ, which returns the
product of maxZ and grid_resolution, where grid_resolution has default value

of 1 unless initialized with different value using TCL a script.

A new method named load_cube was defined, which accepts the arguments x,
y, z, and res, which is used to initialize maxX, maxY, maxZ, and grid_resolution
respectively. This load_cube method is called from the TCL script which is
written for the purpose of experiments. The load _cube method initialized

the 3D topography for our experiments.

In order to call the load_cube method from a TCL script some changes
in command method were made. Command method accepts the array of
character array, which has the name of methods along with the argument

values. When the load_cube method is called from the TCL script the array

19



of character array of the command method has the load_cube method name
and its values. Then the load_cube argument values were passed and the

method was called from command method.

So far how to change the topography header and class file to define 3D to-
pography was explained, now mobilenode header and class changes to define

a node and its movement in 3D topography will be explained.

In mobilenode header X_, Y_, and Z_ are already defined in the original ver-
sion of NS-2 which represents position of a node in the topography. Where
the Z_ was neither implemented nor used. The dX , dY_, and dZ_ are de-
fined already which is a unit vector that specifies the direction of the mobile
node movement. Where dZ_ was neither implemented nor used. It is used
to update the position of a node. The destX , destY , and destZ_ repre-
sents where the node is going. The destZ_ was defined which was not there
before. In order to get a value of the destZ_ a getter method was defined
for the destZ_. The initialized method must check whether the topography
and trace object are initialized and it also must checks whether X |, Y |, 7
are within the topography boundary. The Z_ condition was added in the
initialized method to make sure the Z_coordinate of the node is within the
defined topography. In the getVelo method velocity factor for X_and Y_ is
already calculated using dX_ * speed_ and dY_ * speed respectively, so the

velocity factor for Z_ which is product of dZ_ and speed_ was calculated.
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The set_destination3d method is defined in mobilenode header, which takes

X, Y, Z destination coordinates of a mobilenode along with the speed.

In the mobilenode class, the MobileNode constructor initialized destZ to
0.0. Constructor is also initializing variables like X_, Y_, Z , speed_, dX_,
dY_, dZ_, destX_, and dextY_ to 0.0 along with other variables. The
bound_position method was also changed, which gets the lower and the
upper bound of X, Y, and Z coordinates of topography and then checks
whether the current position of the node is within the topography, if not the
bound_postion method will decrease or increase the coordinate value accord-
ingly. In bound_postion method there was no handling Z coordinate, so it
was changed it to make it work for 3D. The set_destination3d method makes
sure that all the class variables are initialized correctly, checks whether the
new destination is within the topography boundary, and then makes a call
to the update_postion method, which figures out the current position of the
node and then updates it to the new position. Then the update postion
method makes a call to the log_movement method, which writes the new
position in the log file. After the complete execution of the log_movement
and update_postion methods, the remaining set_destination3d method was
executed which saves the value of the previous position of the node. The
7 coordinates in the set_destination3d, update_postion, and log _movement

methods were implemented.
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3.4 Validation Testing and Verification of Re-

sults of NS-2

In order to check the newly implemented code, the following things were

tested:
e Topography
e Node initial position
e Node final position
e Distance covered
e Time taken to move node from one position to another position
e Speed of node

e Packet receiving range

Log or trace file

Several print statements were added to NS-2 source code for error check-
ing and to print the value of various variables to determine their value after

initialization like topography maxX, maxY, maxZ, and node X_, Y_, and Z_.

For all tests in TCL scripts, the following parameters were used.
For testing purposes, several TCL scripts were written. In test 1, a topog-

raphy was initialized with size 1500 * 1500 * 1500 meters (maxX * maxY *
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Table 3.1: Testing Simulation Parameters

Parameters ‘ Values

Simulation Time 1000 seconds

Topology size 1500 * 1500 * 1500 meters
Number of mobile nodes 2

Number of source nodes 1

Number of receiver nodes 1

Communication Agent User Datagram Protocol (UDP)
Traffic Type Constant bit rate (CBR)
Packet size 500 Bytes

Number of simulation runs per

experiment 10

Channel type WirelessChannel

Radio propagation model FreeSpace

Network interface type WirelessPhy

MAC type 802.11

Interface queue (IFQ) type CMUPriQueue

Link layer type LL

Antenna model OminiAntenna

Ad hoc routing DSR (Dynamic Source Routing)

maxZ). Node 1 was then defined, which has initial position A (X_ = 1310,
Y_ = 1320, and Z_ = 1330), moving with speed of 10 meter per second to
position B (X_ = 1510, Y_ = 1520, Z_ = 1530) at simulation time 10.0. This

test determines the upper bound of a topography for a node movement.

In test 1, the result showed right value of the topography, which is maxX
= 1500, maxY = 1500, and maxZ = 1500. The test result also showed an

error message because the destination of node 1 is beyond the topography
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boundary, which shows that if any node coordinate is greater than or equal
to the topography coordinate it will fail. This test will work well if the desti-
nation node coordinates are less than 1500 (X_ <1500, Y_ <1500, Z_ <1500).

In test 2, a topography was initialized with size 1500 * 1500 * 1500 me-
ters (maxX * maxY * maxZ). Then node 1 was defined, which has initial
position A (X_ = 300, Y_ = 310, Z_ = 320), moving with speed of 10 me-
ter per second to position B (X_ = -5, Y_ = -10, Z_ = -15) at simulation
time 10.0. This test determines the lower bound of the topography for node

movement.

Test 2 results showed the right value of the topography, which is maxX
= 1500, maxY = 1500, maxZ = 1500. The test result also showed an error
message because the destination of the node 1 is not within the topography
boundary. This result shows that if any node coordinate is less than 1, it
will fail. This test will work well if the destination node coordinate is greater
than equalto 1 (X_>=1,Y_>=1,Z_>=1) and less than 1500 (X_ <1500,
Y_ <1500, Z_ <1500).

In test 3, a topography was initialized with size 1500 * 1500 * 1500 me-
ters (maxX * maxY * maxZ). Then a receiver node 1 was defined, which has
initial position A (X_ = 740, Y_ = 750, Z_ = 760) moving with a speed of
10 meters per second to position B (X_ = 840 , Y_ = 850, Z_ = 860) at
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simulation time 0.0. Sender node 2 has position C (X_ = 900, Y_ = 900, Z_
= 900) and stays there throughout the simulation time. This test determines
the distance covered by a node and how much time it took to reach the des-
tination depending upon the provided node speed. The result was verified

by checking the log or trace file for the node coordinate update.

In test 3, results showed the right value of the topography, which is maxX =
1500, maxY = 1500, maxZ = 1500.

Using the distance formula

Distance = \/(BX_— AX_)2+ (BY_—AY_)®+ (BZ_— AZ_)?2 (3.1)

Distance = 1/ (840740)2 + (850750)2 + (860760)2 (3.2)
Distance = 173.205meters (3.3)

The distance between position A and position B is 173.205 meters, node 1 is

moving at a speed of 10 meters per second so divide it by 10 to calculate the
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time taken by node 1 to move from position A to position B.

