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Abstract

Ad hoc networks are tetherless networks where nodes not only act as source or des

nation but also as routers on demand. The key features of ad hoc networks (AHN

include quick deployment and circulation of messages. These features make them
wellsuited for applications where reliability and robustness are crucial. Tn such en-
vironments, multicasting improves the efficiency of communication by sending infor-
mation to more than one node in a single transmission. Multicasting in Bit Torrent
Enabled Ad hoe Network (MBEAN) routing protocol is presented in this research
for multicasting in ad hoc networks. MBEAN is based on the concept of BitTorrent

protocol, used in peer-to-peer file sharing in the Internet. MBEAN uses a mesh-based

approach to establish multiple connections among multicast, members in a network.

The ical framework for memt b tivity, which indicates
member reliability, of MBEAN is developed in this research. Analytical explanations
for packet delivery ratio and bounds for routing and control overhead are also pre-
sented. Simulations conducted show that MBEAN achieves higher member reliability
and improved packet delivery ratio with reduced overall overhead compared to other
multicast routing protocols such as, Multicasting in Ad Hoe On Demand Distance
Vector (MAODV) and Protocol for Unified Multicasting through Announcements
(PUMA). The robustness of MBEAN is also demonstrated for realistic application-
based scenarios for various kinds of message sources.

Unicasting in BitTorrent Enabled Ad Hoc Network (BEAN) routing protocol is
also presented in this research and is primarily developed to deliver unicast communi-

cations in a multicast domain. BEAN protocol applies on-demand methodology and




establishes multiple disjoint routes among pairs of nodes. The probability of mul-

tiple disjoint paths that are necessary for BEAN is investigated through analytical

expressions and validated using simulations. The performance of BEAN in terms of

improved delivery of information is illustrated through medium access control mech-

anism. Simulations are conducted to demonstrate the performance of BEAN under
practical network conditions and the results are compared with those of AODV, a

traditional routing protocol.
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Chapter 1

Introduction

1.1 Ad Hoc Networks

ystem with each node in the network

An ad hoc network (AHN) is a decentralized s

jon but also as a router. The router (o

acting not just as the source or desti
intermediate node) moves in a random manner and its location may be difficult to

uch routers experiences frequent topology changes

predict. The network formed by

due to the mobile nature of the wireless nodes. The network can be a stand-alone

network, or, it can be connected to several similar networks, or to the base station

of a centralized wireless network or, to the fiber optic cable of wired networks. Fig-
ure 1.1 shows a typical AHN environment. AHNs belong to the class of multi-hop
wireless networks with the additional property of independence from other nodes in
the network. AHNs are more suitable for recent applications where reliability and

robustness are critical. Examples of such applications include military battlefields,

scarch and rescue operations, scenes of natural disaster [1], etc




Figure 1.1: An Ad Hoe Network

Contemporary applications of AHNs include home or small office networking, and

collaborative computing with laptop computers in a small area such as conference

hall, single building, convention center, etc. [1]. The applications of interest in this
thesis include downloading files among users waiting in an airport, among spectators
in a ballpark, among attendees of a presentation in a conference area, and, a modern
classroom where students need not. necessarily be present in the classroom. Such
applications demand quick dissemination of files among the nodes involved. Addi-

is available for communication

tionally, more power is required and less bandwidth

through a wireless link when compared with a wired link.

in such networks by sending

ulticasting impr

information to more than one node in a single transmission by exploiting the inherent
broadeast. nature of wireless transmissions. Even though multicasting is of great
importance to ad hoe networks, providing multicast transmission poses a key challenge

in the realm of ad hoe networks. Numerous unicast and multicast routing protocols
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have been proposed for AHNs. Certain protocols have been improved upon to suite

specific applications. The protocol furnished in this thesis is one such application-

ed above.

specific protocol suitable for the more recent applications

1.2 Ad Hoc Network Challenges

Most of the issues or problems faced by AHNs are due to the structural differences

between the wired and other wireless networks (1]

1.2.1 Dynamic Topology

“The rate at which topological changes occur in AHNs is so high that frequently, by
the time the change can be updated in a node’s routing table, a packet might have
been routed through a path that s not optimal or a path that no longer exists. When
the path does not exist anymore, the packet would be dropped which leads to loss of

packets. Certain links connecting the ad hoc nodes may be unidirectional. In such

circumstances, the availability of a forward shortest path from source to destination

may not be useful to the source as the link was unidirectional and the reverse route

did not exist.

1.2.2  Technological Limitations

‘ The problems that AHNs face occur due to the limitations in the particular technology

that is being used. For example, protocols that use the proactive update of routing

d updates even when ther

: tables cause wastage of bandwidth because they

1o more data to be sent. Protocols can find the location of each node with respect




stem (GPS) or other such

to others by means of Global Positioning Sy

provide location information. Such protocols may not perform satisfactorily when the
location information is not available in time for routing decisions to be made. Many
protocols find the best route based on the shortest path. The selection of a best
route from source to destination must be based on other criteria like battery life of
the nodes in the path from source to destination, fairness in terms of distributing the
load of routing among all the nodes, and thercfore routes, rather than just a single

node, etc.

1.2.3 Wireless Channel

Another problem faced by AHNs is the changing environment. The nodes of AHNs

the environ-

ively on the transmission medium - air, that a small change

mental condition may cause a reduction in bandwidth thereby increasing the delay

through certain links. Breakage of links causes more problems than just the need for
re-calculating the route. They cause the throughput to vary anywhere between 0%

and 100% within a small period of time. This jeopardizes the Quality of Service (QuS)

guarantees like delay, bandwidth and security issues which are the major requirement

for the more recent complex multimedia applications of AHNs.

1.2.4  Resource Availability

The devices that are used by AHNs include laptops, PDAs, Smartphones, etc. These
devices usually have limited battery power and memory capacities. They are also

usnally powered up only for a short duration. The bulk of the power is expended



on on and reception. There are also constraints on the amount of

signal transmiss

computation they can handle since the processors, memory and other 1/0 components

connected to these devices have limited power and capacity.

Considering the challenges discussed above, the desirable properties of a routing
protocol for AHNs include loop avoidance, fast convergence upon link changes, lo-
calized reaction to changes in topology, availability of multiple routes information,

unidirect

nal link support, QoS support, and, independency of alternate routes.

1.3 Applications of Ad Hoc Networks

1.3.1 Emergency Search and Rescue Operations

In the case of an carthquake where existing cellular network is destroyed, an ad
hoc network is the ideal choice. The network created in an ad hoc fashion in an
earthquake disaster scene could involve the rescue crew present at the scene scanning
for survivors, the paramedics on the way to the scene, the helicopter scanning for
the extent and distance of the disaster, and the hospital preparing for the arrival of

affected persons,

132 Military Battlefield Operations

The quick formation and dissemination of an ad hoc network created by the military
personnel for the purpose of exchanging short messages to plan for an attack or to
defend an attack is a very useful application of ad hoc network. Apart from this, the

battlefield consists of airborne vehicles that wish to communicate intelligent infor-




mation about the location of the enemy to ground vehicles or to military personnel

present in the area.

1.3.3  Other Commercial Applications

mercial applications of AHNs include monitoring the mechanical parts in

conference participants wishing to share files or enter in to a discussion on a
topic, or, students in cafeteria interacting with other students present anywhere in

the campus to share files, etc.

1.4 Routing in Ad Hoc Networks

ource node to a designated

AHNs need routing protocols for delivering packets from
destination node. Unicast routing protocols generally route data packets between a
pair of source and destination nodes. Multicast routing protocols involve more than
one destination. A set of nodes usually form a group and any node within the group
o outside the group will send packets to the group.

hould be able to address some of the

Any routing protocol proposed for AH]

basic issues of AHNs such as changing topology, constrained bandwidth, error-prone

channel, hidden and exposed terminal problem and resource constraints [2). An ideal
routing protocol must be able to adapt to frequent topology changes, be distributed
involve minimum nodes to compute route, be localized, be loop-free, be optimal, store
only local information and provide QoS [2)

Unicast routing protocols can be classified as table-driven or proactive, on-demand
information is updated in the network

or reactive, or, hybrid based on how the rou




2]
An ideal multicast routing protocol proposed for AHN applications should be

robust, efficient, incur less control overhead, provide QoS, be independent of the

unicast routing protocol and manage resource effectively [2]. In reality, achieving

all these properties is challenging due to the inherent problems with AHNs. Each
protocol that has been proposed tries to achieve one property at the expense of
another.

Multicast routing protocols may be tree-based or mesh-based depending on the

type of multicast topology they create. They may also be classified as source-initiated

or receiver iated based on the type of initialization procedure. Some multicast
protocols are also application-specific. Such protocols are usually designed for a

specific application and handle the needs of that particular application effectively.

In addition to the above classifications, routing protocols proposed for AHNs may
or may not be QoS aware. A separate class of routing protocols called multipath
routing protocols also exist. Such protocols form more than one path between the
source and destination nodes. Tables of classification of several unicast and multicast

routing protocols are presented in (2]

1.5 Motivations and Objectives

The problems discussed in Section 1.2 are applicable to unicasting and multicasting.

fulticastingis particularly challenging in AHNs mostly due to the properties of AHNs

As an example, in AHNs, if the nodes move when multicast

discussed previonsl

data packets are being transmitted, the packets may be dropped on the way to the



destination nodes. Thus not all messages would reach all the intended destination
nodes. To overcome this problem, if the rate of routing updates is increased, then
the network may be congested with the additional control overhead over the existing
scarce bandwidth of the wireless link. This means, the amount of control information
that is being exchanged among the nodes must be limited. Also, the number of
intermediate forwarding nodes that are not members of the multicast group must
be small enough not to waste their power consumption by just forwarding others’
messages. This is what makes multicasting more challenging in AHNs.

As discussed in Section 1.4, many routing protocols have been proposed that
address these issues. Nevertheless, there is no single algorithm that has overcome.
all these problems [2]. Each ronting algorithm tries to address one problem usually
at the expense of some of the others. As a result, there is clearly a need for a new
routing algorithm for both unicast and multicast cases in AHNs.

The objectives of this thesis are:

1. To develop  multicast routing protocol, called Multicasting in Bit Torrent En-

abled Ad hoe Network (MBEAN) routing protocol, suitable for a specific set of

applications and that supports improved reliability and robustness to failures

in ad hoc environments.

2. To analyze the performance of MBEAN protocol by conducting simulations for

simple scenarios and comparing the results with other existing protocols like

MAODV and PUMA.

To apply the MBEAN protocol for more realistic scenarios under crucial network

conditions and mobile environments




4. To develop a unicast multipath routing protocol, called BitTorrent Enabled Ad
hoe Network (BEAN) routing protocol, to support simple unicasting needs in

multicast environments.

5. To analyze the performance of BEAN protocol by conducting simulations for

simple scenarios and comparing the results with AODV, a traditional w

routing protocol.

1.6 Thesis Contributions
The following are the thesis contributions listed briefly.

 Designed a multicast routing protocol, called Multicasting in BitTorrent En-
abled Ad hoe Network (MBEAN) routing for AHNs, based on BitTorrent pro-
tocol for peer-to-peer communications in Internet. The protocol improves the

connectivity among members in the multicast group so that when the source is

Il re

disconnected or a path fails, the members cas the message in full.

o Derived analytical proof of member-to-member connectivity, provided analytical

explanation for packet delivery ratio (PDR) and routing and control overhead.

o Compared the performance of MBEAN with MAODV (tree-based) and PUMA

(mesh-based) multicast protocols in terms of member reliability, PDR and r¢

ing and control overhead for simple scenarios.

« Applied MBEAN to realistic scenarios like ballpark, airport waiting area and

conference area and discussed the strengths and drawbacks of MBEAN, PUMA



and MAODV for such applications.

o Proposed a unicast multipath routing protocol called BitTorrent Enabled Ad

hoe Network routing protocol (BEAN) for AHNs which uses the BitTorrent

concept to exchange routing information.

o Derived the probability distribution of multiple disjoint paths in BEAN

validated the analytical formulation through simulations.

o Presented expressions for throughput and compared the performance of BEAN

with & traditional unicast protocol, AODV routing protocol,

1.7 Thesis Overview

The rest of the thesis is organized as follows. Chapter 2 provides a detailed review
of the unicast and multicast protocols proposed for AHNs. Some of the multipath
routing protocols proposed are also discussed

Chapter 3 discusses the protocol specifications of the multicast protocol, MBEAN.
The chapter also provides analytical proof of member-to-member connectivity and

therefore, reliability, and, provides analytical explanations for PDR and routing and

control overhead. Chapter 4 presents the simulation results for MBEAN comparing
it with other multicast routing protocols namely, MAODV and PUMA for simple
scenarios.

Chapter 5 presents the applicability of MBEAN under various realistic situations
and mobile conditions. Various traffic arrival patterns like data, voice and video

sources are simulated and the improved performance showed by MBEAN compared

10
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to MAODV and PUMA are presented. The merits and demerits of MBEAN in
comparison with MAODV and PUMA for such applications are also discussed.

and working of the unicast protocol

Chapter 6 presents the protocol specificat

BEAN, along with the distribution of multiple disjoint paths a multipath routing

protocol. Chapter 7 presents analytical expressions for PDR, throughput and con-
trol and routing overhead for BEAN. The chapter also shows the simulations results

with AODV.

comparing BEAY

Chapter 8 concludes the thesis and presents a path for future work.



Chapter 2

Protocols for Ad Hoc Networks

2.1 Introduction

The theory behind ad hoc networking emanates fro

nulti-hop relaying (2. The
concept of multi-hop relaying dates back to 500 B.C. when repeater towers were used
to rebroadeast the messages through men standing on top of the towers. The recent
interest in the field led to ALOHAnet which started as a single-hop wireless pack
switching and later became packet radio network (PRNET). Several applications
including military applications led the Internet Engincering Task Force (IETF) to
form a special group called the mobile ad hoc network (MANET) working group to
standardize the protocols and specifications for ad hoc networks.  Existing routing
protocols pertaining to AHNs proposed by several researchers during the last decade
are diseussed in this chapter

Firstly, the standardization of the various protocols for various laers of commu-

nication between hosts in a telecommunication network, in particular in an ad hoe




network, is outlined in this chapter. An overview of unicast and multicast routing
protocols proposed for ad hoc networks over the last decade and earlier s presented in
this chapter along with their advantages and disadvantages. A brief description of the
Bit Torrent Protocol, which is the hasis for the thesis and multipath routing are given.

Several network simulators available for simulating an ad hoe network are listed and

the network simulator used in this thesis is defined. The simulation parameters as-

sumed in our simulations are also revealed. The chapter concludes differentiating the

routing protocols introduced and justifying the need for a new routing protocol.

2.2 OSI Layer Implementation

The Open System Interconnection (OSI) reference model was developed by Interna-
tional Standards Organization (IS0) to describe a modular framework for implement-
ing a network [3]. The OST model consists of seven layers and a protocol is defined for
each layer to implement the functions described by the OSI model. Figure 2.1 shows
the various layers present in the model. Most applications did not require the session

and presentation layers as they were found to be performing redundant operations

2

Furthermore, the OSI reference model does not take in to account the presence
of a lossy channel in ad hoe networks. The layers of the OSI system as applicable to

AHNG are discussed in Figure 2.1

2.2.1 Physical Layer

The physical layer for AHNs has to address the issues of error-prone wireless channel

The most commonly used radio propagation models are free-space propagation model
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two-ray ground propagation model and shadowing model [4]

In the free-space model, the channel is assumed to be ideal with only one propaga-
tion path between the transmitter and receiver. The two-ray ground model assumes
a direct path and a ground reflected path. This model shows good results for larger
distances only. Therefore a threshold is defined and any receiver that is at a distance

less than the threshold is assumed to follow the free-space path and any receiver that

is at a distance greater than the threshold is assumed to follow the two-ray ground
reflected path. The shadowing model introduces fading effects.

Generally the IEEE 802.11 technology is used for physical and data link layers in
ad hoc networks. In the physical layer, IEEE 802.11b and IEEE 802.11g both use the

2.4 GHz ISM band. 802.11b us read spectrum (DSSS) mod-

s the direct sequenc

ulation scheme to control interference. Similarly, 802.11g uses orthogonal frequency

division multiplexing (OFDM) method to control interference. The main difference
between 802.11b and g is the data rate that they can support. S02.11g can support
a higher data rate of up to 54 Mbps compared to 802.11b which supports up to 11

Mbps.

2.2.2 Data Link Layer

The data link layer consists of two sub layers, namely, logical link control (LLC) layer
and medium access control (MAC) layer. The LLC layer controls error and flow.

Several IEEE standards for

The MAC layer controls access to the shared medin
MAC layer of wireless networks have been proposed in the literature such as [EEE

802.11a/b/g/n for WLAN and Wi-Fi, IEEE 802.15 for WPAN and IEEE 802.16 for




WiMAX [2).

Clngontoma
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Figure 2.2: Hidden and Exposed Terminal Problem in AHNs

One of the problems of the MAC layer is the hidden and exposed terminal prob-

lem which is illustrated in Figure 22. In Figure 2.2, if node C is not aware of the

transmission from node A to node B, the

if node C has a packet to transmit to

node B, it might transmit at the same time node A is transmitting to node B. Thus,
there is collision at node B and both the transmis

jons are dropped. This is called

as the hidden node problem. If, however, node C wishes to send a packet to node

D at the same time when node B wishes to send to node A, both nodes B and C
might backoff although the two transmissions can be simultaneous. This is the ex-
posed terminal problem. IEEE 802,11 standard has a MAC implementation with a
distributed coordination function (DCF) component that uses carrier sense multiple
access with collision avoidance (CSMA/CA) scheme. According to this scheme, a

node that wishes to transmit through the common channel first requests the use of

the channel. This is illustrated in Figure 2.3
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Figure 2.3: RTS/CTS Access Mechanism taken from [3]

In Figure 2.3, when node A wishes to transmit to node B, it first broadeasts a
Request to Send (RTS) message which contains node B's address and the length of the
data packet it wishes to send. On receiving the RTS message, node B responds with
& Clear to Send (CTS) message, which is also broadcast. Any node, such as node C,
listening to the CTS message from node B, will know that node B is about to receive
a data packet with a specified length from node A and will therefore, not transmit

during that interval, thereby avoiding  collision. Once the transmission is complete,

an acknowledge (ACK) message s sent by node B back to node A. This avoids the
hidden node problem. Since the RTS and CTS messages carry the destination address
and the length of data packet following them, the exposed terminal problem can also
be climinated

In (3], Bianchi studied the performance of IEEE 802.11 DCF protocol for a sat-

urated network by evaluating the throughput. The Markov chain in (5] shows the

transition probabilities for a network where cach node always has packets to send or

17



the node’s queue is always logged. The unsaturated case includes multiple hops where

the nodes are not always backlogged with packets. In other words, the intermediate

deration, do 1

nodes, which are also the nodes under cor t have packets always in
the quene. This led to the modification of Bianchi’s Markov chain by Duffy in [6], to
indicate the absence of packets in quene, by introducing an idle state for cach backoff
attempt. Having one idle state for each backoff attempt was modified by Dancshgaran
in [7] to having only one idle state to indicate the absence of a packet. Tn [3], the effect

of of hidden nodes and packet capture on throughput of IEEE 802,11 protocol we

studied. Al of the above papers discuss the performance of IEEE 802.11 protocol.

2.2.3 Network Layer
AHNs frequently succumb to topological changes and the network layer takes charge
of finding and maintaining routes for data transfer. The network layer implements the

routing protocol for finding a shortest path between a source node and an intended

destination node. In the cas

of multicast, the routing protocol forms a multicast
group and any source node can send data packets to all the members of the multicast
group using the inherent broadeast nature of AHNs. Several routing protocols have

been detailed in Section 2.3

2.2.4 Transport Layer

The objective of the transport layer is to deliver the packets that it receives from the

application layer to a destination node in the network following the route specified by

the routing layer. The transport protocols usually perform flow control at the source



node with the help of acknowledgments received from the destination node. The

two main transport protocols are User Datagram Protocol (UDP) and Transmission

ntrol Protocol (TCP) [2]. TCP provides assurance in transmission: every packet is
acknowledged by the receiver, lost packets are retransmitted and a congestion control

mechanism is used to adjust the rate of data flow in the network to avoid packet loss

due to overloading. UDP does not guarantee service as TCP does

Although receiving acknowledgments and having a congestion control mechay

are attractive for a network, the ad hoc network environment is very unreliable. The

loss of packets cannot be entirely attributed to congestion in the network, instead,

they are generally due to lossy wireless medium. The overhead incurred on the
network by TCP s high for shared wireless channel and the battery powered wireless

devices used in ad hoc wireless networks. Therefore, many ad hoc wireless network

studies include UDP packets in addition to TCP packets.

