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Abstract
Mobile computing - sometimes called Nomadic Computing - as the name suggests 

is computing with mobile users. The ideal case for mobile computing would be a 

complete transparent networking and computing for all users irrespective of their 

physical location, motion, computing environment and communication network. In 

a connection-oriented cellular environment, the network consists of a stationary fixed 

backbone made up of base-stations and a set of mobile hosts that can move around 

in the network. When the mobile hosts moves to the new cell, a new route has 

to be found between the base stations corresponding to the new cell and the cell 

at the other end in a communication session. This process of routing is called 

rerouting. A specialized case of mobile wireless network is an ad-hoc network where 

the network contains only mobile hosts and no base stations or any centralized 

routing infrastructure. The ad-hoc networks are characterized by highly dynamic 

and fast changing topology. Routing of packets in ad-hoc network is done by a store- 

and-forward mechanism from the source mobile host to the destination mobile host 

using intermediate mobile hosts. A pair of mobile hosts in an ad-hoc network can 

communicate with each other if they are in radio contact. This dissertation focuses 

on the following issues involved in routing and re-routing in connection-oriented 

mobile networks and ad-hoc networks:

1. Rerouting in Connection Oriented Mobile Networks: We have devised a frame­

work for comparing, analyzing, and evaluating various rerouting schemes for 

connection-oriented mobile networks using several performance metrics. We 

also provided a comprehensive classification of rerouting schemes. In order 

to study various ways to improve the performance of network protocols, we

XV



studied paxallelism in messaging in the rerouting protocol. We suggest mech­

anisms to improve the performance of rerouting including radio-hints, parallel 

messaging.

2. Rerouting in Mobile-Mobile Connections in Connection-Oriented Networks: 

We have presented a distributed rerouting algorithm for mobile networks where 

both the ends of a connection are mobile hosts (Mobile-Mobile connections). 

Rerouting techniques proposed for connections with only one end that is mo­

bile fail to perform rerouting effectively. Other rerouting schemes proposed for 

mobile-mobile connections perform non-optimal rerouting. We have compared 

our proposed algorithm with all the other Mobile-Mobile rerouting schemes 

using several performance metrics, and in all cases our algorithm outperforms 

the other schemes.

3. Evaluation of the effect of the various rerouting schemes on the performance of 

Wireless TCP schemes: In a mobile environment, TCP can not discriminate 

packets dropped due to lossy links, intermittent connectivity, handoffs and the 

consequent rerouting with those dropped due to network congestion. We have 

studied the effect of how rerouting schemes effect the performance of Wireless 

TCP using simulation. Our study is the first to analyze the effect of various 

rerouting schemes on the throughput of various wireless TCP’s schemes.

4. Routing in Ad-Hoc Networks: We propose an efficient distributed spanning 

tree based routing algorithm for ad hoc networks that adjusts dynamically 

to fast changing dynamic topologies of ad-hoc networks. We achieve this by 

maintaining a forest of spanning trees. Our approach is practical and has

xvi



less time, space and message complexities when compared with the algorithms 

described in literature.
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C hapter 1

Introduction

1.1 Introduction to Mobile Computing

Computer and Communication technologies have undergone a tremendous amount 

of change in the past five years. The World Wide Web is a household name. Com­

panies, organizations and individuals give the URL (Uniform Resource Locator) of 

their homepages in commercials on television, radio and in magazines. Portable 

and notebook computers, sm art credit card devices, high speed modems, hand-held 

spread spectrum radios, global positioning system (GPS) in rental automobiles her­

ald the coming of age of computer communications. Telephone, cable and computer 

companies are joining forces to build the information super highway of the future 

which will carry data, voice, image, video, graphics using digital and analog tech­

nologies, wireless and wired technologies.

Most of us are nomadic/mobile - constantly on the move between oflSces, homes, 

planes, trains, automobiles, conference rooms, class rooms in schools etc. However, 

we constantly need to tap into computer resources either a t our “home” base or at



some other geographically distant location. Due to the lack of set standards for all 

computer and communication technologies, there are many different computer and 

communication technologies that one could have to use when away from the home 

base. This gives rise to a lot of compatibility and resource problems. For example, 

a graduate student is working on a computationally intensive graphical computer 

simulation on his advanced workstation at an engineering laboratory, in America. 

He travels to a conference in Germany and is unable to access the simulation results 

from the small PC provided by the conference organizers because of the slow net­

work connectivity and lack of proper software to handle the communication with the 

student’s home base namely his workstation. In essence, there are presently no sys­

tem supports which provide a true transparency in computing and communications 

especially with regards to mobile users.

Mobile Computing - sometimes called Nomadic Computing - as the name sug­

gests is computing with mobile users. The ideal case for mobile computing would 

be a complete transparent networking and computing for all users irrespective of 

their physical location, motion, computing environment and communication net­

work. Though wireless communications could be a part of mobile computing, it is 

not an essential component. This is because, the users need not be always in motion 

and there could be a connectivity between the users’ “present” computer and their 

home base through hardwired access points.

Mobile Computing has invoked a lot of interest because of the following reasons:

•  It embodies the changing nature of our everyday “digital” lives.

• It aims to provide a lot of convenience to the user - saving time and resources.



• Mobile computing also aims to provide transparent functioning of computer 

systems alleviating compatibility and portability problems.

• It is multidisciplinary area. Computer scientists, computer engineers, commu­

nication engineers, semiconductor physicists, space and satellite technologists 

are immensely interested in it owing to its wide apphcability in the daily lives 

of people.

1.1.1 A rchitecture o f a Typical M obile C om puter System

A typical mobile computer system (See 1.1) consists of the following components:

• A static communication backbone using wired means.

• A set of static hosts.

• Sets of mobile hosts (MHs) that can communicate with a predetermined static 

host.

• Mobile subnets /Wireless cells.

The static communication backbone connects all the static hosts sometimes called 

mobile support stations (MSSs) or base stations(BSs). As the name suggests, the 

static communication backbone and the static hosts are not mobile. Each MSS can 

communicate with a set of MHs. The MHs can move within a limited geographical 

“region of influence” referred to as a wireless cell or a mobile subnet. However, 

the MHs maintain connection possibly through wireless means to the assigned BSs 

from different locations in the cell at different times. In effect, the network topology



Stationary 
Backbone Network

Mobile Hosts l ^ i  Stationary Hosts

Figure 1.1; Architecture of a Mobile Network System

changes dynamically with time. The processing power of MHs such as PDAs, palm­

top/notebook/personal computers is usually much smaller than that of the BSs. 

Thus, MHs rely on the computing power of the BSs to perform their own computa­

tions. Communication between the MHs and the BS can be either point-to-point or 

a broadcast message.

It is desirable for mobile hosts in some situations to form a temporary network 

without the aid of centralized administration or an established network backbone. 

For example, when a group of workers are to be deployed quickly during a natural 

disaster or business delegates assembled in a lecture hall. This temporary network 

is called an ad-hoc network. Ad-hoc networks can be considered a special case of



mobile networks. We shall discuss about the issues involved in ad hoc networks later 

in the dissertation. Figure 1.2 shows an example of an ad hoc network. The mobile 

hosts can talk to each other if they are in radio-proximity.

■  1 Mobile Host

Radio Link

Figure 1.2: An ad hoc mobile network

1.1.2 Im portant C haracteristics o f M obile and W ireless N e t­

works

Mobile and wireless networks have the following characteristics:

• Mobility. In mobile and wireless networks, the user and the computer hosts 

can move.

• Nomadicity. Users can move and connect from various points to the network.

• Limited Resources: Mobile hosts (typically hand held, wearable computers) 

have limited computing capability, limited memory and work on batteries



which has a small life (typically few hours)

• Lossy Wireless Medium: The whreless medium has a  limited bandwidth is error- 

prone and the consequently the network suffers from frequent disconnections 

and link down time

1.2 Research Issues in Mobile Computing

Mobile computing is a paradigm shift in computing and telecommunications caused 

by the mobile and nomadic lifestyles of people. This area is still in its infancy 

as there are many unresolved research issues. Researchers have been working on: 

Mobile Distributed Apphcations [4, 9, 15, 23, 24, 25, 69, 132], Routing in Mobile 

Systems [43, 92, 106, 107, 114, 116, 118, 127, 135, 160], Privacy and Security issues 

[22, 49, 61, 143], Mobile Multicast algorithms [3, 5, 6, 42, 58], Mobile Location 

and Management Strategies [26, 94, 119, 120, 123, 124, 125, 140], Distributed File 

Systems and Caching [17, 18, 16, 19, 29, 44, 57, 72, 73, 76, 78, 77, 90, 96, 97, 

104, 150],Web and Internet Applications [7, 27, 28, 34, 37, 38, 86, 145], Database 

Applications [35, 59, 84, 89], New communication architectures [8, 11, 50, 80, 54, 55, 

62, 65, 70, 133, 153], Mobile Environments [36, 41, 98, 109, 110, 111, 162], Mobile 

Agents and Objects [39, 46, 56, 82, 163], Mobile IP [21, 45, 48, 71, 101,135], Wireless 

TCP [30, 52, 53, 93, 165], and Specialized Protocols [2, 31, 74, 95, 100,121,129,151].

As mentioned earlier, the area of mobile computing is multidisciplinary in nature. 

We describe below briefly a t some speciflc research issues in mobile computing.



1.2.1 D esign  of M obile System  Specification

• Design the architecture and protocols of the mobile computer.

•  Provide interfaces for interoperabilty and compatibility of computer and com­

munication devices.

• Deal with mobility, unpredictability of users and computer and communication 

components in the system.

• Maintain a high QoS and fault-tolerance in the system.

• Allow for system expansion, coping with failures, dynamic reconfiguration of 

system components.

• Design system with the cooperation among system components as a bedrock 

principle.

• Design a reference model like the OSI/ISO model which will allow a hierarchical 

delegation of work and resources.

1.2.2 Transparent V irtual Networking

• Design techniques to locate the MHs d^mamically.

• Find ways to enhance the bandwridth between the MHs and the MSSs.

• Devise protocols for point-to-point and broadcasting mode of communication.

• Design compression algorithms for managing the huge volumes of data involved 

in communication.



• Design and implement security measures for transactions, user authentication.

• Devise efficient routing strategies for communication in the static network and 

the cells.

1.2.3 A d ap tive  D atabase M anagem ent and Inform ation  

Storage

•  Implement Location services for locating users and hosts.

• Implement queries on location dependent data.

• Perform consistent replication of data.

•  Deal with disconnection of hnks and nodes.

• Perform efficient database recovery upon failures.

•  Design intelligent databases to deal with servers which have different granu­

larity, consistency, schema of data.

• Maintain cache consistency.

•  Devise good caching and cache replacement algorithms.

•  Design specialized data structures for storing multimedia data. Design data 

labeling, storage and retrieval schemes to improve system efficiency.

• Devise file naming conventions to facilitate network navigation.



1.2.4 D iscovery o f Resources and A gents

• Design dictionary and directory databases that acquire knowledge from the 

system and the users.

• Deal with mismatches between data as stored on different servers viz. instance 

mismatch, unit mismatch and context and structure mismatch.

• Automate databases to study the profiles of clients, middleware and servers 

and store the information using collection agents.

• Devise strategies for adaptive agents, relaxation agents, explanation agents 

and association agents

1.2.5 M iscellaneous

• Reduce power consumption of MHs since these usually operate on batteries.

• Reduce the size and weight of portable terminals.

• Design mobile computer system simulations to evaluate designs. Design sim­

ulation languages tailored for such systems.

• Design a set of performance measures for evaluation and build tools to evaluate 

the same for such a system.

• Design ergo dynamic user interfaces.

• Monitor and manage dynamically changing network resources and topology.



1.3 Mobile Computing Projects and Implementa­

tions

There are dozens of groups working in academia, research laboratories and industries 

researching on mobile computing. We briefly describe below some examples of real 

life mobile computing systems.

DIANA

Researchers from Sun Microsystems and Stanford University [11] have devised a new 

application architecture named DIANA -  Display Independence and Asynchronous 

Network Access. This architecture de-couples the user interface logic and communi­

cation logic from the processing logic of each application to deal with the diversity 

of user interface and varied communication paradigms. DIANA defines UIL - User 

Interface Logic - that is independent of the client applications. A form description 

language FDL has been developed to express the user interface types to the UILs. 

The network manager called the courier supports network management using multi­

ple network protocols. The couriers and agents together manage the network using a 

simple protocol. Various network management issues like naming, delegation, meta­

information, user and application network managers, application surrogates have 

been studied in depth in this approach. Future work includes dealing with discon- 

nectivity, workflow support, customizing interfaces, and replaying of disconnectivity 

interaction.

10



UBICOMP

The UBICOMP [144] -  short for UBIquitous COMPuting -  project being developed 

at XEROX PARC is a pioneering work in developing the framework for ubiqui­

tous transparent mobile computing. Many hardware computing devices such as the 

ParcTab and ScratchPad have been built to prototype their research ideas. Various 

issues like applications, privacy, computational methods, pen devices and low power 

computing have been implemented as part of the project. UBICOMP lays emphasis 

on real-time capabilities for multimedia da ta  using packet routing over standard net­

works with wired and wireless media. Locator services, automatic phone and mail 

forwarding, frequent user polling have also been incorporated in the UBICOMP 

project.

Telemedicine Projects

There has been a great surge in the use of mobile telecomputing for medical ap­

plications. Patient medical information can be sent from a moving vehicle like an 

ambulance to a health care professional located at a stationary site (see Fig. 1.3). 

The advantages of mobile telemedicine include the fact that it can potentially pro­

vide very fast diagnosis of the patient’s condition thus saving time and resources. 

Among the many telemedicine projects underway, the NASA/ACTS [85] project is 

prominent.

Other notable projects include the Olivetti Active Badge project [162], the DATA­

MAN project [7] at Rutgers University, the Monarch project [88] at Carnegie Mellon 

University. A good collection of several of the mobile computing projects can be
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Figure 1.3: A Mobile Telemedicine System 

found on the internet are referenced in [117].

1.4 Handoff, Routing and Rerouting in Mobile 

Networks

In this dissertation, we focus on routing and rerouting issues for mobile wireless 

and ad-hoc networks. We now take a detailed look at issues concerning routing and 

rerouting and look at ways to providing solutions to solve the problems arising from 

routing and rerouting.

Mobile networks consist of mobile hosts -  typically a palmtop or a personal 

digital assistant, and a  underlying wired network consisting of base stations and 

fixed intermediate routers. In addition, the mobile network may contain static hosts
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(either independent machines or base stations) which are fixed and do not move. 

Communication can be either between: two static hosts (Static-Static), a static host 

and a mobile Host (Static-Mobile), or two mobile hosts (Mobile-Mobile). Each base 

station has an area of influence called a cell. Hosts communicate among each other 

using the base station and the underlying wired network. Figure 1.1 depicts the 

architecture of a cellular mobile network system. The figure shows the stationary 

backbone consisting of mobile hosts and static hosts (base stations).

Mobile hosts move from one cell to another. When a mobile host moves from one 

cell to another, it registers with the base station of the new cell. Consider that there 

is a currently a communication session between a source host and a destination host. 

If one of the host moves from its present cell, the session is interrupted because of 

the movement. In order of the session to be restarted, a handoff needs to take place. 

Handoff is the process of transferring the control and responsibility for maintaining 

communication connectivity. Handoff is used by the mobile network to provide the 

mobile host freedom of motion beyond the cell coverage of a base station. Handoff 

[14, 155] in mobile and wireless networks has been a topic of research and develop­

ment for the last few years. Rerouting is the process of routing after the handoff has 

occurred.

The rerouting problem has been studied extensively in cellular, mobile and wire­

less networks with respect to connection-oriented networks — including wireless ATM 

[1, 13, 14, 142, 134, 51, 131], picocellular networks [87], cellular networks [146], wire­

less LANs [155, 156] and connection-less networks — based on Mobile IP proposals 

including the Sony VIP routing [154], IETF Mobile IP routing [40], Panasonic Mo­

bile IP routing [161] to name a few. The rerouting problem in LEO (Low Earth

13



Orbiting) satellites has been studied extensively by Hussein, Yen and Akyildiz [159]- 

Since a satellite is continuously moving, its coverage area keeps changing too. In 

order to keep continuous connectivity between a source and a destination ground 

station, satellites may need to perform “handovers” among one another so that con­

tinuity of service is maintained. Handovers can either be inter-orbit or intra-orbit. 

The routing and the re-routing algorithms for satellite networks draw inspiration 

from the routing and re-routing algorithm for terrestrial wireless systems. Among 

the proposed re-routing algorithms for satellite networks is the Footprint Handover 

Re-route Protocol (FHRP) [159].

Communication in connection-oriented mobile networks can be either [47]: be­

tween two Static Hosts (Static-Static) or between a Static Host and a Mobile Host 

(Static-Mobile) or between two Mobile Hosts (Mobile-Mobile). Static-Static com­

munication has been studied extensively and the routing algorithms for this type 

of communication are well known. Static-mobile communication have been studied 

in the context of rerouting by [13, 14, 47, 87, 156]. It is the last type (mobile- 

mobile) that has not been explored much in the literature. The problem with the 

rerouting schemes for connection-oriented mobile networks described in literature is 

that assume that only one of the parties communicating in a session can be a mo­

bile host (typically the destination) and the other is stationary. Only [47, 102, 87] 

suggest schemes for mobile host to mobile host communication. These schemes do 

not provide rerouting that use optimal routing. In addition, these schemes do not 

look at different types of rerouting strategies [138, 139, 146]. We propose a scheme 

for performing optimal rerouting in mobile-mobile networks. We also compare and 

contrast aU of the above given mobile-mobile rerouting schemes. We believe, that
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this is the first such effort.

Several rerouting strategies which evaluate and optimize various performance 

metrics have been proposed. For example, Acampora's Virtual Connection Tree 

routing scheme [1] tries to optimize probability of cell overload (base station handling 

more connections than its capacity) and the mean time spent in overload while 

Akyol and Cox’s NCNR [14] scheme evaluates metrics including signaling bandwidth, 

number of signaling messages during handoff and rerouting and user bandwidth 

allocated for handoff. Toh [155, 156]'s scheme evaluates service disruption time for 

upstream and downstream traflac, buffer size, cell redirection time, path setup and 

tear down time among others. Seshan’s [146] rerouting scheme evaluate many metrics 

including, service disruption time, total rerouting time, buffering requirements at 

base stations and mobile hosts.

1.5 Overview of the dissertation.

In this dissertation, we have addressed several problems in the area of routing and 

rerouting in mobile and wireless networks. We now briefly describe the problems 

addressed in this dissertation. The first three problems addressed in this dissertation 

are related to rerouting in connection oriented networks and the final problem is to 

design an efficient routing algorithm for ad-hoc networks.

1.5.1 R erouting  in S tatic-M obile C onnections

We provide a framework for comparing rerouting strategies for Static-Mobile connec­

tions in connection-oriented networks using appropriate characteristics. The rerout­
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ing strategies and earlier attempts at such classification are described in [13, 146, 

155, 156]. We differ in our approach from [146, 155, 156] in that we allow for schemes 

based purely on cell forwarding [81] and virtual trees [1]. We also subsume the clas­

sification proposed by Akyol and Cox [13] by including different tree based rerouting 

schemes and separate schemes for full and partial rerouting. In this sense, our work 

can be viewed as a generalization of previous works. We analyze and evaluate the 

performance of rerouting strategies using metrics common to [13, 146, 155, 156] 

and metrics specialized to specific schemes. We have also abstracted the common 

handshaking signals from all the rerouting schemes (with and without radio hints - 

described later) to avoid repetition and also provide a framework to compare these 

common handshaking signals. We have provided methods to decrease the total 

rerouting completion time by exploiting parallehsm in message exchanges during 

rerouting. We evaluate the performance of the rerouting schemes using analytical 

cost modeling.

Our classification of the rerouting schemes are based on the several characteristics 

including: protocol used for rerouting, whether used for local or wide area networks, 

type of traffic (time-dependent like audio and video data or throughput-dependent 

like text files and ascii data or both) and the granularity of cell (macrocells, micro cells 

or picocells) In order to compare and contrast the rerouting schemes, we use a set 

of common performance metrics including: Rerouting Completion time. Buffering 

required at the mobile host. Number of nodes involved in handoff and rerouting. 