Time taken by node to move from position A to B = Distance/Speed

(3.4)
=173.205/10  (3.5)

= 17.320seconds (3.6)

Then it is checked whether the log or trace file also has the same time which
was calculated above when it reaches position B. Below are three records

fetched from the trace file.

r -t 16.005981008 -Hs 0 -Hd 0 -Ni 0 -Nx 832.41 -Ny 842.41 -Nz 852.41 -Ne
-1.000000 -NI AGT -Nw — -Ma 13a -Md 0 -Ms 1 -Mt 800 -Is 1.0 -Id 0.0 -It cbr
-11 500 -If 0 -1i 18 -Iv 32 -Pn cbr -Pi 16 -Pf 1 -Po 0
r -t 17.005760909 -Hs 0 -Hd 0 -Ni 0 -Nx 838.18 -Ny 848.18 -Nz 858.18 -Ne
-1.000000 -NI AGT -Nw — -Ma 13a -Md 0 -Ms 1 -Mt 800 -Is 1.0 -Id 0.0 -It cbr
-11'500 -If 0 -1i 19 -lv 32 -Pn cbr -Pi 17 -Pf 1 -Po 0
r -t 18.005480877 -Hs 0 -Hd 0 -Ni 0 -Nx 840.00 -Ny 850.00 -Nz 860.00 -Ne
-1.000000 -NI AGT -Nw — -Ma 13a -Md 0 -Ms 1 -Mt 800 -Is 1.0 -Id 0.0 -It cbr
-11'500 -If 0 -1i 20 -Iv 32 -Pn cbr -Pi 18 -Pf 1 -Po 0

The trace record shows that the node reached BX_ = 838.18, BY _ = 848.18,

B7Z_ = 858.18 when simulation time is 17.005 seconds, which is 1.82 meters
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from position B and the next record shows when time is 18.005 seconds it
reaches its destination. As NS-2 only logs the record when any node sends
or receives a packet, so it would not keep track of fractions of seconds when
nodes change position. The trace records indicate that it actually reached
position B when the time is between 17.005 and 18.005 seconds which is ap-
proximately 17.320 seconds. Hence test results show correct values for the
distance covered by a node and the time it takes to move from position A to
B; it also verifies that the trace file is also updating the Z coordinate of the

topography and of the node.

Furthermore, you can see that log or trace file is properly updating all node
coordinates (X_, Y_, Z_) accordingly. The first record shows when simulation
time was 16.005 seconds the receiver node received a packet from sender node
and the position of the receiver node was RX1 = 832.41, RY1 = 842.41, RZ1
= 852.41. One second later when time was 17.005 seconds receiver the node
received another packet from the sender and the position of the receiver node
was RX2 = 838.18, RY2 = 848.18, RZ2 = 858.18. As the speed of the node
is 10 meter per second so the distance between those two positions should be
10 meters as the receiver received the packet after one second. The distance

formula is used to calculate the distance.
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Distance = \/(RX1 — RX2)2 4 (RY1 — RY2)2 + (RZ1 — RZ2)? (3.7)

— /(832.41838.18)2 + (842.41848.18)2 + (852.41858.18)2  (3.8)

= 9.99 => 10meters (3.9)

Hence the distance is equal to 10 meters which indicates the following:
e Node is moving with the same speed as specified in TCL script.
e Distance covered in one second is equal to speed of node.
e All the node coordinates are updating correctly.
e All the changes are logged in a trace file correctly.

In Test 4 a topography of size 1500 * 1500 * 1500 meters (maxX * maxY *
maxZ) was initialized. Then a receiver node 1 was defined which has initial
position A (X_ = 640, Y_ = 750, Z_ = 860) moving with speed of 1 meter
per second to position B (X_ =740, Y_ = 850, Z_ = 960) at simulation time
0.0. There is a sender node 2 which has position C ( X_ = 330, Y_ = 440, Z_
= 550) and stays there throughout the simulation time. This test determines
how far a packet can be received by receiver. In order to calculate the packet
range, find out when the last packet is received and what was the position
of the sender and receiver at that time, then compute the distance between

sender and receiver node to find out the packet range.
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The following lines from the trace file were fetched.

s -t 63.000000000 -Hs 1 -Hd -2 -Ni 1 -Nx 330.00 -Ny 440.00 -Nz 550.00 -Ne
-1.000000 -NI AGT -Nw — -Ma 0 -Md 0 -Ms 0 -Mt 0 -Is 1.0 -Id 0.0 -It cbr -II
500 -If 0 -li 65 -Iv 32 -Pn cbr -Pi 63 -Pf 0 -Po 0

r -t 63.005765999 -Hs 0 -Hd 0 -Ni 0 -Nx 676.38 -Ny 786.38 -Nz 896.38 -Ne
-1.000000 -NI AGT -Nw — -Ma 13a -Md 0 -Ms 1 -Mt 800 -Is 1.0 -Id 0.0 -It cbr
-11'500 -If 0 -li 65 -lv 32 -Pn cbr -Pi 63 -Pf 1 -Po 0

The second record shows that the receiver node coordinates are RX —
676.38, RY = 786.38, RZ_ = 896.38 when it receives the last packet and the
first record shows the position of the sender node SX_ = 330.0, SY_ = 440.0,
S7Z_ = 550.0 when the last received packet was sent by the sender, where pre-
fix R and S represent receiver and sender respectively. Now distance formula
will be used to compute the distance between sender and receiver when the

last packet was received.

Distance = \/(RX_— SX_)2+ (RY_xSY_)2+(RZ_xSZ_)  (3.10)

= /(676.38330.0)2 + (786.38440.0)2 + (896.38550.0)2  (3.11)

= 599.947 = 600meters (3.12)

Distance between sender and receiver when the last received packet was sent

by sender and received by receiver is equal to 600 meters, so packet range
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is equal to 600 meters. If the distance between sender and receiver node is
more than 600 meters it would not receive any packet because the range is

600 meters.
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Chapter 4

Node and Movement Generator

In order to test the changes that were made in NS-2 source code to investigate
the more complex scenarios and produce useful results from the experiment,
different numbers of nodes and their movements in TCL scripts were defined.
An example of a TCL script for defining a node and its movement is given

below.

set node_(1) [$ns_ node]
$node
$node

(1) set X_ 100.00
(1) set Y_ 110.00
$node_(1) set Z_ 0.00

$ns_ at 1.000000000000 "$node_(1) setdest 150.00 160.00 10.00"

The first line defines a mobile node 1. The second, third, and fourth line
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set the X, Y, and Z coordinates of a mobile node 1 to 100.00, 110.00, and
0.00 respectively. The fifth line indicates that when simulation time is 1.00
second the node moves from its current position towards a new position where
X =150.00 and Y = 160.00 with the speed of 10.00 meters per second. Now
if I want to initialize 20 more nodes, then I have to write 60 new lines of code
ourselves and then I have to write at least 1 line for each node movement.
The number of lines of code for node movement depends upon the interval
between the next node movement, the speed of node, and simulation time.
It is tedious to write hundreds of lines of code for node initialization and
node movement. To overcome this problem NS2 provides us an independent
built in utility named setdest which initializes a node and generates node

movement with a single command line command.

4.1 Setdest Utility

NS-2 has an independent built-in tool called setdest which is used to initialize
node and node movement in a given topography. First it initializes the nodes
with some random initial position, and then it generates the random motion
for each node. There are two versions of setdest. Both versions initialize
the nodes and nodes’ movements and output the same file format but they
depict different information. Version 1 is used for our report. Version 1 uses

a random way point model to generate motion for each node.
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The command mentioned below is used to generate a setdest output file:
./setdest [-n number_of_nodes]| [-p pause_time] [-s max_speed] [-t simulation_
time] [-x max_x] [-y max_y] >[movement-generator-file-name]

./setdest -n 10 -p 0.00 -s 10.00 -t 1000.00 -x 1500.00 -y 1500.00 >movement-

generator-file-name

After generation of the node initialization and movement file, this output
file is called from TCL scripts to initialize and move the nodes based upon

data in the setdest output file.