Several variations of TCP exist based on the congestion window decisions they

make. Few of them include TCP Tahoe [9], TCP Reno [10], TCP SACK [11], [11]
TCP Vegas [12] and TCP New Reno [13]. The wor

ng of TCP Tahoe s explained
briefly below.

TCP Tahoe

ai

a congestion window which limits the number of unacknowl-

edged packets that can remain in transit between the source and destination nodes.

When a connect initiated, TCP protocol enters the slow-start phase as shown

Figure 2.4. According to this phase, the congestion window (W) starts at one

and is doubled for each round trip time (RTT). After reaching a threshold, called as
ssthresh, the protocol enters a new phase called congestion avoidance. In this phase,

congestion window increases linearly for each RTT. The number of packets sent in
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each round during the slow start and congestion avoidance phases are shown in Fig-
ure 2.4. In TCP Tahoe, when duplicate acknowledgments are received or when there
is & timeout, then the protocol, as a means to avoid congestion, sets the congestion

window back to one.

2.2.5 Application Layer

This layer provides access to user applications. It consists of the appl

ions that
are used as a means of communicating between the source node and destination node
for tasks such as database access, electronic mail communication and even connect

to remote machines. File Transfer Protocol (FTP) is one of the most commonly used

protocols for file transfer between machines. Other application layer protocols include
virtual terminal (TELNET), simple mail transfer protocol (SMTP) and hypertext

transfer protocol (HTTP) [2].

2.3 Brief Description of Unicast and Multicast Rout-
ing Protocols for AHNs

Routing protocols for AHNs have been proposed for both unicast and multicast ap-
plications. In general, ronting protocols for AHNs are classified based on the imple-
mentation of the ronting algorithm by the routing protocol. The manner in which
the routing algorithms discover routes and maintain them between various source-

destination pairs may be classified as table-driven or proactive protocols [14, 15,

16, 17, 18, 19, 20, 21, 22, 23] source-initiated or on-demand or reactive protocols




24,25, 26, 27, 28, 29, 30, 31, 32) and, hybrid protocols (33, 34, 35, 36]. Another class
of routing protocols that uses hierarchy as a new aspect combined with both proactive

aud reactive routing approaches is the hierarchical routing protocols 16, 19

A separate class of routing protocols called multipath routing protocols [37,

39, 40]also exist. Such protocols form more than one path between the source and
destination nodes. The advantage of multipath routing protocols is that they are
resilient to route failures

Furthermore, multicast routing protocols are classified as tree-based and mesh-

based, depending on the multicast topology (41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51,

52, 53, 54, 55, 56, 57). In addition to the classification based on topology, mult

routing protacols proposed for AHNs may be Quality of Service (QuS) aware (58, 5

60

Multicast protocols are also designed to be application-specific 61, 62, 63]. These

protocols improve on one particular property based on the demand by the application

for which they are developed.

‘The multicast routing protocol proposed in this thesis is a mesh-based application-
specific routing protocol that uses the reactive approach for route formation. The

following sections briefly discuss about each of the above classifications of unicast

and multicast routing protocols

2.3.1 Unicast Protocols

2.3.1.1 Proactive Protocols

20) aim at maintaining the routes by

Proactive protocols [14, 15, 16, 17, 18, 1

exchanging routing information continuously as the nodes move. Thus when a route



is required for forwarding packets from a source node to any destination node, the

route is already available. The control overhead is a serious limitation in this case

due to the frequent exchange of routing table updates even w

n data s not actually
being sent. The working of the routing protocols that fall under this category is
similar to that of IP routing protocols

2.3.1.2  Reactive Protocols

Reactive or on-demand protocols 24,

d a control message to

exchange routing information only when necessary, for example, when they need to

discover a route from a source node to any destination node. This method reduces

the control overhead drastically. However, since a route is not available when the

source requests a route, the t

ne required for the initial establishment of the route is
higher than that of the proactive protocols.

AoDV

Ad Hoc On-Demand Distance Vector (AODV) routing protocol [25] is a unicast

reactive routing protocol based on queries and responses. A route to the des

iation
node is established on a need basis or on demand by the source node. AODV is one of
the earliest routing protocols proposed for AHNs. QoS aware AODV is also available.

The general working of AODV routing protocol is detailed below in several phase

Local Connectivity: AODV achieves local connectivity between mobile nodes

by the use of frequent hello messages. Each node that broadeasts the hello messag

informs its presence to its immediate neighbors or nodes within its transmission range.

The nodes that receive the hello message update the

routing tables with the infor-

‘mation of their neighbor. Each node sends the hello message once every hello.interval.

2




Figure 2.5: AODV RREQ and RREP Flow taken from [64]

If a node docs not hear from its neighbor for more than allowed_hello_loss times, then

it assumes that the link has failed and that the neighbor is inactive.

ages along the

Route Discovery: As long as there is no need to send e

network, AODV plays no role. When a route to a new destination node is needed, the

2




source node broade te request (RREQ) to its
On receiving the RREQ, the destination node, or, the node which has a route to

ds o unicast RREP message through one of the several routes,

the destination,

best

source node as sho

usually through the best route, to th in Figure 25
route is the route which has the least number of hops to the destination node. In QoS-

aware AODV, the best route is also the route that satisfies the minimum bandwidth

requirement and maximum tolerable delay. Each node has a precursor list that has

the P address for its neighbors that are likely to use it as a next hop towards each

destination. When a node’s batter far out of range or

gets depleted or it wanders

it suffers software or hardware failure, a route error message (RERR) is sent to these

nodes. The source then starts sending a new RREQ message to reach the destination.

AODV initiates routing on demand or in reaction to traffic arrival in the network
at anode. AODV uses sequence numbers to keep the routes fresh and to avoid routing
loops. The sequence mumber is carried by each routing packet

Route Maintenance: The routing table in AODV is maintained on a per des-

ation basis. There s one table entry for each destination. A routing table entry

expires if it has not been used recently. Each routing table entry contains a set of pre-

decessor nodes that indicate the neighboring nodes in order to route RERR packets

if a link is broken. All the sources that had been using the failed link will be disabled
by this method.

Extensions to AODV:

n

mproved version of AODV controls the flooding of
RREQ by introducing the ezpanding ring scarch method (65]. In this method, the

Time To Live (TTL) of the RREQ packet

2




Apart from the basic AODV routing protocol, further extensions to the basic

protocol have been proposed. For example, QoS-aware AODV provides QoS by addi

extensions to the existing messages in the route discovery process (66

naximum
delay and the minimum bandwidth values can be specified for the route between a
source and destination node. Additional fields should be added to the routing tables

in each node to stor

the tolerable delay and bandwidth values and the list of sources
that demand QoS guarantees,
Ad Hoc On-Demand Multipath Distance Vector Routing Protocol (AOMDV) is

an extension of AODV that uses the concept of multipath routing (67

he protocol
is loop-free and achieves path disjointness. Al the paths to the destination carry the

sequence number. Each path differs from the other in terms of additional fields
in the route entry such as hop count and last hop. These two fields also address the

problem of loop freedom and path disjointness.

AODV supports only symmetrical links. That is, the forward and reverse routes

are the same for any particular source-destination route.

2.3,

Hybrid Protocols

Usually a combination of both proactive and reactive approaches is used in order to

improve the efficiency of the routing protocol. gives rise to the third class of

routing protocols called hybrid protocols [33, 34, 35]. Routing protocols that follow

the hybrid approach use a proactive approach of updating the routing tables up to

a small area or zone and then use a reactive approach beyond this are

localized proactive approach.




23.1.4  QoS-based Protocols

Apart from the protocols discussed above, there are other protocols that have been

propose to specifically handle applications requiring QoS. These protocols hunt for

routes that have sufficient resources like bandwidth, or satisfy certain minimum hops.

Generally bandwidth of a route is caleulated as minimum bandwidth (concave metric)

of all the

ks in the route or path between the source and destination nodes. The

delay of a route is the sum of all the delay through each of the links in the route. A

protocol that supports QoS requires that the route information is updated frequently

to maintain freshness of route and accuracy of the available mets

2.3.1.5  Multipath Protocols

A subelass of the reactive protocols are the multipath routing protocols. The reactive

protocols rely on flooding the network with query packets to find the best route
between two nodes. The multipath routing protocols exploit the flooding technique

u the source and destination nodes. Exsentially

more than one path betwe

the paths found are disjoint and so are useful to route packets between the source
and destination when the best path fails. Such protocols also reduce the need for
t flooding in the network when a route fails. The unicast protocol proposed in

e discussed

multipath routing protocol. Multipath routing protocols a

more in Section 2.5.




2.3.2  Multicast Protocols

Based on the multicast topology, multicast routing protocols are classified as tree-

based or mesh-based. Based on how the multicast groups are formed, the multicast

routing protocols may be source-initiated and receiver-initiated routing protocols

The three methods of exchanging the routing information for multicast routing algo-

hms are flooding, proactive approach and reac demand approach.

2.3.2.1 Tree-based Protocols

ified as source-tree-based and shared-

The tree-based multicast protocols are cla
tree-based routing protocols. The source-tree-based multicast routing protocols [41,

alticast

42, 44, 45, 46, 47, 48, 49, 68, 69], have one tree from each source to the 1

destinations. Thus there are multiple source-based trees present in the network. The

shared-tree-based rou

& protocols (43, 50, 51, 70] have only one tree with the root

ast nodes. The

at the core of the tree. Thus a single tree is shared by all the mul

problem with this kind of routing protocols is that if the core node fails, then the

ntire tree has to be reconstructed.

MAODV
Among the two basic kinds of multicast routing protocols namely tree-based and

mesh-based protocols, MAODV is a tree-based multicast routing protocol [50). Like

its unicast protocol, MAODV is an on-demand (reactive) routing protocol

Multicast Tree Formation: When a node wishes i the multicast group,

it broadcasts an RREQ message with the join (J) flag set (for multicast) with the

mber of the

group address as the destination address as shown in Figure 26. Any
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Figure 2.6: Route Discovery in MAODV Protocol taken from [71]

multicast group (tree) can reply to the request with an RREP packet. If a node is not
& member of the multicast group, it rebroadcasts the request. The request propagates
until it reaches a multicast tree member (TM). When the multicast member replies to

the

quest, each node along the path that was followed by the request will record the

next hop information. The node also updates its routing table with the n

w sequence.
number
“The source may receive more than one reply. The source node waits for a specified

period of time to receive all the RREPs. It selects the one with the most recent

2




sequence number or the path of least hop count. The source node will then unicast

a multicast activation (MACT) message to the group through the selected next hop.
On receiving the MACT message, the next hop will activate the entry for this source
node. If the source of the request does not receive a reply within a certain period, it
rebroadcasts the request until a certain number of retries (RREQ RETRIES). After

that th ¢ that no such multicast sand forms a new multicast

group with itself as the group leader. The group leader frequently broadeasts group

hello (GRPH) message to maintain the connectivity in the group. Apart from this,

nodes broadeast frequent hello messages.
Multicast Tree Maintenance: When a node that is part of the multicast tree
moves or expires, the tree breaks. When the tree breaks, it has to be reconnected

immediately in order to avoid serious loss of packets to part of the members of the

group. When a link breaks, the downstream node takes responsibility to repair the
link. The downstream node sends a new RREQ message with the J flag set and with
the multicast group leader address as the destination address.

If after several retrics the node is not able to establish a connection with the
multicast group, it assumes that the tree is partitioned. Then the node, if it is a
wulticast member, will become the group leader and broadcasts a GRPH message.
If the node is not a multicast member, it prunes itself from the group and sends a

MACT message with the prune flag set. In future if these two groups come in range

of each other, then the group leader with the lower 1P address will initiate « RREQ
message with repair flag (R) set. When the group leader with the higher IP address

reccives this request, it sends a GRPH message with the update flag (U) set. Thus

the two groups merge.



The maintenance of the multicast tree in MAODV may seem complicated and

time consuming compared to the mesh based protocols discussed below. However the
total number of control messages exchanged to maintain the tree are not too high
When a link breaks, the time taken for the multicast tree to recover is long. When
the group leader fails, the entire group has to be reestablished. When the group size
of the multicast group s large, the packet delivery ratio is low. MAODV is dependent

on the underlying unicast (AODV) protocol and therefore, the protocol is not flexible.

2.3.2.2 Mesh-based Protocols

Mesh-based multicast protocols (72, 73, 52, 53, 54, 55, 56, 74] contain more than one

route between the source and the multicast destinations. Therefore, when any link

between the source and one of the mutlicast members breaks, an alternate route is
available. The availability of multiple routes makes this kind of protocols more rbust.
ODMRP
On-Demand Multicast Routing Protocol (ODMRP) [72] is a multicast routing

protocol based on mesh topology. This protocol uses forwarding groups to create a

ity of

‘multicast mesh. A forwarding group is a set of nodes that take the responsi
forwarding multicast data packets among members through shortest paths. The basic
working of the ODMRP protocal is discussed below.

Mesh Formation: The source that wishes to form or join a multicast group

broadcasts a join request message with a data packet piggybacked. This is shown by

solid lines in Figure 2.7. Each node that receives the join request message forwards
it to the upstream node. When any node receives the request, it stores the source

address and the packet identifier in its routing table and rebroadcasts the request
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Figure 2.7: ODMRP Group Setup and Maintenance taken from  [71]

The receivers reply to the source with a join reply message. This message is broad-
cast by the receiver. When any intermediate node receives the join reply message,
it updates its own routing table making itself the forwarding node of the multicast
group. The intermediate node also sets the forwarding group (F) in the reply message
and forwards the reply to its upstream node. Thus the join reply propagates back to
the source through forwarding gronp members. The path of the join reply is shown
in Figure 2.7

A mesh of nodes is constructed connecting the sources and receivers. This mesh is



. Multicast member nodes

@ Forwarding group nodes

Figure 2.8: ODMRP Forwarding Group Concept taken from [7

called the forwarding group as shown in Figure 2.38. If one of the intermediate nodes
moves, then the message can still reach the multicast receiver through an alternate
route. This is the advantage of the mesh-based protocol.

Mesh Maintenance: The source floods the join request message frequently to
maintain the established mesh. This packet refreshes the existing mesh membership

information and updates the routes. The join request and join reply also refreshes

the forwarding group information. Thus the protocol uses a soft-state approach to

aintain the mesh thereby providing robustness. This however, results in high control

overhead. The disadvantage of this protocol is that there is more than one path to
each receiver. This means several copies of the packet are sent through various routes

of the mesh. This reduces the efficiency of the multicast protocol




ODMRP can operate with any unicast rout

g protocol. It can also act as a

unicast routing protocol efficiently. Therefore, while multicasting using the ODMRP

protocol, there is no need for a separate unicast protocol. Based on level of mobility of
the network, ODMRP’s refresh interval s selected. The refresh interval is the amount
of time after which the join request has to be sent in order to maintain the group

ctwork environments demand a smaller

and route information. Highly dynamic

refresh interval. However, this causes frequent join request messages congesting the

network. An appropriate prediction for the refresh interval has been proposed in [72]

PUMA

Protocol for Unified Multicasting (PUMA) is another mesh-based multicast pro-
tocol for ad hoc networks that has been proven to attain higher packet delivery ratios
compared to ODMRP and MAODV while incuring less control overhead [73). The
routing decisions made in PUMA are described in this section. PUMA uses multi-
cast announcements for exchanging all kinds of control information such as electing a.

core dynamically, finding routes for sources outside the multicast group, joining and

leaving the mesh and maintaining the mesh

Mesh ion: Multicast tarts with a node that wishes

to join the multicast group. If it does not already have a route to the mesh, then it
assumes itself to be the core and broadcasts a multicast announcement. Each node
that receives the announcement changes its core information if the core ID is higher
than what it already has, if the distance to the core from itself is shorter and, if
the new announcement is recent enough. This way, every node has only one core.

AUl the information about clecting a core (if there was partitioning) or establishing a

3
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Figure 2.9: Mesh Creation in PUMA taken from (73

multicast group is carried out by the multicast announcement message.
Initially only receivers are mesh members. A non-receiver can become a mesh

member if it is directly connected to the mesh member. The mesh creation in PUMA

is shown in Figure 2.9. In this figure, Node K is elected as the core. Every node in
the network has information about its distance to the core node. In the figure, the
receivers (I, F, A, B, D and M) set themselves to be mesh members by default. The
neighboring nodes (G, H, J, K, L, C, E) of these receivers which are on the path to

mesh members.

the core also becon




The only control and routing message sent in PUMA is the multicast announce-
ment. Fach node maintains a connectivity list which resembles the multicast routing
table in MAODV. Every time a multicast announcement is received, the connectivity

list is updated. The connectivity list consists of all the routes to the core. The mul-

ticast announcements are sent frequently to keep the multicast group active. This

results in frequent flooding of the multicast group with control messages.

Mesh Maintenance: Each node generates a multicast announcement when

there is a change in the core or when it receives a fresh multicast announcement from

one of its neighbors or when there is a change in its mesh member status. If a node
does not announce a change i its mesh member status immediately to its neighbors,

then it results in packet loss due to outdated mesh member information. The data

packets are forwarded until a mesh member is reached. Once a mesh memb

reached, the packet is flooded among the mesh members

2.3.2.3 Comparisons for Multicast Protocols

In [75), Lee et al., compared the performance of five multicast routing protocols
They compared two tree-based multicast protocols namely, AMRoute and AMRIS.
‘The remaining protocols are mesh-based multicast protocols namely, ODMRP, CAMP

and Flooding. The metrics used by them to compare these protocols include packet

delivery ratio (PDR), ratio of number of data packets transmitted to data packets de-

livered, ratio of number of control packets transmitted to data packets delivered and

‘nuber of control and data packets transmitted to data packets delivered. The vari-

ables against which these metrics were compared include mobility, mumber of sources,

group size and network traffic load. As expected they concluded that generally mesh-
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based protacols that contain alternate routes performed better than tree-based pro-
tocols. They concluded that ODMRP was very effective and efficient compared to
the other four multicast routing protocols. However, the problem with ODMRP as
er of sources in the network the

observed by Lee et al. is that with increasing num

overhead increased rapidly
In [76], Yuo et al. have conducted a research on multicast routing protocols for
AHNs. They have arrived at a taxonomy of the multicast protocols based on several

protocols proposed in literature. This taxonomy is based on what kind of information

of AHNs is exploited by each routing protocol and the roles taken by each node for
‘multicasting. This is insufficient especially when each protocol proposed is applied
to various recent applications. It is necessary to have a classification based on more
criteria.

In [77], a taxonomy of routing protocols for ad hoc networks is presented. In this
chapter, the new class of routing protocols called the multipath routing protocols is
detailed with fow examples. In [78],  taxonomy of multicast routing protocols for

ad hoc networks is provided. The authors have illustrated every m

lticast routing
protocol with simple figures and described the advantages and disadvantages of each
protocol.

This thesis compares the performance of the proposed MBEAN routing protocol

with that of PUMA and MAODV routing protocols since they were readily available

in the network simulator used for simulation.



2.3.3 Application-specific Protocols

Many of the protocols mentioned so far try to find a feasible route from source to

destination. Recently more application-dependent protocols have been proposed. The

protocol that we propose in this work tries to find a routing scheme that will be useful
for selected applications. Our protocol considers applications where large files need
to be transferred which is expected to be one of the prospective applications of ad
hoc wireless networks.

Compared to the Internet era, wireless networks have emerged more rapidly. The
protocols for routing in ad hoc networks have been proposed during the last decade or
more. The routing protocol manifested in this thesis is recommended for commercial

applications and is based on BitTorrent Protocol, which s introduced briefly below.

2.4 BitTorrent Protocol

The BitTorrent (BT) protocol works at the application layer with the Internet Pro-
tocol in the background. Thus, any routing protocol that works in the network layer

for nternet. applications finding a route from source to destination is sufficient for

the BT file distribution system to function. The BT protocol has been in use for over

ten years. The main entities of the BT protocol are [79]
« An ordinary web server
o A static metainfo file

o A BitTorrent downloader



 The end user web browsers
o The end user downloaders.

To deploy the concept of Bit Torrent protocol, a static file with .torrent extension,
called the metainfo file is placed on the web server. This file contains information
about the actual file available for download (that is, the actual file’s length, name,
hashing information and the URL of the tracker). Trucker is a server on the Internet

ents. The tracker helps peers (end

that coordinates the actions of the BitTorrent !
user downloaders) that wish to download the same file identify and connect to each
other. Tracker returns a random list of peers interested in downloading the same fle.
Trackers also store upload and download rate for the purpose of statistics. During
the transfer, the tracker provides up-to-date information to the peers about the sta-
tus of the download and upload, that is, the amount of uploaded and downloaded
information and the time left to finish.