Number of user connections established for rerouting, and Degree of parallelism 

(Number of messages that can be done in parallel and the total number of messages 

tha t have to be exchanged sequentially).
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We classify the rerouting strategies broadly as: Full, Partial, Tree, Cell Forward­

ing. Because there are overlaps in the cell coverage of adjacent cells, MHd gets a 

radio “hint” before it enters the its cell. Using the radio hint MHs can signal BSow 

to inform BSnew to set up the required connections in advance. Each of the following 

schemes can be either with or without a radio hint [14, 146, 155, 156].

Full rerouting involves establishing a new routing path from the BSnew base 

station to the BSs- Full rerouting schemes perform poorly as they are slow and 

inefficient. Partial rerouting involves finding the “cross-over” point of the route 

between BSs and BSoid and the route between BSs and BSnew with a view to increase 

route reuse. Tree rerouting involves routing using a tree based structure. The base 

stations in the system form the nodes of the tree. The tree has a special designated 

base station which forms the root of the tree. Some implementations have multiple 

trees which form the communication structure. Multicasting is typically performed 

using this scheme. Tree rerouting can either be to a group (Tree - Group rerouting) 

or from a single source to a single destination using a virtual tree (Tree - Virtual 

rerouting) where only one branch of the tree is active at a time. Tree - Group 

rerouting can either have a static or a dynamic group with which to communicate. 

The static version of Tree - Group rerouting involves a group consisting of members 

that do not change over time while in case of a dynamic rerouting the membership 

of a group may change. Cell Forwarding rerouting involves designating a specialized 

base station to forward data packets to the MHd when it moves from a “home” area.

We use message signaling diagrams (the actual set of messages exchanged be­

tween different entities involved in handoff and rerouting) to perform analytical cost 

modehng using the network and the system parameters in order to calculate the
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various performance metrics.

1.5.2 R erouting in M obile-M obile C onnections

Static-Static communication has been studied extensively and the routing algorithms 

for this type of communication are well known. Static-Mobile rerouting has been 

studied in the context of rerouting by [14, 13, 47, 87, 146, 155, 156]. The problem 

with the rerouting schemes for connection-oriented mobile networks described in lit­

erature is that assume that only one of the parties communicating in a session can 

be mobile host (typically the destination) and the other is stationary. Only Biswas 

[47], Ghai and Singh [87] and Cellular Telecommunication standard IS-41c [102] sug­

gest schemes for mobile host to mobile host communication. Biswas’s [47] strategy 

uses an already pre-estabhshed route between two stationary hosts that houses the 

mobile agents in-charge of the communication. The only rerouting involves both the 

source and destination mobile hosts establishing paths to these stationary hosts. The 

disadvantage of this scheme is that if the mobile hosts keep moving, the path used 

for communication may be inefficient as the scheme does not dynamically update 

the paths based on the location of the mobile hosts. The scheme proposed by Ghai 

and Singh [87] suffers from the same problem. In addition, Ghai and Singh’s scheme 

uses dynamic multicast rerouting only. The architecture of the setup in more com­

plex using a three tier hierarchy (mobile host, base station and supervisory host). 

In case of cellular telecommunication using the EIA/TIA IS-41 (c) standard, cell 

forwarding takes place continuously as the mobile host move away. The obvious dis­

advantage is that the routes used are not optimal. We shall see this in more detail 

later as we compare all these schemes. In addition, these schemes do not look at
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différent rerouting strategies known for static-mobile connections. In [138], we have 

proposed a generic framework for mobile-mobile rerouting allowing unlimited move­

ment by both the source and destination mobile hosts while alleviating the problem 

of non-optimal paths.

We know of only four techniques [47, 87,102,138] to perform rerouting in mobile- 

mobile connections. In this section, we discuss these techniques in more detail and 

look a t their drawbacks and look closely at the technique that we have proposed 

[138] in order to alleviate these drawbacks.

We present a distributed algorithm for rerouting in mobde-mobde connections 

which eliminates the problems described above. In the discussion that follows, we 

designate one of the mobile hosts as the source mobile host (IVIHs) and other as the 

destination mobile host (M H d)- The algorithm allows communication irrespective of 

the rerouting technique used is full, partial, cell forwarding or tree based. However, 

in the case of tree rerouting, we assume that when there is a communication tree 

rooted at source base station with the destination base stations forming leaves of 

the tree. Tree routing involves, dynamically forming trees rooted at the current base 

station of MHs MHs moves. In addition, if MHd moved out of the tree, either 

the tree has to be extended to cover the base station that MHd has moved to, or 

use cell forwarding to maintain communication between MHs and MHd .

We use a simple framework for comparing the performance of all the mobile- 

mobile rerouting schemes. The reason, we choose this simple scheme (which we 

explain in detail later) is that the mobile-mobile rerouting schemes are not tied to 

the type of rerouting (full, partial, cell, tree-based). These rerouting schemes basi­

cally concentrate on deciding the end points on the connections and can, in theory,
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use any type of rerouting. Our comparison is based on calculating the to ta l rerout­

ing distance, the cumulative connection path length and the amount of resources 

used as the mobiles move. As seen earher, the metrics that determine efficiency of 

rerouting schemes in static-mobile connections are dependent on connection length. 

For example, the total rerouting path length gives a good estimate of metrics such 

as throughput, the total rerouting time, the service disruption time and buffering 

requirements at the base stations.

1.5.3 Effect o f rerouting on the perform ance o f w ireless T C P

TCP is a one of the most widely used transport layer protocol. In a mobile envi­

ronment, TCP cannot discriminate packets dropped due to lossy links, intermittent 

connectivity, handoffs and rerouting with those dropped due to congestion in the 

network. TCP reacts to packet losses as it would in a wired environment -  it 

drops its transmission window size before retransmitting packets, initiates conges­

tion control or avoidance mechanisms like the slow start algorithm and resetting its 

retransmission timer [32, 33]. This results in an unnecessary degradation in system 

performance. In the past, several proposals have been made to alleviate this problem 

[32, 33]. However, these proposals do not take into account the type of rerouting 

viz. full rerouting, partial rerouting, tree based rerouting or cell forwarding. Also, 

these proposals assume that only one end in a session is mobile while the other is 

fixed.

We study the network performance with TCP under different rerouting schemes 

with either one end or both the ends in a session being mobile using analytical cost 

modeling. Various performance metrics like the system throughput, to ta l rerouting
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time, service disruption time, amount of buffering required at the mobile hosts and 

the base stations are calculated for comparative analysis. We propose measures and 

mechanisms to improve the network performance using TCP under these rerouting 

schemes.

1.5 .4  A  N ovel R outing A lgorithm  for A d-hoc networks

An ad-hoc network is characterized by a collection of mobile hosts with frequently 

changing network topology. In the presence of dynamic network topology and the 

absence of centralized routing management system, flooding from a given source is 

often the only way to send message units to destinations. We present a distributed 

algorithm that will maintain a spanning tree of the collection of mobile hosts. Rout­

ing from a given source to a destination is performed on this spanning tree. Thus 

the routing scheme is loop-free and uses a minimal number of control messages to 

determine the route. We present several optimizations to improve our basic spanning 

tree construction algorithm. We will also examine properties of the spanning trees 

constructed and evaluate it for routing and reconstruction efl&ciencies taking into 

account demand patterns. Finally, we present analytical cost models for evaluation 

of worst case bounds and show average case performance of our proposed algorithms.

Due to the increasing number of mobile computers and netw^orking hardware, 

extensive work has been done in communication protocols in the mobile environment 

using a hxed, backbone network infrastructure. There are situations when such a 

backbone network may not be present. Examples of this include scenarios such as 

- when a group of workers are to be deployed quickly during a natural disaster or 

a group of business delegates assembled in a lecture hall. It is desirable for mobile
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hosts in such situations to form a temporary network without the aid of centralized 

administration or an established network backbone. This temporary network is 

called an ad-hoc network, we propose a novel routing protocol that is reactive but 

uses considerably less number of messages. We achieve this by maintaining a forest 

of spanning trees. We believe our approach is practical and has less time, space and 

message complexities when compared with the above algorithms.

The basic idea of the algorithm is to construct a set of dynamic trees (also 

known as a dynamic forest) Tl, 2^,..., %  where each Tr, at a given time, has nodes 

(mobile hosts) /ii,/i2 , ...,hp such that any node hi can communicate to a host hj. 

We assume that each node h knows the IDs of the neighboring nodes within its 

direct transmission range and it is denoted by N{h). In this maimer, a node can 

communicate to any one of its neighbors directly. On the other hand, if a node 

wants to send a message to another node which is beyond its direct range then it 

would try to use other nodes as routers. The key ingredient of the algorithm is to 

dynamically readjust the direct connections between the nodes as the hosts move 

around. In simple graph-theoretic terminology, this means that a host hi can try 

to communicate to a host hj by sending its message via the tree edges and in some 

special situations as described later, using non-tree edges.

1.6 Organization of the dissertation

The rest of the dissertation is organized as follows. Chapter 2 describes our proposed 

framework for comparative analysis of rerouting schemes for connection-oriented mo­

bile networks. Chapter 3 elaborates on our proposed distributed rerouting algorithm
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for connections with, mobile ends. Chapter 4 presents our approach to evaluate 

the performance of Wireless TCP scheme in conjunction with different rerouting 

schemes. In Chapter 5, we describe an efficient routing algorithm for ad-hoc net­

works. Finally, in Chapter 6, we present our conclusions and future work.

We have tried to make each chapter complete and self-contained as much as pos­

sible. For each chapter, we introduce the scope and the motivation of the chapter at 

the beginning of the chapter and we also summarize the results and our contributions 

at the end of each chapter.
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C hapter 2

R erouting in Static-M obile  

C onnections

2.1 Introduction

In this chapter, we survey, classify, analyze and evaluate all known rerouting tech­

niques for connection oriented networks for Static-Mobile connections. Connection- 

oriented networks provide guarantees on performance (even under congestion) needed 

for delivery of multimedia data on mobile hosts. Hence the motivation for concen­

trating on connection-oriented networks in this work.

The rest of the chapter is organized as follows: In this section, we continue 

to explore the rerouting process in more detail. We study the characteristics for 

comparison and classification of rerouting. We classify various rerouting schemes in 

four major categories and finally we survey the related work in detail. In Section 

2.2, we analyze and evaluate the various classes. Each class is explained in detail
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including the protocol for rerouting, advantages and disadvantages of the class, var­

ious examples and variations of strategies in this class. Section 2.3 evaluates the 

above mentioned performance metrics including specialized metrics for each scheme 

using analytical cost modeling. Section 2.4 briefly describes the comparison of all 

the individual rerouting schemes based on the performance metrics. In Section 2.5, 

we suggest schemes to improve rerouting schemes by using parallelism in protocol 

messages. Section 2.6 presents conclusions and future work.

2.1.1 Characteristics for C om parison and C lassification of 

R erouting

We use a set of characteristics in order to compare and classify various static-mobile 

rerouting schemes. Our classification of the static-mobile rerouting schemes are 

based on the following characteristics:

1. The characteristics of the system:

• Protocol used for rerouting: The protocol could be either cell forwarding, 

full rerouting, partial rerouting, or tree rerouting.

• Whether used for local or wide area networks.

•  Whether the scheme is tailored for ATM based networks.

• Type of traffic: Traffic can either be time-dependent (audio and video 

data) or throughput-dependent (text files and ascii data) or both.

•  Granularity of cells: Cells can be either macro cells, micro cells or picocells 

[1, 155, 156].
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2. A set of common, performance metrics used to evaluate the rerouting strategy 

- like:

• Service Disruption Time (Tdisrupt)-

•  Rerouting Completion Time (Tcompiete)-

• Buffering required at the Mobile Host (Bmh) ■

• Buffering required in Base Station for uplink (Bbsup)-

• Buffering required in Base Station for downlink (Bbsdn)-

•  Number of messages exchanged during handoff (A/i).

• Number of messages exchanged during rerouting (Nr).

• Number of nodes involved in handoff and rerouting (Nn).

• Number of user connections established for rerouting (Nc).

• User bandwidth allocated for handoff and rerouting (B).

• Whether the scheme is proposed for WANs or LANs (W/L).

3. Specialized metrics for each class of rerouting scheme. For example, in the 

case of partial rerouting, the new route shares part of the old route. Thus, one 

of the important metrics for this scheme is the partial re-use efficiency (ijpart) 

which is defined as the ratio of the length of the route that is common to both 

the old and the new route and the length of the new route.

4. Implementations: Schemes and protocols from literature that exemplify the 

rerouting scheme (See Figure 2.2).

5. Advantages and disadvantages of the rerouting strategy.
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2.1.2 C lassification of rerouting schem es

Rerouting in mobile environments occurs as result of a handoff. When a mobile host 

(MH) moves from the region of influence (cell) of a base station (BS) to another, a 

handoff is said to have taken place. In order to maintain communication connectivity, 

packets have be re-routed to and from the IVIH. This process of re-establishment of a 

route is called as rerouting. Figure 2.1 depicts the rerouting process. The source MH 

namely MHs is in a session with the destination MH namely MHd when it migrates 

from the cell of BSoid to BS êw after performing a handoff. The route between the 

BSd and BSoid and BSnew may be the same, partially same or completely different.

BS, MH

BS

BS

BS

BS
BS

BS

BS BS

Handoff

Migration

— — —Route Before Handoff 

■ ' — Route After Handoff

BS ) Base Station

Mobile Host

R E -R O U T IN G

Figure 2.1: The rerouting process 

We classif}'- the rerouting strategies broadly as:

1. Full

2. Partial
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3. Tree

4. Cell Forwarding

Because there are overlaps in the cell coverage of adjacent cells, MHd gets a radio 

“hint” before it enters the its cell. Using the radio hint MHs can signal BSoid to 

inform BSnew to set up the required connections in advance. Each of the following 

schemes can be either with or without a radio hint  [14, 146, 155, 156].

Full rerouting involves establishing a new routing path from the BSnew base 

station to the BSs. Full rerouting schemes perform poorly as they are slow and 

inefficient. Examples of such schemes are Full Re-Establishment (without hint) and 

Full Re-Establishment (with hint) [146].

Partial rerouting involves finding the “cross-over” point of the route between BS$ 

and BSoid and the route between BSs and BSnew with a view to increase route reuse. 

Examples of these schemes include Incremental Re-Establishment (without hint) 

and Incremental Re-Establishment (with hint) [146], Incremental Re-Establishment 

(without hint) and Incremental Re-Establishment (with hint) [155], and NCNR [14].

Tree rerouting involves routing using a tree based structure. The base stations 

in the system form the nodes of the tree. The tree has a special designated base 

station which forms the root of the tree. Some implementations have multiple trees 

which form the communication structure. Multicasting is typically done using this 

scheme. Tree rerouting can either be:

• To a group (Tree - Group rerouting) as described in Multicast Re-Estabhshment 

(with and without hint) [146] and the Picocellular Network Architecture [87]

28



• From a single source to a single destination using a virtual tree (Tree - Virtual 

rerouting) where only one branch of the tree is active at a time. Such a scheme 

is explained in the Virtual Tree scheme [1] and the SRMC scheme [164].

Tree - Group rerouting can either have a static [146, 164] or a dynamic group 

[87] to communicate with. Static rerouting involves a group consisting of members 

that do not change over time while in case of a dynamic rerouting the membership 

of a group may change.

Cell Forwarding rerouting involves designating a specialized base station to for­

ward data packets to the MHd when it moves from a “home” area. Such schemes 

include the ones described in the Adaptive Routing scheme[81] and the BAHAMA 

scheme [79].

Figure 2.2 shows the classification scheme with examples. Rerouting schemes 

can be either full, partial, tree and cell forwarding. Tree rerouting can either use 

virtual (static) tree based rerouting or dynamic multicast based tree rerouting. Each 

of these schemes may or may not radio hints. Figure 2.2 gives examples for each of 

the rerouting schemes.

2.1.3 R elated  W ork

In this section, we briefly describe other work in the area of comparative analysis 

of handovers and rerouting. Speciflcally, we discuss the work done by Toh [157], 

Ramanathan and Steenstrup [141], Bush [51], Cohen and Segall [60], Ramjee et al. 

[142], Song et al. [148], Mishra and Srivastava [134] and Hopper et al. [131].
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Figure 2.2; Classification of rerouting strategies

Toh [158]

Toh [158] explains how handovers in multicast connections can be achieved irrespec­

tive of the kind of multicast tree (source-based, server-based or core-based) used 

in the wireless ATM environment. Toh proposed solutions to handle handover and 

rerouting for both multicast and unicast connections without categorizing rerouting 

strategies. His scheme also does not consider pure cell-forwarding schemes. The 

rerouting algorithm used in Toh’s approach is partial rerouting using a crossover 

discovery algorithm. Toh demonstrates how this handoff and rerouting scheme can 

be used for both unicast and multicast connections using either distributed or cen­

tralized connection management. Toh’s work considers partial rerouting with static- 

mobile connections.

Toh’s work does not consider different kinds of rerouting (full, cell forwarding
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and tree-based) schemes for comparison and also does not deal with mobile-mobile 

connections. Toh’s analysis is restricted to partial rerouting only. The analysis does 

not calculate the number of messages exchanged during handoff (A^), number of 

messages exchanged during rerouting (iVr), number of nodes involved in handoff 

and rerouting (Nn), number of user connections established for rerouting (Nc) and 

u user bandwddth allocated for handoff and rerouting (S).

Ramanathan and Steenstrup [141]

Ramanathan and Steenstrup [141] make an extensive survey of routing techniques 

for cellular, satellite and packet radio networks. They have surveyed various meth­

ods for location tracking and location update strategies in PCS, internet and packet 

radio networks. They categorize different types of handoffs in cellular telecommu­

nication networks. These include mobile-controlled handoff (the mobile chooses its 

new base station based on relative signal strength), network controlled handoff (the 

mobile host’s current base station decides the occurrence of a handoff based the 

signal strength from the mobile host), mobile-assisted handoff (the mobile host’s 

current base station requests the mobile host to inform it the signal strengths from 

several nearby base stations after measurement and then decides when a handoff 

has occurred in consultation wdth the mobile switching center) and soft handoff (the 

mobile host may be affiliated to multiple base stations with approximately equal 

signal quality ).

However, the survey does not consider rerouting specifically. Also, the authors 

do not compare and contrast the techniques using any performance analysis.
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Bush [51]

Bush et al. [51] classifies handoff schemes for Mobile ATM networks. The classifi­

cation is specific to handovers (and not rerouting) for connection oriented networks. 

These include pivotal connection handoff (a specific base station is chosen a pivot 

to perform handoff), IP mobility based handoff (handofe require IP packet forward­

ing using mechanisms such as loose source routing), handoff tree (a pre-established 

virtual circuit tree [1] is used to automatically detect handoffs in a wireless ATM 

environment).

The classification is specific to handovers (and not rerouting) for connection 

oriented networks. The analysis does not calculate several performance metrics 

calculated by us including the number of messages exchanged during handoff (iV/i), 

number of messages exchanged during rerouting (Nr), number of nodes involved in 

handoff and rerouting (Nn), number of user connections established for rerouting 

(Nc) and u user bandwidth allocated for handoff and rerouting (B).

Cohen and Segall [60]

Cohen and Segall [60] describe a scheme for connection management and rerouting 

in standard (not wireless/mobile) ATM networks. Their rerouting is a NNI protocol 

which can be invoked when an intermediate link or node in the virtual path fails. 

The protocol reroutes all the effected to other alternate virtual path.

The authors do not compare and evaluate different types of rerouting schemes. 

In addition, the evaluation is not for wireless/mobile networks.
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Ramjee et al. [142]

Ramjee et al [142] have performed experimental performance evaluation of five types 

of rerouting protocols for wireless ATM networks. Their rerouting protocols are 

primarily based on cross over switch based rerouting [158] using mobile-directed 

handoff. In order to perform rerouting m an ATM environment, the ATM switch at 

the cross over point must change the appropriate entry in the translation table. This 

involves dismantling the old entrj’- (break) and installing the new entry (make). Their 

evaluation includes rerouting schemes: make-break (make followed by break), break- 

make (break followed by make), chaining (cell forwarding from the old base station to 

the new base station), make-break chaining (make-break with chaining) and break- 

make chaining (break-make with chaining). The authors classify the handoff schemes 

as:

• Optimistic: These schemes rely on a simple and fast handoff and assume an 

optimistic view towards disruption of traffic. The virtual circuit tree [1] is an 

example of this scheme.