The original version of the independent setdest utility generating node move-
ment within the 2D topography boundary does not include the Z coordinate
for topography and node movement. In order to make it work with the newly
enhanced version which has 3D capability, the existing setdest utility must

be modified.

4.1.1 Modify Setdest Utility for 3D

In this section will discuss the changes that were made to make the existing

setdest independent utility work with the enhanced NS-2.

The setdest utility is located in the following path:

ns-allinone-2.35/ns-2.35/indep-utils/cmu-scen-gen/
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This directory contains the setdest header and class files. Changes must

be made in the setdest class file.

The setdest class file does not have MAXZ defined so MAXZ is set to type
double and initialized to 0.0 which is used for the Z coordinate of the topog-
raphy boundary. In order to set the value which is received as a command
line argument for the Z coordinate of a topography another case was added
in the switch statement for the Z coordinate that gets the command line ar-
gument value which comes after -z and saves it to MAXZ. The setdest utility
terminates if the MAXZ value is equal to 0.0 which is received as a command

line argument after -z.

In setdest movement the speed of the node is variable and does not exceed
the max speed which is specified as a command line argument. To make
the speed constant the MINSPEED is set to MAXSPEED, and the speed is
updated to be equal to MINSPEED in the RandomSpeed method. Constant

speed helps to make a node movement modeling simpler.

The RandomPosition method is called for node coordinate initialization. In
this method node X and Y coordinates are equal to uniform() * MAXX and
uniform * MAXY respectively and node Z coordinate is equal to 0.0. To
make the RandomPostion method compatible with 3D Z is updated to uni-
form() * MAXZ.
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The RandomDestination method is similarly updated. The RandomDestina-
tion method is used to assign a new destination to the node. In this method

node X and Y coordinates are equal to uniform() * MAXX and uniform() *

MAXY and node Z coordinate is equal to 0.0 so it is updated to uniform() *

MAXZ.

The print statement was updated so it will print the z coordinate for node
movement. Finally, the setdest3d method is used instead of setdest method.
The Z coordinate value of a node for Z coordinate initialization is already

written to the output file.

4.1.2 Validation Testing Setdest Utility for 3D

The following things have to be tested to make sure that the modified setdest

utility for 3D is working as intended:
e Topography boundary
e Initialization of node Z coordinate
e Updating Z coordinate of node destination
e Speed of node

In test 1 the -z switch and its value 0.00 as a command line argument was

provided like this: ./setdest -n 10 -p 0.00 -s 10.00 -t 1000.00 -x 1500.00 -y
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1500.00 -z 0.00 >movement-generator-file-name. This test will determine the

minimum value for Z coordinate of topography to generate an output file.

Test 1, instead of generating a movement file, showed help instructions which
tell what command line arguments are required along with their minimum
value to run the setdest utility, and also generates an empty output file. The
reason it showed the help is the specified topography Z coordinate has 0.0

value. 7Z coordinate value should be greater than zero.

In test2, the following command was executed ./setdest -n 10 -p 0.00 -s 10.00
-t 1000.00 -x 1500.00 -y 1500.00 -z 1500.00 >movement-generator-file-name to

check three things:

1. Setdest utility is initializing Z node coordinate within the range. In

this case it should be greater than zero and less than 1500.

2. Setdest utility sets Z coordinate of node destination value within the

range. In this case it should be greater than zero and less than 1500.

3. Speed of the node should be constant, which in this case should be 10

meters per second.

The output file was inspected and searched for a 1500 value but no such
values were found. In a second search, a 0.0 value was searched but no such
value was found either, which indicates that no node value has been initial-

ized to 0.0 or 1500. Similarly, no node destination value has been set to 0.0
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or 1500 for all node coordinates.

The file was inspected thoroughly and the speed of all nodes was checked

to see whether they were constant or variable. It was found that the speed

of all the nodes is 10 meters per second, which is constant.
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Chapter 5

Experiments with MANETSs in 2D
and 3D

Various experiments were conducted to demonstrate the new 3D capabilities
of the modified NS-2 simulator and to investigate MANET performance in
2D and 3D by monitoring packets received at destination nodes. In each
experiment there is at least one sender node (source) and at least one re-
ceiver node (destination); sender and receiver nodes are stationary. There
are a number of intermediate nodes between the sender node and receiver
node which help in the transmission of packets from source to destination as
the source node and destination node are not in range of each other. The
intermediate nodes are moving randomly between sender and receiver node.
When the node is not in range it can not receive packets from other node.

A UDP (user datagram protocol) connection between the nodes with CBR
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(constant bit rate) traffic was used.

This configuration with two stationary nodes and a number of mobile nodes
is called a M2ANET or Mobile Medium Ad hoc Network. It was proposed
in [15] and designates a network with a number of mobile nodes forward-
ing data only (i.e. not generating any data) and therefore forming a Mobile
Medium that other nodes, in our case the stationary nodes, use as the means

of forming a communication channel.

5.1 Description of the Experiments

The following TCL code were used in all experiments to make UDP connec-

tion between sender node 0 and receiver node 1 with CBR traffic.

set udp_(0) [new Agent/UDP]

$ns _ attach-agent $node_(0) $udp _ (0)
set null0 [new Agent/UDP]

$ns_ attach-agent $node_(1) $null0

set cbr_(0) [new Application/Traffic/CBR]
$cbr_(0) set packetSize_ 500

$cbr_(0) set interval_ 1

$cbr_(0) attach-agent $udp_(0)

$ns_ connect $udp_(0) $null0
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$ns_ at 0.0 "$cbr_(0) start"
$ns_ at 1000.0 "stop"

A sender node 0 sends one constant bit rate (CBR) packet per one sec-
ond during the simulation time which is 1000 seconds. The amount of data

sent per second for a packet size of 500 bytes is calculated as follows.

Data Rate of Sender = Numberofpacketspersecond x PacketSize (5.1)
= 1% 500 * 8bitspersecond (5.2)

— 4000bps (5.3)

Sender will send one packet every one second because the interval is one
second. In order to compute total number of packets sent in a simulation

time of 1000 seconds the following formula is used.

Total number of packets sent = Simulationtime x No.of PacketsSent/Sec

(5.4)
— 1000 % 1 (5.5)
= 1000packets (5.6)

40



Each experiment was performed 10 times using the same sender and receiver
positions but in each experiment 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70, 75, 80, 85, 90 , 95, or 100 different intermediate mobile nodes ware
used, depending on the scenario generated by using the independent setdest
utility. The speed of each intermediate mobile node is 10 meters per second,
pause time is 0 seconds and simulation time is 1000 seconds.