Each of the end user downloaders download a part of the file, typically one forth
of & megabyte, called a picce from the original downloader, also called the seed. Now
cach end user downloader advertises the pieces it has, to the rest of the peers it is

peer interested in this picce can download it from this end

connected to, so that, a

1 downloader (This causes an overhead of

user down than from

less than one tenth of a percent of the total bandwidth). Thus the download burden
is shared among all the peers interested in the file and the download time is also
reduced. Cohen [79] details the working of Bit Torrent protocol.

‘The main advantage of using BT protocol is to make every peer who wishes to

download a file, share the burden by not just downloading but also uploading pieces

30



Figure 2.10: Traditional File Sharing Approach taken from [79]

to other peers. Thus the uploading link capacity is not wasted. The multicasting
technique or the commonly used file sharing servers work as shown in Figure 2.10. In
this figure, the seed or source of the file experiences the entire burden of file transfer.
Besides, the upload capacities of all the six peers are left unused. The BT protocol

conquers this problem by making the peers or end user downloaders share the burden

of uploading the file. The model of BT protocol is shown in Figure 2.11. The research

carried out in this thesis aspires to apply this concept to AHNS, to assist ever

in the network make use of the assigned upload link bandwidth.
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Figure 2.11: BitTorrent File Distribution Approach taken from [79]
2.5 Multipath Routing

Al the on-demand ronting protocols need the flooding of RREQ, or a similar message

through the network every time a route is required to a destination. The source node

needs to flood the RREQ message when it first has packets to a particular destination

node. However, the flooding does not stop here. Every time the established route

fails because of a link breakage or because a node has moved out of its neighbor's

range or when a node is dead due to loss of power, the source node needs to flood

the RREQ. Such flooding occupies the network bandwidth excess Therefore,

‘multipath routing have been proposed that exploit the flooding by finding more than



one path between the source and destination.

A few of the multipath routing protocols allow the source to send packets through
all the established routes [80]. In certain protocols, the source uses only one path,
the best path, to send the packets and when this path fails, the source uses one of the

alternate paths that was previously established along with the best path [81, 67, 82

Other multipath routing protocols find an path from each i iate node
to the destination [83]. That way, any intermediate node fail, its neighbor can use

the alternate path from itself to the destination to send packets. Most protocols

establish disfo soint if they do not have any

ut paths [84). Two paths are said to be
node that is common to both the paths except for the source and destination nodes.
Path disjointness for networks has been discussed by [85].

The routing protocol addressed in this thesis is a multipath protocol that employs

only the best path to send packets. When the best path fails the protocol designates
the next best path to send packets to the destination node. The alternate paths,
although disjoint, are within the range of each other and therefore, using only one
path is effective. Sending through more than one path at a time would only slow

down the rate of packet transfer due to severe contention for the channel.

2.6 Network Simulator

Several network simulation tools have been proposed for simulation of network envi-

ronment. Most of them are event-driven simulators. The most notable among these

are ns-2 (network simulator) (4], ns-3 [86], OMNet ++ [87], where individual modules

are implemented in C++ and the modules are combined together through Network

12



Description Language (NED) developed for this purpose, SimPy [85], implemented in
Python, Java in Simulation Time (JiST) [39] implemented in Java, OPNet [90] also
implemented using C and C++ codes and GloMoSim (91] which uses C code with
Parsec functions. OPNet is not available for free. [92] is a recent paper that compares
these network simulators.

152 was developed by VINT research group at University of California, Berke-
ley and further extended by Monarch research group at Carnegie Mellon University
for wireless networks. ns-2 has a shortcoming in that it was not designed for large
networks with hundreds or thousands of nodes that are required for the recent appli-
cations like wireless sensor networks. Therefore, a more scalable improvement of ns-2
was introduced in 2008, called ns-3.

Since the simulation phase of the rescarch started earlier than 2008, the most

common simulator then available namely, network simulator (ns-2) is used in this

thesis for testing and comparing the working of the proposed protocols with the
existing protocols already available in ns-2. ns-2 consists of C+-+ codes with oTcl

seripts for controlling the simulations.

IEEE 802.11 DSSS physical layer model is implemented in ns-2. The radio prop-

agation models that have been implemented in ns-2 include free space propagation

model, two-ray ground propagation model, and shadowing model. Two-ray ground

n model is assumed for our simulations. The antennae gains and system

propags
losses are assumed to be one in ns simulator.

n5-2.31 has IEEE 802.11 DCF standard MAC protocol implemented in it. IEEE

802,11 protocol implemented in ns-2 follows RTS/CTS/DATA/ACK pattern for all
unicast protocols and only DATA packets for all broadeast packets. Thus for all the
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multicast applications, there is no collision avoidance.

The applications present in ns-2 are virtual. Generally actual packets are not

being sent. Instead, the size of the packet and the corresponding time taken to send

the packets are used in simulations. The applications that can be assumed to be
transmitted by the ns-2 through the transport protocol include, data. files through
GBR or TCP packets, voice traffic through on-off source and video files through

exponential traffic. CBR packets are also used in multicast simulations.

2.7 Application Specific Needs

The applications for which the multicast protocol is presented in this research have
specific needs related to the environment in which they will exist. In a ballpark sce-
nario, a group of people could wish to share the statistics of the game. Presentations
are held in various buildings in a conference area and a person could wish to attend

a talk without being physically present in the presentation hall. In an

rport area,
people in the gate area and business lounges could wish to share files while waiting
for the flight.

All these applications have the following characteristics or needs:

o Nodes willfully join the group for quick dissemination of files

o A fow mol

le nodes
o Small to moderate size network

o Length of data exchange is not large



 Types of traffic include data, voice and video

Existing multicast routing protocols are designed for general multicasting in AHNs

usually for military battlefiel

emergency search and rescue operations, classrooms,

conference hall and other such applications. Each protocol tries to achieve improved

efficiency, robustness, reliability, quality of service, etc. Certain multicast routing
protocols have also been designed specific to a particular application. The multicast
protocol, called MBEAN, presented in this thesis has been developed to satisfy the

above listed needs by using the BitTorrent concept in order to deliver the message

among the hosts in an AHN.

2.8 Concluding Remarks

Various OSI layers of the communication model in ad hoc networks and the protocols

implementing the

nctions of these layers are portrayed. This chapter has intro-
duced the need for an application-specific routing protocol for ad hoc networks. The
simulators available for characterizing an ad hoc network environment and realizing
the routing protocol are listed.

“This chapter has presented a basis for the multicast routing protocol, Multicasting

in BitTorrent Enabled Ad Hoc Network (MBEAN) and the unicast routing protocol,

BitTorrent Enabled Ad Hoc Network (BEAN). The multicast and unicast protocols,
namely PUMA, MAODV and AODV, discussed in this chapter will be compared with

the corr

esponding multicast (MBEAN) and unicast (BEAN) protocols illustrated in
this thesis. The next chapter will explicate the working of the multicast routing

protocol, MBEAN.
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Chapter 3

Multicasting in BitTorrent Enabled

Ad Hoc Network Routing Protocol

3.1 Introduction

Communication through a wireless link requires more power and the bandwidth avail-
able is less when compared with a wired network. Therefore multicasting improves
the efficiency of communication in wireless links by sending information to more than
one node in a single transmission.

The concept of BitTorrent protocol is used in the BitTorrent file distribution
system for sharing information among hosts in the Internet. The BitTorrent protocol
aims at sharing the upload and download functionalities among the peers of the

network rather than imposing all the upload capability on the source. The source,

than uploading the file to each peer entirely, will upload picces of the file to

various p turn takes up the responsibility of acquiring the pieces

Each pee




of the file it needs from other peers. This concept is directly applicable to multicast
scenarios, where the multicast hosts can be given the responsibility of sharing the
multicast message among each other,

Some of the main applications of ad hoc networks require multicasting. For ex-
ample, in a conference hall, where several users are connected in an ad hoc fashion,
typically a user (say, the speaker) would send a document or data to a set of users.
This chapter presents the Multicast Bit Torrent Enabled Ad hoc Network (MBEAN)
routing protocol which is based on the BitTorrent protocol concept.

This chapter illustrates the basic fanctionality of the MBEAN ronting protocol
including the establishment of the group, the various message formats involved and
maintenance of the group. The routing properties of MBEAN are discussed in terms
of member reliability, packet delivery ratio and control and routing overhead. The
analytical proof of member-to-member connectivity is derived. Analytical explana-
tions of packet delivery ratio, and, routing and control overhead are also presented

Simulation results comparing MBEAN with MAODV and PUMA are also discussed.

3.2 Protocol Overview

MBEAN is based on the BitTorrent Protocol where peers communicate between each
other for file transfer. The source need not be present until all the peers receive the
file in the BitTorrent protocol. As long as one of the peers receives the complete file,
the source can withdraw itself from the transfer. Since MBEAN involves transfer of
large files to more than one user or node, it follows the BitTorrent Protocol closely.

In MBEAN, the source need not be present in the group until all the members of
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the group have received the complete message. As long as one member of the group
(usually the closcst to the source) receives the complete message the rest of the
members can receive the message in full with high probability.

MBEAN is a mesh-based multicast routing protocol unlike the most commonly
known multicast protocol, MAODV [50], which is a tree-based routing protocol. The
reason for using a mesh-based approach is the fact that the members of the multicast
without the intervention of the multicast

roup can communicate among themselves

group leader (as in the case of MAODV) o core (as in other core-based routing

protocols) [73], which causes additional overhead. In MBEAN when each member
joins the group it connects itself with several of the existing members. Thus the

‘ reception of a packet will be unaffected by the failure of a single path between the
member and the source thercby increasing the probability of receiving of the entire
information by all the members

The objectives of the protocol are:

 Group Establishment: Find several paths between multicast members reac-

tively, as discussed in Section 3.3.

 Group Maintenance: Circulate frequent neighbor updating information to keep

the mesh alive, as discussed in Section 3.6

 Message Dissemination: Distribute the multicast message among members as

quickly as possible with increased reception probability by all the members, as

discussed in Sections 3.9.1 and 3.9.2.



3.3 Group Establishment

Figure 3.1: Multicast Group Establishment - Path of RREQ

Multicast group establishment in MBEAN begins with a node that wishes to join

a multicast group trs ting a Join Route Request (RREQ) message. The node
waits for a certain amount of time for a Route Reply (RREP) and if it does not
receive any reply, the node concludes that no such multicast group exists. The node

keeps sending RREQ until it finds the multicast group. If two nodes are interested in

forming a multicast group, they first set their status to be group members and then




send RREQ with Join flag sct
A forwarding node is defined ns an intermediate node in the multicast group which
is involved in routing the packets among the members of the multicast group, but

is not actually a member itself. A multicast table consists of a set of entries that

‘provides information about a node’s group status and also assists in determining the
next hop for a packet. A node that receives the Join Route Request message checks
its multicast table to observe if it is a member of the multicast group or if it is a
forwarding node for the group. If the node is a member, then it sends an RREP for
the request. The multicast group 1D is unique for each multicast group established
These two nodes are now members of the multicast group and they share a common
multicast group IP address. This way, all the nodes that wish to join the multicast

group will send an RREQ message. Thus a multicast group will be established.

Figure 3.1 shows an example of node 15 that wishes to join the existing multicast
group indicated by dark circles. Node 15 will broadcast an RREQ message with the

join request flag (1) set

3.4 Message Formats

3.4.1 RREQ Message Format
Figure 3.2 shows the format of an RREQ message. Type (1 byte long) is 1, indicating
that this is an RREQ message. If the source or the node requesting the route has a

minimum bandwidth (BW) requirement, or a maximum tolerable delay, it includes

these values in the RREQ. If any intermediate node does not see the mi
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Type ]:M RREQHpCnt [Rnwpwdupc.“] minBW.

|MaxDelly| CurMinBW ‘ CurMxDly |

RREQ ID

Destination IP address/Multicast group IP address

Source IP address.

Source neighbor IP address

Timestamp.

Figure 3.2: Route Request Message Format (RREQ)

quired link capacity, it discards the RREQ message (since the BW constraint was
not satisfied). Similarly, if the delay experienced so far by the RREQ is greater
than the maximum delay, then the node discards the RREQ message (since the delay
constraint was not satisfied).

The destination address is the multicast group addvess. There is no multicast
group leader unlike MAODV. The source IP address (4 bytes long) is the address of

the node initiating the route request. This is the node wishing to join the multicast

group (also called as route requesting node). Timestamp (4 bytes long) carries the

time at which the source sends the request. This allows to determine the time take

by the RREQ message to reach a particular node
If a multicast group exists, which is the case here, each non-member increments

the Hop count (1 byte long) by one and forwards the RREQ message. If the node




is a multicast forwarding node, then it also increments the RREQ Forwarding Hop
Count.. Each node that receives the join request updates the ronte information in its

multicast routing table.

Multicast Route Table Entrie:
o MulticastGrpIPAddress

« SourceAddress

o HopCut ToNearestMembers

* NearestMembers

» NextHopAddresses

o TTL

o minBW

© maxDelay

Time to live (TTL) is the time in terms of number of hops for which the RREQ
will be valid. In Figure 3.1, TTL is set to 3. After transmitting the join request
(which is the RREQ with the Join flag set), the node (node 15 in the figure) waits for

it assumes that

RREP up to RREP_WAIT_TIME. If it does not receive any reply t

& multicast group does not exist and sends the RREQ message again with increased

TTL value. TTL is incremented by 2 for each attempt of the same request
There may be many sources for a single multicast group. There is no need to

maintain the address of all these sources. As long as the message is from one of the



‘group members, the node will accept the data packet. The next hop addresses of both
to and from routes are recorded in the next hop addresses linked list shown below.

NextHopAddresses - Linked List Entries:
o NextHop

o ComnectMember

 HopCount ToMember

o LinkDirection

o LinkExpiry

If a particular node is a multicast group member, then it updates the routing
table and replies with a Route Reply (RREP) message to the node that initiated the

request.

3.4.2 RREP Message Format

Type | J | R | RREPHpCot | RREQHpCmt |
Destination IP address

Figure 33: Route Reply Message Format (RREP)




Figure 3.3 shows the format of the RREP message. Type (1 byte long) is 2
indicating that this is a route reply message. A is the acknowledgment flag which

means that the RREP needs an acknowledgment from the neighboring node. Nodes

set. this on an individual basis depending on whether they necd a RREP_ACK or
not from the node to which they sent the RREP message. The RREP hop count (1

ted and if this node is a member of the multicast group, the

byte long) is increr

the RREP member hop count (1 byte long) is also incremented. The hop count of
the RREQ is also attached so that the source node (that initiated the join request)

ide on the best route based on the hops traveled by the RREQ. The RREP

can d
ID will be the same as the RREQ ID, so that each intermediate node and also the
source would know to which RREQ the RREP corresponds. Lifetime (4 bytes long)
indicates the time for which the RREP is valid. If the source does not receive the
reply within this time, the RREP s discarded.

The requesting node gets several RREPs as shown in Figure 3.4. Now the source
of RREQ (node 15) has a multicast neighbor route table, shown below, containing
details about the multicast tree that it has formed from routes (not the complete
route, but the destination address, and nest hop address) to each member of the
group. Tt uses all these routes for sending or forwarding multicast packets.

Multicast Neighbor Routing Table Entries:
© MulticastGrplP
 MulticastMemberIPAddresses

Once a multicast group has been established, any node (multicast source) that
wishes to send information to the group will simply send the packets of the information
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Figure 3.4: Multicast Group Establishment - Path of RREP



to each of the member nodes to which it is attached through its neighbors. Each of
these member nodes will in turn send the packets that they receive to the member
nodes to which they are attached. This way, the burden of sending the information s
not constrained to just a set of nodes but is shared by all the nodes in the multicast

group. This s similar to the functioning of the BitTorrent Protocol.

3.4.3 MCAST P Message Format

Type | Flags | Reserved | MCAST P Hop Count
e P Hop

Group Destination [P Address

MCAST Source IP Address

Figure 3.5: Multicast Prune Message Format (MCAST P)

If a multicast member wishes to sever itself from the multicast group, it sends

o multicast prune message. The message format of the prune message s shown

Figure

The prune message is sent to all the members that this node is attached
to. The multicast members on receiving the prune message will remove this node

from their multicast neighbor routing table.

3.5 Routing Through Forwarding Nodes

Figure 3.6 shows a section of a multicast group where node 18 is a multicast member
and receives several requests to join the group. For multicast route establishment

each member node receiving the requests should keep track of the number of multicast
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Figure 3.6: Routing Through Forwarding Nodes

forwarding nodes along the path from itself to the requesting node to which it will be
attached. Thus when the node has to choose a oute, it chooses the one which travels
through most of the existing forwarding nodes, node 14 in this figure, rather than the

one with shortest route. The route thus chosen should not be too long. Therefore, a

limit on the route is employed such that

2AHy) = by, (3.1)

where 1 is the hop count through non-forwarding nodes and fis is the hop count
through forwarding nodes.

When this condition is not satisfied, use of non-forwarding nodes might be faster
for other multicast group members to receive the packets. The multiplication factor of
two can be established through simulation. The member node updates its multicast
route table with the address of the requesting node. The requesting node also adds
one entry for each member of the multicast group in their multicast route table. Now
the source of RREQ has a multicast neighbor route table containing details about
the multicast tree that it has formed from routes (not the complete route, but the

destination address) to each member of the group, as does the replying multicast




e s s

3.6 Group Maintenance

In order to maintain connectivity with other group members or forwarding nodes
leading to group members, each node sends a proactive message called the hello
‘message. The hello messages are broadcast frequently by each node that has an entry
i its multicast routing table. This message is received by its neighbors and they keep
their multicast routing table entries containing this node, active.

There is no need for a core (as in the case of PUMA) or a group leader (as in the

case of MAODV) to maintain the multicast group established. 1f a node does not
receive any hello message from its neighbor node which s present in its routing table

-

for allowed hello_loss times, then that neighbor node is assumed to be abse
other words, any multicast connection entry through that neighbor s removed from

the multicast routing table.

3.7 Advantages of Group Establishment in MBEAN

In MBEAN, the new node will establish routes with all the nearest member nodes.

That is, each node forms a tree with itself as the root and routes to other nearest

mbers (not all) of the multicast group as the leaves. Overall, the structure would

be a mesh. Since each member node is attached to more than one member node,
it can reccive messages from any of them. Thus when a route fails due to link or
node failure, there is no need for reestablishing that route nless a multicast member
is separated from the group completely, in which case, the member sends an RREQ

message and initiates connection to the group.




In order to have a fresh enough route and fresh values for delay and bandwidth

through any route, only the destination or multicast group member can send the

RREP, since the traffic at this instant is responsible for the observed delay, and, a

previously stored route will have an ontdated delay value.

3.8 Comparison with MAODV, PUMA and ODMRP

ber or

In comparison with MAODV, in our protocol, only the multicast group
destination can respond to a RREQ. Although this might cause an increase in the
time involved in connection establishment, it will give a fresh delay and BW measure
during connection set up. In addition, there is no need for a group leader in MBEAN,
which directly relates to the simplicity of the algorithm.

MBEAN has been implemented as a reactive routing protocol. In other words,
the route is formed only when there is a message available to be multicast. Although

is

MAODV is a reactive routing protocol, improved MAODV implemented for
based on a proactive approach. The routing tables are updated frequently even if
there is no route required.

Apart from being proactive, the implementation predicts when the link might
break and just before the link breaks, new routes will be constructed. Thus the

MAODV protocol is able to establish an alternate route before a link fails thereby

helping it to recover from a link failure much faster or eliminating the time spent on
recovering from failure. Since the basic and improved implementations of MAODV

are hased on forming a multicast tree, this kind of route reconstruction is necessary:

In the case of MBEAN, there is no need to construct a new route when a link fails

50



since MBEAN is a mesh-based protocol and several alternate routes will be available.
A node checks the available next hops and sends the packet to those nodes. If a
node detects that the link to reach a multicast member is broken, it simply removes
that particular entry from its routing table. If there are no upstream nodes for a
multicast member, then it sends an RREQ message to join the group. Although this
could be time consuming, the chances of such a situation occurring are low due to

e would have

the availability of several alternate routes. If several links fail, some

to be spent on reestablishing parts of the mesh. However this is not a major concern
as multiple failures do not aceur frequently in a dense network containing only a few
mobile nodes.

Among the several multicast routing protocols proposed, this thesis compares the

performance of MBEAN with that of MAODV and PUMA. MAODV is a tree-based

routing protocol while PUMA is a mesh-based routing protocol. Both MAODV and

PUMA are based on establishing a core, in the case of MAODY, the core is the group

ler of the tree whereas in PUMA, the core is established dynamically and serves
as a contact between the multicast members. ODMRP is another mesh-based routing
protocol that has been proven to be better than many mesh-based routing protocols
[52. In spite of having a core, the control overhead in PUMA is claimed to be orders
of magnitude smaller than in MAODY and ODMRP while achieving the same packet

delivery ratios.