• Ordered: These schemes provide in-order delivery of data with no loss during 

handoffs. Examples of this type of handoff scheme are the full re-establishment, 

incremental re-establishment, and multicast-based re-establishment [146].

• Predictive: These schemes try to predict the movement of the mobile host and 

multicast the data to the group of cells where the mobile host is likely to move 

into. The picoceUular architecture [87] uses this kind of handoff mechanism.

• Chaining: These schemes simply extend the connection from the old base 

station to the new base station. BAHAMA [79] and [134] use this scheme.
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These schemes essential perform cell forwarding from the old base station to 

the new base station.

Comparative evaluation by the authors does not consider mobile-mobile connec­

tions and uses only disruption time and handoff latency as metrics for comparison.

Song et al. [148]

Song et al. [148] define five kinds of rerouting schemes for connection-oriented net­

works. These are:

• Connection-Extension Rerouting: This rerouting is the same as cell-forwarding 

rerouting.

• Destination-Based Rerouting: In this scheme, the rerouting point is predeter­

mined at the connection time. This is similar to connection-extension rerouting 

except the that the rerouting base station is the a predetermined base station 

and not necessarily the old base station.

• Branch-Point-Traversal-Based Rerouting: This rerouting is the same as partial 

rerouting:

• Multicast-Join-Based Rerouting: This rerouting is the same as Tree-group 

Rerouting.

• Virtual-Tree-Based Rerouting: This rerouting is the same as Tree-Virtual 

Rerouting.

Song et al. propose a general framework for perform rerouting based on connection- 

information. They do so by maintaining information about the connection identifier
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and router address and the rerouting base station is chosen as the closest base sta­

tion to the new base station on the existing old path. The authors compare the 

rerouting schemes based on connection distance, moving distance, reroute distance, 

reroute optimality, size of connection information and size of rerouting information 

and rerouting time.

However, the authors do not compare buffering requirements, disruption time. 

Also, their comparative evaluation is does not involve analytical modeling using 

actual real-world values for network and system parameters. Also, the authors do 

not consider mobile-mobile connections for evaluation.

Mishra and Srivastava [134]

In [134], Mishra and Srivastava classify rerouting in an ATM environment as:

• Extension: Same as cell forwarding or chaining.

• Extension with loop removal: Specialized case of cell forwarding with removal 

of any possible path loops caused by chaining.

• Total Rebuild: Same as full rerouting.

• Partial Rebuild: Same as partial rerouting.There are two variants in this

scheme (ffxed or dynamically chosen cross over point).

• Multicast to Neighbors: Same as Tree-group rerouting.

The authors compare and contrast these schemes for CBR and TCP sources. 

The authors compare using throughput, packet delay and loss rate. The work does
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not consider mobile-mobile connections and use only a small subset of the metrics 

tha t we have used for comparative evaluation purposes.

Hopper et al. [131]

In [131], Hopper et al. classify rerouting in the wireless ATM LANs as:

• Virtual Connection Tree: Same as Tree-virtual rerouting.

•  Path Rerouting: Same as partial rerouting.

•  Path Extension Scheme: Same as cell forwarding.

In this work the authors suggest a COS (cross over switch) rerouting (partial 

rerouting) to meet a set of requirements including minimal disruption and cell loss, 

no reordering and other QoS metrics. The COS is fixed and predetermined. In case 

of excessive and ineflicient handoffs, the COS can move dynamically. The authors 

compare their proposed scheme with schemes proposed in [1, 13, 79, 10, 81].

The authors do not compare all the rerouting schemes proposed by them. They 

analyze only the COS rerouting algorithm. Also, the use only minimal disruption 

and cell loss as performance metrics. The analysis does not calculate several perfor­

mance metrics calculated by us including the number of messages exchanged during 

handoff (A^), number of messages exchanged during rerouting (AA), number of nodes 

involved in handoff and rerouting (N„), number of user connections established for 

rerouting (Nc) and u user bandwidth allocated for handoff and rerouting (B).

From the previous related work described above, we see that our classification 

encompasses all the proposed rerouting schemes. In this sense, our work can be
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viewed as a generaJizatioa of previous works. We also use a large set of performance 

metrics for comparison between all the rerouting schemes. Our contribution in this 

work is six-fold:

1 . We have provided a comprehensive framework for comparing rerouting strate­

gies for connection-oriented networks using appropriate performance metrics. 

We also subsume the classification proposed by various authors in [13, 51, 148, 

131, 134, 142, 146, 155, 158], that is every rerouting scheme that can be clas- 

sifi.ed under any of the other classification schemes can also be classified under 

our proposed classification scheme.

2. We analyze and evaluate the performance of rerouting strategies using a large 

array of metrics including all the ones proposed by the above mentioned au- 

thors.We also propose and evaluate metrics specialized to specific schemes. 

The calculation of special metrics is unique to our comparison and classifica­

tion.

3. We have also abstracted the common handshaking signals from all the rerout­

ing schemes (with and without hints) to avoid repetition and also provide a 

framework to compare these common handshaking signals.

4. Also, we have compared and contrasted actual implementations of the the 

rerouting protocols (See Figure 2.12). None of the related work (described 

above) has done such a comparison.

5. We compare and contrast the performance of rerouting in mobile-mobile con­

nections. This is the first such attempt according to best of our knowledge.
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6 . We have provided methods to decrease the total rerouting completion time by- 

exploiting parallelism in message exchanges during rerouting.

2.2 Analysis and evaluation of classes of rerouting 

schemes

In this section, we describe for each class of rerouting -  the basic protocol, and its 

different implementations, advantages and disadvantages. Self descriptive figures are 

provided to aid in the explanation. In the descriptions of the rerouting schemes, we 

assume the following:

1 . There is coverage overlap between cells.

2. An MH communicates with only BS at a time.

3. Each MH can measure the radio signal strength of the base stations in order 

to know its entrance into a new cell.

4. Handoff and rerouting is initiated by the destination mobile host -  MHq.

5. The source mobile host -  MHg is assumed to be stationary during the rerouting 

process.

2.2.1 C om m on handshaking signals for rerouting schemes

There are certain handshaking signals during rerouting that are common to all the 

rerouting schemes. We have abstracted out these signals in order to avoid repeti­

tion in all the rerouting schemes. Using the framework that we describe below, we
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can selectively compare the rerouting schemes - with or without these handshaking 

signals. The handshaking protocol is assumed to have been completed before the 

actual rerouting protocol. We describe these signals for rerouting schemes - wdth 

and without hints, separately. In case of schemes without hints, the handshaking 

protocol is the same for all the rerouting schemes. However, this protocol varies for 

schemes that use hints. We now describe briefly these handshaking schemes.

W ithout hints

Handshaking protocol for all rerouting schemes without hints consists of the following 

protocol as showm in Figure 2.3.

BS,

M H d

1: Request Connection/ Register 

2: Acknowledge Request 

3: tnform BS old 

4 : Acknowledge BS new

Handshaking for Rerouting

Figure 2.3: Handshaking for rerouting without hints

1 . MHd enters the new cell and request a connection with BSnew after identifying 

itself. MHd informs BSnew the identity of BSoid and its present connections.

2 . BSnew acknowledges MHd request. MHq can continue any transmissions.

3. BSnew requests BSow to forward M Hd ’s data  to itself. The message also re­

quests that it be allowed to be the “anchor” for M Hd ’s transmission.
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4. BSoid acknowledges and grants permission to BSnew- After this, BSnew begins 

forwardiag MHd’s transmitted data to MHg through BSoid-

W ith  hints

Handshakiug protocol for rerouting with hints is dependent on the rerouting scheme. 

Only the partial rerouting scheme has a different handshaking protocol as shown in 

Figure 2.4. In the schemes other than partial rerouting, the handshaking protocol 

is as follows:
----------- Signals specific
  Signals specific to Partial Rerouting
 Signals common to all Rerouting

BS

BS,

:
For
Non-
Partial
Rerouting

For
Partial
Rerouung

Destination BS for Full Rerouting 
Cross over BS for Partial Rerouting 
Tree Root BS for Tree - Group Rerouting 
Tree Root BS for Tree - Virtual Rerouting 
Forwarding BS for Cell Forwarding

I: Request BS old Active Conn.

2: Send a list o f Active Connections 

3: Establish Connections.

4: Acknowledge Establishment

3: BS old invokes cross over discovery 

4: Establish Connections.

5: Acknowledge Establishment

Handshaking with Rerouting with hints

Figure 2.4: Handshaking for rerouting with hints

1 . MHd requests BSoid to send a list of active connections to BSn

2 . BSoid sends the list to BS„ew-

3. BSnew establishes the connections with BS.

4. BS acknowledges the establishing of the connections.
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2.2.2 Full rerouting

Full rerouting can occur with or without hints. We describe in this and the sub­

sequent subsections the generic rerouting schemes without hint. Detailed protocol 

descriptions of all rerouting schemes (with and without hints) are explained in [139]. 

Figure 2.5 and Figure 2.6 describe respectively the protocol of a generic Full rerout­

ing (without hints) and Full rerouting (with hints).

5: Setup New Connection

6: Estobllsti New Connection

7: Inform MH

I: Redirect Data

9: Request Tear Down of Old Conn.

10:Tear Down Old Connection

BS,

Full Re-Establishment (Without Hints)

Figure 2.5: Full rerouting without hints

Im plem entations

The implementations of Full rerouting are described by Seshan [146]. Seshan de­

scribes full re-establishment schemes with and without hints. The generic full rerout­

ing explained above is the same as Seshan’s implementation. The source (a video 

server in the implementation) is assumed to be fixed while the destination is the 

mobile host MH. The mobile host moves from the old base station BSow to the new
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BS.
MH

10

BS,

MH

Hint Processing

Full Re-Establishment (W ith Hints)

I: Request BS old Active Conn.

2: Send a list of Active Connections 

3: Establish Connections.

4: Acknowledge Establishment 

5: Connect to BS new 

6; Acknowledge MHq  

7: Request Forward by BS old 

S; Acknowledge BS new 

9: Request data rerouting 

10: Request Tear Down o f Old Conn. 

11: Tear Down Old Connection

Figure 2.6: Full rerouting with, hints 

base station BSnew The rerouting involves finding a new route from BSnew to the

source.

Advantages and disadvantages

Full rerouting is the simplest and naive among all the schemes. However it is ineffi­

cient and slow. Full rerouting with hints performs much better than Full rerouting 

without hints.

Special M etrics

Special Metrics are those that are applicable specifically to this routing scheme. We 

can use special metrics to compare similar rerouting schemes. We will study special 

metrics for each rerouting schemes separately. With respect to full rerouting, we look 

at two special metrics namely, old connection tear down time and new connection
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set up time.

1 . Old connection tear down time (Ttear)' The total time required is the time 

required for the BSdest to inform BSoid to tear down the old connection and for 

the BSoid to comply.

2 . New connection setup time {Tnew)- The total time required from the time MHd 

informs BSoid to send a list of active connections to the time when the BSdest 

confirms the establishment of the connections.

2.2.3 Partial rerouting

Partial rerouting involves maximizing the route reuse. Once the “cross-over” point 

is found using a cross-over point discovery algorithm like the ones described [155, 

156]. We assume that BScross is the base station at the cross-over point. Figure 2.7 

describes the protocol of a generic Partial rerouting (without hints).

Im plem entations

There is many variations in implementation of Partial rerouting. Seshan [146] gives 

implementation - called Incremental Re-Establishment - with and without hints. The 

protocol of Seshan’s implementation is the same as the generic protocol described 

above. The protocol does not specify the cross-over discovery mechanism.

Toh [155] also gives an implementation called as Incremental Re-Establishment 

(with and without hints). Toh’s implementation is for wireless local area networks. 

Toh’s strategy for rerouting (without hints), unlike the generic Partial rerouting 

(without hints) assumes that the wireless link between the MH and BSoid has failed
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BS cross - Cross Over Point

BS, S: Connect to BS cross

6: Partial Conn. Re-Establishment

7: Inform MHi

8: Acknowledge to BS new

9: Reroute Data.

10: Request Tear Down Old Conn, 

11: Tear Down Old ConnectionBS,

Partial Re-Establishment (Without Hints)

Figure 2.7: Partial rerouting without hints

resulting in the unavailability of hints. In the Toh’s Incremental Re-Establishment 

(without hints) protocol, BSoid does not acknowledge the MH (Message 2 in the 

generic protocol). Also, Messages 3 and 4 are absent and there is cell loss as BSnew 

does not request BSnew to forward cells. In addition, there are no explicit messages 

to tear down the old connection (Messages 10 and 11). In case of Toh’s Incremental 

Re-Establishment (m th  hints), BSnew invokes the cross-over discovery algorithm 

(Message 3) unlike BSoid as described in the generic Partial rerouting (with hints) 

scheme. Also, Messages 8  and 9 intended for cell forwarding from BSoid to BSnew 

are absent resulting is cell loss. Toh describes many algorithms for discovery of the 

cross-over switch.

Akyol and Cox’s [14, 13] strategy - called as NCNR rerouting - performs partial 

rerouting by choosing the cross-over discovery as the nearest common neighbor of 

the BSoid and BSnew- Their scheme considers whether there is a direct link between
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BSnew and BSoid and whether the traffic is time-dependent (e.g. voice, video) or 

through-put dependent (e.g. data).

It should be noted that the performance of the Partial rerouting is strongly 

dependent on the performance of the cross-over discovery algorithm.

Advantages and disadvantages

Partial rerouting tries to maximize the re-use of the resources -  connections, paths 

and bandwidth. Since the performance of rerouting is directly dependent on the 

length of the new path to be estabhshed. Partial rerouting is expected to perform 

better than the Full rerouting. In the worst case, the performance of Partial rerouting 

is the same as that of Full rerouting. Also, this scheme has the onus of executing 

the cross-over discovery algorithm.

Special M etrics

With respect to partial rerouting, we study several performance metrics including old 

connection tear down time, new connection setup time, the time required to invoke 

cross-over discovery algorithm, the time required to actually discover the cross-over 

switch and the efficiency of path reuse.

1 . Old connection tear down time {Ttear)' The total time required is the time 

required for the BScross to inform BSow to tear down the old connection and 

for the BSoid to comply.

2. New connection setup time {Tnew)- The total time since the MHd requests a 

connection with BSnew till the confirmation of the establishment of the new 

connection.
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3. Time required to invoke cross-over discovery algorithm (Tcross)' The to tal time 

in the rerouting process till the cross-over switch discovery algorithm has been 

invoked.

4. Time to discover the cross-over switch [Tdiscover]- The total time for finding 

the cross-over switch after invoking the cross-over discovery algorithm. This 

term depends on the algorithm used.

5. Partial Re-Use Efficiency (rjpart)- The fraction of the new path that has been 

re-used.

2.2.4 Tree rerouting

Tree routing involves setting up and using a tree with base stations as nodes to 

communicate to a either multicast to a group or a single base station using a virtual 

tree. Let BSroot be the root of the communication tree.

Tree - Group

Figure 2.8 describes the protocol of a generic Tree - Group rerouting (without hints). 

In this case, there is a dynamic multicast tree built that is used to multicast data 

to a group base stations. The base station BSroot is the root of the multicast tree. 

The messages used to perform rerouting are described in this figure.

Tree - V irtual

Figure 2.9 describes the protocol of a Tree - Virtual rerouting (without hints). Let 

BSroot be the root of the virtual tree which connects a group of base stations. There
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Muticast

Multicast

Multicast to Group Members 
BS root -  Root o f  the Multicast tree

SiMulticast Join 

6: Acknowledgement 

7: Inform MHq 

8: Completion Mesg to BS old 

9: Multicast Leave 

10; AcknowlcdgemenL

Tree -  Group Re-Establishment (Without Hints)

Figure 2.8: Tree - Group rerouting without hints

are no Tree - Virtual rerouting algorithms (with hints) described in literature. How­

ever, it is easy to conceive such a class. We describe the messages shown in the 

figure. The most important aspect of this class of rerouting is that one path (from 

the root of the tree to the leaves of the tree) is active at a time unlike the Tree - 

Group rerouting. We assume that the virtual tree is established statically and in 

place before the commencement of the rerouting process.

Im plem entations

Acampora [1] describes a rerouting scheme using virtual connection trees. A Virtual 

connection tree is a collection of base stations and wired switching nodes and con­

necting finks. Each virtual connection tree which is statically built prior to rerouting, 

has a fixed root node and the leaves of the tree are base stations. For each mobile 

connection, the tree provides a set of virtual connection numbers in each direction
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BSs M H

BS mot

Only one Path active 
at a time in the 

Tree

MH

Virtual Path 

BS root -  Root of the Virtual Tree

5: Request Re-Route of Data 

6: Acknowldgement

Tree - Virtual Re-Establishment

Figure 2.9: Tree - Virtual rerouting without hints

-  each associated with a path from a leaf and root. When a mobile host that is 

already in the tree wishes to handoff to another base station (in the same tree), it 

starts to transmit ATM cells with the connection number assigned for use between 

itself and the new base station. The cells flow along the flxed path between the new 

base station and the root. Appropriate translation tables are maintained the nodes 

of the tree to understand and implement handoff and the consequent rerouting.

Seshan [146] describes a scheme for Tree Group rerouting called Multicasting 

Re-Establishment. The protocol of the generic Tree - Group rerouting described 

earlier is based on Seshan’s proposed scheme. Seshan’s scheme includes strategies 

for multicasting rerouting with hints and without hints. Seshan’s scheme does not 

address the issue of how the members of the groups are decided.

Ghai and Singh [87] describe a Tree-Group rerouting scheme based on dynamic 

grouping of base stations based on the mobility characteristics of the MH. The

48



scheme is for a picoceUular network with a three tier hierarchy of cells. The scheme 

does not take advantage of hints to aid in rerouting.

Advantages and disadvantages

Tree - Virtual rerouting is the fastest and works well if enough resources are present. 

However, there is an onus of setting multiple virtual connections. This in turn, 

requires the prediction of handoff events and pre-established routing. Data loss is 

still possible in this scheme. Deciding the members of a virtual tree is a difficult 

problem to solve satisfactorily. This scheme too is prone to data loss. In addition, 

this scheme is not easily scalable.

Tree - Group rerouting’s performance is similar to that of Tree - Virtual rerouting. 

In this scheme, the data is multicast to a group of base stations .The membership 

of the group can either be static or dynamic. The advantage of the scheme is that, 

if there is no crunch in the resources, this scheme is extremely fast and efficient. 

The chances of data loss is the least among all the rerouting schemes owing to the 

very nature of multicasting. The requirement of data forwarding from BSoid and 

BSnew is not present unless the MH moves out of the group. However, the obvious 

disadvantage of this scheme is requirements of large resources. Also part of the 

bandwidth is wasted because though the data is sent to a group, some of them may 

have to discard it as the MH may not arrive in their respective cells.

Special M etrics

For tree - virtual rerouting, we study special metrics including virtual tree setup 

time, virtual tree tear down. time. For tree - group rerouting, the special metrics
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include multicast tree setup and tear down time, the number of nodes involved in 

the multicast tree and the time for leaving and joining the multicast tree.

For Tree - Virtual rerouting:

1. Virtual Tree setup time (Tvtree-setup)' The time required for setting up the vir­

tual tree which includes the time to choose the root, broadcast the information 

to all the nodes of the tree and for all the nodes to join the tree.

2 . Virtual Tree tear down time {Tvtree-tear)'- The time required to tear down the 

virtual tree.

3. Number of Nodes in Virtual Tree {Nytree)- Nytree. is determined statically and 

remains fixed.

For Tree - Group rerouting:

1. Multicast Tree setup time {T-mcast-setup)'- The time required to set up the mul­

ticast tree.

2. Multicast Tree tear down time (Tmcast-tear)- The time required to tear down 

the multicast tree.

3. Number of Nodes in the Multicast Tree {Nmcast)- ^mcast depends on the algo­

rithm in question. In static algorithms, this value is fixed and remains constant 

while in algorithms that dynamically decide the number on-the-fiy, the number 

changes dynamically.