The command for generating mobile node movement using the setdest utility

for 2D scenarios is as follows:

./setdest [-n number_of_nodes]| [-p pause_time] [-s max_speed] [-t simulation_
time] [-x max_x] [-y max_y] >[movement-generator-file-name]
./setdest -n 10 -p 0.0 -s 10 -t 1000 -x 1500 -y 1500 >movement-generator-file-

name

The command for generating mobile node movement using setdest utility

for 3D scenarios is as follows:

./setdest [-n number_of_nodes]| [-p pause_time] [-s max_speed] [-t simulation_
time] [-x max_x] [-y max_y] [z max_z] >[movement-generator-file-name]
./setdest -n 10 -p 0.0 -s 10 -t 1000 -x 1500 -y 1500 -z 1500 >movement-

generator-file-name
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These output files are called from the TCL scripts written for experiment
purposes. For experiments the following parameters in the TCL scripts men-
tioned in the table 5.1 were used:

Table 5.1: Experiment Simulation Parameters

‘ Parameters ‘ Values
Simulation Time 1000 seconds
3D Topology size 1500 * 1500 * 1500 meters
2000 * 2000 * 2000 meters
2500 * 2500 * 2500 meters
3000 * 3000 * 3000 meters
2D Topology size 1500 * 1500 meters
2000 * 2000 meters
2500 * 2500 meters
3000 * 3000 meters
Number of mobile nodes 5, 10, 15, 20, ... 90, 95, 100
Number of source nodes 1,2
Number of receiver nodes 1,2
Communication Agent User Datagram Protocol (UDP)
Traffic Type Constant bit rate (CBR)
Packet size 500 Bytes
Number of simulation runs per
experiment 10
Channel type WirelessChannel
Radio propagation model FreeSpace
Network interface type WirelessPhy
MAC type 802.11
Interface queue (IFQ) type CMUPriQueue
Link layer type LL
Antenna model OminiAntenna
Ad hoc routing DSR (Dynamic Source Routing)

42



Now each experiment in detail and its outcome will be described.

5.2 Pure 2D Node Movement in a Plane

In the pure 2D experiment simulation time is 1000 seconds in different topol-
ogy sizes. There are two stationary nodes used in the experiments located
in a 2D plane; one is the sender node (source) and the other one is the
receiver node (destination). In all experiments the free space propagation
model was used. The Free space propagation model receiver cannot receive
any packet if the distance between sender and receiver node is more than
approximately 600 meters. Intermediate mobile nodes were used to make
communication possible between sender and receiver. These intermediate
mobile nodes and their movements are generated using an independent set-
dest tool which is built into NS-2 after slight modifications by changing a
variable speed to constant speed for node in the setdest tool. The speed
of each intermediate mobile node is 10 meters per second and pause time
is 0 seconds. All experiment was performed 10 times for each node density
using the same sender and receiver positions. In each experiment different
intermediate mobile nodes were used with movement and position generated
using the independent setdest utility. Figure 5.1 shows a representation of a
2D mobile network scenario. Sender and receiver nodes are shown in black

colour while the mobile nodes are shown in blue colour.
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Figure 5.1: Pure 2D Node Movement in a Plane

5.2.1 Pure 2D Node Movement in a Plane 1500 * 1500

The position of sender node is (100, 750) where 100 represents the X coor-
dinate and 750 represents the Y coordinate of a sender node whereas the
position of receiver node is (1400, 750) where 1400 represents the X coordi-
nate and 750 represents the Y coordinate of receiver node. The sender and
receiver are 1300 meters apart and the distance is more than 600 meters,

so in order to receive packets at the receiver node some intermediate mobile
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nodes are needed which can make communication possible between sender
and receiver. There were 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, 100 intermediate mobile nodes (node density) used in

these experiments.

5.2.2 Pure 2D Node Movement in a Plane 2000 * 2000

The position of sender node is (100, 1000) where 100 represents the X coor-
dinate and 1000 represents the Y coordinate of a sender node, whereas the
position of receiver node is (1900, 1000) where 1900 represents the X coor-
dinate and 1000 represents the Y coordinate of receiver node. The sender
and receiver node is 1800 meters apart. There were 5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 intermediate mobiles nodes

(node density) used in these experiments.

5.2.3 Pure 2D Node Movement in a Plane 2500 * 2500

The position of sender node is (100, 1250) where 100 represents the X coor-
dinate and 1250 represents the Y coordinate of a sender node, whereas the
position of receiver node is (2400, 1250) where 2400 represents the X coor-
dinate and 1250 represents the Y coordinate of receiver node. The sender
and receiver node is 2300 meters apart. There were 5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 intermediate mobiles nodes

(node density) used in these experiments.
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5.2.4 Pure 2D Node Movement in a Plane 3000 * 3000

The position of sender node is (100, 1500) where 100 represents the X coor-
dinate and 1500 represents the Y coordinate of a sender node whereas the
position of receiver node is (2900, 1500) where 2900 represents the X coordi-
nate and 1500 represents the Y coordinate of receiver node. The sender and
receiver node is 2800 meters apart. There were 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 intermediate mobiles nodes (node

density) used in these experiments.

5.3 3D Node Movement in a Cube

This experiment is not like a pure 2D experiment as it makes use of the Z
coordinate. Simulation time in this experiment is 1000 seconds and different
topology sizes were used. In 3D scenarios there were two stationary nodes
located in a 3D cube: one is the sender node (source), and the other one is the
receiver node (destination). In this experiment the free space propagation
model was used. In the free space propagation model a receiver cannot receive
any packet if the distance between sender and receiver node is more than
600 meters approximately. Intermediate mobile nodes were used to make
communication possible between sender and receiver. These intermediate
mobile nodes and their movements are generated using independent setdest
tool which is built in in NS-2 after slight modifications by changing a variable

speed to constant speed for node in setdest tool. These modifications were
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explained in section 4.1.1 earlier. There were 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 intermediate mobiles nodes (node
density) used in these experiments. The speed of each intermediate mobile
node is 10 meters per second and pause time is 0 seconds. These experiments
were performed 10 times one for each node density, using the same sender
and receiver positions. For each node density (5 to 100) in each experiment a
different file was used as generated by using the independent setdest utility.

Figure 5.2 shows a representation of a 3D scenario. Sender and receiver nodes

Figure 5.2: Pure 3D Node Movement in a Cube
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are shown in black colour while the mobile nodes are shown in blue colour.

5.3.1 Pure 3D Node Movement in a Cube of 1500 * 1500

* 1500

The position of the sender node is (100, 750, 500) where 100 represents the X
coordinate, 750 represents the Y coordinate, and 500 represents the 7Z coor-
dinate of a sender node, whereas position of the receiver node is (1400, 750,
500) where 1400 represents the X coordinate, 750 represents the Y coordi-
nate, and 500 represents the Z coordinate of the receiver node. The sender
and receiver nodes are 1300 meters apart. There were 5 to 100 intermediate

mobiles nodes (node density) used in these experiments.

5.3.2 Pure 3D Node Movement in a Cube of 2000 * 2000

* 2000

The position of the sender node is (100, 1000, 1000) where 100 represents the
X coordinate, 1000 represents the Y coordinate, and 1000 represents the Z
coordinate of a sender node, whereas position of the receiver node is (1900,
1000, 1000) where 1900 represents the X coordinate, 1000 represents the Y
coordinate, and 1000 represents the Z coordinate of receiver node. The sender
and receiver node are 1800 meters apart. There were 5 to 100 intermediate

mobiles nodes (node density) used in these experiments.
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5.3.3 Pure 3D Node Movement in a Cube of 2500 * 2500

* 2500

The position of the sender node is (100, 1250, 1250) where 100 represents the
X coordinate, 1250 represents the Y coordinate, and 1250 represents the Z
coordinate of a sender node, whereas position of the receiver node is (2400,
1250, 1250) where 2400 represents the X coordinate, 1250 represents the Y
coordinate, and 1250 represents the Z coordinate of receiver node. The sender
and receiver node are 2300 meters apart. There were 5 to 100 intermediate

mobiles nodes (node density) used in these experiments.