Figure 3.7: Example Scenario

3.9 Routing Properties of MBEAN

The routing properties of the protocol are explained with the help of an example

scenario shown in Figure 3.7. Consider  scenario of 18 nodes with a multicast group

ize of 7 members. Nodes 1, 6, 8, 10, 11, 12 and 18 are chosen as multicast group

members with Node 1 acting as the source. In this particular case, for the sake of

plicity in analysis, the source is also a member of the multicast group. In general,

the source need not be a group member. When the source node has packets to send, it

s communication with the multicast group, when it automatically becomes
a multicast group member
In Figure 3.7 nodes 2, 3, 9, 14 and 15 act as forwarding nodes in the multicast

. When there are only 7 members in the group, each member is counected to




more than one member. Although, this results in multiple copies of each packet being,
received by each member, it supports higher packet delivery ratio.
MBEAN is not an exact ad hoe network replica of the BitTorrent protocol. How-

ever, it has made use of the peet-to-peer independency of the Bit Torrent protocol. For

instance, in the above example, node 6 might not receive the packet from the source

node since the source node has disconnected itself from the

ctwork. As long as the
source node, node 1, is able to send the entire message to at least one of its neighbors,
namely node 2, the message will reach all the group members with high probability

For example, in Figure 3.7, member 6 is connected to two other members. If node 6

does not receive the packet from the source node, it is still capable of receiving the

packet. from member 12, This independency of the members on the source node is

due to the increased member-to-member connectivity and therefore, reliability:
The routing properties that are discussed in the following subsections include

member reliability, packet delivery ratio and, control and routing overhead. Analyt-

ical models are used to design protocls since they provide a concise preview of the
protocols behavior before the actual deployment. Thus when the network s deployed,

it can be characterized faster.

3.9.1 Member Reliability

The advantage of measuring the member-to-member connectivity is lucid in the fol-
lowing definition of member reliability. Member reliability of a packet is 1, if it has

been received by all the members, and, is 0, if it has not been received by at least

one member. Member reliability for the simulation is defined as the ratio of the




total number of packets with member reliability of 1 to the total number of pack-
ets sent. Therefore, the more members each member is connected to, the more the
‘member-to-member connectivity, which increases the member reliability of the mesh.

The analy MBEAN is de-

al expression for member-to-member connectivity

rived as follows.
Assume a network where n nodes and m multicast members are uniformly dis-
tributed in an area Ay = a x a with a transmission range of each node, . Average

number of members, my, within the transmission range of any member, m;, can be

expressed as
.
s 4’2 m (32)

m =

Consider two members m; and m; in this network, shown in Figure 3.8. The

Figure 3.8: Member Connectivity in 2-hop Range

Euclidean distance between these two nodes can be given as
d= - 2) + - w) (33)

where (x;, ) is the location of node m;, and (x;, ;) is the location of node m. The

member m; may establish direct contact with m; members if the distance, d, between
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them is less than R. Thercfore, probability that m, can have a direct link to m;
‘members can be expressed as,
1, d<R
Pi(d) = (3.4)
0, d>R.
Let the number of members whose distances lie between R and 2R be represented
as my. Consider the case in which member m, needs to establish connectivity with
can be

ma. In such a case, the probability that m; can connect to m; members

expressed as,

P =1-( @5)
where, A is the intersection area given by
A=2R*( - sinfcosh) (3.6)

and § = cos™(d/2R). Equation (3.5) establishes the probability that at least one

of (n — m) nodes s present in the intersection area A. This is illustrated in Fig-

ure 3.8 where, m, and m;, whose distance d is within R and 2R, establish member

connectivity through node n;
Consider the case in which the member m; has no direct link with m, members

that are located at (-hops and cannot communicate with fewer than t-hops. In this

case, let m, be the number of members located at t-hop distance from m, as shown

in Figure 3.9. Let w(r) be the probability of being able to establish communication

within an intersection area A. IF this area is increased by dA by increasing r to r-+dr as
shown in Figure 3.9, then the probability of being able to establish a communication
within the new area, dA, can be written as,

[Pies(r) = Peca(r)2ré/ Ao, (37)
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v s
Figure 3.9: Connectivity between Two Nodes at t-hop Distance

where,

(PP -R
6= cos ( Zr—). (38)

The term F,_(r) = Pi_(r) in (3.7) denotes the probability of reaching a member

node that is at a distance r in exactly ¢ — 1 hops.

‘This approach is similar to that of Chandler (93] and is based on the assumption
that connecting members are exactly ¢ — 1 hops away from member m; and one
hop away from the member m;. Equation (3.7) is based on the assumption that a

connection has been established up to a distance of ¢ — 1 hops and thus has to be

solved iteratively. The probability of not establishing a communication using any

node in the transmission area within limits d — R and d+ R is given by [1—w(r)|""",
where,
AR [Poa(r) = Proa(r) A 3
i) = Femln) = Jealnll2 4 3.9
u(r) /;—H Ao A @)

and A’ = 2r6. The probability of not being able to establish a connection with ¢ hops
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or less s given by
1= P(d) = [1 = Pa(@)][1 - w(r)"* (3.10)
Therefore, the probability that the member, m,, can conneet to m, members can be

expressed as,

P(d) = 1= [1 = Pa(@)] - [1 ~ (=) @)
where, w(r) is defined in (3.9) and, 4’ = 2rg and ¢ = cos™ (£25=2). The recursive

method of determining the probabil

¢ of member-to-member connectivity given

mber

(3.11) assumes that the connecting members are exactly £~ 1 hops away from
i and one hop away from member j (94].
istance d between any two members

Since the members are uniformly distributed,

m; and m, can be computed up to t hops. Connection probability between these two

members can be evaluated using (3.2), (3.4) or (3.11).
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Figure 3.10: Probability Distribution of Member-to-member Connectivity

Figure 3.10 shows the variation of probability of member-to-member connectivity




versus distance (d)between any two n

bers normalized with respect to t

sion range () up to 5 hops for an area of 1000 m x 1000 m with a transmission

range of 250 m. The curves represent results for 10, 20, 30, 40 and 50 member cas

for a network of 50 nodes.

Figure 3.11: Connectivity for the Limiting Case

For the 10 member case out of 50 nodes, each member can be connected with as

high as 95% probability with most of the other nine members in the group. For the

ect

case of more than 10 members in the group, the probability for a member to con
to all the other members in the group decreases. However, each member will still be

connected to close to 10 members with 95% probability.

When n — m, pa(d) — 0, which reflects the limiting case that m; can only be

connected to my members as shown in Figure 3.11. With reference to Figure 3.10, this

hich a member is ouly connected to the mew

refrs to the 50 member case, in wl

that are in its transmission range. This is directly associated with the progress of
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route request packets that stop at members. In other words, the route request packets

from a member stop at the member's neighbors (who are also members) since all nodes

are members.

The above derivation shows that each member is connected to more than one

‘member via several paths which results in higher member reliability

3.9.2  Packet Delivery Ratio
Packet delivery ratio (PDR) is defined as the ratio of total packets delivered success-
fully (to each member averaged over all the members) to the total packets sent by

the source. Several paths are established connecting the multicast members. The

success probability of each of these paths is affected by the collision probability of

the individual links. Due to uneven traffic in the network the collision probability of

every link is dissimilar. Thus, the success probability of each path, i, with 7, hops,

‘ may be expressed as,

(1=p)(A=pa)-+ (1= ) @12)

where, pi,. P, .+ Piy, i the collision probability of links n;, along the path (i). Since

all the paths are being used to receive packets from the source node, cach multicast

member may receive more than one copy of each packet, thereby achieving higher

‘ PDR. The PDR for a multicast member can be calculated as

PDR=

1t Sy getee Sk g (3.13)
where S to S, are the mumber of packets sent by path (1) to path (k). In this case,
if only the best path was present, the PDR would converge to the success probability
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of that path. The presence of alternate paths allows for more packets, which were
otherwise collided and dropped in the best path, to be delivered, thereby increasing

the overall PDR at any particular member.

3.9.3 Routing and Control Overhead
The overhead is defined as the additional information sent in order to successfully
transmit a data packet. Routing overhead is defined based on the packets sent to

exchange routing information, including establishing the multicast group. Control

overhead is defined based on the additional control packets sent in order to identif
active neighbors.

Each node that wishes to join the multicast group sends a RREQ packet. Thus,
the total mumber of RREQ packets generated is bound by the number of members in
the network. Similarly, each node that receives a RREQ packet forwards it only once.
Thus, the total number of times a single RREQ packet will be forwarded is bounded

by the size of the network. Thus for a network with n nodes and m members, the

total number of RREQ packets that will be sent acrass the network is upper bounded
by
Onngg <nivm. .14)
Consider  nodes out of m that are already a part of the multicast mesh (as forwarding,
nodes), then they need not send new RREQs to join the group. The new bound would
then be,
Orneq < (m—2). (315)

The mumber of RREP packets is generally equal to the number of alternate paths
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discovered by each member to connect it to other members multiplied by the number
of hops for each resultant path. For the best path between each multicast member

and the source, the number of RREPs can be given by,

(3.16)

where, m is the number of members in the group, f; is the link distance pdf, and, h
i the average number of hops corresponding to the distance. 1f each member m has

exactly one alternate path, then the number of RREPs can be given by,

Nii

=Y fu-hi+ Y St (3.17)
= =

where, f, is the link distance pdf for the alternate path, and, ¢; is the average number

of hops for the alternate path.

3.10 Conclusions

kY

chapter presents the protocol specifications and working of MBEAN, a multicast

routing protocol which is based on the notion of BitTorrent Protocol used in Internet
for fast file transfer. The establishment of the multicast group, maintenance of the
group and dissemination of the multicast message among the members of the group
are illustrated in detail with a model scenario. The simplicity of the algorithm in

comparison with other multicast routing protocols like MAODV, ODMRP and PUMA

is explained. In addition, MBEAN shows unique characteristics of increased member-

to-member connectivity which not only results in improved packet delivery ratio, but

also higher reliability

0



The routing properties of MBEAN are illustrated with an example scenario. An
analytical expression for member-to-member connectivity, which affects the reliabil-

ity is presented. For a typical scenario of a 50-node network, it was shown that each

member can be connected to at least 10 members with very high probability. An-
alytical explanations for packet delivery ratio are also given. A bound on the total
‘number of routing and control packets that will be sent in the network is discussed.

The next chapter compares the performance of MBEAN with MAODV and PUMA

lations. From the simulation results it will be concluded that MBEAN

through

shows higher and consistent PDR, better member reliability, and, smaller control and

overall overhead than both MAODV and PUMA.



Chapter 4

Performance Analysis of MBEAN

Protocol

4.1 Introduction

The key features of AHNs, such as quick deployment and circulation of messages,

make them well-suited for applications, where reliability and robustness are crucial

such as ballpark, conference area and airport. The merits of the MBEAN protocol,
presented in Chapter 3, is verified in this chapter through extensive simulations

The chapter compares the performance of MBEAN with that of MAODV, a rep-
resentative of tree-based protocols and PUMA, representing mesh-based protocols by

subjecting them to diverse simulation conditions. The protocols are quantitatively

compared to project the difference in their behaviors and to elucidate that MBEAN
is preferred for a short-lived network.

Simulation methodology used in the comparison of the protocols are presented.




Analytical expressions derived in Chapter 3 have shown that high member-to-member
connectivity can be achieved in MBEAN. In this chapter, simulations are conducted
to manifest the effect of high member-to-member connectivity on member reliability
and PDR. The analytical bounds of overhead discussed in the previous chapter are

also substantiated in simulations. Al these properties are investigated against metrics

such as traffic lond, group sizes and mumber of senders

4.2 Simulation Model and Methodology

The simulation is implemented using the network simulator (ns-2) [4] as discussed
in Chapter 2. 50 nodes are uniformly distributed in a simulation area of 1000 m x

1000 m. The trans)

jon or the radio propagation range of each node is 230 m and
the carrier sense range is 550 m. Although the signal can be sensed at a much lower
SNR level, a conservative estimate of -65 dBm receive power to decode a packet and
-90 dBm receive power for carrier sensing has been assumed by ns-2. With these
values a carrier sense range of 550 m can be obtained. The channel capacity or the
data rate is set at 2 Mbps. The simulation time is set to 500 5. Each scenario is
tested for 10 runs of varying random seeds and the results are averaged. The packet

size is fixed at 256 bytes.

4.2.1 Channel and Radio Model

Two-ray ground reflection model is used in the simulations. According to this model,
two nodes have a direct path and a ground reflection path. The model behaves

2 a free space propagation model with shorter distances between two nodes. The
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transmission power is set at 0.2818 W, which correspondes to 250 m transmission

range. The simulator defaults are assumed for other parameters.

4.2.2 Medium Access Control

IEEE 802,11 MAC protocol with Distributed Coordination Function (DCF) is as-

sumed in the basic access mode. DCF s used for ad hoc mode. The access pattern is

Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA). Fragmentation

of the packets did not seem relevant at this point where the data packets s

assumed to be fixed and small (256 bytes). However, it is possible to introduce frag-

mentation when the need for combining packets for the implementation of network

coding arises.

4.2.3 Traffic Pattern

Constant bit rate (CBR) traffic sources arrive from the traffic generator. The arrival
rates are varied for each scenario based on the traffic load required. TCP packets could
not be used in the multicast simulations since multicast is inherently broadcast. With
TCP packets acknowledgments are required. Thus the simulations were tested with

CBR traffic over UDP.

4.2.4 Metrics

The wetrics used to evaluate the performance of the MBEAN and compare it with
MAODV and PUMA are packet delivery ratio (PDR), member reliability, and, rout-

ing and control overhead. The variables against which these metrics are compared

)




include, group size, traffic load and number of senders. These metrics have been

defined in the previous chapter.

4.3  Simulation Results

4.3.1 Packet Delivery Ratio
4.3.1.1  Effect of Traffic Load

For a single source and 50 nodes in the network, the packet delivery ratio s now
measured for increasing traffic load. Figure 4.1 shows the PDR results for various

group sizes of 10, 30 and 50 members,
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Figure 4.1: Load vs. PDR for Various Group Sizes
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The inter-arrival time (IAT) of packets is varied and consequently the traffic load
varies. As seen in Figure 4.1 above, as the load increases, the packet delivery ratio of
MAODV drops for obvious reasons of increasing contention for the channel. However,
MBEAN achieves almost a constant PDR. At light loads, MBEAN is able to deliver
above 90% of the packets. As the load increases, for 30 and 50 members, MBEAN is
able to maintain the delivery ratio around 90%. With low number of members in the
network, the PDR is maintained above 90%. Tn the case of PUMA, the 10 member
case shows the least PDR for heavy traffic load. This is because, in PUMA, with

smaller group sizes, there are insufficient alternate paths between the members of the

group. This results in PUMA and MAODV having similar PDRs for smaller group

sizes. For higher group sizes PUMA'’s performance s similar to that of MBEAN. With
lower load, the PDR of MAODV is high. As the load increases, more packets are sent
per second and more redundant control messages to maintain the group (Group Hello
message) are sent and consequently, the PDR drops. In MAODV, as the traffic load
increases, the PDR drops as much as 40%.

The PDR curves shown in Figure 4.1 also show the upper and lower confidence

lin

ts assuming t-distribution. The derivation is shown in Appendix A. Since the
upper and lower prediction limit values are negligible, they are not shown in the rest

of the simulation results.

4.3.1.2 Effect of Group Size

The scenario is now tested for packet delivery ratio for increasing mumber of group
members in the network. Number of members varies from 5 members in a network

of 50 nodes to all 50 nodes acting as members. The packet delivery ratio is tested for
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different load conditions varying from 16.67 packets/s to 50 packets/s. The results
are plotted in Figure 4.2

It can be seen that as the group size increases, the PDR remains almost a constant

for MBEAN. MAODV shows a gradual fall in the PDR for increasing group si

PUMA shows improved PDR for increasing group sizes. The difference in PDR for

the smallest gronp size to the highest gronp size is generally less than 5% for MBEAN.

This is also true for PUMA for lighter loads. For MAODV, as the group size increases,
the PDR drops as high as 30% in some cases. It should also be noted that the PDR is
above 90% for smaller group size for MBEAN and above 85% for MAODV. However,

the PDR of PUMA is as low as 70% with heavy loads and smaller group sizes.

The effectiveness of the MBEAN multicast routing protocol as a function of the

1 the

multicast group size can be seen from this figure. The little or no change
performance of MBEAN for increasing group size is because of the new multicast

members present within the existing multicast mesh. There is very little need to

create new paths to connect to all the members as the group size increases. The

presence of alternate paths among the multicast members assists in achieving a steady

PDR in this case. MAODV needs to expand the tree structure to include the new

ze increases. The tree structure of MAODV is such

‘multicast members as the group s

that there is only one path between a source and each multicast member. Therefore,

a break in any link causes a major drop in PDR. As discussed previously, PUMA fails

to show good connectivity between members for smaller group sizes.



4.3.2 Member Reliability

4.3.2.1  Effect of Load

Figure 4.3: Traffic Load vs. Member Reliability for Various Group Sizes

The member rel various

y as defined in the previous chapter is tested
loads. The load is varied from 16.67 packets/s to 50 packets/s. The performance is
tested for various multicast group sizes ranging from 10 to 50 members in the group.
The network size s 50 nodes.

it can be seen that as the load increases, the reliability

From the Figure 4.

duces for all the three protocols, namely, MBEAN, PUMA and MAODV. As expected,

MAODV shows much lower reliability for increased load compared to MBEAN. MAODV



also shows lowest reliability for 30 and 50 member cases. PUMA shows lower member
relability for 10 member case compared to 30 and 50 member cases.

The reduction in reliability is due to the increased packet transmissions wi

n the
network with increasing load. As the load increases, more transmissions are present in
the network challenging the reception of each packet by all the members of the group.
With increasing load, even if at least one member does not receive a packet, then
the member reliability is seriously affected.  Although PUMA showed higher PDR
for increasing loads compared to MAODV, it fai

in terms of member reliability for

smaller group sizes.

4322 Effect of Group Size
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vs. Member Reliability for Various Traffic Loads
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The scenario is now tested for member reliability. For various group sizes, the

member reliability is measured as the ratio of the number of packets received by all
the members of the group to the number of packets sent. The results are plotted in
Figure 4.4 for various cases of traffic load from 16 packets per second to 50 packets
per second.

With increasing group size, the protocols are expected to show a drop in reliability,
because as the group size increases, the probability that all the nodes will reccive each

packet will reduce. That is, with high probability at least one member might not

receive a packet, which results in lower member reliability. However, MBEAN loses

ouly 10-15% of member reliability for increasing group size. MAODV loses at least
50% of reliability with increasing group size. For lower loads, the member reliability
is high for MBEAN and MAODY. As the load increases, MBEAN is able to maintain
reliability within 15% of the reliability under low load conditions. MAODV shows.
twice the drop of MBEAN. PUMA is unique in the results it produces. As with

the PDR, the member reliabi

s lower for smaller group sizes and increases with

increasing group size.

The results show that MBEAN is highly reliable compared to MAODV and
PUMA. Some of the reasons that make MBEAN so reliable are the presence of mul-
tiple alternate paths among the multicast members (for small and large group sizes)
Even if the source detaches itself from the group after sending the packets, as long
as at least one of the members receives a packet, with very high probability all the
‘members reccive the packet. Although the presence of multiple alternate path intro-
duces redundancy in the network, the high reliability achieved, compensates for the

redundancy. As will be seen later in the chapter, the overhead involved in achieving
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Figure 4.5: Group Size vs. PDR for MBEAN with Confidence Interval

such a high reliability

1ot t0o high and is lower in many cases.

The PDR and member reliability curves obtained for MBEAN have been cal-

culated as an average over 10 scenarios, various group members and traffic loads.
Assuming t-distribution, the 95% upper and lower prediction limits (UPL and LPL
respectively) to the average PDR values are plotted in Figure 4.5. The UPL and LPL

PDR values do not vary by more than 2% in the figure. The availability of UPL and

LPL PDR values facilitate forseeing the results of experimental set up. Moreover,
knowing the UPL and LPL PDR values shows the sensitivity of the PDR values to

varying scenarios.

4.3.3  Control and Routing Overhead

The following discussion examines the performance of the protocol in terms of over-
head. Tn this thesis, overhead is defined as the additional packets, containing infor-

mation about the routes and about each other's neighbors, sent in order to support

82



successful data transmission. This thesis classifies overhead as routing and control
overhead. Routing overhead is defined as the the ratio of the number of routing
packets (or bytes) sent to the total data packets (or bytes) successfully delivered.
The routing overhead of all three protocols are compared based on the mumber
of routing packets each protocol sends to establish the multicast tree or mesh. The
routing packets include RREQ and RREP. The RREP packets are followed by ACK

(acknowledgement) packets sent by the MAC layer. Since the performance of the
routing protocol i of concern, the ACK packets are not included as part of the rout-
ing overhead. Generally, in the simulations, 90% of the routing overhead is consumed
during the initial multicast tree or mesh establishment. The remaining 105% is con-
sumed during the simulation, when any route fails either due to link failure or due to
mobility.