4. Multicast Join/Leave Time (Tmcast-jn-, Tmcast-iv)-

The time required for node of the multicast tree to join or leave the tree.
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2.2.5 Cell Forwarding

Cell Forwarding involves using a specialized base station as an “anchor” . Let BSfwd 

be the anchor. Cell Forwarding is used in many rerouting schemes implicitly. Full 

rerouting and Partial rerouting use specialized Cell Forwarding schemes. The “an­

chor” in all these cases is BSoid- Figure 2.10 describes the protocol of a generic 

Cell Forwarding rerouting (without hint). There are no hints based cell forwarding 

schemes described in literature though such a scheme can be easily conceived.

In the remaining part of the dissertation, when we refer to cell forwarding, we 

assume that the anchor is the old base station. Thus, in this case data is simply 

forwarded from the previous destination base station. In that case, we simply do not 

need to any signaling other than the regular handshake (without hints). In other 

words signaling steps 5 - 10 do not exist. This way, we avoid the overhead of setting 

up the new path and tearing down the old path.

®^fwd Forwarding Base Station

5: Setup Conn. to BS fwd 

6: Acknowldegment 

7: Request Reroute Data 

8; Acknowledge to BS new 

9: Tear Down Old Connection 

10: Acknowldegment

Cell Forwarding

Figure 2 .1 0 : Cell Forwarding rerouting without hints
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Im plem entations

Cell Forwarding is used in variations is almost all rerouting schemes. In most cases 

the old base station BSom acts as the anchor. Yuan [81] describes a scheme using a 

specialized “anchor” to perform the cell forwarding.

Advantages and disadvantages

Cell Forwarding has the advantage of being a very simple scheme which also preserves 

the cell sequence. The disadvantages are that the scheme is slow, inefficient and is 

prone to data loss. In addition, for a fast moving user with a small coverage area, 

cell forwarding exacerbates the inherent inefficiency of the scheme.

Special m etrics

In case of cell forwarding, we study the old connection tear down and new connection 

setup time and the time to establish the cell forwarding path.

1 . Old connection tear down time (T[gar): This is true only if there is a specialized 

anchor used for forwarding data.

2. New connection setup time (T%e™):This is true only if there is a specialized 

anchor used for forwarding data.

3. Time to establish path between BSou and BSfwd (Tceiifwd-path)-
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2.3 Calculation of performance metrics

2.3.1 N etw ork param eters

In. this section, we use analytical cost modeling to evaluate the performance metrics 

based on the Seshan’s [146] and Toh’s work [155, 156]. Our cost modeling first 

calculates the time required for each step in the protocol of the rerouting scheme. 

These individual times are used to calculate the proposed metrics. We describe the 

calculation of the common metrics for one of the schemes namely the Full rerouting 

(without hints). The calculations for the other schemes are done similarly.

We consider the following network parameters for our cost models [146].

1. BW^i - Bandwidth of the wireless link - 2 Mbps.

2. BW ^  - Bandwidth of the wired backbone network - 155 Mbps.

3. L-uii - Latency of the wireless link including data fink and network layer pro­

cessing - 2  ms.

4. L-ui - Latency of the wired backbone including data link and network layer 

processing - 500 yus.

5. PPTfixed - Protocol Processing Time {PPT) for control messages - 0.5 ms.

6 . PPTadm - Protocol Processing Time for admission control - 2 ms.

7. Sctri - Maximum size of a control packet - 50 B.

8 . Sdata - Maximum size of a data packet - 1 KB.

9. Tacq - Time for a MH to acquire a wireless channel from a B S . - 5 ms.
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These parameters are realistic and typical considering the present day technology 

[14, 146, 155, 156]. We measure the performance of the metrics by changing the 

number of hops in the appropriate paths depending on the rerouting scheme. These 

hops are denoted as follows:

1. Hserver-new ~ Number of hops in the new connection.

2. Hserver-oid '  Number of hops in the old connection.

3. HctrL - Number of hops in the control bath between BSoid and BSnew 

The assumption of the cost models [146] are as follows:

1. Perfect delivery of messages.

2 . Maximum throughput for a connection is the throughput of the bandwidth of 

the wireless link.

3. Calculations are per-channel basis.

2.3.2 C ost m odel for Full rerouting (W ithout h ints)

We calculate the total time required for each message (See Figures 2.3 and 2.5) 

which includes the time for transmission, forwarding and processing using the model 

proposed by Seshan [146] and Toh [155, 156]. We denote the Message k  in the 

protocol schematic in Figure 2.5 as M^. Also the time for M^ is denoted as T*. 

Messages 1-4 are used in the handshake process 2.3 and Messages 5-10 are used 

to perform the actual rerouting 2.5. Refer to the description of the protocol for 

explanation of the messages.
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1. Time for Mi is the sum of time for acquiring the wireless channel, propagation 

on the wireless link, fixed P P T  on the new BS.

Tl =  Tacq +  ~QW  ̂ ^ T T f ix e d  (2.1)

2. Time of M2 is the sum of transmission and propagation delay of the acknowl­

edgment and the processing time at MH.

72 =  (2 .2)

3. Time for M3 is the end-to-end delay on the control channel between BSoia and 

BSnew and fixed P P T  in BSoia-

Ta =  server +  Lyji +  P  P T fixed (2.3)

4. Time for M4  is the same as that for M3 .

T4 = T 3 (2.4)

5. Time for M5 is the total time required for transmission and propagation time

and fixed PPT along each hop on the new connection.

Ts =  ( g ^ '  + L-UJ + P  P T  fixed) Hserver-new (2.5)

6 . Time for Mg is the same as the time for Mg.

Tq = Ts (2.6)
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7. Time for M- is the sum of time for sending the control packets, latency over 

the wireless Link, fixed P P T  and P P T  for admission control

Tr =  +  L^I  +  P P T fi^ e i  +  PPTadm  (2.7)
DVV-ujI

8 . Time for Mg is the same that of Mg

Tz = Te (2 .8 )

9. Time for Mg is the total time required for transmission and propagation time 

and fixed PPT along each hop on the old connection.

Tg =  ( - ^ ^ -  +  -h PPTfixed)Hserver-old (2.9)

10. Time for Mio is the same that of Mg

Tio =  Tg (2.10)

2.3.3 C alculation of m etrics com m on to all schem es

We know define and describe in detail various performance metrics (service disrup­

tion time, rerouting completion time and buffering requirements at the base station 

and the mobile host) that are common to all the schemes. We show how to calculate 

these metrics using the analytical cost modeling done for the signaling messages in 

the previous subsection.

1. Disruption Time {Tdisrupt)- It is the amount of time during which the network

service to the downlink to the MH is disrupted. The total time during this

process is the time to acquire the channel plus the time to BSnew to arrange
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forwarding of the data meant for MH to BSoid pins the time for the MH to 

receive the first packet of forwarded data.

Tdisrupt =  -f- -I-T3 4-%4 4- - 4- Lwi (2-11)
JDKKujf oVV-ujl

2 - Completion Time {Tcompute) is the total time for all the routing to be com­

pleted. Since all the messages in the protocol occur sequentially except for 

acknowledgments, TcompUte is the sum of times for all messages except the 

acknowledgments.

Tcomplete =  T i  +  —  h T3  -f-   T 5  +  Tq +  T 7  +  Tg +  Tg T\o  (2.12)
nWuj i  H v v w

3. Buffer Size required by the MH {Bmh)'- It is the product of the time during 

which the MH can not transmit and the bandwidth of the wireless link.

Bmh — {Ti-]-T 2 )BW.uii (2.13)

4. Buffer size at BSqw for downlink data (Bbsdn)- It is the amount of data that 

has to be forwarded to the MH using BSnew The time period in this context 

is the one during which BSnew arranges the forwarding of data and awaits the 

corresponding acknowledgment. In addition, the buffers should be able to store 

data that is being transmitted from MHdest intended for MHgrc- It is assumed 

that the first packet of data immediately follows M4 — acknowledgment of the 

forwarding request.

B6,d„ =  (T, +  - ^ - + r 3  +  ^  +  £„/)BW„l (2.14)
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5. Buffer size at BSnew for uplink data [Bbsup]' This is dependent of two factors. 

The first is the time to perform data forwarding (without the acknowledg­

ments) minus the time needed for the first data packet to have arrived at 

BSnew- The second is the difference in the delay on the old and the new con­

nections.

=  m ax(T 3  + T t -  (2L„,), [£,„ +  ]m ax(H ari +  H m  -  0 ))B W ^ i

(2.15)

The calculations of these metrics for the other schemes are shown in [139].

2.3.4 C alcu lation  of special m etrics for various rerouting  

schem es

We now describe the calculation of metrics specialized for each rerouting scheme. 

For each scheme we formulate the cost in terms of the times of messages in the 

rerouting scheme. The detailed cost modeling of each of these times can be done 

similar to the cost modeling shown above in Section 2.3. It should be noted the time 

Tk is the time required for message for that specific rerouting scheme.

Full rerouting (w ithout hints)

I. Old connection tear down time (Ttear)- The total time required is the time 

required for the BSdest to inform BSou to tear down the old connection and for 

the BSoid to comply.

Ttear = Tg + T iq (2.16)
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2. New connection setup time (T„e^): The total time required from the time MHd 

informs BSoid to send a list of active connections to the time when the BSdest 

confirms the establishment of the connections.

Tnew = T i + T 2  -hT s -\-T 4  + T 5  + T s  (2.17)

Full re ro u tin g  (w ith  h in ts)

1 . Old connection tear down time {Ttear)' The total time required is the time 

required for the BSdest to inform BSoid to tear down the old connection and for 

the BSoid to comply.

Ttear =  T iq Tn (2.18)

2. New connection setup time (T„eœ)- The total time required from the time MHd 

informs BSoid to send a list of active connections to the time when the BSdest

confirms the establishment of the connections.
Tnew = T i + T 2  T 3  -h T 4  (2.19)

P a r t ia l  re ro u tin g  (w ith o u t hints)

1. Old connection tear down time (Ttear): The total time required is the time 

required for the BScross to mform BSoid to tear down the old connection and 

for the BSoid to comply.

Ttear = T i o + T n  (2 -2 0 )

2. New connection setup time {Tnew)' The total time since the MHd requests a 

connection with BSnew till the confirmation of the establishment of the new 

connection.
Tnew =  Ti +  T2 +  T3 + T4  + T5  (2.21)
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3. Time required to invoke cross-over discovery algorithm (TLrosa): The total time 

in the rerouting process till the cross-over switch discovery algorithm has been 

invoked.
Tcross =  T i + T 2  + T 3  (2 .22)

4. Time to discover the cross-over switch {Tdiscover)' The total time for finding

the cross-over switch after invoking the cross-over discovery algorithm. This

term depends on the algorithm used.

Tdiscmier =  %4 (2.23)

5. Partial Re-Use Efficiency (rjpart)- The fraction of the new path that has been

re-used. ^
V p a r t  = (2.24)

Partial rerouting (with hints)

1 . Old connection tear down time (Ttear)- The total time required is the time 

required for the BScross to inform BSoid to tear down the old connection and 

for the BSoid to comply.
Ttear ~  Til +  Tio (2.25)

2. New connection setup time (Tnew)'- The total time since the MHd requests 

BSoid to send the list of its active connections to BSnew till the confirmation of 

the establishment of the new connection.

Tnew =  Ti 4- T2 -1- T3 -j- T4 (2.26)

3. Time required to invoke cross-over discovery algorithm (Tcross)- The total time 

in the rerouting process till the cross-over switch discovery algorithm has been 

invoked.
Tcross = T \ + T 2  + T 3  (2.27)
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4. Time to discover the cross-over switch (Tdiscover)- The total time for finding 

the cross-over switch after invoking the cross-over discovery algorithm. This 

term depends on the algorithm used.

Tdiscover =  T4  4- Tg (2.28)

5. Partial Re-Use Efficiency (rjpart)'- The fraction of the new path that has been

re-used. o-
77p.rt =  (2.29)

-tinew

Tree - Group rerouting (without hints)

1. Multicast Tree setup time (Tmcast-setup)-

Tmcast-setup =  Tl +  Ta -h T3  -f- T4  4- T5  (2.30)

2 . Multicast Tree tear down time (Tmcast-tear)'-

Tmcast-tear =  Tg 4~ T iq (2.31)

3. Number of Nodes in the Multicast Tree (Nmcast)-

Nmcast depends on the algorithm in question. In static algorithms, this value 

is fixed and remains constant while in algorithms that dynamically decide the 

number on-the-fly, the number changes dynamically.

4. Multicast Join/Leave Time (Tmcast-jn, Tmcast-iv)-

Tm cast-jn =  T  (2.32)

T-mcast—lv — Tg (2.33)
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Tree - Group rerouting (with, hints)

1 . Multicast Tree setup time {Tmcast-setup)'

Tmcast-setup =  T \  +  To -\-Tz  (2.34)

2 . Multicast Tree tear down time {J'mcast-tear)'

Tmcast-tear =  Tg d" Tg (2.35)

3. Number of Nodes in the Multicast Tree (Nmcast)- Nmcast depends on the algo­

rithm  in question. In static algorithms, this value is fixed and remains constant

while in algorithms that dynamically decide the number on-the-fly, the number 

changes dynamically.

4. Multicast Join/Leave Time (Tmcast-jn, Tmcast-iv)-

Tmcast-jn =  T 3  (2.36)

Tmcast-lv =  Tg (2.37)

Tree - V irtual rerouting

1 . Virtual Tree setup time (Tytree-setup)'- Let the cost of choosing the root be 

Tytvee-root ^nd Nytree be the number of nodes in the virtual tree. The total cost 

of the statically constructing the tree involves involve BS^oot broadcasting its 

presence to all the base stations in the neighborhood (Tbroadcast) and the nodes 

acknowledge and perform multicast join (Tm cast-jn)- Let Tmcast-iv be the time 

required for the nodes to perform a multicast leave.

Tytree-setup — Tytree—root 4" Tfjroadcast 4~ Tmcast-jn (2.38)
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2. Virtual Tree tear down time {Tytree-tear)'

'^vtree—tear — (r (2.39)

3. Number of Nodes in Virtual Tree (Nytree)- 

Nytree Is determined statically and remains fixed.

Cell Forwarding

1 . Old connection tear down time (Ttear)-

Ttear — Tg -\-T io  (2.40)

2. New connection setup time (Tn^w)'

Tnew =  Ti +  T2 +  T3 +  T4 +  T5 (2.41)

3. Time to establish path between BSoid and BSfwd (Tceu/wd-path)-

Tcellfwd-path =  T4 -1- Ts (2.42)

2.4 Comparison of rerouting schemes

In order to perform comparison the rerouting schemes, we performed analytical cost 

modeling of metrics for each rerouting scheme. We first look at the advantages and 

the disadvantages of each of the rerouting scheme.Then, we compare the schemes 

using the metrics. To this end, we first consider metrics that are not dependent on 

the path length (in terms of number of hops) of the old/new connection. Next, we 

consider the metrics that are dependent on the length of the old/new connection.

In this case, we vary the path length to determine its effect on these metrics.
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2.4 .1  A dvantages and D isadvantages o f th e R erou tin g  Schem es

The advantages and disadvantages of the various rerouting schemes are tabulated in 

Figure 2 .1 1 . This is a summary of the advantages and disadvantages of the rerouting 

schemes are described in earlier sections when discussed each of the rerouting scheme 

separately.

Rerouting Schem e Advantages D isadvantages

Full - Simple
- Easy to implement

- Naive
- Inefficient 
-Slow
- Prone to d a ta  loss

Partial - Maximizes resource utilization
- Reuses scarce resources

- Prone to d a ta  loss
- Onus of cross-over discovery

Tree-Virtual - Fastest
- Works well if enough resources

present
- Efficient
- Low data loss

- Requires setting up of multiple connxns.
- Virtual Tree is static : d o es  not allow

incorporating dynam ic groups
- Difficuit to d ec id e  tree m em bership

Tree-Group - Fast
- Membership ca n  be dynam ic.
- Efficient
- Low data loss

- Requires multiple connxns an d  large
resources.

- Wasted bandwidth b ec au se  of 
multicasting

Cell Forwarding - Simple
- Easy to implement

- Inefficient especially  for fast moving 
mobile host in small coverage  a rea .

- Slow
- Prone to d a ta  loss
- Requires specia l anchor

ADVANTAGES AND DISADVANTAGES OF REROUTING SCHEMES

Figure 2.11: Advantages and Disadvantages of Various Rerouting Schemes.
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2.4 .2  M etrics n o t dependent on  th e  connection len gth

These metrics are fixed and give a complexity of the rerouting protocol in question. 

We base this comparison on the work done by Akyol and Cox [13]. These include 

number of messages exchanged during handoff and rerouting, the number of nodes 

and user connections involved for rerouting, the user bandwidth allocated, whether 

the scheme is tailored for wide-area networks or local-area networks or ATM based 

networks. Refer to the Table in Figure 2.12.

"---«-METRIC
SCHEME

Handoff
Messages

Rerouting
Messages

Nodes
Involved

User
Connection!

Bandwidth WAN/
LAN

Rerouting
Type

Cell Type Traffic Type Ref/Autfwr

Full (no hint) 2 8 2*0 1 : Fufl(Wahoul hm»J mierarptco Seth Sa Shan (581

Full (hint) 6 s 2*0 ■ t Full(WUiNnt) msao/micro Sashan(SS l

Incremental (no hint) 2 9 3 * 0 ' t PtrtaKWHhoui hw ) macrohnJeo S M han(58I

Incremental (hint) 7 s 3 *0 t PwûaKW tthhW ) maemhruero Goth S aahan  [581

Multicast (no hint) 2 a 3 *0 Tf«#-Gfoup(Wllhout hint) m aao/m cro Both Sashan(S81

Multicast (hint) 6 3 M*0 Tf#« -  Gfoup(WKh hint) maoo/nucro Both S ashan  [581

SRMC 3 9 N*0 TfM* Vbtual (Vratiout hint) fnacro/mcio Both W u & Laung [67]

BAHAMA 2 S 4*0 C eU F onw d tnaero/miOD Both Eng a t. aL [271

Virtual Tree 1 N*0 T rM 'V h tu il (Without him} maoo/nucro Both (7) Acampora a ta l .  [11

Adaptive 2 4 3*0 w C W IFonw d maoohnlcro Both (7) Yuan [291

Incremental (no hint) 7 3*0 L Ptnai(WKrKM hu<) maoo/tniciQ Both Toh(63I

Incremental (hint) ] < 3*0 L P»rtai (w c i him) macromucro Both Toh[63)

NCNR (Direct Unk) 7 2 2 PartUI(WBhout turn) m ao o /m ao BoDi Akyol & Cox [81

NCNR (No Direct Link) 9 4 4*0 PaittaKWïhout hW) macra/rruoD Akyol&Cox[81

Picocellular ( Subnet) 2 0 N*0 Tr»« -  Gmup(WKhout hmt) fflicnvpco Both Ghai L  Skigh [301

Picocellular (Dilf Subnet] M*0 TrM  -  Gioup(WIChout him) mloD/pico Both Ghai & Singh [301

COMPARISION OF RE-ROUTING SCHEMES
. No* 0 # * C ft« d  in th# RW#f*nc# W -W AN L-LAN

0  • 0«p«nM nl o n  m# Topology of Dm  NolworK.

N -  NurrOor of toovos n  Oi« muKicasuviiTual tn *

m acm /m oD  -  mmemee## and m teocsto micm/pica -m aaoeaaa a nd  naom e aWa and  piooeada

:Bod) -  Both TsnaO apandant and  Throughput Oapandant

Figure 2.12: Comparison of Example rerouting schemes

N um ber of messages exchanged during handoff

The Partial rerouting Scheme (with hints) requires the maximum number of 

messages for handoff while Full rerouting (without hints), Partial rerouting (without 

hints). Tree - Group rerouting (without hints), Tree - Virtual rerouting and Cell
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Forwarding require the least.

N u m b e r o f m essages exchanged  during  re ro u tin g

Cell Forwarding requires the maximum number of messages exchanged during 

rerouting while Tree - Group (with hints) requires the minimum number. The num­

ber of messages for the other schemes lies in the between the maximum and the 

minimum.

N u m b er o f nodes involved in  handoff and  re ro u tin g

The number of the nodes required depend on the network. However, in terms of 

the minimum requirements, the Full rerouting schemes are the best as they require 

at least 2  nodes (BSoia and BS„ew) m addition to BSdest while the other schemes 

require at least three nodes in addition to BSjest- 

N u m b er of user corm ections established for re ro u tin g

The Tree - Group rerouting schemes can handle Nmcast connections while the 

others handle only one connection.