5.3.4 Pure 3D Node Movement in a Cube of 3000 * 3000

* 3000

The position of the sender node is (100, 1500, 1500) where 100 represents the
X coordinate, 1500 represents the Y coordinate, and 1500 represents the Z
coordinate of a sender node, whereas position of the receiver node is (2900,
1500, 1500) where 2900 represents the X coordinate, 1500 represents the Y
coordinate, and 1500 represents the Z coordinate of receiver node. The sender
and receiver node are 2800 meters apart. There were 5 to 100 intermediate

mobiles nodes (node density) used in these experiments.
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5.4 3D Multi Floors Node Movement in a Cube

This section elaborates node movement in 3D multi floors. There are two
floors used in this experiment, each floor has one sender and receiver node
with 10 intermediate mobile nodes. Floors are 500 meters apart from each
other. Simulation time in this experiment is 1000 seconds in a topology
size of 1500 * 1500 * 1500 meters (X * Y * Z). In this scenario there are
four stationary nodes located in a 3D cube: two senders (sources) and two

receivers (destinations).

5.4.1 Independent Motion of Intermediate Nodes in 3D

Multi Floors

The position of the first sender node is (100, 750, 500) where 100 represents
the X coordinate, 750 represents the Y coordinate, and 500 represents the
Z coordinate (height from ground) of a sender node, whereas the position
of the first receiver node is (1400, 750, 500) where 1400 represents the X
coordinate, 750 represents the Y coordinate, and 500 represents the Z coor-
dinate (height from ground) of the receiver node. The position of the second
sender node is (100, 750, 1000) where 100 represents the X coordinate, 750
represents the Y coordinate, and 1000 represents the Z coordinate (height
from ground) of a sender node, whereas position of second the receiver node
is (1400, 750, 1000) where 1400 represents the X coordinate, 750 represents

the Y coordinate, and 1000 represents the Z coordinate (height from ground)
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of receiver node. Sender one is sending packets to receiver one and sender
two is sending packet to receiver two. The first sender and receiver nodes are
1300 meters apart, similarly the second sender and receiver nodes are also
1300 meters apart. The distance between the two floors is 500 meters. In
this experiment the free space propagation model was used. There are 10
intermediate mobile nodes at each floor which can make communication pos-
sible between senders and receivers at each floor. These intermediate mobile
nodes were generated using the setdest tool which is built into NS-2 after
slight modifications in the setdest tool. These modifications were explained

in section 4.1.1 earlier.

This experiment was performed 10 times using the same sender and receiver
positions, which was mentioned earlier, but in each experiment 10 different
intermediate mobile nodes were used. Node movement and position at each
floor was generated using the setdest tool. The speed of each intermediate
mobile node is 10 meters per second and pause time is 0 second. Figure 5.3
shows two floors. Each floor has two stationary nodes which have black
colour and mobile intermediate node which have blue colour. On both floors
each intermediate node has motion independent of the nodes on the other

floor.
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Figure 5.3: 3D Multi Floor Independent Motion

5.4.2 Synchronized Motion of Intermediate Nodes in 3D

Multi Floors

This experiment is similar to the previous experiment except for the motion
of the intermediate nodes. In this experiment the motion of the intermediate
nodes are exactly same at each floor at the same time. Figure 5.4 shows
two floors; each has two stationary nodes (black) and 10 mobile intermediate
node (blue). The nodes on one floor are synchronized with the nodes on the
other floor i.e. each node on both floors moves exactly with same speed and

direction as its counter part does on the other floor.
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Figure 5.4: 3D Multi Synchronized Motion

5.4.3 Random Motion of Intermediate Nodes in 3D Multi

Floors

In this experiment there are 20 intermediate mobile nodes. These mobile
nodes are moving randomly in a cube. The senders and the receivers have
the same positions mentioned in the Section 5.4.1. Figure 5.5 shows a rep-
resentation of a 3D mobile network scenario with a building of two floors.
Sender and receiver nodes are shown in black colour while the mobile nodes
are shown in blue colour. Mobile nodes are moving freely in a cube repre-

senting the building.
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Figure 5.5: 3D Multi Floor Random Node Motion
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Chapter 6

Results

This chapter discusses the result of each experiment. The result of each
experiment is in the form of a trace file which has all the information about
node position when a packet is sent from a node, when a packet is received

by a node, etc.

6.1 Extracting Results From NS-2 Trace Files

The packet delivery will be our performance metric in the experimental
results. To measure the performance, the number of packets sent at the
source node and number of packets received at the destination node must be
counted. As mentioned earlier, the results of the experiments are in the form
of trace files, so the number of packets sent and received were counted from

NS-2 trace files by using awk, cat and grep scripts.
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For example: if node 0 sends packets, node 1 receives the packets, and the
trace file name is movement.tr, then to count the packets sent, all the records
from the movement.tr trace file must be extracted, which show packets sent

using the following awk commands.

1. awk /s -t/ movement.tr >sendout This command extracts all sent

packet from the movement.tr file and writes the result to sendout file.

2. awk ‘$9 == 0’ sendout >sendoutO This command extracts all records
which send packets from node 0 in the sendout file and writes results

to the sendout0 file.

3. cat sendout0 | grep AGT >sendoutl This command extracts all records
from sendoutO file which have AGT (Agent) in them and writes them

to the sentoutl file.

4. cat sendoutl | grep cbr | wc - | This command counts all the CBR packets

send by node 0 in the sendoutl file.

In all of the experiments it was found that 1000 packets were sent by the
sender node.
Similar commands were used to count the numbers of packets received at the

destination node 1.

1. awk ‘/r -t/" movement.tr >receiveout This command extracts all the

records in which packets are received from the movement.tr file and
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writes the results into the receiveout file.

2. awk ‘$9 == 1’ receiveout >receiveout0 This command extracts all the
records which show packets received by node 1 into receiveout file and

writes the output to the receiveroutO

3. cat receiveoutO | grep AGT >receiveoutl This command extracts all
records from receiveoutO file which have AGT in them and writes them

to the receiveoutl file.

4. cat recveiveoutl | grep cbr | wc - | This command counts all the CBR

packets received by node 1 contained in the receiveoutl file.

6.2 Pure 2D Node Movement in a Plane Re-
sults

This subsection discusses the results of experiments conducted for pure 2D
node movement in a plane for different topography sizes and different node

densities. The total number of packets sent in each experiment was 1000.

6.2.1 Pure 2D Node Movement in a Plane 1500 * 1500

Results

Figure 6.1 shows the results of pure 2D node movement in a plane exper-

iments, which were conducted 10 times for 10 nodes moving in an area of
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Figure 6.1: Pure 2D 10 Nodes Movement in 1500 * 1500 Plane

1500 * 1500 meters. Among these experiments, the highest number of pack-
ets received at the receiver was 993 (99.3%). On the other hand, the lowest
number of packets received was 868 (86.8%), and the average number of
packets received was 933 (93.3%).