Control overhead is measured as the ratio of the mumber of control packets (or
bytes) sent during the simulation (or during the data transfer) to the total data pack-
ets delivered throughout the simulation. The control i cquent HELLO

packets sent to maintain the neighbor node details. Control packets in MAODY in-
clude both HELLO and GROUP HELLO (GRPH) messages. The GRPH messages
are sent by the group leader frequently to maintain the tree structure and to ad-
vertise the address of the group leader to the multicast members and other nodes
that are part of the multicast tree. In PUMA, it is dificult to clearly distinguish
between routing and control packets. Therefore, the control packets sent before the
actual transfer of data packets are taken as routing packets and the control packets
sent during data transfer are taken as control packets. There are no specific RREQ

or RREP packets in PUMA. Therefore, it is not possible to compare the number of
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RREQ and RREP packets in PUMA with the other two protocols.

4.3.3.1  Effect of Load on Routing Overhead
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Figure 4.6: Traffic Load vs. Routing Overhead for Various Group Sizes

Figure 4.6 shows the amount of routing overhead for various traffic loads. The

figure shows the routing overhead as a function of load in packets/s.

As the load increases, the routing overhead reduces contrary to initial expectation

This is because, as the load increases, the routing protocol is able to send more data

packets for the same routing packets. Thus, the ratio of the routing packets to data

packets successfully delivered reduces. As can be seen in this figure, the routing

overhead is higher for MAODV for the 10 member case than MBEAN. This



to the need for electing a group leader in MAODV. MBEAN shows higher routing
overhead compared to MAODV and PUMA in all other cases. In MAODV, as the

group size increases, the overhead in group leader election is less compared to the

number of data bytes that are being sent. PUMA shows the least routing overhead
since it does not differentiate between RREQ and RREP packets. Al the routing
information is present in the control packets exchanged at the start of the group

establishment.

2 Effect of Load on Control Overhead

Figure 4.7: Traffic Load vs. Control Overhead for Various Group Sizes

Figure 4.7 shows the control overhead for various traffic loads. Control overhead




consists of HELLO packets in the case of MBEAN used to exchange neighbor node

information. In the case of MAODY, the control overhead consists of both the HELLO
messages and GRPH message sent by the group leader of the multicast group to inform
the group about the address of the group leader. The results are plotted for three
cases of multicast group sizes (10, 30 and 50 members).

With increasing load, MBEAN shows consistently low control overhead. Control
overheads of MAODV and PUMA reduce with increasing load. This is because,
as load increases, the mumber of data packets successfully sent by the two protocols
increases. However, the number of control packets remains the same for both MAODV
and PUMA. As the load increases, the control overhead reduces from 0.15 to 0.06 for
the 10 member case for MAODV. In MBEAN, even as the load increases greatly, it
does not involve sending more control messages. In fact, the ratio of control packets
to the data packets remains the same for increasing loads for MBEAN.

The reason for the steady control overhead in MBEAN is due to the fact that
the control message that s being sent is the HELLO message sent every second by
the nodes that are part of the multicast group, either acting as forwarding nodes of
the group or multicast members. The increase in these messages is consistent with
the increase in the data packets sent that there is very little change in the resulting
control overhead. The overall control overhead for MBEAN is much less than that of
MAODV since it does not involve frequent GRPH messages. Similarly, PUMA needs
to send more control messages to maintain the multicast group information compared

to MBEAN. The frequent HELLO messages are sufficient for MBEAN to maintain

the group information.



4.3.3.3  Effect of Load on Overall Overhead
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Figure 4.8: Traffic Load vs. Overall Overhead for Various Group Sizes

Figure 4.8 shows the number of additional packets that need to be sent for each
data packet. For example, the scale along the y-axis shows that for each data. packet
to be successfully received, the amount of overhead ranges from 0.01 to 0.16. As
before, various loads are applied to the scenario. The scenario is also tested for
various multicast group sizes. This figure contains the resultant of both the routing
and control overhead.

Based on the figure, it can be noticed that MBEAN involves lower overall overhead

than MAODV and PUMA. MBEAN is also less sensitive to increasing traffic loads and

increasing group sizes. PUMA on the other hand, shows the highest overall overhead
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for smaller group sizes and the an overhead as low as MBEAN for larger group sizes.

Thus, PUMA l sui larger s and almost smaller

roup sizes.

.4 Effect of Group Size on Routing Overhead
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Figure 4.9: Group Size vs. Routing Overhead

Figure 4.9 shows the deviation of routing overhead for various group sizes. The
routing overhead is now plotted in terms of ratio of bytes of routing packets to bytes
of data packets. The group size is increased from 5 members in a network of 50
nodes to all 50 nodes behaving as members. The case is tested for a load of 12 to 13
packets/s and for two sources. The reason for testing this with 2 sources is to see

the discrepancy in the working of MBEAN and MAODV varying number of sources

in the group.



As can be seer

n this figure, the routing overhead of MAODV is much higher

than MBEAN and PUMA with smaller group sizes than with larger group sizes. As

discussed earlier, the routing overhead of MBEAN is higher for larger group sizes. ‘
In this case, the routing overhead of MAODV is much higher due to the presence

of two sources. As the number of sources increase, the routing overhead of MAODV

is higher as more time has to be spent in finalizing the group leader. Since MBEAN

has no group leader, having more than one source does not greatly affect its routing

overhead. However, as will be seen in the next figure, the control overhead of MBEAN

increases with increasing number of sources. The routing overhead of PUMA is

‘ unaffected by the increasing number of sources.

5 Effect of Group Size on Control Overhead
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Figure 4.10 shows the control overhead plotted in terms of bytes of control packets
10 bytes of data packets delivered. Again the load is set at 12 to 13 packets/s and
the multicast group has two sources.

The control overhead of MBEAN is higher than that of MAODV. It should also
be noted that the control overheads of both the protocols appear to approach each
other as the group size increases. The control overhead of PUMA is the highest for
two sources. For two sources, the control overhead of PUMA is much higher than
MAODV and MBEAN.

Since both the multicast sources belong to the same multicast group, there will be
only one group leader for MAODV. Thus, only one set of GRPH messages will be sent
for both the sources, thereby reducing the overall control overhead. The frequency
of HELLO messages (every sec) in MBEAN cannot be compromised s, that is what
keeps the mesh fresh enough. As will be seen in the next figure, this will not greatly
affect the overall overhead for each data packet delivered. PUMA needs more control

packets to maintain the groups with two sources.

4.

6 Effect of Group Size on Overall Overhead

In Figure 4.11, the total overhead, that is the sum of routing and control overhead in
terms of bytes to the total data bytes delivered is shown. The number of sources is
set at 2 and packets arrive at the rate of 12 to 13 packets/s.

Although the control overhead of MBEAN is higher than that of MAODV, the
overall overhead incurred on the data packet is less for MBEAN. PUMA involves the

ighest overall overhead in ratio of bytes. This figure shows the routing and control

bytes sent per data byte delivered.



Figure 4.11: Group Size vs. Overall Overhead
The overhead of MBEAN is low compared to MAODV for smaller group sizes.
Thus for the two source case, MAODV needs more routing packets to achieve a tree

structure. MBEAN does not show much increase in the routing overhead for the two-

source case. However, as the group size increases, the two protocols show very similar
total overhead. Although PUMA has low routing overhead, the control overhead is
so high for the two sources case that the overall overhead of PUMA is highest of the

three protocols,

4.4 Discussion of Results

The previous section discussed in detail all the simulation cases and the results ob-

tained from each case as a comparison among the three protocols namely MBEAN,

PUMA and MAODV.
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4.4.1 Packet Del

ery Ratio

MBEAN is able to keep its delivery ratio fairly constant for increasing group sizes and
traffic loads. PUMA, on the other hand behaves consistent with the way mesh-based
protocols operate by showing improved delivery ratios for larger group sizes and for
lower traffic loads. Furthermore, as with any tree-based multicast protocol, MAODV

displays poor delivery ratios for increased traffic loads and group sizes.

4.4.2 Member Reliability

zes and traffic loads, but

Member reliability of MBEAN reduces for increasing group s

the rate of reduction is much lower compared to both PUMA and MAODV. In fact,

ualler group sizes than larger

PUMA once again shows poorer member reliability for
sroup sizes unlike both MAODV and MBEAN. The member reliability of MBEAN
follows its PDR mare closely than that of MAODV and PUMA. As a matter of fact,
the difference is higher for MAODV than for PUMA, since MAODV has a single path
connecting all the members while PUMA has fewer paths for smaller group sizes than
for larger group sizes. Member reliability following PDR closely emanates from the
fact that, as long as one member receives the multicast message, the member is able

to disperse the message to all the remaining members in the group successfully.

4.4.3 Overhead

st

All the three protocols follow the receiver-initiated approach in joining the mu

group. However, PUMA involves the election of one of the members as a core in the

multicast group. MAODV, on the other hand, involves the election of a group leader.
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Conversely, MBEAN is a distributed protocol that does not involve a group leader

or core as in the case of MAODV or PUMA respectively. In MBEAN each member

cares only about its connection with the nearest multicast members in the group. No
‘member is aware of the complete set of nodes present in the nodes.
The routing overhead of MBEAN is higher than both PUMA and MAODV for

a single source, since it establishes connection with multiple members in the group.

With increasing mumber of sources, MAODV shows higher routing overhead than
MBEAN and PUMA, inspite of its shared-tree approach. However, the control over-
head of MBEAN is much lower than both MAODV and PUMA. In fact, PUMA shows
highest control overhead for both single and two source case for smaller group sizes
Comparing the results of overall overhead for all the three protocols, MBEAN shows

lowest overall overhead irrespective of the number of sources.

4.5 Conclusion

The objective of this chapter is to conduct a performance evaluation of three multicast
protocols, MBEAN, MAODV and PUMA. The network simulator has enabled a fair
and accurate comparison of the protocols under varying simulation environments for
a range of parameters including multicast group size, traffic load, and mumber of
senders.

A general conclusion from the simulation analysis is that, under different traf-
fie loads and varying group sizes, MBEAN exhibits robust performance in terms of
PDR and member reliability while incurring low overall overhead. The mesh-based

approach in MBEAN involves several redundant messages, however, it delivers the
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highest PDR and member reliability. PUMA, which also uses the mesh-based ap-
proach lacks sufficient, alternate paths connecting the members for smaller group

sizes and therefore delivers fewer packets which in turn degrades the member relia-

bility. MAODV portrays a typical tree-based multicasting approach by showing low

performance for increased loads.

The scenarios tested consist of niformly distributed nodes in a square network.

Generally AHNs consist of a non-uniform deployment of nodes, various types of in-
coming traffic such as voice, video and data, and, oceasional mobile nodes. Formu-
lating and maintaining a multicast group in the presence of such demanding nodes

is challenging. The next chapter discusses the applicability of MBEAN to various

realistic network scenarios that represent the applications of interest more closely.



Chapter 5

Performance Analysis of MBEAN

in Selected Applications

5.1 Introduction

Interactive media services are contemplated to be a major application area in AHN
communications. Examples of such services include data, voice and video. Typical

application domain that handle such services include ballpark area, conference area,

an irport waiting area, etc. In this chapter, MBEAN is evaluated in these concrete

ad hoc environments. The applicability of MBEAN in such realistic situations is in-

vestigated and a comparative analysis with other protocols like, PUMA and MAODV
is carried out. This chapter discusses the most common applications for which the
MBEAN protocol was designed

In a ballpark scenario, a group of people could wish to share their comments

about the game. Presentations are held in various buildings in a conference area



and a person could wish to attend a talk without being physically present in the
presentation hall. In an airport area, people in the gate area and business lounges
could wish to share files while waiting for the flight.

An overview of these applications for which MBEAN is considered suitable is

presented in this chapter. The simulation environment, for each application and the
results of the simulation for three protocols namely, MBEAN, PUMA and MAODV
are illustrated. The strengths and drawbacks of MBEAN and other protocols are

discussed for various realistic situations.

5.2 Practical Applications

In a typical ad hoe network domain, nodes communicate with each other by estab-
lishing groups. The applications listed in the previous section are portrayed in this
section based on the kind of traffic and size of the network they demand. The traffic
types include data, voice and video sources. The type of devices that might use such
traffic include Blackberry, IPhone, ete. The traffic arrival rates are chosen to be close
to real rates. Normally a Blackberry's upload rate starts from 6 kbps to 25 or 33 kbps.
The file sizes have been chosen at a moderate size of 4.5 M B video file, 1.5 M B data
file. We assume that video files are compressed before being shared. Voice sources
are generally not characterized using a file size, but are characterized by arrival rates
and duration of messages,

The applications considered include nodes that willfully join the group for quick

dissemination of files. Thus they include few mobile nodes with a small to moderate

size network. The nodes are assumed to be randomly distributed within the network.
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That s, the nodes have equal probability of being present in any location in the
network. A good approximation of such a reference distribution is the uniform dis-
tribution. The applications that are claborated in the following subsections include

ballpark scenario, conference area and airport area

5.2.1 Ballpark Scenario

200m

o 4 &
4

§ % a

Video Source Voice Source Data Source

Figure 5.1: Ballpark Scenario

The ballpark AHN application includes nodes seated among the audience who

wish to exchange their comments about the game or bet about the outcome of the

game. Such nodes, if mobile, are expected to move at walking speed. The length
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of the data exchange is not long enough for the walking speed to significantly affect
the performance of the protocol. The type of traffic generally present in a ballpark
would be data source. Such data sources rely on high member reliability. Devices
that are generally used in such an application include ITouch, IPod Touch, IPhone,

Blackberry, IPad, or sometimes netbooks

Au example of the ballpark scenario is shown in Figure 5.1 with uniform distribu-

tion of nodes in a square area. Although a ballpark may be pictured as rectangular

area, the intention is not to provide coverage for the entire ballpark. Presence of

several access points within the ballpark will suffice to provide overall coverage. The

aim is to quickly spread the message within a small to moderate sized group.
This figure shows a ballpark with a small area that is interested in sharing infor-
‘mation zoomed in. This area shows the typical seating arrangements and the possible

position of nodes interested in exchanging information.

5.2.2 Conference Area Scenario

The second application discussed in the thesis includes a conference area where pre-

sentations and panel sessions are expected to take place simultancously at various

rooms or halls. Persons interested in attending a presentation from locations other

than the presentation hall could do so by connecting to the presentation. A person
may also be following two different presentations concurrently taking place at two

differeut halls in the conference area. People generally wait in lounges where scats

are provided. Within the conference area there may be rooms that are unoccupied.

In such a case, the distribution is unlikely to be uniform.
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Figure 5.2: Conference Area




We have chosen a network as shown in Figure 5.2 where, two square networks
overlap diagonally for a small square area. Thus, there are both empty spaces in the

network and densely populated areas. This shows a typical node distribution in a

conference area. The types of sources primarily present in a conference application

include voice and video. Both of them can tolerate low member reliability. Wireless

devices generally used in such an application are laptops and netbooks.

5.2.3 Airport Waiting Area Scenario

‘The third AHN application is an airport waiting area. People (nodes) may be waiting

in the gate areas or business lounges and would want to continue the business meeting

or share opinions post meeting during the wait. The type of devices that are generally

used in such an application are laptops, Blackberry, IPhone, IPod, Cellular phone ete.

Here the nodes may be mobile or stationary.
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Figure 5.3: Airport Waiting Area
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Variables Values

Channel bandwidth | 2 Mps
Transmission range 50m
Carrier sense range 10m
Packet size bytes
Number of nodes 50
Capture threshold 10
Group sizes 10,20, 30, 40, 50

Table 5.1: Simulation Parameters

Generally there may be more than one group exchanging information simultane-

ously in a small area. Such a scenario is shown in Figure 5.3. In this figure, two

groups are separated by a distance equal to the transmission range so that they are
within the carrier sense range of each other. This case will show how each group's

member reliability is affected by the presence of another group wi

 the carrier

sense range of some of the nodes and members involved in the group.

5.3 Simulation Models

In th

section, the parameters set in the simulations run to evaluate and compare
MBEAN protocol with PUMA and MAODV under realistic scenarios are summarized.
Table 5.1 lists some of the parameters. Omni-directional antenna is assumed for each
node and two ray ground propagation model is used. The capture threshold indicates

the sigual to interference ratio. If this ratio is greater than 10, then the signal i
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received successfully. The following are some of the cases for which the performance
of MBEAN protocol is tested against that of PUMA and MAODV. Below, each case
is described in terms of the traffic arrival rate, size of the network, duration of the

traffic source, and the possible source-destination combinations.

5.3.1 Various Types of Sources

In this case, a network of size 200 m x 200 m is considered with 50 nodes in

the network. Various traffic sources are tested such as data, voice and video. This

hed

sconari

well suited for ballpark application where a quick group can be estal
among the spectators in the surrounding area. For the data source, constant bit
rate packets arrive at the source for the duration of the simulation at rates 50 kbps
and 80 kbps. Due to the inherent broadeast nature of multicast, TCP packets which
require acknowledgments are not tested.

For the voice source, ON-OFF traffic generator is used with arrival rates of 64
and 69 kbps and a pause time of 90 s. We use Pareto traffic source for voice with on
and off burst of 50 ms. Realistically, both speakers will not talk at the same time
and when one talks the other listens. Therefore on-off traffic source is ideal for voice.
For the video source, exponential traffic arrival is used with arrival rates of 73 and
100 kbps. Simulations are run between 100 and 200 s based on the length of the

message and the applied load.
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5.3.2 Simultancous Groups

Two

ifferent groups which are separated by a distance of 50 m are establishing

communication among themselves as shown in Figure 5.3. This type of scenario

The network is of size

is suitable for both airport and conference area applicatior
450 m x 200 m, with two 200 m x 200 m square networks separated by a distance of
50 m along the x-axis. The two groups transmit and the PDR and member reliability
of the groups when they transmit simultancously and separately are compared. The
network has 100 nodes in all, with each 200 m x 200 m square consisting of 50 nodes

Each group has a data source with an arrival rate of 25 ktps. The members and
nodes that are within the carrier sense range of the other group are affected by the
other group’s transmissions. Thus the overall member reliability is expected to be

affected. The amounts by which the reliability is affected for various protocols are

discussed in this case. Only data sources are tested for overlapping groups, since the

performance of a protocol is more affected by the arrival rate of packets than the

actual type of traffic source (inferred from the results of testing various traffic sonrces

in Section 5.4.1).

5.3.3 Overlapping Groups

The scenario consists of two groups overlapping each other as shown in Figure 5.2
The size of the network is 350 m x 330 m with a 200 m x 200 m square network
along the top left corner and bottom right corner. There is an area of intersection
where both the groups overlap. This is a 50 m x50 m square. One member is

chosen to be common to both the groups. This is an example of a typical conference

103



area. The waiting area is in the center. Presentations are taking place at two corners

of the network. A person interested in both the presentations s sitting in a waiting

s tested

area attending both the talks. A similar scenario with 3 common nodes

300 m % 300 m with a 100m x 100 m

The new network size ntersecting area.
In this case, the PDR and member reliability are plotted against traffic load rather

than group size. The group size is not chosen as a variable since then, it would not

possible to put a limit on the number of members or nodes that overlap.

5.3.4  Mobility

The case with mobile nodes shows that MBEAN is better than MAODV and PUMA

‘mobile nodes is set at a

in spite of the presence of mobile nodes. The speed of th
constant 1 m/s walking speed. Out of 50 nodes, only 10 nodes are assumed to be
mobile. The mobile nodes have a pause time of 90 5. To avoid the disadvantages

of the random mobility model (where in the ns-2 implementation of the model the

speed of a mobile node would eventually slow down to zero over a period of time), the
‘minimum speed is set to a value greater than zero. In fact, since the mobile nodes are
assumed to be walking, the minimum and maximum speeds are both set to 1 m/s.
The packet arrival rates for data, voice and video are 25 kbps, 32 kbps and 30 kbps

respectively

5.4  Simulation Results

This section reviews the simulation results for the cases listed in the previous section

The simulations are run using ns-simulator. In addition to MBEAN, two protocols,
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PUMA, an example of a mesh-based multicast protocol, and, MAODV, an example
of tree-based multicast protocol are also implemented in the simulator. The results

of the three protocols are compared to understand the difference in performance and

the uniqueness of MBEAN. The metrics used for compa

i of the three routing pro-
tocols, MBEAN, PUMA and MAODV are packet delivery ratio (PDR) and member

reliabiliy.