U ser b an d w id th  a lloca ted  for handoff and  re ro u tin g

If we consider the bandwidth allocated for handoff and rerouting for the Full 

rerouting (without hints) as unity then all the schemes have the same bandwidth 

requirements with the exception of the Tree - Group rerouting schemes. The Tree - 

Group rerouting require a bandwidth that is iV times the unit bandwidth require­

ments.

W h e th e r  th e  schem e is p ro p o sed  for W ANs or LA N s

All the schemes can work for WANs and LANs. However, from Figure 2.12, we 

see that the schemes proposed by Toh are specifically for LANs.

W h e th e r  th e  schem e is ta ilo re d  for ATM  based  netw orks
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The BAHAMA scheme [79], the Virtual Tree Scheme [1], the Adaptive Scheme 

[81], and the Incremental Rerouting Schemes [155, 156] are tailored for ATM based 

schemes.

Figure 2.12 tabulates these metrics for all the example rerouting schemes ex­

plained in this work.

2.4.3 M etrics dependent on the connection  length

We now study the metrics that dependent on the network (specifically, the connec­

tion path length). These include the service disruption time, the rerouting comple­

tion time, the bufiering required at the mobile host and buffering required at base 

station for the uplink and the downlink. Figures 2.13, 2.14, 2.15, 2.16, 2.17 show the 

effect of old connection path length on the service disruption time, total rerouting 

time, buffering requirements at the mobile host, buffering requirements at the base 

station on the uplink and buffering requirements at the base station on the downlink 

respectively. In these figures, we vary the old connection path length from 1 hop to 

10 hops. We assume that the new connection path length is of the same length as 

the old connection and the control path length is twice the size of the connection 

path length.

We now discuss the performance of the various rerouting schemes discussed above 

in detail. Figures showing the performance the rerouting algorithms are provided to 

aid the discussion.

Service D isruption Time

Figure 2.13 depicts the effect of old connection path length on the service dis­

ruption time. From the figure, we see that:
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Service Disruption Time

g  0,030

g  0.020

£  0.010

0.000
2.00.0 ) 4.0 6.0 \

Old Path Length (Number of Hops)
8.0 10.0

Figure 2.13: Service Disruption Time v /s Number of Hops in the Old Path

1. The minimum service disruption time is for the Tree - Group (with hints) 

rerouting Scheme and is fixed. It does not vary with the number of hops in 

the path.

2 . For all schemes except the Tree - Group (with hints), the Service Disruption 

Time is dependent on the path length between BSou and BS„ew namely Hctri- 

This is because that in the case of Tree - Group (with hints) scheme, there is 

no need to forward the data from BSqw to BSnew as the data is being multicast 

to both BSoid and BSnew-

3. The service disruption time for the Full (without hints),Full (with hints). Par­

tial (without hints). Partial (with hints). Tree - Group (without hints). Cell 

Forwarding rerouting schemes is the same because all of these schemes depend 

on forwarding of downlink data from BSoid- The service disruption time for 

Tree (Virtual) is not dependent the length of Hctri as it does not rely on down­

link data forwarding. It is however dependent on the length of the new path.
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Total Rerouting Completion Time

0.08

E 0.06

0.05
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Old Path Length (Number of Hops)

Figure 2.14: Rerouting Completion Time v/s Number of Hops in the Old Path

In case of the Tree (Virtual) rerouting, when the mobile host moves to a new 

base station, the root automatically recognizes that a handoff has taken place. 

There is no need to establish a new path or remove an old path. However, 

a message to reroute data on the new path needs to be sent from the new 

base station and a acknowledgement confirming the completion of rerouting 

has to be sent (hence the dependence of the length of the new path). Since, 

we assume that the new and the old path lengths are equal and half the size 

of the control path, we see that the service disruption of the Tree (Virtual) is 

indirectly dependent on the old path length.

Rerouting com pletion tim e

Figure 2.14 depicts the effect of old connection path length on the rerouting 

completion time. From the figure, we see that:

1. The minimum rerouting time is for the Tree - Virtual rerouting Scheme. How­

ever, the metric varies with the number of hops i?netu (and hence with the
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aumber of hops in the old path) as it. However, there is no need to either 

forward downlink data or form new connections or delete connections as the 

Virtual Tree is fixed.

2 . The rerouting completion time for cell forwarding is almost as good. In case 

of cell forwarding, there is no need to form new connections or delete old 

connections as the connection path is simply extended. The problem with 

cell forwarding is that as the mobile host moves farther from its original base 

station (like in the case of multiple movements), the length of the downlink 

forwarding path can become very large giving rise to inefficiency. However, in 

case of one movement, cell forwarding performs very well.

3. For Tree - Group (with hints) rerouting the completion time is dependent 

on Hold performs fairly well because it does not require any downlink data 

forwarding.

4. Full rerouting and Partial rerouting perform worse than the other rerouting 

scheme. When the old path is small, full rerouting performs worse than partial 

rerouting. However, as the old (and the new path) path length increases, 

partial rerouting performs worse than full rerouting because of the additional 

onus of computing the “cross-over” point.

5. The completion time for the schemes with hints is lesser than their counterparts 

which do not take advantage of hints. The completion time for rerouting 

schemes without hints is dependent on the length of the new path.

6 . In case of rerouting schemes with hints, the completion time is dependent and
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Buffering at Mobile Host
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Figure 2.15: Buffering at the Mobile Host v /s  Number of Hops in the Old Path

closely related to time needed for forwarding down link da ta  and tear down 

old connections.

Buffering required at th e  mobile host

Figure 2.15 depicts the effect of old connection path length on the buffering 

requirements at the mobile host. From the figure, we see that in each rerouting 

scheme, the buffering at the MH is only used to buffer data for the two specific 

messages in their respective protocol. The first is the message tha t MH sends to 

the BSnew to register and the second is for the acknowledgment that it receives in 

response to the first message. The cost of the messages is constant for the given 

parameters for all the schemes. Thus, all the schemes require the same amount of 

buffering at the MH.

Buffering required in base station for the uplink

Figure 2.15 depicts the effect of old connection path length on the buffering 

requirements at the base station for uplink. From the figure, we see that:
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Buffering at B ase Station (Uplink)

0.0 4.0 6.0 I
Old Path Length (Number of Hops)

2.0 10.08.0

Figure 2.16: Buffering at the Base Station for the Uplink v/s Number of Hops in 

the Old Path

1 . The buffering requirements for uplink data for all the schemes without hints 

including Tree (Virtual) and Cell Forwarding are the same.

2. There are no buffering requirements for uplink data  for aU. the schemes with 

hints if the length of new and old forwarding path is the same (as assumed from 

the parameters). It should be noted that we need a different analysis if this 

assumption is removed. In general, buffering is dependent on the difference of 

the old and new path lengths.

3. Except for the case of Tree (Virtual) rerouting, the buffering requirement for 

uplink data is proportional to the forwarding path length Hctri - the path length 

between BSow and BS„ew - fa  case of Tree (Virtual) rerouting, the buffering 

requirement for uplink data is proportional to the new path length between 

BSsource and BSnew (proportional to Hdri from our assumption).

Buff’ering required in base station  for the downlink
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Buffering at B ase  Station (Downlink)
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Figure 2.17: Buffering at the Base Station for the downlink v /s  Number of Hops in 

the Old Path

Figure 2.17 depicts the effect of old connection path length on the buffering 

requirements at the base station for the downlink. From the figure, we see that:

1. This metric is very closely dependent on the time required for forwarding 

downlink data from BSou to BSnew-

2 . Since all schemes with the exception of the Tree - Group (with hints) and Tree 

(Virtual) scheme require data forwarding of downlink data, the buffering re­

quired in the base station for downlink for them is larger than the requirements 

for the Tree - Group (with hints) scheme.

3. The buffering requirements are maximum for the Tree (Virtual) rerouting as it 

does not rely on downlink data forwarding on the control path between BSoid 

to BSnew It buffering requirements are based on the new path length. That is 

to say, the new base station BSnew has to buffer all the data  on the downlink 

until it gets an acknowledgment from the server (source) that it has accepted
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the request to reroute data to BSnew-

4. There is a fixed amount of downlink bufferiag for the Tree - Group (with 

hints) scheme is to buffer the data during the handoff period alone while the 

others require downlink buffering for the handoff and the time period tü l BSnew 

requests forwarding of data.

Refer to the Figure 2.18 that shows the values of some of these metrics for typical 

values of the system parameters (gathered from literature including [146, 155, 156]) 

which are also shown in the figure and described in [139].

Rerouting S ch em e

Special Metric Without Hints With Hints

Full
Old connxn fear down time 12.36 ms 12.36 ms
New connxn set up time 23.62 ms 22/76 ms

Partial
Old connxn tear down time 12.34 ms 12.36 ms
\|ew connxn set up time 16.18 ms 15.55 ms
rime for cross*over discovery 1.06 ms 1.06 ms
’ortial Reuse ratio 0.5 0.5

Tree-G roup
Tree tear down time 12.36 ms T2.36 ms

Tree set up time 16.43 ms 16.43 ms

Tree-Virtual
Tree tear down time 12.36 ms 1Z36 ms

Tree set up time 16.43 ms 16.43 ms

Sell Forwarding

Old connxn tea r down time 12J6 ms 1Z36 ms

New connxn set up time 16.18 ms 16.16 ms

rime to connect to anchor 2.12ms 2.12ms

System Metrics

Bandwith of wireless Onic - 2 Mbps

Bandwidth of wired link 155 Mbps
Latency of wireless link 2nrvs

Latency of wired link 500 ps

Protocol processing 
time for control msgs

0.5 ms

Protocol processing 
time for admission control

2m s

Maximum size of 
control msgs

50 bytes

Maximum size of 
data  packets

1024 bytes

Time to acquire a  
wireless channel

5 ms

Number of tiops In 
old path

6

Number of hops in 
new path

6

Number of hops In 
path between old BS 
and the special BS.

3

Number of hops in 
control path between 
the old and new BS

6

N s  Number of Nodes In the Tree.

Time for choose root of the free 0.25 ms

Evolution of Special Metrics and Sytem Parameters

Figure 2.18: Values of Special Metrics for Typical Values of System Parameters. 

We see from the above discussions that:

1. The Tree - Group (with hints) and Tree - Virtual schemes perform the best.
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However, each of these schemes have the overhead of using enormous resources 

or pre-establishing the tree. However, this overhead may be worthwhile for 

time-critical applications with a goal of minimizing rerouting completion time 

and service disruption.

2. In order to minimize service disruption. Tree - Group (with hints) is the best 

choice. If the rerouting completion time is the criterion to be considered. Tree 

(Virtual) and Cell Forwarding perform the best as they do not require forming 

new paths and tearing down old paths.

3. It is certainly advantageous to use rerouting with hints. This readily improves 

service disruption time (for Tree (Group) rerouting), total rerouting completion 

time and uplink buflFering requirements at the base station.

4. The topology of the network is important. In essence, the lengths of the new 

and old path is of vital importance.

5. Most of the schemes behave somewhat similarly because the underlying mech­

anisms use downlink data forwarding.

6 . The Full rerouting and the Partial rerouting schemes perform the worst as 

they involve forming new paths, tearing down old paths and downlink data 

forwarding.

2.5 Parallelism in rerouting protocols

Parallelism can greatly improve the performance of computational tasks. W ith a 

view to improve the performance of the rerouting protocols, we look at extracting
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Figure 2.19: Full Rerouting without hints: Variations 2 and 3

any implicit parallelism at the signaling level. To this end, we look at the message 

signaling for the rerouting process.We note that in all the schemes, the acknowledg­

ments can be processed while sending other messages [146, 155,156]. We explain this 

with respect with Full rerouting as an example.Full rerouting can be implemented 

with the following changes to the original Full rerouting (which we call - Variation 

1 ). We briefly describe these schemes:

1. V aria tio n  2: BSnew informs BSoid to stop forwarding its buflfered data (either 

during handoff or explicitly during handshaking before rerouting) received from 

BSdest and simultaneously establishes new connections and after the establish­

ment, tears down the old connection.

2. V a ria tio n  3: Same as above except that the old connections are removed 

before establishing the new connections.
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Figure 2.19 shows the protocol for these variations. In this figure, the handshak­

ing protocol has been combined with the rerouting protocol. These variations have 

a larger degree of parallelism than the original version. Similar variations can be 

implemented to the other rerouting schemes.

In the Full rerouting variations (for example, Variations 2) described above, the 

following message exchanges can be done in parallel:

• Acknowledgments can be done processed in parallel with their corresponding 

succeeding signal.

• Messages 3 and 4 can be done in parallel. This is because the new connection 

can be established without bothering about receiving buflfered data from BSoid-

• Messages 6  and 7 can be done in parallel. This is because BSnew can inform 

MH about the new connection and simultaneously can ask BSdest to redirect 

the data.

Similar analysis for the other schemes can be done to improve their performance. 

Figure 2.20 shows the total completion time for full rerouting (without hints) for the 

all the above mentioned three variations as an example. The system parameters are 

the shown in Figure 2.18. The figure shows that variations 2 and 3 provide up to 

46% improvement in the rerouting time over that of variation 1 in this case. We see 

that parallelism improves the total rerouting completion time and the performance 

for rerouting in general. Some of the signals and messages in the protocols described 

in previous works can be done in parallel thus improving the system’s performance.
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Figure 2.20: Total completion time for Full Re-routing in view of parallelism

2.6 Summary

In this chapter, we have examined existing various Static-Mobile rerouting schemes 

for connection-oriented mobile computing environments and have proposed a scheme 

to classify them. We also have conducted an exhaustive survey of various rerout­

ing techniques and rerouting classification proposed by other researchers. We have 

proposed generic protocols for each of the rerouting scheme classes. In addition, 

we studied each class by looking at its different variations that have been proposed 

and/or implemented. We computed a variety of performance metrics to evaluate 

these rerouting schemes. These metrics include the ones common to all the rerout­

ing schemes and the ones that are specific to each class. Finally, we compared these 

rerouting schemes based on the proposed metrics. Finally, we studied ways to im­

prove the performance of the rerouting schemes by parallel execution of protocol 

messages.
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C hapter 3

R erouting in M obile-M obile

C onnections

3.1 Introduction

Most of the rerouting schemes for connection-oriented mobile networks proposed 

in literature are Static-Mobile rerouting schemes, that is, they assume that only 

one of the parties communicating in a session can be mobile host (typically the 

destination) and the other is stationary. Only Biswas [47], Ghai and Singh [87] and 

Cellular Telecommunication standard IS-41c [102] suggest schemes for mobile host to 

mobile host communication. Biswas’s [47] strategy uses an already pre-established 

route between two stationary hosts that houses the mobile agents in-charge of the 

communication. The only rerouting involves both the source and destination mobile 

hosts establishing paths to these stationary hosts. The scheme proposed by Ghai and 

Singh [87] has a similar solution. Ghai and Singh’s scheme uses dynamic multicasting
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to perform rerouting. In case of cellular telecommunication using the EIA/TIA IS- 

41 (c) standard, cell forwarding takes place continuously as the mobile host move 

away. We extend Biswas’s scheme by replacing the fixed path connecting the mobile 

representatives with a fixed core based tree. We will discuss this scheme in detail 

later in the chapter.

In this chapter, we propose a generic framework for Mobile-Mobile rerouting 

in connection-oriented networks while allowing unlimited movement by both the 

source and destination mobile hosts and alleviating the problem of non-optimal 

paths. Connection-oriented networks provide guarantees on performance (even un­

der congestion) needed for deliver}- of multimedia data on mobile hosts and hence 

the motivation. We also compare and contrast all proposed Mobile-Mobile rerouting 

schemes including the one proposed in this chapter. We believe, that this is the first 

such eflTort.

The rest of the chapter is organized as follows: In Section 3.2, we present all 

the preliminaries required for understand the issues involved in rerouting in Mobile- 

Mobile connections. We allude to the problem that exists when the known Static- 

Mobile rerouting schemes are adopted for Mobile-Mobile rerouting. We also analyze 

the drawbacks of other Mobile-Mobile rerouting schemes. In Section 3.3, we propose 

a distributed algorithmic framework for performing optimal rerouting in Mobile- 

Mobile connections. We give a detailed example to show the working of the our 

proposed algorithm in Section 3.4. A detailed study of all the known solutions for 

rerouting in Mobile-Mobile connections is presented in Section 3.6. We compare 

these solutions using several performance metrics including the total rerouting dis­

tance, the cumulative connection path length and the number of connections as the
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mobile hosts move. Finally in Section 3.7, we present our conclusions and future 

work.

3.2 P r eliminar ies

Communication in connection-oriented mobile networks can be either [47] between: 

two static hosts (Static-Static), or a static host and a mobile host (Static-Mobile) or 

two Mobile Hosts (Mobile-Mobile). Static-Mobile communication have been studied 

in the context of rerouting by [13, 47, 87, 156]. It is the last type (Mobile-Mobile) 

that has not been explored much in the literature. Rerouting in mobile environments 

occurs as result of a handoff. When a mobile host (ME) moves from the region of 

influence (cell) of a base station (BS) to another, a handoff is said to have taken 

place. In order to maintain communication connectivity, packets have be re-routed 

to and from the MH. In a Mobile-Mobile connection, the source mobile host MHg 

is in a session with the destination mobile host M H d - MHg (resp. M H d ) may move 

from the its present base station BSso (resp. B S d o ) to BSsn (resp. B S d n )-

3.2.1 Problem s using the Static-M obile rerouting

algorithm s for rerouting in  M obile-M obile connections

Rerouting techniques that work for Static-Mobile connections [13, 47, 87, 146, 156] 

do not work for Mobile-Mobile connections as they create certain problems. We 

discuss the problems below:
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Inefficiency

The original protocol assumes that only one end of a session is mobile. So, if MHs 

moves (and assumes that MHd is fixed) it establishes the new path between BSsn and 

B S d o 7 whereas if MHd also moves (and assumes that MHg is fixed), it establishes the 

new path between BSdn and BSgo whereas the correct path should be estabhshed 

between B S sn and B S d n - Hence we see th a t the rerouting and path estabhshment 

is inefficient.

RemovePath

RemovePath

Ack

Ack

Figure 3.1: Problem with removal of the old path using the existing rerouting stra t­

egy-

Lack o f Co-ordination

There is no mechanism to co-ordinate between the source and destination base sta­

tions (See Figure 3.1). Say at some point in time, both B Sgo and B S do are trying 

to remove their old paths. It should be noted that to remove a path a base station 

requests the base station at the other end of the connection to remove the path
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(message RemovePath). When it receives an acknowledgment (message Ack), re­

sources on the path are de-allocated and the path is removed and the connection 

terminated. As shown in the Figure 3.1, BSso may request to BSdq for the path 

connecting them to be removed after it has been removed already by B S d o - S o , the 

request for path removal by B S q o  is unnecessary. Also because of the removal of the 

path, the request may not reach BSso- So, the bottom line is that the adaptation of 

the Static-Mobile rerouting for rerouting in Mobile-Mobile connections fails because 

of the lack of co-ordination between the source and the destination base stations.

3.2.2 Problem s w ith  other M obile-M obile rerouting algo­

rithm s for rerouting in M obile-M obile connections

As mentioned earlier, Biswas [47], Ghai and Singh [87] and Cellular Telecommuni­

cation standard IS-41c [102] have suggested schemes for mobile host to mobile host 

communication. Biswas’s [47] strategy uses an already pre-established route between 

two stationary hosts that houses the mobile agents in-charge of the communication. 

The rerouting process involves estabhshing a path from both the source and destina­

tion mobile hosts to the respective stationary hosts. The disadvantage of this scheme 

is that, if the mobile hosts keep moving, the path used for communication may be 

inefficient as the scheme does not dynamically update the paths based on the loca­

tion of the mobile hosts. The scheme proposed by Ghai and Singh [87] suffers from 

the same problem. In addition, Ghai and Singh’s scheme uses djmamic multicast 

rerouting only. The architecture of the setup in more stringent and complex and 

uses a three tier hierarchy (mobile host, base station and supervisory host). In case
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of cellular télécommunication using the EIA/TIA IS-41 (c) standard, cell forwarding 

takes place continuously as the mobile host move away. The obvious disadvantage is 

that the routes used are not optimal. We shall analyze the performance of all these 

schemes and the drawbacks in section 3.6.