The results of these experiments vary slightly because in each experiment a
different intermediate movement file generated by a separate invocation of

the setdest utility was used.

Figure 6.2 shows the result of pure 2D node movement in a plane experiments,
which were conducted 10 times for each node density (number of nodes) mov-

ing in an area of 1500 * 1500 meters. Among these experiments, the highest
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Figure 6.2: Pure 2D 5 - 100 Nodes Movement in 1500 * 1500 Plane

average number of packets received at the receiver was 993 (99.3%) when
number of nodes was 15. On the other hand, the lowest average number of
packets received was 535 (53.5%) when number of nodes was 100 and the
average number of packets received in all experiments were 860 (86.0%).

The results in Figure 6.2 show the average of the 10 experiments, for each
number of nodes (5 to 100). It is observed that the packet received rate
increases as the number of intermediate mobile nodes increases from 5 to
10 nodes. Packet delivery rate stays between 88.28% and 97.74% when the
number of intermediate mobile nodes is between 10 and 85. Packet delivery
rate drops from 88.28% to 53.48% for the node density between 85 and 100.

This results matches the results of other investigations reported in the litera-
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ture which also state that the packet delivery rate drops when a high number

of intermediate mobile nodes is used using DSR protocol [18] [20][19][12].

6.2.2 Pure 2D Node Movement in a Plane 2000 * 2000

Results

Figure 6.3 shows the result of pure 2D node movement in a plane experi-
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Figure 6.3: Pure 2D Node Movement in 2000 * 2000 Plane

ments with the topology size of 2000 * 2000 meters. The graph shows the
average of 10 experiments conducted for each number of nodes. Among these
experiments, the highest average number of packets received at the receiver
is 935 (93.5%) when the node density is 25. On the other hand, the lowest

average number of packets received is 79 (7.9%) when the number of nodes
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was 5 and the average packets received in all experiments is 692 (69.2%).

Figure 6.3 shows the increase in the number of packets received at the re-
ceiver when the number of intermediate node increases from 5 to 15, which
is similar to the previous experiment. When the node density is between 15
and 70, the packet received rate is more than 80%. The number of packet
delivered starts decreasing from 78.7% to 23.29% for node density between
75 and 100.

6.2.3 Pure 2D Node Movement in a Plane 2500 * 2500

Results

Figure 6.4 shows the result of pure 2D node movement in a plane experi-
ments with the topology size of 2500 * 2500 meters. The graph shows the
average of 10 experiments conducted for each number of nodes. Among these
experiments, the highest average number of packets received at the receiver
is 774 (77.4%) when the number of nodes is 45. On the other hand, the
lowest average number of packets received is 0 when the number of nodes is

5. The average packets received in all experiments is 515 (51.5%).
Figure 6.4 shows the increase in the number of packets received at the re-

ceiver when the number of intermediate nodes increases, from 5 to 35, which

is similar to the previous experiments. When the number of nodes is between
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Figure 6.4: Pure 2D Node Movement in 2500 * 2500 Plane

35 and 65, the packet received rate is more than 70%. The number of packet
delivered starts decreasing from 67.4% to 17.3% for number of nodes between

70 and 100.

6.2.4 Pure 2D Node Movement in a Plane 3000 * 3000

Results

Figure 6.5 shows the result of pure 2D node movement in a plane experi-
ments in topology size of 3000 * 3000 meters. The graph shows the average
of 10 experiments conducted for each number of nodes. Among these experi-
ments the highest average number of packets received at the receiver was 695

(69.5%) when the number of nodes was 60. On the other hand, the lowest
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Figure 6.5: Pure 2D Node Movement in 3000 * 3000 Plane

average number of packets received was 0 when the number of nodes is 5.

The average number of packets received in all experiments was 387 (38.7%).

Figure 6.5 also shows the increase in number of packets received at the re-
ceiver when the number of intermediate node increases from 5 to 40. When
the number of nodes was between 40 and 65 the packet received rate was
between 60.80% and 69.54%. The number of packets delivered started de-
creasing from 64.93% to 14.50% for number of nodes between 65 and 100
respectively. Similar to the previous experiments, it is observed that the
packet delivery decreases with a large number of mobile nodes when DSR

is used and the peak delivery rate occurs at 60 nodes in 3000 * 3000 as
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compared to 25 nodes in 2000 * 2000 area.

6.3 Pure 3D Node Movement in a Cube Re-
sults

This part discusses the results conducted for pure 3D node movement in a

cube for different topography sizes and different number of nodes.

6.3.1 Pure 3D Node Movement in a Cube 1500 * 1500

* 1500 Results

In this experiment, the results of which are show in Figure 6.6, nodes move in

Pure 3D 1500 * 1500 * 1500 Dimension

Number of Packets
un
8

Tepmm——— 8

-
|
-
|
|
|
|
1

i

i

ST |
ST
S|
e e el

e ||
e ||
e e s el B
ST |
e |
el BRI
el NN
s eese el B NN
mdlEEEREE

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 35 90 95 100
Number of Nodes

M Avg Packets Sent M Avg Packets Received

Figure 6.6: Pure 3D Node Movement in 1500 * 1500 * 1500 Cube
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a cube of 1500 * 1500 * 1500 meters. There were 10 experiments conducted.
In each experiment the number of intermediate mobile nodes increased by 5
nodes. The number of intermediate mobile nodes was 5 to 100. The total

number of packets sent in each experiment was 1000.

Figure 6.6 also shows the packets received increases by increasing the num-
ber of intermediate mobile nodes from 5 to 20. The maximum number of
packets received was 940 when there were 25 mobile intermediate nodes in a
cube. The packets received rate was above 90% when the node density was
between 20 and 40. The packet received rate was between 85.1% and 86.68%
when the number of nodes was between 45 and 70. The packet received
rate starts dropping from 74.0% to 19.20% when the number of nodes was
between 75 and 100. The graph indicates that the highest average number
of packets received is 940 (94.0%) when there are 35 mobile intermediate
nodes, the lowest average number of packets received is 192 (19.2%) when
the number of nodes was 10, and the average number of packets received in

all the experiments was 728 (72.8%) in a cube of 1500 * 1500 * 1500.

6.3.2 Pure 3D Node Movement in a Cube 2000 * 2000

* 2000 Results

Figure 6.7 shows the results of pure 3D node movement in cube. Experiments

were conducted 10 times in a topology size of 2000 * 2000 * 2000 meters.
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Figure 6.7: Pure 3D Node Movement in 2000 * 2000 * 2000 Cube

The graph shows the average of 10 experiments conducted for each number
of nodes. Among these experiments, the highest average number of packets
received at the receiver was 814 (81.4%) when the number of nodes was 50.
On the other hand, the lowest average number of packets received was 0 when

the node density is 5. The average packets received in all experiments was

402 (40.2%).

Similar to the previous experiments, figure 6.7 shows the increase in the
number of packet received at the receiver when the number of intermediate
nodes increases. When the number of nodes is between 40 and 55 the packet

received rate was between 80.51% and 81.4%. The number of packets deliv-
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ered started decreasing from 76.30% to 12.91% when the number of nodes
was between 55 and 100. When DSR is used the packet received rate nor-

mally drops when there are a large number of intermediate mobile nodes in

a network [18] [20] [19] [12].