5.4.1 Various Types of Sources
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Figure 5.4: Group Size vs. PDR for Data Source

os for

Figure 5.4 shows the variations in packet delivery ratio for various group

the three protocols. The simulations are conducted for two different traffic arrival

rates. From the figure, MBEAN shows very consistent PDRs for both the traffic

rates and for various group sizes. PUMA is always affected by smaller group sizes

due to the presence of insufficient alternate paths among the multicast members.
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With increasing group size, PUMA is able to have member-to-member connection
with fewer hops while at the same time have fewer number of overall transmissions.

With

creasing group size, MBEAN faces increasing number of transmissions. This
however does not affect MBEAN's PDR although it is less than that of PUMA by
an insiguificant percentage. On the other hand, PDR of MAODV is affected by

increasing traffic load.

Member Reliability

Figure 5.5: Group Size vs. Member Reliability for Data Source

versus member reliability for the same

Figure 5.5 shows the plot of group siz
protocols.  Here, the difference in member reliability for increasing traffic load is

explicit for MAODV. The difference is explicit for PUMA for smaller group sizes. The

wmember reliability of PUMA is very poor for smaller group sizes making it unsuitable

for data applications such as the ballpark AHN scenario.

The PDR results of voice source and video source are shown in Figures 5.6 and 5.7.

The member reliability results of voice and video sources are also shown in Figures 5.8
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Figure 5.6: Group Size vs. PDR for Voice Source
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Figure 5.7: Group Size vs. PDR for Video Source

107



1

Figure 5.8: Group Size vs. Member Reliability
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5.9: Group Size vs. Member Reliability
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and 5.9. The results are consistent with those for data traffic.
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Figure 5.10: Group Size vs. PDR for Various Traffic Sources
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Figure 5.11: Group Size vs. PDR for Various Traffic Sources

Figure 5.10 shows the plot of PDR for various traffic sources for all three protocols

for light load of 50 kbps for data, 64 kbps for voice and 73 kbps for video source. Here,

109



irtespective of various types of sources, MBEAN has consistent PDR results. PUMA

shiows lower PDR for smaller group sizes for various traffic sources. But the difference
in PDR for various sources is more for the 10 and 20 member cases. MAODV, on
the other hand, shows higher PDR for data source and for smaller group sizes and
lower PDR for voice source for all cases. These results show that each protocol gives
importance to various sources, yet their performance is more dependent on the actual
arrival rate of packets.

Referring to Figure 5.11, which shows PDR for heavy load of 80 kbps for data,
68 kbps for voice and 100 kbps for video, both MBEAN and PUMA show similar
results for varying traffic loads. However, MAODV is inconsistent. It should however
be agreed that overall MAODV shows poor results compared to PUMA and MBEAN.

Looking at the subtle difference in the performance of the three protocols, it can be

noted that their performance depends on the arrival rates of the packets more than

on the type of traffic

source.

5.4.2 Simultaneous Groups

In this case, the three protocols are compared based on whether the two groups present
within carrier sense range of each other are affected by each other or not. Figure 5.12
shiows the packet delivery ratio for the three protocols without the presence of simul-
tancous groups and with their presence. It can be noted that the difference is very
minor

Figure 5.13 shows the corresponding member reliability values for the same case.

It can be inferred from this figure that all three protocols are affected by the presence
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of another group in the carrier sense vicinity. However, the difference is the lowest in
the case of MBEAN compared to PUMA and MAODV. The two protocols PUMA and

mbers.

MAODV show a big drop in member reliability when all nodes are group 1

This makes them unsuitable for larger group sizes within the airport or conference

area,
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Figure 5.12: Group Size vs. PDR for Simultaneous Groups

5.4.3 Overlapping Groups

In this case, only two protocols, namely, MBEAN and PUMA are compared. Since

MAODV has shown poor performance for all the cases discussed previously no per-
formance improvement is expected in this case and hence excluded from comparison.

Figure 5.14 shows the packet delivery ratios of MBEAN and PUMA with simultaneous

and independent tran of both the groups that include a common member.

When the two overlapping groups are not transmitting simultaneously, MBEAN and
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Figure 5.14: Traffic Load vs. PDR for Overlapping Groups (one overlapping member)
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Figure 5.15: Traffic Load vs. Member Reliability for Overlapping Groups (one over-

Iapping member)

PUMA show similar results for a traffic arrival rate of 25 kbps data source.

When the two gronps transmit simultancously, one member which is common to

both the groups, is expected to receive from two different sources and therefore show

poor PDR for this member which would result in poor overall member reliability.

However, in this case, the overall PDR is also affected for both MBEAN and PUMA.
The rate of reduction in PDR in MBEAN is less than that of PUMA. Figure 5.15
shows that member reliability follows PDR very closely for both the protocols

Figure 5.16 shows the PDR when 3 members overlap out of 50 nodes. The results
are similar to the one overlapping node case. However, here the member reliability,

shown in Figure 5.17, does not follow PDR closely. This is because with increasing

uumber of overlapping nodes, there are more chances that at least one member will
not receive a packet

In both the above cases, there is a drastic reduction in PDR and member reliability
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from the figures. This is because, in the overlapping case, the load is varied. That is,

the load is increased and the corresponding PDR and member reliability are measured.

With increasing load and the presence of overlapping node(

. the two protocols show
a drastic reduction in the PDR. The overlapping nodes get overloaded and therefore
there are more collisions in the intersecting area which may contain routes to other
‘members and which is densely populated. This is a typical example of the non-uniform

distribution of nodes present in the conference area.

5.4.4 Mobility

o 10 220 3 4 5
Group Size

oup Size vs. PDR for Mobile Case

5.18, due to the breakage of links owing to mobility, MAODV shows

lower PDR for smaller group sizes. The presence of a single path to form a multicast
tree is a disadvantage in this case. However, MBEAN shows very consistent PDR

for various group sizes. PUMA also shows good PDR but the member reliability
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Figure 5.19: Group Size

of PUMA for smaller group sizes is very low under mobile conditions, as shown in

Figure 5.19. The group size s varied from 10 to 40. Tnstead of keeping all nodes to be
members we avoid having a mobile destination. Generally it is assumed that source

and destination are stationary in both unicast and multicast applications.

5.5 Discussion of Results

From the results discussed in the MBEAN v
for diverse applications and for various loads and group sizes.

In the above simulations, the transmission range is chosen such that it will suffice
to establish a multicast group within a moderate number of hops. For a network of

this size, if the transmission range is higher, then most of the multicast members can

be reached within one or two hops. In such cases, the effectiveness of the presence

of altcrnate paths in MBEAN protocol is not explicit. When the number of hops
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between is beyond one or two hops, the availability of alternate paths

will become an advantage. Thus, when members are located in the corners of the
network, MBEAN is able to establish several alternate paths between the multicast

members.

In MAODV, the converse is true. When members are located within one or two

hops of the source, MAODV shows the best performace in terms of PDR and member
reliability. When the members are located towards the corner of the network, the tree

of more than one or two hops and that results in loss

of packets on the way through lossy links. This effect is more pronounced with small

group sizes and heavy loads. Therefore, to be fair, members are selected randomly

for each simulation.

"‘ ‘ﬁf‘
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Business Lounge Waiting Area in Gate

Figure 5.20: Airport’s Business Lounge and Gate Area

o illustrate the above discussion, the airport scenario has also been tested for a

rectangular area which usually occurs when a group needs to be established between
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Figure 5.21: Group Size vs. PDR for Data Source and Rectangular Area

a gate area and a business lounge as shown in Figure 5.20. In such cases, it is
inferred that a tree structure (as in the case of MAODV) is well suited. The limited
number of nodes present along the y-axis in a rectangular area becomes a challenge

in establishing alternate paths between members. Since MBEAN greatly relies on the

presence of alternate paths between members, the additional transmissions involved

become a hindrance rather than support the overall packet delivery ratio. Thus

MBEAN is unsuitable for very small networks with insufficient nodes to form alternate
paths.

This has been concluded from simulations carried out for a small network of

a transm

150 m % 50 m with n range of 25 m. In this case, the formation of

the rectangle with y-axis being twice that of the tran

ission range, it is not possible
for MBEAN to establish alternate paths. Therefore, the performance of MBEAN
is inferior compared to MAODV, which uses a tree structure to form the multicast

group. The rectangular area is well suited for the tree structure and so, MAODV
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shows superior results. The PDR of such an example case is shown in Figure 5.21.
This figure shows the PDR for two different trafic arrival rates of 50 kbps and 80 kbps.

From this figure, it can be observed that MBEAN and PUMA both show similar but

poorer results than MAODV.

5.6 Conclusions

I

chapter discusses various applications with concrete scenarios to which MBEAN
routing protocol can be applied. From the results presented in Section 5.4 MBEAN
shows consistent results irrespective of the size of the group. PUMA shows poor
performance for smaller groups and superior performance for larger groups. For large

sroups, MBEAN b

aves on par with PUMA.
With large groups, the number of retransmissions for a single packet increases in
MBEAN thereby causing more collisions. Each member is capable of receiving more

than one copy of a packet in MBEAN. This can be used for convenience, especially in

the case of larger group sizes by the introduction of network coding. The source can

combine more than one packet, in each transmission through each path to multicast

members. The members could eventually abstract the individual packets from a

combination of transmissions.
The conclusion is that MBEAN is a better choice for the AHN applications dis-

closed in this chapter. MBEAN works better than MAODV and PUMA in nearly all

situations. However, MBEAN is not suitable for small rectangular networks due to

usuffcient alternate paths among multicast members, 1t is insurmountable to realize

a routing protocol that is optimal for all or most scenarios and operating conditions
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Nevertheless, there is alwa

s a need for application-specific routing protocols. The

next chapter discusses the working of the BEAN routing protocol for unicast com-

ications with example scenario.
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Chapter 6

BitTorrent Enabled Ad Hoc
Network Routing Protocol for

Unicast Traffic

6.1 Introduction

This chapter describes the Bittorrent Enabled Ad Hoc Network (BEAN) routing pro-

tocol developed for unicast communica ilticast domain. BEAN routing

File Distri

ol used in BitTorr

protocol applies the concept of BitTorrent P
bution System, discussed in Chapter 2, by sharing the routing information among

several nodes in the network. The BitTorrent Protocol used in traditional Internet

aims at sharing the upload and download functionalitic
work rather than imposing all the upload capability on the source.

than uploading the file to each peer entirely, will upload pieces of the file to various



peers. Each peer in turn takes up the responsibility of acquiring the picces of the file

it needs from other peers. The concept of BitTorrent Protocol has been found to be
suitable for multicast routing in AHNs. The BEAN routing protocol is presented in

icast routing for multicast applications.

this chapter to support

Paths are said to be disjoint when a communication is established between a
source node and a destination node via multiple paths, given the paths do not meet
anywhere except at the source and destination. BEAN is a multipath routing protocol
that establishes multiple disjoint paths betxween source and destination nodes in an ad

hoe network. Two paths are said to be disjoint when they do not have any common

intermediate node. By maintaining multiple paths instead of a single path as in

the case of AODV, the protocol is able to continue the communication between the

source and destination nodes in spite of a failure of a node or a link or mobility of
an intermediate node along the path. This reduces the control overhead involved in
establishing a new path when there is a failure.

The probability distribution of disjoint multiple paths for a set of nodes distributed
in an ad hoc network is also derived in this chapter. The distribution is obtained

analytically by the convolution of the probability distribution of the link distance

between any two nodes A destination nodes) and the
of the number of hops required to establish a connection between the two nodes in a
random network. Such a connection probability obtained using Binomial distribution,

for reasons discussed in Section 6.4.2, is for the best path in any multipath routing

protocol. The probability of having at least one alternate path between the two nodes
with two or more hops is also obtained. The analytical formulations are validated

with simulations conducted using network simulator [4].
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6.2 BitTorrent Enabled Ad Hoc Network Routing

6.2.1 Protocol Overview

Assume an ad hoc network that consists of nodes distributed randomly over a certain

area. The nodes in the network communicate with each other ither directly (if they

are in the same transmission range) or via other nodes in the network (multihop).

Routing protocols may also be single path or multipath. Multipath routing protocols
establish more than one path between the source and destination nodes, so that when

one path fails, the source node can send packets through one of the alternate paths

thereby increasing the overall packet delivery ratio [05]
BEAN routing protocol is a multipath routing protocol wherein the packets are
transmitted through the best path, and the alternate paths are available as a substi-

tute. When the best path fails, one of the alternate paths is selected for transmission

of the remaining message o the destination node. BEAN routing protocol forms

mltiple disjoint paths. The primary objectives of the protocol are:

« Route discovery: Find a path only when it is necessary or on-demand

 Route maintenance: Circulate frequent neighbor updating information to keep

the routes alive

© Route recovery: Rapidly switch to existing active alternate path during path

failure




6.2.2  Route Establishment or Discovery

By sending hello messages, each node can identify its neighbors. When the source

node needs i destination node, it mak quest (RREQ)

(the same RREQ packet in MBEAN with the Join flag cleared) to all its neighbors as
shown in Figure 6.1 which is the same as in traditional ad hoc networks. In Figure 6.1

ode 1 (S) is the source node. In the RREQ message, the source also indicates the
minimum bandwidth (BW) required for the route from source to destination and

also the maximum delay that it can tolerate for the route from source to destination.

Each neighbor receives the request, and, if it is not the destination node, forwards
the request to its neighbors. Before forwarding the request, each node increments the
hop count, and also updates the BW and delay values. This way, the request reaches

the destination, node 8 (D) in this figure.

6.2.2.1 Reverse Route Formation

Each node also updates its routing table with the reverse route information. The

reverse route information consists of the address of the source node and the next hop,

which is the previous hop from which the request was received, to reach the source

n Figure 6.1

node. Such an update is called reverse route formation and is shown
in dotted lines. Each node also sets a Time To Live (TTL) until which the reverse
route information will be valid. The routing table entry of each node consists of the

following information:
o Destination IP address
© Next Hop IP address
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Figure 6.1: Path of RREQ and Reverse Route Formation

© Number of hops to reach destination

 Source neighbor for this route

jmum bandwidth

» maximum delay
 Time to Live

Now, the destination would have received several requests through its neighbors
along with details like BW, delay and hop count. The destination node replies

(RREP) through all the neighbors as shown in Figure 6.2, as solid lines, instead

of just one RREP as in the case of traditional ad hoc networks. In Figure 6.2, node
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Figure

8 (D) is the destination node. The destination node appends the BW, delay and hop
count details along with the RREP message to the source. If a node does not receive

an RREP until Time To Live (TTL), then it invalidates the reverse route entry.

6.2.2.2 Forward Route Formation

Each intermediate node that receives the RREP, updates its routing table by activat-
ing the reverse path. Each node also adds a new entry to its routing table. This new
entry will contain the forward route information, that is, the address of the destina-
tion node and the next hop address to reach the destination node. This is called the
forward route set up. The forward route formation is shown in Figure 6.2 as dotted

lines. Once the forward path is set, any packet received by the intermediate nodes
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will eventually be forwarded to the destination.

kY RREPs through its nei Each RREP letails

such as the mininum bandwidth along the route from source to destinati

delay along the route and also the hop count for the communication from source to

destination through a particular route. The source now enters these values in its
routing table (similar to the metainfo file in BitTorrent protocol). Once the routing
table is updated, the source node implements a simple algorithm (sorting algorithm)
to decide on a particular route (the best route) from the information on several routes
received. The source then sends packets to the destination through this selected route.

The remaining routes will be stored in the routing table in the source node. In fact,

the source node only stores the next hop address and the destination address as part

of storing the alternate rontes.

6.2.3 Route Failure and Recovery

If a link on the route between the source and destination fails or a node leaves the
currently active route, then the node that detects the failure will send a route error
message (RERR) back to the source using the reverse path formed. The source
decides on the next available (and best) route from the previously saved routes for

communication between the source and the destination nodes. Ad hoc networks are

prone to frequent changes in the network topology and therefore, maintaining more

than one alternate route has become a requirement.



6.2.4 Message Formats

6241 RREQ Message Format

. M
e3[R | Roumd | ma:
] oty | cutaw | ey |
o
Do o
Someip s
o s
Tinesamp

Figure 6.3: Route Request Message Format

In BEAN, the way the source differentiates one route reply corresponding to a
route from that corresponding to an alternate route is by appending the source’s first
neighbor along with the route request message. That is, the source sends each route
request with a RREQ.ID as shown in Figure 6.3. When the RREQ message reaches
the next node, that is, when the source’s immediate neighbor receives the RREQ, it
will append the RREQ message with its own address so as to differentiate this RREQ
from the RREQ received by another neighbor of the source. In Figure 6.3, Type (1
byte long) is 1, indicating that this is an RREQ message. R is the Repair flag and
i set t0 repair a broken link or a failed node locally. It will find a new route to the
next hop specified in the Destination IP address. A local Route Reply will be sent
for this request and the packets will bypass the broken route through this new route

established locally. If there s no broken link, R flag is not set
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If the source has a minimum bandwidth (BW) requirement, or a maximum tole
able delay, it includes these values in the RREQ. If any intermediate node does not

meet the minimum required link capacity, it discards the RREQ message (since the

BW constraint was not satisfied). Similarly, if the delay experienced by the RREQ

then the node discards the RREQ message

so far is greater than the maxinu;
(since the delay constraint was not satisfied). The destination IP address (4 bytes
long) is the address of the node that the source wishes to communicate. The source
1P address (4 bytes long) is the address of the node initiating the route request or
the node that wishes to communicate with destination. Timestamp (4 bytes long)
indicates the time at which the request was dispatched by the source node. Times-
tamp assists in calculating the time taken for an RREQ to reach the destination node

through  certain path.

6.2.4.2 RREP Message Format

[ A ] Wit |
et
BED
Destination [P address
T

Timestamp
‘Next node [P address

Figure 6.4: Route Reply Message Format
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If the destination is within 5 hops, th

he destination replies to the RREQ with
an RREP message the format of which is shown in Figure 6.4. In Figure 6.4, Type

(1 byte long) is 2 indicating that this is a route reply message. R is the repair flag

indicating that thi

is an RREP for a repairing RREQ. A is the acknowledgment flag
which means that the RREP needs an acknowledgment from the neighboring node.

This is set by each node depending on whether it needs an RREP_ACK or not from

the node to which it sent the RREP message. This flag is usually set if the node
sending the RREP message is not sure of the link availability to the neighboring

node. The RREP hop count (1 byte long) is incremented. The hop count of the

RREQ is also included along so that the source will decide on the best route based
on the hops traveled by the RREQ. The RREP_ID will be the same as the RREQ_ID
50 that each intermediate node and also the source would know to which RREQ the

RREP corresponds.

6.2.4.3 RERR Message Format

Type | N [ DestnCat |
Unreachable Destination IP address
Source Neighbor address
Unreachable Destination IP address
Source Neighbor address

Figure 6.5: Route Exror Message Format
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The source node receives several RREPs as shown in Figure 6.2 and selects one
route for transmission as explained previously. 1f a node sees a broken link to its
ncighbor, it will send an error message called route error message (RERR) to the

source. The source may then use one of the alternate routes available. The RERR

Type is 3, indicating that it is

message format is shown in Figure 6.5. In Figure 6.

an RERR message. N is a 1o delete flag which, if set, informs the source that a local

repair has been done and that there is no need to use one of the alternate routes.

Destination count gives the number of unreachable destination addresses.

6.2.5 Local Connectivity

Each node should maintain its local connectivity with respect to other nodes in its
vicinity. This is done proactively in BEAN as long as there is a route information
present in a node’s routing table. Periodic hello messages are broadcast by each node

to its immediate neighbors. On receiving a hello message, each node updates the TTL

value in its routing table that corresponds to this neighbor. The node also maintains

a next hop linked list which contains all the next hop nodes’ addresses. If there is
10 hello message from a neighbor for allowed hello_loss times, then that neighbor is
assumed to be absent. Then the node removes any routing table entry it contains
with this neighbor as the next hop. When there is no active route entry present in a

node’s routing table, it ceases to send the hello message, thereby reducing redundant

control messag
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Node 5 receives 2 requests
but forwards only one

Figure 6.6: Loop Avoidance

6.3 Routing Properties of BEAN

6.3.1 Loop Avoidance

In BEAN, formation of loops are avoided the same manner in which they are avoided

in AODV routing protocol. That is, when more than one RREQ reaches any partic-

ular node, the node will respond to only one RREQ. This concept is illustrated in
Figure 6.6, where node 5 receives two RREQs: one through node 2 and other through
node 3. However, the RREQ through node 2 is received first and therefore, the other
RREQ is ignored. Node 5 will rebroadcast the RREQ from node 1 only once. The
way the node decides which RREQ to respond is based on which RREQ arrives first

The node that arrives first

1l be the node that traveled through a link that has t

highest capacity and the node that has followed the route of least delay and therefore,

will also be the RREQ that followed the best route. Moreover, since BEAN supports

storing multiple routes, the fact that only one RREQ can be forwarded by each node

132



enforces the property that the multiple routes obtained are all independent of each

other.