3.3 Proposed Algorithm for Mobile-Mobile 

Rerouting

We present a distributed algorithm for rerouting in Mobile-Mobile connections which 

eliminates the problems described in section 3.2.1. In the discussion that follows, we 

designate one of the mobile hosts as the source mobile host (MHs) and other as the 

destination mobile host (MHd). The algorithm allows communication irrespective 

of the rerouting technique that is used is full, partial, cell forwarding or tree based. 

However, in the case of tree rerouting, we assume that there is a communication tree 

rooted at source base station with the destination base stations forming leaves of 

the tree. Tree routing involves, dynamically forming trees rooted at the current base 

station of MHg as MHg moves. In addition, if MHd moves out of the tree, either 

the tree has to be extended to cover the base station that MHd has moved to, or 

use cell forwarding to maintain communication between MHg and MHd.

3.3.1 A ssum ptions

We assume that there are no lost messages and that the messages are delivered in 

a FIFO manner on all of the channels. A mobile host can move any number of 

times, however, sometime in the future, it eventually stays in a cell long enough
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for the rerouting to be completed. Each MH receives a “radio hint” in fo r m in g; it of 

its movement into another cell which can be used to setup connections apriori. We 

assume that there is initially a connection between the base stations in-charge of 

MHs aud M H d- These base stations are designated as BSso and B S d o ?  respectively. 

The identities of BSso, B S sn , B S d o , B S d n  are updated during the execution of the 

algorithm appropriately. Each BS maintains data structures in local memory to keep 

track of connections for mobile hosts in its cell, movements and identities of mobile 

hosts (MHs and M H d ).

3.3.2 D ata  Structures M aintained at the B ase sta tion s

•  Boolean Flag MHs Moved (resp. MhD Moved) (Initialized to False) keeps track 

of whether the source (resp. destination) mobile host has moved.

•  List of current path (which may be in the process of being removed) and the 

newly established path for the MHs ~ MHd session with the base station has 

one of the ends. This includes the old and the new paths. Initialized for B S sn 

and B S dn  to  NULL and for BSso and BSDoto the old path. We assume that 

a path identity for each path between the source and the destination mobile 

host.

•  Queue of the requests for connection establishment (resp. connection removal) 

through the base station and the associated action by the base station (Accept, 

Reject).
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3.3.3 O verview  o f  the A lgorithm

The algorithm is event-driven and distributed in nature and runs on each of the 

entities (base stations and mobile hosts) in the mobile network. Depending on the 

type of the entity (a base station or mobile host), the appropriate portion of the 

algorithm is executed by the entity. Events can either be the arrival of message 

a t the entity from another or in the case of a mobile host the initiation of move­

ment (Moving) or reaching a new cell (ReachedNewCell). Messages are of the form 

MessageName(Src, Dest) where MessageName is the name of the message sent by 

Src to Dest (See Section 3.3.4 for details of events and messages).

The mobile hosts are responsible for informing the old base station about their 

movement using radio hints. B S qq is responsible for informing BSso about MHp’s 

movement and for rejecting or accepting the request for the establishment of a new 

path to it. It also accepts the establishment of the destination forwarding path 

(between B S do  and B S d n )- B S s q ’s responsibilities include requesting B S sn  to pre- 

establish a new path if MHg has moved, informing BSsn that MHd has moved, if 

necessary, establishing new path if MHg has not moved and removal of the old paths. 

BSsn’s primary function is to establish the new path with the appropriate destination 

base station and removal of old paths. B S d n ’s responsibilities include trying to 

establish the destination forwarding path, accepting or rejecting the requests for 

establishment of new path and requesting that data be rerouted on the new path.

We describe below the processing at various entities involved in the rerouting 

process.

Processing at the M obile Hosts

The mobile host MHg (MHd) inform its old base station when it begins to move
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using the message MHs Moved (MHd Moved) along with the identity of the new base 

station taking the advantage of a radio hint. On reaching a new cell, the mobile 

host registers with the new base station (message Register). It updates its local data 

structures to note that has moved to a new cell when it receives an acknowledgment 

from the new base station (message RegisterAccept).

P ro cessin g  a t BSdo

When B S do realizes that M H d has moved it informs BSso about the movement 

of M H d . It also informs the identity of the new base station B S dn where M H d has 

moved to. Whenever B S do  is requested for a path establishment by B S $ n  (if M Hg 

has moved), it rejects it if MHd has moved, otherwise it accepts the connection. 

Also, B S do accepts the request for the establishment of a forwarding path between 

itself and B S d n - This path is used to forward packets that arrived at the B S do 

which meant for M H d . B S do also accepts the request for the removal of an old path 

through it when it receives a request from either BSgo or BSgN- 

P ro cessin g  a t BSgo

BSgo sends a list of its active connections to B S$n  when it learns of MHg’s 

movement. When it realizes that MHd has moved (on getting a message from 

B S d o ) i it forwards this information to BSgN if MHg has moved, otherwise it tries to 

establish a path to B S d n - When BSgo receives a request to reroute data to B S dni 

it tries to remove the old path after the new path has been established. It also tries 

to remove the old path when it is requested by B S$ n to do so.

P ro cessin g  a t BSg^

BSgN acknowledges the registration of M Hg (message RegisterAccept). If it real­

izes that M H d has moved it tries to establish a new path to B S d n - If B S d o  rejects
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B S s n ’s request for the establishment of a path then B S sn  realizes that the MHs 

has moved and so tries to establish a path to B S d n - H  also tries to establish this 

new path when BSso informs BSsn that MHd has moved. If a destination base 

station requests BSsn to reroute data on the new path and if the new path has been 

established the old paths are requested for removal. W hen BSso requests B S s n  to 

pre-estabhsh the new path after sending the hst of its active connections, BSsn tries 

to establish a path to B S d n  if M H d has moved otherwise it tries to establish a path 

to B S d o -

Processing a t  B S dn

B S d n  is responsible for acknowledging the registration of M H d - It then requests 

the estabhshment of a forwarding path between itself and B S d o - B S dn  rejects a 

request to establish a path to it from a source base station if MHd has moved 

otherwise it accepts the connection. In case the new path  has been estabhshed, it 

sends a request to reroute data on the new path.

3.3 .4  Our A lgorithm  — Events, M essages and Processing

We now describe the distributed algorithm in detail including the various events and 

messages and the processing at the source and destination mobile hosts and base 

stations (old and new). First, we describe the all the events and the messages tha t as 

the basis of the algorithm. We, then present the algorithm in a distributed fashion. 

In order to do this, we specify all the events and the associated action for each of 

the entities in the system (mobile hosts and base stations).
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Events and M essages

E v e n t s

• Moving : Mobile Host moving.

• ReachedNewCell : Mobile Host enters the new cell and is ready to register.

M e s s a g e s

• MHMoved(MH, BSo) : MH sends the message to BSq informing that it is 

moving to BS^.

• MHdMovedToBSoN(BSdo) BSso) - BSdo sends the message to the BSso in­

forming that MHd has moved to the new base station BSdn-

• FwdMesgMHDMoved(BSsO) BSsn) - BSso forwards information about MHd 

movement to BSsn if MHs bas moved.

•  EstablishPath(BSs,BSd) : BSs sends a request to BSd establish a new path 

BSs to BSd-

•  RemovePath(BSs, BSd) : BSs requests BSd to remove the old existing path 

between them.

• IndirectRemovePath(BSsNîBSso): BSsn requests BSso that the old connec­

tion between BSso and BSdo be removed.

• EstablishFwdPath(BSo, BSn) : The old base station BSo requests the estab­

lishment of a forwarding path between BSn and itself.
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•  Send.DataOnNe'wRoute(BSDN, BSs) : BSdn requests BSs to transmit the data 

on the new established path.

• Accept(BSD, BSs) ' Destination BSd send to a source base station BSs to 

acknowledge the estabhshment of a new route.

•  Reject(BSD, BSs) • Destination BSd send to a source base station BSs to deny 

the establishment of a new route.

• Register(MH, BS^) :Mobile host MH registers with the new base station BSn 

after moving into its cell.

• RegisterAccept (BSn, ME) : New base station BSn accepts MH’s registration.

e  SendListofActiveConnxns(BSo,BSn) - BSq informs BSn of the active con­

nections of the mobile host and requests the of the establishment of the new 

connections.

A lgorithm

/ /  AT THE MOBILE HOST

1 . Case (Event at MH)

2. Moving:

3. MHMoved(MH,BSo):

4. ReachedNewCell:

5 . Register(MH, BSn);
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6 . M esg RegisterAccept(BSN, MH):

7. BSo =  BSn;

8 . E n d

/ /  AT THE OLD DESTINATION BASE STATION

9. Case (Event at BSdo)

10. M esg MHoMoved(MHD,BSDo):

11. MHd MovedToBSoN (BSdo ) BSso);

12. M esg EstabIishPath(BSsN,BSdo)-

13. If  MHd has moved to BSdn Then

14. Send M esg Reject(BSDo, BSsn);

15. Else

16. Send M esg Accept(BSDo,BSsn);

17. M esg EstabIistiFwdPath(BSDN, BSdo):

18. Accept(BSDO, BSdn);

19. M esg RemovePath.(BSs, BSdo):

20. Accept(BSDOi BSs);

21. End

/ /  AT THE OLD SOURCE BASE STATION

2 2 . C ase (Event at BSso)

23. M esg MHsMoved(MHs, BSso):

24. SendListofActi veConnxns (BSso, B S s n ) ;
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25. M[esg MHj)MoveciToBSoN(BSdoj BSso)’

26. If  MHs has moved to BSsn T h en

27. FwdMesgMHDMoved(BSsoj BSsn);

28. Else

29. EstablishPath(BSsoi BSdn);

30. E nd If

31. M esg Accept(BSDN, BSso):

32. New path has been established;

33. M esg SendDataOnNewRoute(BSDNiBSso):

34. If  new path has been established T h e n

35. RemovePath(BSsoi BSdo);

36. E nd  If

3 7 . M esg  IndirectRemovePath(BSsN, BSso)-

38. RemovePath(BSso, BSdo);

39. E n d

/ /  AT THE NEW SOURCE BASE STATION

40. C ase (E ven t at BSsn)

41. M esg Reject(BSDo, BSsn):

42. EstablishPath(BSsN, BSdn);

43. M esg Accept(BSD, BSsn):

44. New path has been established;

45. M esg  SendDataOnNewRoute(BSD, BSsn):
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46. I f  new path has been estabhshed Then

47. I f  Old Path exists (BSsn to BSdo) Then

48. RemovePath(BSsN, BSdo);

49. Else

50. IndirectRemovePath(BSsNî BSso);

51. End If

52. End If

53. M esg MHoMovedToBSDN(BSDo, BSsn)-

5 4 . EstablishPath(BSsNi BSdn);

5 5 . M esg Register(MHs, BSsn):

56. RegisterAccept(BSsN: MHs);

57. M esg SendListof.A.ctiveConnxns(BSso, BSsn):

58. I f  MHd das moved Then

59. EstabIishPath(BSsN, BSdn);

60. E lse

61. EstabIishPath(BSsN, BSdo);

62. End If

63. M esg FwdMesgMHDMoved(BSsO, BSsN):

64. EstablishPath(BSsN) BSdn);

65. End

/ /  AT THE NEW DESTINATION BASE STATION

66. Case (Event at BSdn)
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67. M esg Register(MHD,BSdn):

68. RegisterAccept(BSDN, MHd);

69. Establish.FwdPath(BSDN, BSdo);

70. M esg EstablishPath(BSs, BSdn):

71. I f  MHd bas moved T hen

72. Reject(BSDN, BSs);

73. Else

74. Accept(BSDN,BSs);

75. M esg Accept(BSDo, BSdn):

76. If path established between BSdn and BSso

7 7 . SendDataOnNewRoute(BSDN, BSso);

78. Else

79. SendDataOnNewRoute(BSDNi BSsn);

80. E nd

3.4 An Example of Rerouting using the Proposed 

Framework

We describe briefly the functioning of our proposed framework using the example 

depicted in Figure 3.2. Figure 3.2 depicts an example case involving one movement 

by the source mobile host and a couple by the destination mobile host. The example 

depicts one movement by the source mobile host and a couple by the destination 

mobile host. In this example, as with the rest of the chapter, MHs and MHd refer to 

the source and destination mobile host while BSso (B S s n ) and B S do (B S d n ) denote
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Figure 3.2: Timing diagram of our protocol for a case.

the old (new) source and destination base stations. In addition, BSdn' refers to the 

second new destination base station (for the second movement of the destination 

mobile host). The numbering scheme for message is as follows:

Messages amongst source mobile hosts and base stations have no apostrophes 

next to the message numbers (e.g. Message 2). Messages amongst destination mobile 

hosts and base stations have one apostrophe along with the numbers (e.g. Message 

2’). Messages between source and destination base stations have two apostrophes 

next to the message numbers (e.g. Message 2 ”).

First, MHs moves and it sends a MHs Moved message (1 ) to BSso which in turn 

sends the list of MHs’s active connections to BSsn (SendListofActiveConnxns (2))
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to B S sn  requesting it try to pre-establish, a new path before the MHs enters the 

new cell. B S s n  requests for a new path  to B S d o  (2 ”) which rejects the request as 

M Hd has moved (3”). Meanwhile, M H d  moves and it informs its old base station 

B S d o  (!’)- B S d o  informs BSso that M H d  has moved to its new cell (1 ”) because it 

assumes that MHs has not moved. BSso in turn informs B S s n  that M H d has moved 

(3). On getting this forwarded message, B S s n  successfully establishes the new path 

to B S d n  (4 ” and 5” ). On reaching the new cell, MHs registers with B S sn  (4) and 

is acknowledged (5). Similarly, on reaching the new cell, M H d  registers with B S d n  

(2 ’) and is acknowledged (3’). Simultaneously, B S d n  requests a estabhshing of a 

forwarding path to B S d o  (4 ’) and is successful (S ’) . On the successful estabhshment 

of the forwarding path, B S d n  requests B S sn  to send the data  on the estabhshed 

new path between B S sn  and B S d n  (6 " ). B S sn  requests BSso to remove the existing 

old path (6 ). BSso successfuUy removes the old path (7” and 8 ”). During the 

removal process, MHd moves and informs the present old destination base station 

B Sd n  (6 ’) which informs the present old source bases station B S sn  (9”)- B S sn  

successful establishes the new path with BSdn' (10" and 1 1 ”). On reaching BSdn'i 

M H d registers and is acknowledged (7’ and S’). Simultaneously, B Sd n ' estabhshes 

successfuUy a forwarding path to the present old destination base station B S d n  (9’ 

and 10’). The new destination base station requests the forwarding of data on the 

new path (1 2 ’’) to B S sn - BSsN, then removes the old path between itself and B Sdn-
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3.5 Proof of correctness of our proposed 

algorithm

The following theorem, established the proof of correctness of our proposed algorithm.

T heo rem  1  When the source and destination mobile hosts stay in cells long enough 

for the rerouting to be completed, a path is established between their corresponding 

base stations.

P ro o f

In the proof, we reference messages and events using the line numbers of the 

appropriate steps of the algorithm described in 3.3.4.

When MHs moves, it informs its present base station BSso about its movement 

(Lines 10-11). This base station then requests BSsn to set up MHs connections apri­

ori (Lines 23—24). Similarly, when MHq moves, it informs BSdo about its movement 

(Lines 2-3). BSdo then informs the last known source base station BSso about the 

movement (Lines 1 0 —1 1 ). Thus, BSso keeps track of the mobility of both MHs and 

MHd- In this context, we consider the general case where both MHs and MHd have 

moved from the BSso to BSsn and BSdo to BSdn respectively.

It should be noted that the current destination base station informs the last 

known source base station about M H d ’s movement (Lines 10-11). On receiving this 

message, the source base station either establishes the new path (if MHs has not 

moved) or informs the new source base station to which MHs has moved.

When MHs moves from BSso' to BSsx, it informs BSso' about its movement 

(Lines 2-3)on receiving this information about MHs’s movement, BSso' sends B S s n
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a list of the MHs’s active connections requesting it to set up the connections apriori 

(Lines 23—24). On receiving this request, BSsn tries to estabhsh a path to the 

last known destination base station (Lines 57-61). If MHq has not moved from its 

last known base station, the path is estabhshed otherwise the path establishment is 

aborted by the destination base station (Lines 12-16, 70—74). If MHd has moved, 

the destination base station sends a “Reject” message and informs the identity of 

the new base station where MHq has moved to (Lines 12-14, 70-72). At time Tn, 

when M H d moves into B S d n ’s cell and stays there long enough, a path is estabhshed 

between B S sn  and B S d n - ■

3.6 Techniques for rerouting for Mobile-Mobile 

connections in connection-oriented networks

We know of only four techniques [47, 87, 102, 138] to perform rerouting in Mobile- 

Mobile connections. In this section, we discuss these techniques in more detail and 

look at their drawbacks and look closely at the technique that we propose in order 

to alleviate these drawbacks.

In this section, we will discuss the known techniques for rerouting in Mobile- 

Mobile connections. Specifically, we wnh discuss strategies proposed by Biswas [47], 

Ghai and Singh [87], the EIA/TIA IS 41 (Revision c) cellular telecommunication 

standard. We also propose an extension of Biswas’s work using a fixed multicast 

core based tree rather than a simple fixed path. We also present our proposed 

solution to overcome the drawbacks of the other proposed rerouting schemes.
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3.6.1 B isw as’s strategy: M obile R epresentative and  

Segm ent B ased R erouting

Biswas [47] proposes the use of software mobile agent called mobile representatives 

that handle the connection management operations of mobile host. The representa­

tives reside on one of the intermediate routers. Each mobile host has a corresponding 

mobile representative. Assume that the source mobile host MHs (resp. the desti­

nation mobile host MHd) is in the cell corresponding to the base station BSs (resp. 

BSd) and its mobile representative is MRs (resp. MRd). Thus, the initial route in 

the source mobile host - destination mobile host connection is: MHs -  BSs ~ MRs -  

MRd -  BSd ~ MHd- The crux of Biswas’s rerouting strategy is that the path con­

necting the corresponding the mobile representatives is the same during the lifetime 

of the connection. Only the part of the connection between the mobile host and the 

mobile representative changes with handoff. The disadvantage of this scheme is that 

if the mobile hosts keep moving, the path used for communication may be inefficient 

as the scheme does not dynamically update the paths based on the location of the 

mobile hosts.

3.6.2 C B T (Core Based Tree) strategy: E xten d in g  B isw as’s 

work

We propose an extension of Biswas’ approach by using a core based tree connecting 

the source mobile representative to a group of destination mobile representative 

instead of a simple path connecting the mobile representatives. The core based 

tree allows multicasting of messages from the source mobile representative to the
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group of destination mobile representatives. Since the core based tree is fixed and 

decided apriori it does not have the additional onus that is associated with dynamic 

multicasting as is the case with Ghai and Singh’s scheme (discussed below).

The advantage with this scheme is that the total rerouting distance can be re­

duced significantly compared to Biswas’s strategy. We will see in detail how this 

can be accomplished when we analyze the performance of this strategy. The only 

problem with the CBT is the excess use of resources as the core based tree has to 

be built apriori for the purpose of rerouting.

3.6.3 G hai and S ingh ’s strategy: T w o level Pico cellular 

R erouting

Ghai and Singh [87] describe a picocellular architecture wherein as cell size de­

creases, the number of handofis and therefore handoff overhead within the networks 

increases. The authors describe a method for reducing handoff overhead and buffer 

space required using multicast groups and mobile trajectory prediction is described, 

as well as a network architecture that supports this technique. Base Stations (re­

ferred to as mobility support stations or MSSs ) do not have any intelligence, but 

rely on a centralized authority called a supervisory host (SH). The supervisory host 

calculates the mobile’s likely trajectory, and forms a multicast group for MSSs that 

the mobile is likely to handoff to in the near future. All packets are multicast to this 

group; MSSs that do not currently host the mobile buffer packets in anticipation 

of a handoff; such buffered packets are tossed when the MSSs receive an update 

of the mobile’s acknowledged sequence numbers. A connection-oriented network

100



architecture is also described in this paper. Virtual circuits are set up between end­

points. The communication is optimized for the case of two mobiles is done using 

the base stations and supervisory host(s). Multiple supervisory hosts are needed 

if the communicating mobile hosts are under the supervision of different SHs. The 

scheme proposed by Ghai and Singh [87] suffers from the following drawbacks: The 

architecture is fixed, rigid and requires tree or tree-hke topology. In addition, it 

requires the an extra level of hierarchy (supervisory hosts) as compared to the other 

schemes that we have discussed above and this results in longer paths. In addition, 

this scheme performs rerouting using dynamic multicasting and does not allow for 

the other rerouting strategies [138, 146].