6.3.3 Pure 3D Node Movement in a Cube 2500 * 2500

* 2500 Results

This is the result of pure 3D node movement in a cube with a topology size
of 2500 * 2500 * 2500 meters. The graph shows the average of 10 experi-
ments conducted for each node density. Among all experiments, the highest
average number of packets received at the receiver was 201 (20.1%) when
the number of nodes was 45. On the other hand, the lowest average number
of packets received was 0, 0, and 0 when the number of nodes is 5, 10, and
15 respectively. The average number of packets received in all experiments
was 75 (7.5%). Similar to the previous experiments, Figure 6.8 shows the
increase in number of packets received at the receiver when the number of
intermediate nodes increases from 5 to 40. When the number of nodes is be-
tween 40 and 45, the packet received rate is 19.50% and 20.14% respectively.
The number of packets delivered started decreasing from 16.31% to 4.07%

when the node density is between 50 and 100.
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Figure 6.8: Pure 3D Node Movement in 2500 * 2500 * 2500 Cube

6.3.4 Pure 3D Node Movement in a Cube 3000 * 3000

* 3000 Results

This is the result of pure 3D node movement in a cube and the topology
size was 3000 * 3000 * 3000 meters. The graph shows the average of 10
experiments conducted for each number of nodes. Among all experiments,
the highest average number of packets received at the receiver was 24 (2.4%)
when the number of nodes was 45. On the other hand, the lowest average
packets received was 0 when the number of nodes was between 5 and 25. The
average number of packets received for all experiments was only 8 (0.8%).

Figure 6.9 shows very little increase in the number of packets received at

the receiver when the number of intermediate mobile nodes increases, but
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Figure 6.9: Pure 3D Node Movement in 3000 * 3000 * 3000 Cube

the increase is not significant as the topography size is large as compared to
previous experiments and the number of intermediate mobile node was not

enough to fill the gap between nodes to get a better packet delivery rate.

6.4 3D Multi Floor Node Motion Results

This section discusses the results obtained from the experiments for 3D multi

floor scenarios for different intermediate node movements.
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6.4.1 Independent Motion of Intermediate Nodes Re-

sults in 3D Multi Floors

In this experiment a cube of 1500 * 1500 * 1500 meters was considered. There
was a sender and receiver pair at Z = 500 and another sender and receiver
pair at Z = 1000. There are 10 intermediate mobile nodes on each floor, i.e.
at Z = 500 and at Z = 1000. The intermediate mobile nodes on each floor
are using a different motion from each other. This experiment was conducted
10 times with 10 different independent intermediate mobile node motions at
each floor.

Figure 6.10 shows that the maximum number of packets received was 987
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Figure 6.10: 3D Multi Floors Independent Node Motion

(98.7%) when Z = 500 and 990 (99%) when Z = 1000. The minimum num-
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ber of packet received were 949 (94.9%) when Z= 500 and 943 (93.4%) when
Z = 1000. The average number of packets received in all experiments was
972 (97.2%) when Z = 500 and 969 (96.9%) when Z=1000. Each experiment
result shows a different delivery rate because in each experiment a new inter-
mediate node movement file generated by an independent execution of the

setdest utility is used.

6.4.2 Synchronized Motion of Intermediate Nodes Re-

sults in 3D Multi Floors

In this experiment there is a cube of 1500 * 1500 * 1500 meters. There was
one sender and receiver pair at Z = 500 and another sender and receiver pair
at z = 1000. There are 10 intermediate mobile nodes on each floor i.e. z =
500 and z = 1000. The intermediate mobile nodes at each floor are using
the same motion. This experiment was conducted 10 times with 10 different
synchronized intermediate mobile node movement files on each floor.

Figure 6.11 shows the maximum number of packets received was 978 (97.8%)
when Z = 500 and 982 (98.2%) when Z = 1000. The minimum number of
packets received was 911 (91.1%) when Z = 500 and 923 (92.3%) when Z =
1000. The average number of packets received in all experiments on each floor
was 956 (95.6%) when Z = 500 and Z=1000. Each experiment result shows
a different delivery rate because in each experiment a new intermediate node

movement file generated by an independent execution of the setdest utility
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Figure 6.11: 3D Multi Floors Synchronized Node Motion

is used.

6.4.3 Random Motion of Intermediate Nodes Results in

3D Multi Floors

In this experiment a cube of 1500 * 1500 * 1500 meters is used. There is
one sender and receiver pair at Z = 500 and another sender and receiver
pair at Z = 1000. There are 20 intermediate mobile nodes moving randomly
in a cube. This experiment was conducted 10 times with 20 nodes moving
randomly according to a different generated movement file by an independent
the setdest utility in a cube.

Figure 6.12 shows the maximum number of packets received was 989 (98.9%)
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Figure 6.12: 3D Multi Floors Random Node Motion

when Z = 500 and 985 (98.5%) when Z = 1000. The minimum number of
packets received was 932 (93.2%) when Z = 500 and 935 (93.5%) when Z
= 1000. The average number of packets received in all experiments was 936

(93.6%) when Z = 500 and 961 (96.1%)when Z=1000.

6.5 Comparison

6.5.1 Comparison between Pure 2D, and Pure 3D Node

Motion

In all experiments reported in the section 6.3 it can be observed that the

packet delivery rate increases up to the optimum with the increased number
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of mobile used. Then with a very large number of mobile nodes in the network
the packet delivery drops, which can be attributed to the communication
overhead in the DSR protocol [18][20][19][12].

The results of different experiments are compared, which indicates the num-
ber of nodes which gave the best observed number of packets received for
each type of experiment.

Figure 6.13 shows a comparison of the 2D and 3D experiments, which indi-
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Figure 6.13: Comparison of 2D and 3D Node Motions for Optimal Number
of Nodes

cates the number of nodes that gave the largest number of packets received
for each different type of experiment. There are 1000 packets sent in each

experiment.
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In the 2D 1500 * 1500 topography size, 15 is the number of intermediate mo-
bile nodes that delivers 977 packets (97.7%), which is the maximum packet
received rate. In 3D 1500 * 1500 * 1500 topography size, 25 intermediate
mobile nodes delivers 940 packets (94.0%), which is the maximum number

of packets received.

In 2D 2000 * 2000 topography size, 25 intermediate mobile nodes deliv-
ers 935 packets (93.5%), which is the maximum packet received rate. In 3D
2000 * 2000 * 2000 topography size 50 intermediate mobile nodes deliver 814

packets (81.4%), which is the maximum number of packets received.

In 2D 2500 * 2500 topography size 45 intermediate mobile nodes deliver
773 packets (77.3%), which is the maximum number of packets received. In
3D 2500 * 2500 * 2500 topography size 45 intermediate mobile nodes deliver

201 packets (20.1%) which is the maximum packet received rate.

In 2D 3000 * 3000 topography size 60 intermediate mobile nodes deliver
695 packets (69.5%), which is the maximum number of packet received. In
3D 3000 * 3000 * 3000 topography size 45 intermediate mobile nodes deliver

24 packets (2.4%), which is the maximum number of packets received.

It is observed that in 2D the number of packets received is higher with fewer

nodes than in 3D because of the big difference in the topography size. Note:

)



the node range is 600 meters and more intermediate mobile nodes are re-
quired to fill up the space to make the communication possible. It can also
be noticed that the larger number of intermediate mobile nodes in a network

decreases the number of packet received when DSR is used [18][20][19][12].