6.3.2 Fast Convergence with Changes in Link

When the link between a node and its neighbor fails, the node will send an RREQ
message to find a new route through a different link to reach its neighbor if the
node is forwarding an RREP message to the next hop. If the link fails during data
transmission, the source is informed through RERR message. The source then uses

reduces, this will affect

one of the alternate routes available. If the link capacity

an existi

route that provides quality-of-service. In this case, the node sends a

QoS LOST message to the source informing it about exactly what has failed. For

example, if the BW constraint has failed due to a link change, then the BW flag is set

and the value of the current minimum BW is also appended along with the QoS LOST

message so that the source can make a decision between choosing an alternate route

and using the existing route with reduced minimum bandwidth

6.3.3 Localized Reactions to Changes in Topology

Rate of topological change in ad hoc networks is very high. When topological changes

are extremely rapid, little can be done to ensure that routing algorithms converge fast

ch a node cannot reach its

enough to track topological changes. The reasons for wh

neighboring node include:

o The node may wander too far out of range

o Its battery may be depleted




Figure 6.7: Multiple Routes Information Stored in Source and Destinatio
It may suffer a software or hardware failure

When a node cannot reach the next hop during transmission, then the node sends an
RERR message back to the source to indicate the source that the route has failed.
The source may decide to choose one of its alternate routes. The node also sends
a local RREQ message in order to fix the failure. This local RREQ message will
have the next hop node address as the destination address. The destination (next
hop node in the route) will then reply with an RREP message. Once this local route
to next hop has been established, the complete route would have been reconstructed
in topology. This way, the source can again make use of the

y Based Routing

including the chan

original route. This technique has been adapted from Associat

(ABR) [20]
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6.3.4  Multiple Routes Information

Multiple replies are obtained when the source broadcasts RREQ. The mumber of
neighboring nodes the destination is attached to will limit the number of RREQ
messages that reach the destination. The destination then replies to each of these
RREQs through RREP message. Each of the RREP messages will reach the source.

“This means the number of neighbors the destination is attached to will also limit the

number of RREPs that the source will receive. This means the same number also

limits the number of alternate routes the source will have. The source just has to
decide on the best route among these alternate routes. The source and each of the
nodes in the route from source to destination will store these alternate routes in their

routing table. The source will also have an additional field in its routing table that

indicates the priority of each of these routes with '1" indicating the highest priority.
Thus the source has multiple routes to the destination as shown in Figure 6.7 and

the complexity involved in choosing the best route will not be too high due to the

limitation on the number of alternate routes available. This technique is adapted from

Dynamic Source Rou in DSR, the entire route is placed

& (DSR) [24]. However,

in the RREP message and in the data packets. BEAN does not require the entire
route to be stored in the RREP message. Thus the RREP messages in BEAN have

lesser control overhead compared to DSR in spite of having multiple routes to the

destination.

135



6.3.5 Unidirectional Link Support

When compared with AODV (which supports only bidirectional links) with simple
changes to existing BEAN implementation, it can support unidirectional links. The
RREQs reaching the destination will account for the forward route from source to
destination. However, the RREP from the destination has to reach the source in
order for the source to make a decision on the best route. 1f, however, when the
RREP message travels back to the source, a particular node is not able to reach the
next hop given in its routing table owing to the fact that the link is unidirectional,

the node sends a local RREQ message with the next hop addr

ss as the destination
address. The next hop node, once it receives the local RREQ message replics with an
RREP message. The node that saw the unidirectional link will now send the RREP
message to the next hop address through this new local route. This way, even if the

link is unidirectional, the route s still available for communication.

6.3.6 Quality of Service Support

As explained before in the RREQ and RREP message formats, just like AODV,
BEA

N also provides quality of service by selecting the routes based on minimum BW
requirement and the maximum tolerable delay. Unlike AODV where any node that
has a route to the destination can respond to RREQ, the uniqueness of BEAN lies
in the fact that only the destination can respond to RREQ, since, only then we will

have a fresh enough value for the delay experienced and the BW available through

any route. This s because the trafic at this instant i responsible for the delay caused

and the BW available and, a previously stored route will have outdated delay and
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BW values.

6.3.7 Independency of Alternate Routes

Alternate routes in BEAN are independent of each other due to the convergence
nature of the routing protocol. That is, when the RREQs are forwarded, each node
forwards only one RREQ. This means that each RREQ that reaches the destination
would have followed a different route. Similarly, when the RREPs are sent back to
the sonrce there is no collision of the RREPs if all the links are bidirectional. 1f some
links are unidirectional, then only those RREPs will be forwarded through different
routes. The route from source to destination will still remain independent of ot

alternate routes. Thus BEAN ensures that a failure in one link does not affect the

alternate routes,

6.4 Probability Distribution of Multiple Disjoint
Paths in BEAN

Figure 6.8 shows the established route of a multipath routing protocol in ad hoc
networks. In the figure, nodes are distributed randomly over a certain area. Node
1 is the source node and node 18 is the destination node. The best path between

the source node and destination node includes the path via nodes 4, 7, 10 and 15,

indicated by the dashed lines in this figure, contributing to a total of 5 hops. The

1 node from the source node.

alternate routes each have a 6-hop route to the dest

According to the BEAN routing protocol, the packets sent by the source node follow



Figure 6.8: Multipath Routing

the best path until a link in that path fails, as shown by the broken link between

nodes 7 and 10 in the figure. When the best path fails, one of the remaining two

routes is used to send packets to the destination node (node 18). Al the three paths

are disjoint, that is, there is no intermediate node that is common to two or more

paths. Thus the alternate paths are unaffected by a failure in the best path.
Previously, Bettstetter, in [96], found the probability distribution of the minimum

number of hops between two nodes. He also found the connection probability for two

hops and defined analytical bounds for connections greater than two hops. Similarly,

Miller also found the two-hop connection probability assuming Gaussian distribution

of nodes in [97). Chandler, in 93], calculated the expected number of hops required

ance between them. Chandler used the Poisson

to connect two nodes given the dis

ulating the hop probability. The probability

ribution in cal
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multiple paths for a set of nodes distributed uniformly in an ad hoe network is derived

next.

6.4.1 Link Distance Distribution

Let n nodes in an ad hoc network be distributed uniformly in a square area of side @
with area,

My=axa (©6.1)
An independent and identical uniform distribution of nodes is assumed here as it
is consistent with the classroom or conference hall scenario for which our routing
protocol was proposed [98]. Consider two nodes i and j in this network, shown in

lean distance between these two nodes

Figure 6.9 as S and D respectively. The E

can be given as
d=lw—2) + - w) (©2)

where (z,,4,) is the location of node i (S in the figure), and (z;,y,) is the location
of node j (D in the figure). The probability density function (pdf) for a uniform

distribution of nodes as derived by Miller in [99] fu(§). for the distance, d, is given by

0, §<0
22 -46+7), 05E<1
seve=1
Ja®) =y -2%+2) (63)
+4g(sin(1/€)
—cosN(1/6), 1<6<V2

0, otherwise
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Figure 6.10: Link Distance pdf for a Rectangular Area [00]

where, € = d/a. This link distance pdf is depicted in Figure 6.10.

10



o

o o
> ®

o
o

o
°

=
o
v
c
s
2 04
©
x
£
=
a

000 025 050 075 100 125 150
g=dla

Figure 6.11: Link Distance cdf for a Rectangular Area (9]
Then cumulative distribution function (cdf), Fy(€), for the distance is given by
0, c<o0
ede-se+m, 0<g<t
VE=T(262+1)

Fal®) = (6.4)

2[sin~"(1/€)
—cos™!(1/€)], 1<€<Vv2
1 Va<e

The link distance cdf is shown in Figure 6.1
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ure 6.12: Two Nodes in the Same Transmission Range

6.4.2 Distribuf

n of Multiple Disjoint Two-hop Paths

Two nodes, 5 and D, may establish a direct link (one hop), as shown in Figure 6.12,
if the distance between them (d) is less than R, where R is the transmission radius

of a node. Therefore, the probability of establishing a connection between any two

nodes within one hop, Py, in a network with n > 2 is (93],

Ad={ (6.5)

Consider the case in which the two nodes have no direct link but can communicate

over at least one path in two hops, as shown in Figure 6.13. In this case, two conditions

must be satisfied
1. the distance, d, should be in the range between R and 2 x R

sther node must exist within the intersection area A established by

2. at least ¢

the two nodes,
Figure 6.13 shows one best path, indicated by I, and two alternate paths, indicated
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Figure 6.13: Two Todes at Two-hop Distance
by I and I. From Figure 6.9, area A, of the shaded region is given by (6.6).

A= 2R(0 — sinf cosf) (6.6)

where 6 = cos™(d/2R). Since the nodes are uniformly distributed, the probability

that a node can exist in the area A is 4/Ag. The area A is assumed to be present

within the total area Ao
The probability that at least one node is located in the area A is given by (6.7)
for a network with > 3
w2

62

nomial distribution. Although Chandler's approach

Py(d)

Equation (6.7) is based on the

i based on the Poisson distribution, this paper uses the Binomial distribution for t

followi ssons:




1. the closeness to real world examples,

2. simpler to evaluate since it gives two mutually exclusive results

connection can be established or not), and,

3. precision in terms of the decision it makes.

6.4.2.1 Best Path

The connection probability of paths, ranging between R and 2R, that may co
nicate in two hops is given by
T3 fa(r)Po(r)dr, R<r<2R

m(d) = (6.8)
3 r>2R.

Equation (6.8) gives the probability that a connection can be established between a

source and destination node (shown in Figure 6.13), when the distance between the

is the connection probabi

two nodes is between R and 2R. In other words, thi

for path I, in Figure 6.13.

6.4.22  Alternate Path

Figure 6.13 also shows two alternate paths, named I and 5. Tn order to be able to
have an alternate path for Iy, there has to be another node present in the intersection
area, A. The probability that at least fuo nodes are located in the area A for a

network with n > 4 is given by

Qud) = 1- (1 - A“)" e [(n —9) (1 = Ai“)"(%)] (6.9)
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Equation (6.9) is the probability of having one alternate path. The probability of

having more than one alternate path can be generalized as,

[i"(n e (1 = %)2 (,11.,)] (6.10)

Qa(d)

where, £ is the mumber of the alternate path for which the probability is being calcu-

lated. Equation (6.9) can be compared to (6.7) in that they represent the probability

that a node (or two nodes) is (are) present in the intersection area. Replacing Qs(d)

for P,(d) in (6.8) we can obtain the connection probability of having at least one
alternate path between two nodes separated by a distance ranging between R and

2R, and, that may communicate in two hops.

iy = | HHOQLY 0 <r 2R e

0. r>2R
In (6.11), fy{r) is the pdf of links that can have alternate paths. This is not the same
as f(r) since the munber of connections that can have alternate paths may be fewer
than the total number of best paths that can be established. This is limited by the
density of the network. Alternately, the distribution for f;(r) can be presented using

a scalar variable as,
e, 2 )
[, Jutryir = 7’;( o (6.12)

where 7 is the scalar variable that represents the ratio between the number of best

paths that can s b ber of paths that can

This variable approaches unity as the density increases. In other words, if a path exists

for all B < r < 2R, all the connections will have alternate paths and thus, [3% £;(r)dr

will converge to [2% fu(r)dr.
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6.4.3  Distribution of Multiple Disjoint Paths with More Than

Two Hops
“The discussion in Section 6.4.2 is limited to two hops for both the best and alternate
paths. Consider the case in which two nodes have no direct link and cannot commu-
nicate over at least one path with at most ¢ hops. In this case, two conditions must
be satisfied:
1. there is no direct connection between the source and destination node; i.e. the
link distance is greater than R;

2. any node or a set of nodes cannot establish a connection between the two nodes

in less than or equal to £ — 1 hops.

6.4.3.1 Best Path

li;)l\l\l\l\l\)»);l‘

arated by ¢ Hops

Figure 6.14: Intersection Area betwee
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Figure 6.14 shows the case where two nodes are separated by a distance of ¢
hops. Let u(r) be the probability of being able to establish communication within
an intersection area A. If this area is increased by dA by increasing r to r + dr as
shown in Figure 6.14, then the probability of being able to establish # communication

within the new area, dA, can be written as,

[Prea(r) = Pra(r)|2ro /Ao (6.13)

» R
(7‘;& ) (6.14)

The term Fy_y(r) — Py-a(r) in (6.13) denotes the probability of reaching a dest

where,

¢ = cos”

node that s at a distance r in exactly £ — 1 hops. This approach is similar to that
of Chandler (93] and is based on the assumption that connecting nodes are exactly
£~ 1 hops away from the source node and one hop away from the destination node.

Equation (6.13) is based on the assumption that a connection has been established

up to a distance of ¢ — 1 hops and thus has to be solved iteratively. The probabi

of not establishing  communication using any node in the transmission area within

ts d — R and d + R s given by
1= () (6.15)

where,

w(r) = A‘”' [Postr) = P

R E—ar (6.16)

and A’ = 2r6. The probability of not being able to establish a connection with ¢ hops

1= Pd) = [1 = Pa(d)][1 = w(r)]""" (6.17)
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Therefore, the probability of having a path with ¢ hops is given by

= [t =A@t - w(r)"" (6.18)

6.43.2 Alternate Path

of having an alternate path

Following the procedure in two-hop case, the probabi

with { hops is given by

[t = P x

{1 = () + nlt = w(r)" “lu(r)} (6.19)

Therefore, the probability of establishing a connection to a destination node that is

at a distance of ¢ hops is given by

"
Ja(r)Py(r)ydr, 2R<r<txR
niy={ B (6:20)
0, r>tx R
Likewise, the probability of establishing a connection through at least one alternate

path with a destination node that is at a distance of ¢ hops is given by

R f(Qrdr, 2R<T<txR

() = (6:21)

0, r>txR.
In (6:21) f(r) is defined by (6.12) for limits between 2R and tR. Equation (6.19)
gives the probability of having one alternate path in ¢ hops. The probability of having

more than one alternate path, say k paths, can be developed from (6.19) as

=F4

x
{):(n =G = w(r)*
<

(@) x

w(r)]‘} (6.22)
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6.4.4 Comparison with Simulation Results

lations are carried out to verify the analytical derived in the previous

scction. The simulations are implemented using network simulator (ns-2) [4]. Tn a

in an area of 1000 m x 1000 m, all possible

network of 50 nodes uniformly distributed

ed for a transmission range of 250 m and the probability

connections are establi
density function (pdf) and cumulative distribution function (cdf) of best path (that
is, the path with the least number of hops between two nodes) are plotted. Figure 6.15

shows the probability density function (pdf) of the distance between two nodes in

terms of mumber of hops. This figure shows the analytical results obtained from

(6.20). The analytical results are compared against results obtained from simulations

conducted for several scenarios generated using the network simulator. Higher pdf for

23 hops is due to larger pdf links between 250-500 m, which agrees with analy

results obtained by Miller [97]

pdf of Total Distance
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Number of Hops
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Figure 6.15: pdf of Total Distance
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Figure 6.17: pdf of Alternate Path

The pdf and cdf of alternate paths for a multihop, multipath ad hoc network is

plotted in Figures 6.17 and 6.18. For the 50 node case, the cdf for both analytical
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Figure 6.18: cdf of Alternate Path

and simulation does not converge to 1.0 when compared with the case of best path

in Figure 6.18. This is due to the non-availability of alternate paths for a scenario

with 50 nodes. In other words, the node density is not sufficient to establish alternate
paths for all possible link distances. This s evident when compared with the case of

100 nodes, where the cdf converges to 1.0.

Figures 6.19 and 6.20 show the pdf and cdf of the connection probabilities of both
the best and alternate paths for 50 and 100 nodes. Comparison of the pdf and cdf for
alternate paths for 50 and 100 nodes indicate that at least one alternate path can be
established when the number of nodes is increased from 50 to 100, i.e, under higher

node density.
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6.5 Conclusion

This chapter illustrates the route deployment, maintenance and response to failure in

BEAN routing protocol. Owing toth of mul he probal
distribution of the connection probabilities for both the best and at least one alternate
path are arrived at. The derivation of connection probability of the first alternate path
s extended to multiple alternate paths. The results are compared with simulations
carried out and are found to match well

The availability of alternate path is critical for the multipath routing protocols.
Simulations were carried out for networks of 50 and 100 nodes. Increasing the number

of nodes causes an increase in density and eventually all the connections established

have at least one alternate path. Alternately, when the transwission range is in-
ereased, it is possible for all connections to have at least one alternate path.
The next. chapter illustrates the performance of the BEAN routing protocol by

deriving an analytical expression for throughput, additional data delivery and by

comparing simulation results with AODV routing protocol.




Chapter 7

Performance Analysis of Unicast

BEAN Routing

7.1 Introduction

JAN, the unicast multipath routing protocol

The performance analysis of routing in Bl
presented in Chapter 6, is reported in this chapter. In BEAN, several alternate routes

y. Once the routes are established, the

are established during initial route discov
source sends data packets through the best route. All the routes are kept active until a

ails either due to link or node

need for one of the alternate routes arises when a route
failure, or, due to mobility. When the route fails, the error message propagates o the
source node which then chooses one of the alternate routes and sends packets through
the next best route immediately. Rather than expending time on re-establishing the
route, BEAN switches to an alternate route thereby supporting data packet transfer

during that time, which increases the total mumber of packets sent. Depending on the



frequency of route failure, the BEAN routing protocol can be advantageous in terms

of throughput. The performance analysis of BEAN, in terms of packet, delivery ratio

(PDR), throughput, and latency, is carried out.
The cost of maintaining multiple routes is high in multipath routing due to lack of
abundant resources in ad hoc scenarios. However, applications for which the BEAN

nclude minor unicast communications lasting for short

protocol was proposed [100]
durations in the presence of numerous or prolonged multicast communications. Such

applications include an airport scenario where the individuals waiting for their respec-

tive flights interact with each other, a ballpark where the audience wish to discuss
the game while the game is in progress, a modern classroom where the students are

classroom net-

not bound to the classroom space but can still be connected to th
work, etc. In such cases, the demand for swift response to route failure for the short

duration of the communication surmounts the high maintenance cost.

The thronghput performances of BEAN and AODV obtained analytically i

tion 7.3 and are verified against those from simulations in Section 7.4 for a simple ad

hoe network. The additional data packet transfer supported by BEAN upon route

75, The performance analysis of realis

failure is analytically shown in Section

ission effects, number

network for various parameters such as traffic pattern, trausn
of connections are conducted in simulations using ns-2 simulator in Section 7.6. The
protocol against which BEAN is compared, AODV, is a popular single path rout-
ing protocol which was readily available in the network simulator (ns-2) used for

simulations.



7.2 Definitions of Performance Characteristics

Some of the characteristics of BEAN that are used to compare it against AODV in

the simulations conducted in this chapter are discussed below

7.2.1 Packet Delivery Ratio

Packet delivery ratio (PDR) is defined as the ratio between the total mumber of data

packets successfully received by the destination node to the total mumber of data
packets sent by the source node. A PDR of one indicates no loss of packets on the
route from the source to destination node. There are several reasons for a packet to
be lost along the path. A packet may be dropped in the quene, due to queue overflow,
while waiting for access to the wireless channel. A packet may also be lost or collided
with another packet during transmission through the wireless channel by the source
or one of the intermediate nodes on the path to the destination node. Thus, PDR is

likely to be lower with heavy traffic loads and higher for lighter loads.

7.2.2 Throughput

Throughput for a given connection between a source and destination is defined as

the mumber of bi

of data packet sent per second over the wireless channel. The
throughput measured from any given link can be defined as the ratio of number of

bits of packets that it sends to the total time. The unit for throughput is bps. When

the throughput is high, the wireless channel is efficiently utilized and vice versa.
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7.2.3 Latency

Latency of a data packet is defined as the end-to-end delay in sending the packet

from a source node to destination node and is measured in seconds or milliseconds.
Latency includes the delay in waiting for the wireless channel to be available, the
transmission time of each packet from each node and the propagation time for the
packet to traverse the route. Latency is expressed in seconds or milliseconds. The
latency plotted in the results discussed in Section 7.6 is the average of the latency of

all the data packets.

7.3 Analytical Throughput Model

that of sim-

In this section, throughput performance is verified analytically agains
ulation for a simple ad hoe network. Assume a random unsaturated network with

uniformly distributed nodes, which resembles a ballpark, classtoom or conference hall

ation

AHN scenario etc. Assume a single connection between a source node and des
node. The packet arrivals at the source are based on CBR traffic in which packets
arrive at a constant rate. The medium access control (MAC) scheme used is IEEE
802.11 DCF, in the basic access mode.