3.6.4 E IA /T IA  IS-41 (R evision  C): Current Cellular

Com m unication H andoff and R erouting M anagem ent 

P rotoco ls

The EIA/TIA IS-41 (Revision C) protocol for cellular communications is designed 

for dealing with handofis and the subsequent forwarding of connections as the mobile 

hosts move. This is done by cell forwarding rerouting (chaining). Chaining in this 

case is done using switches as opposed to base stations used in all the other schemes 

described earlier. Since the connections are through switches, the links to old base 

stations are automatically removed during switching. These protocols are meant 

for circuit switched networks and not packet switched networks. Data loss and data 

ordering is not a important concern in this case. We cannot compare this scheme with 

the other schemes described earlier as this scheme is for circuit switched networks
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and as switches are used as base stations. However, since the rerouting involves cell 

forwarding, this scheme is non-optimal and inefficient.

3.6.5 Com parison of rerouting schemes for M obile-M obile 

connections

We use a simple framework for comparing the performance of all the Mobile-Mobile 

rerouting schemes. The reason, we choose this simple scheme (which we explain 

in detail later) is that the Mobüe-Mobile rerouting schemes are not tied to the 

type of rerouting (full, partial, cell, tree-based). These rerouting schemes basically 

concentrate on deciding the end points on the connections and can use any type of 

rerouting. Our comparison is based on calculating the total rerouting distance, the 

cumulative connection path length and the amount of resources used as the mobiles 

move. As seen earlier, the metrics that determine efficiency of rerouting schemes 

in Static-Mobile connections are dependent on connection length. For example, the 

total rerouting path length gives a good estimate of metrics such as throughput, the 

total rerouting time, the service disruption time and buffering requirements at the 

base stations. We use the extended cross-bar network and analysis as suggested by 

Song et al. in [148] for calculating the rerouting distance. The extended cross-bar 

architecture allows for simple calculations. This analysis can be extended to other 

types of networks.

In the architecture, the nodes are the base stations. The horizontal and vertical 

links are of length 1  while the slanted links are \[2 in length. We use RDg,d to 

represent the reroute distance between nodes s and d. We use TRD(a, d) to represent
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the total rerouting distance between BSsn and BSdn where the initial path length 

between the source and destination base station is a and the movement distance of 

the mobile host from its initial position is d.

We assume that:

• The MHs and MHd are moving in a straight line in the same direction and 

the top and the bottom rows of the grid respectively.

• Without any loss of generality, the mobile hosts both move d hops.

• MHs moves from cell of its old base station BSso to a  new base station BSsn

• M H d moves from cell of its old base station B S do to a new base station B S dn

• There is a connection path between the old base stations for the mobile hosts 

to start with. Let the minimum length of this route be the straight line path 

connecting BSso and B S d o - Let the length of this path  be b.

• The mobile hosts stay at the new base station long enough for the rerouting 

to be completed.

• For simplicity of analysis, we assume that the source and the mobile hosts 

start moving at the same time and continue moving a t the same speed.

We calculate the following metrics for comparing the performance for all of the 

Mobile-Mobile rerouting schemes. We consider each case separately for calculating 

the metrics.

• Total rerouting distance (TRD(a, d)): This is the path length connecting the 

new source and destination base station through the rerouting path when the
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mobile hosts have moved d hops from their initial positions and the initial path 

length between their corresponding base stations is a. This metric gives a good 

estimate of the system throughput for the connection between the source and 

the destination mobile hosts.

• Cumulative connection path length (CCPL): This is the cumulative total of 

the lengths of new reroute paths formed and tom down as the mobile hosts 

move. In order to calculate the CCPL for the rerouting scheme, we calculate 

the cumulative length of new path paths formed (CLNP) and the cumulative 

length of old paths torn down (CLOP). So, CCPL is the sum of CLNP and 

CLOP. This metric gives an estimate of system disruption, cumulative rerout­

ing time and buffering requirements for the connection between the source and 

the destination mobile hosts.

• Number of Connections (NC): We calculate the amount of resources reserved 

of each connection pair in terms of the maximum number of connections that 

can exist at any time during the entire rerouting process. This metric gives 

a reflection of the resources used by the system. In case of the CBT strategy 

and Ghai and Singh’s scheme, since multicasting is used, excess resources have 

to be used.

We denote the performance metrics for each of the rerouting schemes by using the 

name of the scheme as a subscript. For example we represent the total rerouting dis­

tance for Biswas’s scheme and the CBT scheme as TRDb,-swas(a, d) and TRDcbt(a, d), 

respectively.
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Figure 3.3: Rerouting Distance Calculation: Biswas’s Strategy

Figure 3.3 depicts the rerouting using Biswas’s strategy. MRs and MRd are 

the source and destination mobile representatives and the path connecting them 

is a fixed path. Let RDmrs,mrdR =  6 and RDmrs.bsso =  RDmrq.bsdo =  <=- Thus, 

a =  6  4 - 2c. Now, RDmrs.bSsn =  RDmrq.bSdn the minimum routing distance 

between the mobile representative and the corresponding new base station.

T o ta l R e ro u tin g  D istance

The total rerouting distance is the sum of path lengths between the new source 

and destination base station passing through the fixed path connecting the source 

and the destination mobile representatives, 

if c =  d,

RDmRs>BSsn RDmRdjBSdn \/^d  (3.1)

if c <  d.

else

RDmRs.BSsn —  RT>MRd,BSdn — d — c  - f  V2

R D m R s ^ S s n  =  R D m R d .B S d n  =  C  — d 4 -  \/2 
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The total rerouting distance is:

TRDbiswas(a, d) =  RDmrs,bssn +  RDmrd.bsdn +  RDmrs.mrdr (3.4)

Cumulative connection path length

The cumulative connection path length is the sum of the lengths of the new paths 

being established (CLNP) and the sum of the old paths being tom  down (CLOP) 

as the mobile hosts move.

d
CLNPbiswas = CLOPbiswas =  ^  TRDftj^ujasCa, i) (3.5)

f=l
and

d
CCPLbis^vas =  2 X)(TRDfe^a5 (a, z)) (3.6)

i= l
Number o f Connections

For a given connection, at any point in time, there can be at most 5 connections 

namely - the fixed path  between the mobile representatives ( 1  connection), old paths 

(to be removed) from the source and the destination base stations to the appropriate 

mobile representatives ( 2  connections) and the new paths (established) from the new 

source and the destination base stations to the appropriate mobile representatives 

( 2  connections).

CBT Strategy

Figure 3.4 depicts the rerouting using the CBT strategy. MRs is the source mobile 

representative and a fixed core based multicast tree is built apriori with MRs as 

the root. The leaves of the tree are the destination mobile representatives named

MRdi .. MRoDd. Let the path connecting the original source and the destina­

tion base stations through MRs and the base station MRd  ̂ a t the leaf of the core
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Figure 3.4: Rerouting Distance Calculation: CBT Strategy

based tree. Let the original path between connecting the source mobile representa­

tive and the original destination mobile representative be b i.e. RDmrs.mRdR =  b 

and RDmrs^bsso =  RDmRdi.bsdo =  c. Thus, a =  6  -h 2c. Now, RDmrs.bSsn =

RDmRdi.bsdn the minimum routing distance between the mobile representative

and the corresponding new base station.

Total R erouting D istance

The total rerouting distance is the sum of path lengths between the new source 

and destination base station passing through the shortest fixed path connecting the 

source and the destination mobile representatives.

First, we calculate the minimum path length (RDMRs,BSsx) between the final 

source base station BSsn and the mobile source representative MR$. 

if c =  d,

B-Dmrs.bssn =  \/2d (3.7)

if c < d,

R-Dmrs.bSsn =  d —  c  -h V2  (3.8)
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else

RDmrs,bssn =  c  — d +  \ / 2  (3-9)

The total rerouting distance is the sum of path lengths between the new source

and destination base station passing through the shortest fixed path connecting the

source and the destination mobile representatives. Now, the total rerouting distance 

is:

TRDcbt(a, d) =  RDmRs.BSsn +  (RDMRs.MRo; d- RDbSdn.MRd;) (3.10)

Cum ulative connection p ath  length

In this case, since the core based tree is pre-established and it is not tom  down, 

CLOP =  0, and

hence, d
CCPLcbt =  CLNPebt =  E  TRDcbt(a, i) (3.11)

t=L
N um ber of Connections

For a given connection, a t any point in time, there can be at most d-t-4 reserved 

paths namely - the fixed paths between the source mobile representative and the 

d destination mobile representatives {d connections), old paths (to be removed) ( 1  

connection) and from the source and the destination base stations to the appropriate 

mobile representatives ( 2  connections) and the new paths (established) from the new 

source and the destination base stations to the appropriate mobile representatives 

( 2  connections).

E IA /T IA  IS-41’s Strategy

In Figure 3.5, the rerouting is done using chaining (cell forwarding).

Total Rerouting D istance
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CELL f o r w a r d i n g  IN CELLULAR TCLECCMMUNICATIONS

Figure 3.5: Rerouting Distance Calculation: Cellular Telecommunication Strategy'' 

It is easy to see that in this case, we see that the total rerouting distance is:

TRDceii(a, d) =  2d +  a (3.12)

Cumulative connection path length

In case of cell forwarding, we note that there is no need to remove the old paths.

As the mobile host moves, a new path extension is added to the original path to

extend it. So, CLOP =  0 and CCPL =  CLNP.

hence, d
CCPLceii =  CCNPceii = a + 2 ( ^  1 ) = a + 2 d (3.13)

£=l
Number of Connections

When both the mobile hosts move d hops from their original base station, there 

are 2 d +  1 connections reserved - one for the fixed path connection between the 

original source and destination base stations, d single hop paths for cell forwarding 

each for the source and the destination mobile host.
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Figure 3.6: Rerouting Distance Calculation: Ghai and Singh’s Strategy 

G h a i and  S ingh’s S tra te g y

Consider Figure 3.6 for the calculation of the rerouting distance using Ghai and 

Singh’s Strategy. We assume that the two sets of supervisory hosts are aligned on the 

two horizontal lines and that each supervisory host dynamically multicasts to the d 

base stations in the path of the mobile hosts movement. We assume that the distance 

between the corresponding sets of supervisory hosts is b. The route distance between 

the old base stations and supervisory host is a minimum of c where a =  6  +  2.c. We 

consider two cases representing Ghai and Singh’s strategy (See Figure 3.6). In both 

cases, the same dynamic multicast tree is formed for the purpose of rerouting. In 

the best case, the final rerouting is done through the supervisory hosts tha t are on 

the same vertical straight line path as the new (and final) base stations. In the worst
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case, the rerouting is done through the path containing the supervisory hosts that 

are present in the original path connecting the original source and destination base 

stations.

B est C ase: In this case, the route distance between the old (and the new) base 

stations and their corresponding supervisory hosts is c where a = b + 2c. We 

design the best case with a view to use very few (between 1 to 4) number of 

supervisory hosts while keeping the total rerouting distance to a minimum.

T o ta l R e ro u tin g  D istan ce

In this case we can see that,

TRDghaibest(a! d) — b + 2c = a. (3.14)

C u m u la tiv e  connection  p a th  leng th

In this case, we assume tha t the multicast tree is in place and old paths are 

not tom  down i.e. CLOP =  0. Now, we calculate the CLNP and CCPL for 

this case. The calculations are the same as Biswas’s scheme, and

hence, d
CCPLghaibest =  CLNPghaibest ~  T l TRDbiswas(<̂ , *) (3.15)

N u m b e r of C onnections

The maximum number of connections is 2d + 1  because there are d connection

from the source (resp. destination) supervisory host to the source (resp.)

mobile host.

W o rs t Case: In this, there are only two supervisory hosts (one for the source mobile 

host and the other for the destination mobile host). This is the same as 

Biswas’s scheme.
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Total R erouting Distance 

if c =  rf,

RDsHs,BSsn =  RDsHd,BSdn- =  RDsHs.BSso =  RDsHd,BSdo =  (3.16)

i î  c <  d,

RDsHs.BSsn =  ÎIDsHd.BSdn =  RDsHs.BSso =  RDsHd.BSdo =  C -  d +  \/2 (3.17) 

else

RDsHs.BSsn =  RJDsHd.BSdn =  RDsHs,BSso =  RDsHd.BSdo =  d — C +  \/2 (3-18)

For the worst case of Ghai and Singh’s scheme, the total rerouting distance is 

calculated as follows:

TRDghaiworst(o, d) =  b +  RDsHs.BSsn +  RDsHd,BSdn (3.19)

Cum ulative connection path length

Now, we calculate the CLOP and CLNP and CCPL for this case. We assume 

that the old paths are not tom down. The calculations are the same as the 

best case scheme described above as the same connections are formed as the 

best case.

So, d
CLNPghaiworst CCPLghaiworst — (^~! TRDghaiworst(<̂ ; 0 ) (3.20)

1=1

Num ber o f Coimections

The maximum number of connections is the same as the best case. The max­

imum number of connections is 2d +-1.
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OUR STRATEGY FOR REROUTING

Figure 3.7: Rerouting Distance Calculation: Our proposed Strategy 

O ur p roposed  S tra te g y

Figure 3.7 depicts rerouting distance calculation using our proposed algorithm. In 

this case, the rerouting distance is the length of optimal route between the source 

and the destination base stations.

T o ta l R ero u tin g  D istance

In this case, we can see that TRDracheria(a, d) =  a (See Figure 3.7) . This is 

because, our algorithm allows for optimal routing connecting the source and desti­

nation base stations by the shortest path.

C um ulative  connec tion  p a th  leng th

In order to calculate the CCPL for our proposed scheme, we calculate the CLOP 

and CLNP. In our case.

CLOPours =  CLNPours =  ^  a =  od
1 = 0

hence.

(3.21)

(3.22)CCPLours =  2 ad 

N um ber of C onnections

At any during the entire d hop movement of the mobile hosts, there can be at
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most 2  connections - the old connection that will be removed and the new connection 

that has been formed.

3.6 .6  Ancdysis o f  rerouting d istance in the M obile-M obile

rerouting schem es

We now analyze the performance of the Mobile-Mobile rerouting algorithms de­

scribed above with reference to the total rerouting distance, the cumulative connec­

tion path length and the number of reserved fixed paths. We discuss the performance 

of each of the metrics separately and draw conclusions based on the results obtained.

It is to be noted for all the discussions below that: in case of Biswas’s scheme, 

the initial path length between the source and destination base station is equal to a 

= b 2c where b is the length of the fixed path between the source and destination 

mobile representatives and c is the length to the path between the initial source (resp. 

destination) base station and the source (resp. destination) mobile representative. In 

case of the CBT strategy, the initial path length from the source (resp. destination) 

base station to the source (resp. initial destination) mobile representative is equal 

to c and the path length between the initial pair of source and destination mobile 

representative is b. Similarly, in case of Ghai and Singh’s scheme, b is the distance 

between the old (resp. new) source and destination supervisory hosts and c is the 

length of the path between the initial source (resp. destination) base station and the 

source (resp. destination) supervisory host. In each of the sub-figures, we specify 

the length of the initial path a and the path lengths b and c (specific to Biswas 

and Ghai and Singh’s scheme). For all the metrics that we discuss below, we plot
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graphs showing the effect of moving distance [d) on the total rerouting distance. 

The moving distance is varied from 1  to 25. We denote Biswas’s scheme, the CBT 

scheme, Ghai and Singh’s worst and best schemes, the IS-41 cellular scheme and our 

proposed scheme using the legends Biswas, CBT, Ghai (worst), Ghai (best). Cell 

and Ours respectively.

Total R erouting D istance

Total Rerouting Path Length v/s Moving Distance (d)
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Figure 3.8: Sub-figures (a) (b), (c) and (d) depicts the effect of the moving distance 

on the Total Rerouting Length for various rerouting schemes.
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Figure 3.8 show the total rerouting distance as a function of mobile host move­

ment distance (d) for the five rerouting schemes described above. The figure contains 

four sub-figures the plots for various values of the initial path length a (a =  3, 27, 

39, 63).

From these figures, we make the following observations:

• Our proposed scheme and Ghai’s (best) scheme perform the best because these 

schemes setup the optimal route. Cell forwarding performs the worst with 

increasing values of d because of its naive approach of cell forwarding con­

tinuously. The performance of Ghai’s (worst) scheme, the CBT scheme and 

Biswas’s schemes fall in between.

• The rerouting distance for our proposed scheme and Ghai (best) is optimal 

and for the given topology (crossbar grid) is a constant and does not vary 

with increasing values of d. For all the other schemes, the rerouting distance 

increases with increasing values of d.

• For Biswas’s scheme, it can been seen that total rerouting length depends on 

the length of the initial fixed path. If this initial fixed path length b = a {c = 

0), then, Biswas’s scheme is the exact same scheme as cell forwarding.

• Biswas’s strategy is a specialized case of the CBT strategy wherein the core 

based tree is replaced by a simple path. It is better to use Bisweis’s strategy 

than the CBT strategy in order to reduce the total rerouting distance, if c > 

b. In case, 6 > c, it is better to use the CBT strategy.

• For Ghai’s (worst) scheme, the CBT scheme and Biswas’s scheme, the rerout­

ing distance increases linearly with the increasing values of d. However, the
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rerouting distance improves when c = d. This is intuitive because when c = d, 

the new (and shortest) route is along the slanted edges.

Cumulative connection path length

Cumulative Connection Path Length v/s Moving Distance (d)
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Figure 3.9: Sub-figures (a) (b), (c) aud (d) depicts the effect of the moving distance 

on the Cumulative Connection Path Length for various rerouting schemes.
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la  Figure 3.9, we show the cumulative connection path length as a function of 

mobile host movement distance (d) for the rerouting schemes described above. The 

figure contains four sub-figures which are plots of the total rerouting distance for 

various values of the initial path length a (a =  3, 27, 39, 63).

From this figure, we make the following observations:

•  The cell forwarding scheme does the best because there is no need to remove 

any of the old paths and every move of a mobile host results in a unit length 

increase in the cumulative path.

•  Our strategy performs the next best as the cumulative path length is increased 

by a (the original path length between the source and the destination base 

stations) every time the mobile moves. This is because for every move a new 

optimal path of length a has to be established. This is true because from 

our initial assumption that the source and the destination mobile hosts start 

moving at the same time and move at the same speed.

•  In case of all the other schemes, the cumulative path length is much higher and 

grows exponentially. This can be seen from our derivation for the formulae for 

the CCPL of these schemes. The CCPL for d moves in each of these cases is 

a sum of all the total rerouting distance values for all moves 1 .. d.

•  We see again tha t, it is better to use Biswas’s strategy than the CBT strategy 

in order to reduce the cumulative path length, if c > 6. In case, 6 > c, it is 

better to use the CBT strategy.

N um ber of C onnections
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Figure 3.10: Sub-figures (a), (b) depict the effect of the moving distance on the 

Number of Connections established or tom down for various rerouting schemes.

In Figure 3.10, we show the number of connections as a function of mobile host 

movement distance {d) for the rerouting schemes described above. The figure con­

tains two plots for of the initial path length (a) values of 3 and 39. From this figure, 

we observe that:

• The number of connections is minimum and constant (equal to 2) in case of 

our strategy. Biswas’s strategy also requires a constant number of connections 

(5).

• The number of connections for the other schemes is dependent on the moving 

distance. Among these remaining schemes, the CBT strategy requires the least 

number of connections. Ghai’s (best) and Ghai’s (worst) schemes and the cell 

forwarding schemes require the same number of connections and perform the 

worst.

From the observations of the performance of all these rerouting schemes with
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respect to the metrics, we conclude that our proposed scheme performs the best as 

far as the to tal rerouting distance and the number of connections are concerned. 