The results also indicate that the number of intermediate mobile nodes that
gives the largest observed number of packets received increases and the num-
ber of packets received rate decreases when the topography size is increased

with a given number of intermediate mobile nodes.

Furthermore, in pure 2D and pure 3D experiments it can be observed that
if you increase the topography size and use the same number of intermedi-
ate mobile nodes (5 to 100), then the number of packets received decreases
because of increase in the distance between the mobile nodes. This indicates
that mobile nodes are not in the range of each other to successfully deliver
the packets.

Figure 6.14 shows maximum number of packets received, minimum number
of packets received, and average number of packets received in each 2D and

3D experiment. Total number of packet sent is 1000.

It is observed that the maximum and average number of packets received
in each 2D scenario is higher than the 3D scenario with the same length of

side (of the square or cube).
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For example, in the 2D 1500 * 1500 scenario the average number of packets
received, was 860 (86.0%) when 5 to 100 intermediate mobile nodes were
used, which is greater than average number of packets received 728 (72.8%)
in the 3D 1500 * 1500 * 1500 scenario with 5 to 100 intermediate mobile

nodes.

In the 2D 2000 * 2000 scenario the average number of packets received was
692 (69.2%) when 5 to 100 intermediate mobile nodes were used, which is
greater than the average number of packets received, 402 (40.2%) in the 3D

2000 * 2000 * 2000 scenario with 5 to 100 intermediate mobile nodes.

7



In the 2D 2500 * 2500 scenario the average number of packets received was
515 (51.5%) when 5 to 100 intermediate mobile nodes were used, which is
greater than the average number of packets received, 75 (7.5%) in the 3D

2500 * 2500 * 2500 scenario with 5 to 100 intermediate mobile nodes.

In the 2D 3000 * 3000 scenario the average number of packets received was
387 (38.7%) when 5 to 100 intermediate mobile nodes were used, which is
greater than the average number of packets received, 8 (0.8%) in the 3D 3000

* 3000 * 3000 scenario with 5 to 100 intermediate mobile nodes.

6.5.2 Comparison between Independent, Synchronized,

and Random Node Motion in 3D Multi Floors

In the 3D multi floor experiment with independent motion of intermediate
nodes at each floor, where Z = 500, the maximum, the average and the min-
imum number of packets received was 987, 972, and 949. Where Z = 1000
the maximum, the average, and the minimum number of packets received
were 990, 969, and 943. There were 10 intermediate mobile nodes used at

each floor in each experiment.

Experiments with synchronized motion of intermediate nodes at each floor

where Z = 500, the maximum, the average, and the minimum number of
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packets received were 978, 956, and 911. When Z = 1000, the maximum,
the average, and the minimum number of packets received were 982, 956,
and 923. There were 10 intermediate mobile nodes used at each floor in each

experiment.

In experiments with random motion of intermediate nodes in a cube when Z
= 500, the maximum, average and minimum number of packets received was
989, 963, and 932. When 7Z = 1000 the maximum, average and minimum
number of packets received was 985, 961, and 935. There were 20 randomly

moving mobile nodes used in each experiment.

The average number of packets received using synchronized, random, and
independent intermediate node motion at each floor when Z = 500 and Z =
1000 are 956, 956, 963, 961, 972, and 969 respectively. The results, shown in
Figure 6.15 indicate that if there is an independent motion of intermediate
mobile nodes in a cube, the number of packets received rate at the receiver
is higher than for synchronized and random motion of intermediate mobile

nodes.

Moreover, the 3D multi-floor scenario using independent intermediate node
motion produced the best results because it received the highest number of
packets received at the receivers on both floors as compared to the other

multi-floor experiments.
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Comparison of 3D Multi Floors on Max, Min, and Avg Delivery
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Figure 6.15: Comparison of 3D Multi Floors on Max, Min, and Avg Packet
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Chapter 7

Conclusion

In this report modifications to the NS-2 version 2.35 simulator required for
adding a new capability for modeling mobile networks in 3D are described.
NS-2 is an open source simulator and consists of over 300,000 lines of code
[4]. The modified NS-2 has a capability to model MANET nodes and mobil-
ity patterns in 3D. A number of validation tests were performed to test the
newly added 3D capability in the NS-2 source simulator. All the validation

tests for the modified NS-2 simulator showed the correct results.

The independent Setdest utility was also modified and it was used to generate
intermediate node movement files in 3D for the modified simulator. A num-
ber of validation tests were conducted to test the independent Setdest utility
node movement in 3D. All validation tests for the independent Setdest utility

used to generated node movement also produced correct results. These tests
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confirm that the modified NS-2 version is ready to use for modeling mobile

networks in 3D.

A number of experiments to demonstrate the 3D capability of the modi-
fied NS-2 simulator were conducted. The results from the 2D experiments
were compared with the corresponding the 3D experiment results. 2D 1500
* 1500, 2000 * 2000, 2500 * 2500, and 3000 * 3000 scenarios were compared
with 3D 1500 * 1500 * 1500, 2000 * 2000 * 2000, 2500 * 2500 * 2500, and

3000 * 3000 * 3000 scenarios respectively.

In each experiment there were two stationary nodes. one was the sender
and the other was the receiver. The number of packets received at the re-
ceiver was the performance metric for evaluating these experiments. The
results indicate that the number of packets delivered increases with the in-
crease in the number of intermediate mobile nodes in a mobile network with
up to 15 nodes in 2D 1500 * 1500, 25 nodes in 3D 1500 * 1500 * 1500, 25
nodes in 2D 2000 * 2000, 50 nodes in 3D 2000 * 2000 * 2000, 45 nodes in
2D 2500 * 2500, 45 nodes in 3D 2500 * 2500 * 2500, 60 nodes in 2D 3000 *
3000, and 45 nodes in 3D 3000 * 3000. On the other hand delivery rate was
decreased with a high number of nodes: greater than 15 nodes in 2D 1500 *
1500, greater than 25 nodes in 3D 1500 * 1500 * 1500, greater than 25 nodes
in 2D 2000 * 2000, greater than 50 nodes in 3D 2000 * 2000 * 2000, greater
than 45 nodes in 2D 2500 * 2500, greater than 45 nodes in 3D 2500 * 2500 *
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2500, greater than 60 nodes in 2D 3000 * 3000, and greater than 45 nodes in
3D 3000 * 3000. It was also observed that 2D scenarios have higher packet

delivery than 3D scenarios for comparable dimensions.

A separate set of experiments was conducted to investigate the behaviour
of a mobile network in a multi-floor building. In the multi-floor scenarios
there were four stationary nodes, a sender and receiver pair at each of two
different floors. Three types of movement patterns for the intermediate mo-
bile nodes were used: synchronized node motion at each floor, independent
node motion at each floor, and random node motion in a cube. All multi-floor
experiments were conducted in a cube 1500 * 1500 * 1500 meters representing
the entire building. The results indicate that the independent motion of the
intermediate mobile nodes in the 3D multi-floor scenario is better than the

synchronized motion and the random motion of intermediate mobile nodes.

7.1 Future Work

Based on my results, I suggest further investigation of all the movements by
changing the parameter, such as increasing or decreasing the speed of the
nodes, pause time etc. Furthermore, I suggest defining different movement
patterns that vary from the ones I investigated. Finally, different routing pro-
tocols such as DSDV and AODYV could be used in investigating the behaviour

of a 3D mobile network.
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