As the packets from the source are being sent along the route, they encounter

collisions due to trans

sion by neighbor nodes or hidden nodes. In this section, the

of throughput [7]. That is,

packet capture effect is ignored to simplify the anal

all packets in a collision are dropped irrespective of the power with which they are

received. From [7] and ignoring the effects of packet capture and channel errors, the




ion probability (7) of a node in an unsaturated network is given by,

201-2P0)
dy +dy

(1)

where, P is the collision probability as seen by a node excluding the effects of packet
capture and channel errors and q i the probability that a node has packets available in

its quene (for case,q = 1). Th dyand dyin

are given by,
dy = q(W + 1)(1 = 2P¢) + WPe(1 - (2Pc)™)] (7.2)
dy = 2(1 - q)(1 - Pe)(1 - 2Pc) (7.3)
Here, W is the backoff counter value of the contention window of a node, and m is
the backoff stage. The maximum contention window is given by CWipq = 27W.
For a random network with a single connection, the collision probability of a node

ed P ility that at least one of the remaining Ny~ 1 nodes helonging

s i

to the connection (given Ny nodes within a transmission range that participate in

& connection) transmits at the same time as this node. Thus, collision probability

can be written as [5],

= (1 = 7)Noma=t (7.4)

Now, we have (7.1) and (7.4), with two variables, Pe and 7. Solving these two

cquations, we can obtain the expression for collision probability. Based on the colls

probability derived in (7.4), the throughput () is calculated as,

Sa=(1=Pe) . toara - drate - Naata/totat- (7.5)

I the above equation, Ny is the total mumber of data packets sent, fyq is the total

time under consideration, dyy is the data rate, and, (par4 s the time taken to send



asingle packet of size 512 bytes.

74 C ison of Throughput from

is used to compare the

In this section, the analytical expression obtained in (7.
performance of BEAN and AODV with the throughput obtained from simulation.
Consider a scenario of 100 nodes distributed uniformly in a network of size 1000 m x
1000 m. Consider a route formed between a source and a destination node in this
network.  According to the BEAN routing algorithm, two routes are successfully

d to send packets between the source

established. Initially the shortest route is u:
and destination. Upon route failure, the alternate route is chosen almost immediately.
According to the AODV routing algorithm, only one optimal route is established
initially. Upon ronte failure, a new optimal route is re-established. The time and
cost of initial route establishment for both AODV and BEAN are not compared since
it s @ one time expense. The parameters used in caleulating throughput are tabulated
in Table 7.1

The expected throughput (S) at steady state before failure is calculated theoreti-
cally based on (7.5) and the results for both AODV and BEAN protocols are tabulated
in Table 7.2. The minor difference in throughput of BEAN and AODV is attributed
to the number of data packets sent during the time frame under consideration.

wulation is carried out for the same network and connection and the through-

The
put values of the route before failure at steady state are measured for both BEAN
and AODV. The throughput (Ss) is calculated as the rate of packets (in terms of

bits) successfully sent during the time frame under consideration. The network is




Table 7.1: Analytical Model Parameters
Variables | Values | Variables | Values
DIFS | 12808 |ty | 208
teny + taac | 576ps | die | 1Mbps
toara | 40%6us | W 32
SIFS | 28ps m 3

tack 38ps

Table 7.2: Analytical Results for BEAN and AODV Before Failure

Ana Thrpt in | Sim Thrpt in

Mbps, 54 Mbps, Ss
BEAN 0.2393 0.2415
AODV 0.2380 0.2392

said to have reached steady state when there are no more control packets (route re-
quest, route reply, route error, etc.) The throughput obtained through simulation,
for an arbitrary intermediate link, for both AODV and BEAN routing protocols are
tabulated in Table 7.2

From the table, it can be noted that the analytical and simulation values of
throughput (for both AODV and BEAN) differ by no greater than 1% thereby veri-

fying the analytical model.




7.5 Packet Delivery for BEAN Upon Route Fail-
ure

In this section, the delivery of additional packets by BEAN during AODV's recovery
from ronte failure is demonstrated. Unlike BEAN, in the case of AODV, when the
route fails, a new route has to be re-established. The mechanism of re-establishing
a new route in AODV is illustrated in Figure 7.1. When the route fails, AODV
exchanges additional control information to find a new optimal path. However, BEAN
routing protocol relies on quick recovery from failure by using a less optimal alternate
path as shown in this figure.

The time line involved in re-establishing the new route for AODV is illustrated in

Figure 7.2. The time taken to find a new route for AODV is evaluated theoretically

as shown below. The parameters used to calculate the time taken to establish a new

route are tabulated in Table 7.3. The transmission time of a packet is calculated as,

tat = pldpuse (7.6)

where p s the size of the packet in bits.

Time taken to wait for average backoff (Wau,) counts is caleulated as,

iy = Wory  bai

where £ is the duration of an empty slot time. Time taken for RREQ to travel one

hop s given by,

tatrreqr = trtrreq + DIFS + twy, + tyop. (7.8)
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Similarly, time taken for RREP to travel one hop is given by,

tetrrepr = trtprep + DIFS + o + torop.

162

(7.9)



b sme] wea

DFS  tuy e 1,

b e e
TOR T ey T Mt
b e e
: e

Figure 7.2: Route Establishment Mechanism for AODV

Table 7.3: Pagameters to Calenlate Rout Time for AODV
| Variables | Values | Variables | Values
PRREQ 800 bits ‘ drrrmac 25ps
PRREP 768 bits DIFS 128 ps
Parerg | 800 bits Wang 16
| Pargre | 800 bits Tonom 2ns
parpack |30 bits | SIFS | 28 ps
rate 1 Mbps Latot 50 ps
Time taken for ARP ACK to travel one hop is given by,
tatappacks = trtappack + DIFS + tw,., + tyrop (7.10)

‘ In (7.8), (7.9) and (7.10), tztrrrq, trtrnep and trtarpack are obtain
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by substituting p for their respective packet sizes,

Time taken for ARP Request, (2t anpnqr, and Reply, tatarprp to travel one hop
is the same as that for RREQ. Thus
tatanprgr = tetarpr = trlrreqr. (7.11)
Therefore, total time taken to find a new route of n hops by AODV s given by,
taopv = nlttrreer + tatrree]
+n[2(tetarprer + ttarpacki)]
+n[2(drrraac)] (7.12)
where dyraac s the router to MAC delay. The results for all the terms in (7.12)

are tabulated in Table 7.4. For a connection with 4 hops, using (7.12), topy was

red in simulation as 0.3427 seconds

calculated as 0. Laopy was alson

thereby verifying the expression for 10py derived in (7.12).
In the case of BEAN, the time taken to switch to the alternate route is measured.
In comparison with the above calculation, the time taken to switch to one of the
alternate routes in simulation in BEAN is measured as 0.009036 seconds, which is
negligible.
Using (7.5) for S, additional bits of packets that BEAN can send during the time
taopy is
= Sa- taonv- (7.13)

arrived as 10.36

Substituting values for taopy and Sy from (7.12) and (7.5), n
KB, assuming the throughput obtained before failure is maintained upon failure.
The additional mumber of data packets that BEAN can send during AODV's route

164



Table 7.4: Theoretical Results in the Calculation of Route Acquisition Time and Data

Packet Tr ion Tim
Variables | Values in yis | Variables | Values in jis
tatrnrg 800 tatargqr | 1728.002
tatrrer 768 tatrrgey | 1696.002
tatarrrq 800 tetarpacky 1232.002
tatanprr 800 tatanprgr | 1728.002
totarpack 304 tatarprey 1728.002
trtpara 4096 taoy 34653.048
trtack 304 tparar 5384.004
ey 800
| seme[ om =
TR ey T M e S M e S

Figure 7.3: Data Transfer Mechanism for BEAN

recovery is estimated next. The time line for BEAN to send a data packet and receive
its corresponding acknowledgment is illustrated in Figure 7.3,
Time taken for BEAN to send a data packet to a node’s neighbor and receive an
acknowledgment s calculated as
toara = DIFS + tw,,, + tatpara + trtack + 2twep) + 2SIFS).  (7.14)

Tn the above equation, ttpr.4 is the time taken for the data packet to travel over
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one hop, ot e is the time taken for an acknowledgment packet to travel over one
hop and £ is the average propagation delay. The result for this expression is also
tabulated in Table 7.4. Comparing 4opy (for AODV) and tpar.a; (for BEAN), during
the additional time the AODV ronting protocol spends in finding a new route, BEAN
routing protocol is able to send at least 7 packets at a data rate of 1 Mbps. Depending
on the number of hops present in the connection and the number of times the route
for a connection might fail (which depends on the overall traffic in the network),

BEAN can send additional packets during the time AODV spends in finding a new

route, thereby supporting higher throughput than AODV.

7.6  Simulation Results

ion of throughput discussed in the Section 7.3 was tested only

The analytical d
for a simple case. More realistic cases, such as introducing different traffic patterns,
packet capture effects and having more connections in the network, make the task of

analytically evaluating the protocol performance cumbersome. Therefore, the realistic

cases are tested in the simulator. The simulation parameters are tabulated in Table
5.

Simulations are carried out using the network s

mulator (ns-2). For the same
1000 m % 1000 m network, the simulation is now run for 500 s with 50 nodes.
Data rate of 11 Mbps is chosen based on the IEEE 802.11b standard. The choice of
the particular variation of IEEE 80211 is purely arbitrary and the simulator is not

affected by various data rates
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Table 7.5: Simulation Parameters for Stationary cas
Variables Values
Number of nodes 50, 100
Simulation Time 5005
Packet size 512 bytes
Data rate 11 Mbps
Capture threshold 10
Number of connections | 10, 20, 30, 40, 50
Number of scenarios 3
Packet interarrival time | 0.1, 0.01, 0.001, 0.0001 5
Traffic type CBR, TCP

7.6.1 Stationary Nodes

The applications for which BEAN is proposed consists mostly of stationary nodes.
Various PDR, latency and throughput values are plotted for both BEAN and AODV

for the case when all nodes are stationary.

7.6.1.1 Packet Delivery Ratio for CBR Traffic

The results for constant bit rate (CBR) traffic with arrival rates of 0.1 5, 0.01 s, 0.001

s and 0.0001 s are shown in Figure 7.4
Figure 7.4 corresponds to a network of 50 nodes and 10 to 50 sources for various

interarrival times (IATs). For IAT of 0.1 s with 10 sources or connections in the
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)
Number of connoctions

igure 7.4: PDR for CBR Traffic for various IAT:

network, the PDR of BEAN is the same or higher than that of AODV. As the mumber
of connections is increased up to 50, the corresponding PDR drops for both BEAN
and AODV, which is due to the amount of trafic present at an individual node.

For an inter-arrival time of 0.01 s similar results are obtained. However, the overall
PDR has dropped considerably for both BEAN and AODV than for the case of 0.1 5
AT due to the random selection of source and destination pairs. The effect of reduced
PDR s also attributed to some connections being longer than others. Additionally,
certain nodes act as the source and destination of more than one connection, which
results in overload on those nodes and causes a reduction in the overall PDR. Since the

PDR values of both AODV and BEA!

are consistent, the drop in PDR is acceptable.
For an IAT of 0.001 s and 0.0001 5, the PDR of AODY is marginally higher than
that of BEAN for larger mumber of connections. This increase is due to the longer

alternate route that is formed by BEAN compared to AODV

s new route and the

failure of the best route during the early stages of the simulation. The rest of the
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simulation continued with BEAN using its long alternate route and AODV using its
new shortest route,
Upon failure, BEAN utilizes the alternate route readily available while AODV
\ re-establishes a new route. The availability of alternate routes in BEAN makes it

fault tolerant for multiple failures.

7.6.1.2 Packet Delivery Ratio for TCP Traffic

. 007 : ‘\‘\‘\"—* —+—PDR BEAN
g = PDR AODV.

o 20 40 60
Number of sources

Figure 7.5: PDR for TCP Traffic

The simulation is then carried out for TCP sources to simulate real networks. The
PDR plot is shown in Figure 7.5 for a network with 50 nodes. For TCP traffic BEAN
routing protocol shows similar or better performance compared to AODV routing
protocol. The overall PDR for BEAN and AODV is higher compared to CBR traffic

even for the case with 50 connections in the network which is due to the adjustable

congestion window size of TCP.
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7.6.1.3 Latency for TCP Traffic
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Figure 7.6: Latency for TCP Traffic

As per the TCP Tahoe protocol, the source adjusts the congestion window size
based on slow-start procedure and exponential increase. This results in low latency
as the traffic arrival adjusts itself to the load that the network can handle. As can be

seen in Figure 7.6, the latency of BEAN is less than that of AODV for larger number

of connections in spite of having to use less optimal routes during route failure,

7.6.1.4 Throughput for TCP Traffic

'CP traffic source, the throughput is plotted against vary hers of connec-

us ranging between 10 and 50 as shown Figure 7.7. As discussed in Section 7.5, the
throughput of BEAN is consistently higher than that of AODV, thereby showing that
BEAN is able to handle more traffic through the network. The difference in through-
put between AODV and BEAN is as high as 10% for the case of 40 connections.
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Figure 7.7: Throughput for TCP Traffic

The performance would further improve as the number of route failures increases and
4 more alternate paths become available for BEAN. The lower thronghput for 50
connections as compared to that of 40 connections is as follows: each node is acting

ermediate node, and this results in more

as the source, destination and also an i

collisions and loss of packets,

7.6.2 Mobile Nodes

Here, we simulate a scenario of an airport waiting area, where only a part of the

nodes are mobile at any point of time. In other words, partial mobility of the nodes
is considered. While two-thirds of the nodes remain stationary throughout the sim-
ulation, the remaining one-third of the nodes move following the random waypoint
mobility model with a minimum, average and maximum speed of 1m/s. In this sec-

tion, the simulation is run for networks with both 50 and 100 nodes for TCP sources

to simulate real networks. The results are shown in Figures 7.8 and 7.9,

As can be seen in Figures 7.8 and 7.9, the PDR steadily decreases as the number
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of connections or sources in the network increases. It can also be seen that with
100 nodes in the network, both AODV and BEAN are more consistent than with 50

nodes. With the 50-node case, BEAN is not always able to establish alternate routes.

However with 100 nodes, BEAN is able to find more than one route for almost all

connections and hence the higher consistency in PDR compared to AODV.

7.7 Conclusions

The good performance of BEAN routing protocol is based on achieving multiple

alternate routes between source and destination nodes in an ad hoc network. During

a route failure, BEAN selects an existing alternate path for data packet transfer.

On the other hand, AODV routing protocol re-establishes a new path during route
failure.
In this chapter, for a simple network, the throughput performance of the two

protocols, BEAN and AODV, is analytically defined and verified with simulat

on.
The additional number of data packets that BEAN can send following a route failure
during the time AODV can re-establish a new optimal route has also been analytically
evaluated.

Simulations were conducted to evaluate the performance of the two protocols
for realistic situations, such as different traffic patterns, presence of packet capture
ulation results show

effects and a large number of connections in the network. S

that BEAN's performance is as good as AODV's in terms of PDR for CBR traffic. For
TCP traffic, BEAN shows similar or improved performance in terms of throughput,

latency and mobility. The throughput and PDR of BEAN would improve further in
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comparison with AODV when the number of route failures increases and with larger

node densities,
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The choice of routing protocols for various ad hoc network applications plays an

important. role in i . ions. The multicast
of the class of applications for ad hoc networks, such as communications within a
Dallpark, conference area or airport waiting area, drive the need for the deployment
of newer routing protocols. BitTorrent protocol used with the Internet provides quick
dissemination of files by sharing the upload and download capabilities among the
peers. This concept has encouraged multicast routing in ad hoe networks. Tn this

thesis, we have reported a multicast routing protocol (MBEAN) where

0sts agree to

share the respousibility of uploading and downloading the multicast message among

themselves similar to the BitTorrent concept. Multicast communications in ad hoe
networks also consist of minor wnicast communications. This thesis has reported a

unicast routing protocol (BEAN) for such purposes
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MBEAN is based on the concept that the source need ot participate until all
the multicast members reccive the message. As long as the immediate neighbors of
the source that are in the multicast. group receive the message in full, it is possi-

ble to disseminate the entire multicast message among the members with very high

probability.

In the MBEAN protocol design, the work presented in this thesis consists of the
message formats for the multicast group formation and maintenance, and the working
of the protocol in terms of making decisions on the choice of the route. The work has

identified various properties of the protocol and presented the behavior of MBEAN

in comparison with existing on-demand multicast. protocols namely, MAODV and
PUMA. Such a comparison has unraveled the simplicity of MBEAN. This behavior

should enable. to anticipate the perfor-

mance of the routing protocol

In the analytical demonstration of MBEAN, effort has been taken to introduce a
metric for assuring reliability to all the members in the multicast group. The metric

has been termed as member reliability and is based on the mutual connectivit

among
members of the multicast group. Analytical proof of such an interconnectivity is

derived along with expressions for packet delivery ratio and routing overhead. All

the analytical results have been shown to be consistent with simulations for simple

scenarios

The above inferences have been illustrated by incorporating the MBEAN protocol
in network simulator to assist researchers and designers to utilize the code for their
comparisons. Seripts have been developed for measuring member reliability, PDR and

overhead. MBEAN has shown exceptional qualities of enhanced member-to-member
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n improved packet delivery ratio, but also higher

connectivity which not only resul
member reliability compared to MAODV, ODMRP and PUMA for varying group sizes
and traffic loads. The overall overhead incurred by MBEAN has also been shown to be

that, MBEAN

lower. The comprehensive verdict from all the simulation analyses

displays robust performance, a distinguishable quality that is particularly appealing

to the multicast applications discussed above.

Another contribution is the scenario development for emulating ad hoc networks

iform distribution of nodes and e sources,
which enables the users of ad hoc networks to experiment the behavior of the proto-
cols without the cost of actually deploying a comprehensive network. It was found

that MBEAN

not suitable for small rectangular networks due to minimal connec-
tivity among members. This can be overcome by the use of directional antennac as
will be discussed in the next section.

Multicasting in ad hoc networks include unicast communications. Rather than
deploying a new routing protocol for unicasting, the research has reported a unicast
routing protocol (BEAN) that relies on forming alternate paths between a source
and destination. The alternate paths serve as a substitute during a path failure.
The working of the protocol is defined in detail projecting the advantages of having
alternate paths. The probability distribution of establishing best and alternate paths
have been derived and verified through simulations. 1t has been shown through
analytical proofs and verification by simulation that the availability of alternate paths
relies on sufficient node density.

in packet

Finally, the throughput of BEAN is derived and the explicit savi

delivery on route failure is compared to traditional AODV protocol. The behavior
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of BEAN is compared with that of AODV for various cases by incorporating the

algorithm in network simulator. BE

N has shown comparable performance with
AODV thereby proving that it can act with MBEAN under ad hoc environments

without the need for implementing a separate un

cast routing protocol.

8.2 Suggested Future Work

In order to improve the ex

design and implementation through simulator, the
following advancements are suggested.
The two protocols are designed and tested through simulations. Experiments are

a more dependable way of verifying the performance of the protocols. A suggested

next step would be to build an experimental set up for implementing the routing
protocols,
The unicast protocol relies on the availability of alternate paths. Rather than

using the alternate paths as a substitute, it is possible to send packets through all

the paths simultancously by the use of directional antennae. This will allow the
exploitation of disjoint paths created by the protocol. The overall speed of packet
delivery will be greatly improved.

The use of directional antennae are also useful for multicast environments where

not allow the achievement of i members. One such

scenario is a rectangular scenario of a small sized network such as a gate area in an

airport. The directional antenna will

the establishment of multiple connections
among the members in such cases.

With the existing implementation of the protocol when the density increases,
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sages will lead to more collisions and overload of

more re-transmissions of the m

the network. Network coding is efficient in such cases since with network coding, it

is possible to combine packets and send through each member and let the members

share and decode the original message. Thus network coding will assist in achieving
the multicast capacity of the protocol.

Allocation has been made for quality of service constraints in the current imple-

‘mentation of the protocol in the message formats for route request and reply. The
simulation results do not however reflect these QoS constraints.  Additional simu-
lations and experiments need to be conducted to test the QoS provisioning of the.

routing protocols presented in this the:
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Appendix A

Confidence Interval Calculation

The standard error can be caleulated as follows:

s/sart(n), (A1)

where S is the standard error, s is the standard deviation and n is the sample size.

Assuming 95% confidence interval, let
@ = 1= (confidenceinterval /100). (A2)

Critical probability can be

p=1-a/2 (A3)

The degrees of freedom can be represented as,

df=n-1. (A4)

Using the t-distribution, the critical value (CV) can be obtained using df, as the

deggree of freedom an p, as the probability. The margin of error (ME) can be calculated
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as

ME=CV + SE. (A5)

The range of confidence interval is defined as the average value of PDR or member

reliability = margin of error.
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