Ghai’s (best) scheme performs as well as our proposed scheme in terms of the total 

rerouting distance. It however requires a lot more number of connections to be 

established and incurs more cumulative cost in establishing connections. Also in the 

worst case, the routes for Ghai and Singh’s schemes are sub-optimal. In addition, 

Ghai and Singh’s schemes require speciaHzed supervisory hosts and a tree based 

network for optimal performance. Cell forwarding performs the best with respect to 

the cumulative cost incurred in establishing connections. However, cell forwarding 

requires a larger number of connections and its total rerouting distance is larger than 

our proposed scheme. The CBT scheme is a generalized case of Biswas’s scheme 

and it requires more resources and cost. Its performance advantage in terms of 

total rerouting distance over Biswas’s scheme is highly dependent on the underlying 

topology and the structure of the core based tree.

3.7 Summary

In this chapter, we presented an algorithmic framework for rerouting to accommo­

date unlimited movement of mobile hosts that form the ends of a Mobile-Mobile 

connection. Our proposed framework overcomes the drawbacks of the other Mobile- 

Mobile rerouting schemes by making the rerouting source-initiated and by rejecting 

the establishment of incorrect paths. We also proved the correctness of our proposed 

framework with respect to rerouting. In addition, we also compared our proposed 

algorithm with the other known Mobile-Mobile rerouting schemes using several per­
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formance metrics. The performance analysis indicates that our proposed algorithm 

is superior to other schemes.

Future work includes increasing the array of performance metrics, Finally, it 

would be interesting to show how our framework can be appUed to a wireless ATM 

environment.
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C hapter 4

Effect o f  rerouting on the  

perform ance of w ireless T C P

4.1 Introduction to TCP

TCP (Transmission Control Protocol) [136] is a protocol used along udth the Internet 

Protocol (IP) to send data in the form of message units between computers over the 

Internet. While IP takes care of handling the actual delivery of the data, TCP takes 

care of keeping track of the individual units of data (called packets) that a message is 

divided into for efficient routing through the Internet. For example, when an HTML 

file is sent to you from a Web server, the Transmission Control Protocol (TCP) 

program layer in that server divides the file into one or more packets, numbers the 

packets, and then forwards them individually to the IP program layer. Although each 

packet has the same destination IP address, it may get routed differently through the 

network. At the other end (the client program in your computer), TCP re-assembles
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the individual packets and waits until they have arrived to forward them to you as 

a single file. TCP is known as a connection-oriented protocol, which means that a 

connection is estabhshed and maintained until such time as the message or messages 

to be exchanged by the application programs at each end have been exchanged. TCP 

is responsible for ensuring that a message is divided into the packets that IP manages 

and for re-assembling the packets back into the complete message at the other end. 

In the Open Systems Interconnection (OSI) communication model, TCP is in layer 

4, the Transport Layer.

TCP is a means for building a end-to-end reliable byte stream on top of the 

unreliable packet Internet Protocol (IP). TCP is the protocol that supports nearly 

aU Internet applications. The combination of TCP and IP is referred to as TCP /IP  

and many people imagine, incorrectly, that TC P/IP  is a single protocol. The basic 

method of operation involves:

• wrapping higher level application data in segments

• wrapping the segments into IP datagrams

• associating port numbers with particular applications

• associating a sequence number with every byte in the data stream

• exchanging special segments to start up and close down a data flow between 

two hosts

• using acknowledgments timeouts to ensure the integrity of the data  flow

Every byte that is transmitted from the source TCP entity has a 32 bit sequence 

number. The sequence number is used for acknowledgements and for managing
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the windowing mechanism. The TCP sender and the receiver communicate using 

segment. The segment size can vary but is limited to a size of 64KB. The segment 

size is also limited by the underlying network’s maximum transfer unit (MTU) which 

is the maximum size of any packet that traverse over the network.

TCP entities use the sliding window protocol [152] to communicate. The sender 

starts a timer when it transmits a segment. When the segment is received by the 

receiver, it sends an acknowledgment with a acknowledgment number that equals 

the next segment sequence number that it expects to receive. If the sender gets the 

acknowledgement before the timer expires then it continues the sending process with 

the next segment otherwise it re-transmits the segment again. To complicate the 

situation, segments and acknowledgments may be lost or may arrive out of order. 

Also, the segments may arrive late because of network congestion. TCP deals with 

all these problems using an adaptive transmission policy and intelligent flow and 

congestion control.

The TCP receiver, when sending an acknowledgment, also sends the amount of 

bufler size (called the receiver window) that it has available to receive new data. 

The TCP sender uses this information to control the amount that it sends to the 

receiver. TCP adapts its transmission to deal with congestion that may occur in the 

network while increasing trying to increase the system throughput. In order to deal 

with congestion, the sender uses and maintains two windows - the receiver window 

and the congestion window. The size of sender’s data is the minimum of the these 

two window sizes. The congestion window is indicative of the size of the that the 

sender thinks it can use to send without causing congestion in the network and thus 

not getting the acknowledgement in time. When a TCP connection is established,
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the congestion window is initialized to the maximuni segment size in use on the 

connection. If the segment is acknowledged before the expiration of the timer, the 

congestion window is doubled. This exponential increase of the congestion window is 

called as the slow-start algorithm. The TCP protocol uses a third param eter called 

the threshold (initially set to 64K) to ebb the exponential increase of the congestion 

window. When the congestion window equals the threshold, the congestion window 

is increased hnearly. In case, there is a re-transmission timer timeout, the congestion 

window size is re-set to one segment and the threshold is halved. In addition,the 

TCP re-transmission time-out value is doubled. This doubling is known as Karn’s 

re-transmission timer backoff [113].

4.2 TCP in Mobile Networks

TCP is a one of the most widely used transport layer protocol. In a mobile envi­

ronment, TCP cannot discriminate packets dropped due to lossy links, intermittent 

connectivity, handoffs and rerouting with those dropped due to congestion in the 

network. TCP reacts to packet losses as it would in a wired environment -  it 

drops its transmission window size before retransmitting packets, initiates conges­

tion control or avoidance mechanisms like the slow start algorithm and re-setting its 

retransmission timer [32, 33]. This results in an unnecessary degradation in system 

performance. In the past, several proposals have been made to alleviate this problem 

[32, 33]. However, these proposals do not take into account the type of rerouting viz. 

full rerouting, partial rerouting, tree based rerouting or cell forwarding [139, 137]. 

Also, these proposals assume that only one end in a session is mobile while the other
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is fixed.

Proposed TCP schemes for mobile networks can be classified under the following 

categories [32]:

• L ink-Level p ro toco ls: These protocols hide the packet loss on the wireless 

link by performing local retransmission at the link-level and forward error cor­

rection over the wireless hnk. The two main approaches adopted by these 

protocols include forward error correction (FEC) and retransmission in re­

sponse to Automatic Repeat Request (ARQ). Examples of hnk-level protocols 

tailored for wireless links include the AIRMAIL [20]. If the link level protocol 

uses the TCP acknowledgments effectively without generating its own acknowl­

edgment some overhead is minimized. This phenomenon is called as link-level 

TCP awareness, the snoop protocol [33] is an example of such a scheme. In 

case of the snoop protocol, a snoop module at the base station caches packets 

and retransmits if thinks that the data has been lost or corrupted while being 

transmitted on the wireless link.

• Sp lit connection: The TCP connection is broken at the base station: a 

regular TCP connection between the stationary host and the base station and 

while a modified TCP connection is established between the mobile host and 

the base station. In doing so, data flow on the wireless link is isolated from 

the flow on the wired connection. Indirect-TCP [30] is an example of the 

split-connection approach.

• Fast R e tran sm it: The receiver sends a certain number of duplicate acknowl­

edgments informing the sender the packet loss is not due to congestion. The
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sender then does a fast retransmission of the packet without resorting to con­

gestion control measures.

• E xp lic it Loss N otification: Explicit acknowledgments from the base station 

are sent to indicate whether or not this loss because of congestion.

• E n d  to  E nd  P ro to co ls  These schemes use TCP connections between the 

source and the mobile host. However, in order to make the TCP sender han­

dle packet losses, they use either selective acknowledgments (SACKs) to allow 

the sender to recover from multiple packet losses in a window or an explicit loss 

notification (ELN) to inform the sender of the packet losses explicitly. TCP 

Reno, TCP Reno with SACK and TCP Reno with SACK and SMART [115] 

are examples of end to end protocols. In the SMART scheme, acknowledg­

ments contain the cumulative acknowledgement and the sequence number of 

the packet that caused the receiver to generate the acknowledgement.

4.3 Effect of Rerouting Strategy on Wireless TCP 

scheme

It is to be noted that TCP is a transport layer protocol while the rerouting is 

a network layer function and hence are independent of each other. The aim of 

this work is to study the network performance with TCP under différent rerouting 

schemes with either one end or both the ends in a session being mobile using network 

simulation.

W ithin the context of communication based on TCP in mobile networks, rerout-
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ing is axL important issue to consider. It is to be noted that TCP is a transport layer 

protocol while the rerouting is a network layer function and hence wireless TCP 

scheme and rerouting process are independent of each other. Rerouting involves set­

ting up new TCP connections in order to restart data transfer between the source 

and the destination entities. Rerouting involves four stages. In the first stage, new 

connections are established as required after the handoff is complete and the mobile 

hosts registers with the new base station. In the second stage, the packets tha t 

have been transferred from the source to the old base station are forwarded to the 

new base station upon request from the old base station. In the third stage, the new 

base station requests the source to reroute data to the new base station on the newly 

established routes. In the final stage, the old route between the old base station and 

the source is torn down. It is to be noted that the second stage in the rerouting 

process is optional. If the packets stored at the old base station are not forwarded, 

the destination will request the source to retransmit those specific packets. Thus, 

rerouting may or may not involve forwarding packets from the old base station to 

the new base station.

In this chapter, we study the split-connection and the snoop protocol TCP under 

full, partial, cell forwarding and virtual tree rerouting using simulation with a view 

to compare and contrast the performance of these two wireless TCP schemes under 

all of the above mentioned rerouting schemes. Various performance metrics like the 

system throughput, total rerouting time, service disruption time, amount of buflfering 

required at the mobile hosts and the base stations are evaluated for comparative 

analysis using simulation. We also propose measures and mechanisms to improve 

the network performance using TCP under these rerouting schemes after analyzing
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the performance of the various Wireless TCP schemes depending on the type of the 

rerouting strategy used.

The rest of the chapter is organized as follows; we study the split connection 

protocol and the snoop protocol in more detail in Section 4.4. The simulation setup, 

our assumptions, the experiments conducted and the results are presented in detail 

in Section 4.5. We analyze the results obtained from simulation in Section 4.6. It is 

to be noted that TCP is a transport layer protocol while the rerouting is a network 

layer function and hence are independent of each other. Various performance metrics 

like the system throughput, end-to-end delay and service disruption time evaluated 

for comparative analysis using simulation. Finally in Section 4.7, we summarize our 

contributions.

4.4 Wireless TCP schemes - Split Connection 

Protocol and Snoop Protocol

As mentioned earlier, several schemes have been proposed by researchers to adapt 

TCP to wireless and mobile networks. Among the most popular of them are the 

split-connection and the snoop protocol. In this section, we will take a detailed look 

at these schemes.

4.4.1 Split Connection Protocol

I-TCP [30] is an example of the split connection protocol. It was one of the first 

wireless TCP schemes to be proposed by researchers. The basic idea of the approach 

is to split the TCP connection at the base station in the last hop into two separate
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Figure 4.1: The Split Connection Approach

connections. The first connection, from the source (assumed to be a fixed host) to 

the base station, is a regular TCP connection. There is a “TCP-like” connection on 

the last hop that is tuned to wireless link. During a handoff, the I-TCP connections 

have to be moved from the current base station to a new one. This is done by a 

state transfer of the two connections from the current base station to the new base 

station. Figure 4.1 depicts the split connection protocol overview. The figure shows 

how the end-to-end TCP connection between the source and the mobile host is split 

at the base station.

The I-TCP allows to have separate (and optimized) congestion and flow control 

and transmission policies for the two connections and thus achieves good throughput. 

However, the approach has several drawbacks including - the loss of end-to-end 

semantics; need for re-linking of applications with the I-TCP library; additional 

software overhead of traversing through the TCP protocol stack four times and 

large handoff latencies.

4.4.2 Snoop Protocol

The snoop protocol is a TCP-aware link-level protocol. The basis of the protocol is 

the introduction of a software snoop agent at the base station at the last hop. This 

snoop agents sniffs the packets passing through the TCP connection and stores the
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Figure 4.2: The Snoop Protocol

TCP segments that have been sent to the mobile host but have not been acknowl­

edged by the mobile host in a cache. In case the snoop sees a certain number of 

duplicate acknowledgments from the receiver or in case the snoop’s re-transmission 

timer expires, it realizes that there has been a packet loss. In case of a packet loss, 

the snoop agent re-transmits the packet (from its cache) to the mobile host. It also 

suppresses the duplicate acknowledgment. Figure 4.2 shows the general idea behind 

the snoop protocol. The snoop agent needs to maintain a cache at the base station 

and perform local TCP-aware link-level retransmissions.

The snoop protocol has the advantage of suppressing the duplicate acknowledg­

ments for lost TCP segment and locally retransmitting the packets. By doing so, 

invocation of congestion control algorithms and fast retransmissions by the sender 

is avoided. The disadvantages of the snoop protocol includes the overhead for the 

deploying the snoop agent, the time required for snooping and the requirement for 

a snoop cache. In addition, like the other link-level algorithms, it can not complete 

shield the sender from packet loss on the wireless link.

4.5 Simulation Details

In this section, we present the details of the simulation of the split connection and the 

snoop protocol under different rerouting conditions. We present our assumptions,
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the simulation details including input and system parameters, the experiment setup 

and the statistics and results gathered after running the simulation experiments. 

The simulation is done using the PARSEC simulator developed by researchers at 

UCLA. PARSEC is a discrete-event simulator that allows processes and systems to 

be modeled as entities that can interact with by passing messages to each other. 

We now describe the details of the simulation including the assumptions, network 

topology used to study, parameters used for simulation, the simulation experiments, 

performance metrics being evaluated and the results.

4.5.1 A ssum ptions

We assume the following under our simulation model;

• The wired links do not have any transmission and receiving errors while the 

wireless links errors are produced randomly using a uniform distribution.

• The wired links do not have any transmission and receiving errors while the 

wireless links errors are produced randomly using a uniform distribution.

The wired links do not have any transmission and receiving errors while the 

wireless links errors are produced randomly using a uniform distribution.

The mobile hosts uses radio hints to realize that it is moving into the cell of the 

next base station. Also, we assume that the mobile host’s path of movement has 

complete coverage.
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4.5.2 N etw ork Topology

The network topology used for the simulation experiments is shown in Figure 4.3. 

The topology is a tree with the source node at the root of the tree. We chose this 

topology so that we could experiment with the same topology for all the rerouting 

schemes including the virtual tree rerouting which requires the network topology 

to be a tree. Also, this network topology models the real word case with a source 

(say a video server) broadcasting to a mobile user (using a video viewing device 

like a palmtop). It is to be noted that there is a path containing 12 nodes from 

the source node to each of node 1 and node 2. The tree consists of wired links 

(155 M b/s bandwidth, 0.46 ms latency) while the last hop is on a wireless link 

(2Mb/s bandwidth, 2ms latency). The mobile host moves to and fro between the 

base stations located the leaf nodes of the network starting with the leftmost leaf 

node (node 7). The mobile host moves every 3 seconds (See Table 4.1). We assumed 

that the motion of the mobiles is a linear motion. This type of motion is typical of 

movement in buildings and has been obtained from [10, 148].

Source

12 wired nodes 12 wired nodes

Nfobile host movement

Mobile host

Figure 4.3: Network Topology for Simulation
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4.5.3 S im ulation  Param eters

The parameters used in the simulation are shown below in the Tables 4.1 and 4.2. 

Table 4.1shows the network parameters including the bandwidth and the latency 

of the wired and wireless hnks. Table 4.2 shows the TCP parameters including the 

window sizes, thresholds and the buffer sizes of the base station and the mobile host. 

The maximum simulation time is 16.5 seconds.

Bandwfidth of Wired Links 155 Mb/s

Bandwddth of Wireless Links 2 Mb/s

Latency of Wired Links 50 fis

Latency of Wireless Links 2 ms

Wireless Bit Error Rate 0.04253

Buffer Size at Base Stations 256 KB

Buffer Size at Mobile Host 64 KB

Frequency of Mobile’s Movement Every 3s

Table 4.1: Network and Mobility Parameters

4.5.4  S im ulation  Experim ents

We simulated the split connection TCP and the snoop protocol TCP for full, partial, 

cell forwarding and the virtual tree rerouting schemes using the set of parameters 

specified above on the network topology described above. We will refer to these 

schemes as full (split), partial (split), cell forward (split), tree (split), full (snoop), 

partial (snoop), cell forward (snoop), tree (snoop). The simulation uses only a single
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TCP Fast Timer for Snoop 200 ms

TCP Slow Timer 500 ms

TCP Max Segment Size 1460 B

TCP Control Packet 50 B

TCP Initial Threshold 32 KB

TCP Maximum Threshold 64 KB

Initial Congestion Window 1 KB

Table 4.2: TCP Parameters

mobile host that acts as the receiver of the data being transmitted from the source.

We ran the experiments for varying values of the simulation time (4.5 sec, 7.5 sec,

10.46 sec, 13.5 sec, and 16.5 sec) and calculated the following performance metrics.

•  Source Throughput (KB/s): The ratio of the amount of data sent by the source 

to the duration of the time that the source sends all its packets.

•  Average Round Trip Packet Delay ((s/KB): The average of aU the round trip 

packet delays (from source to mobile host and back) per KB of data.

• Source Disruption Time ((s): The duration of the time that the source has 

been explicitly disallowed from transmitting on the downlink to the mobile 

host.
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Figure 4.4: Variation of the source throughput for various simulation times

4.5.5 S im ulation  R esu lts

The results from the simulation are shown in the Figures 4.4, 4.5 and 4.6. Figure 

4.4, 4.5 and 4.6 show the variation of throughput average round trip packet delay, 

and source disruption time respectively for various simulation times for each of the 

wireless TCP with rerouting cases.

4.6 Analysis Of Results

We now analyze the performance of the various schemes based on the results of our 

simulation (See Figures 4.4, 4.5 and 4.6). In case of source throughput and average 

round trip packet delay (Figures 4.4 and 4.5), we see that the snoop protocol TCP 

performs better the split-connection TCP for all the rerouting schemes. This is 

because of the faster re-transmissions by the snoop protocol TCP on the wireless 

hnk as compared to the split-connection TCP. Also, the split - connection TCP has
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Figure 4.5: Variatiou of the average round trip packet delay for various simulation 

times

the additional onus of creating two separate TCP connections as opposed on a single 

TCP connection in case of the snoop protocol TCP. Among the rerouting schemes, 

the virtual tree rerouting performs the best for both the wireless TCP schemes. 

This is so because in case of the virtual rerouting, the source simply multicasts the 

messages to each of the base stations at the leaf nodes of the network. There is 

no need for forwarding packets from the old base station to the new base station. 

The cell forwarding performs the worst, as it needs to make TCP connections for 

forwarding packets from the old base station to the new base station every time the 

mobile host moves. This results in a very ineScient routing. For example, in case 

of cell forwarding, when the mobile host moves from node 7 to node 8 to node 9 

to node 10, it needs to estabUsh TCP connections from node 7 to node 8 and from 

node 8 to node 9 and from node 9 to node 10. Thus, in case of cell forwarding 

the number of wired TCP connections is proportional to the number of moves while
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Source Disruption Time v/s Simulation Time
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Figure 4.6: Variatiou of the source disruption time for various simulation times

in case of virtual tree routing, there is effectively only one TCP connection for 

communication between the source and the mobile host. In case of full and partial 

rerouting, there are two wired TCP connections - one for forwarding packets from 

the old base station to the new base station and a connection from the source to 

the new base station (either directly or through a cross over point). The partial 

rerouting performs better than the full rerouting as it effectively utilizes the packets 

sent by the source that stored at the cross over point to forward to the new base 

station. As far as source disruption time is concerned, only the full rerouting and 

partial rerouting have explicit source disruption. This happens because the new 

base station explicitly forbids the source from starting transmission before it gets 

all the packets from the old base station. Full rerouting’s source disruption time 

is proportional to the number of moves while in case of partial rerouting, source 

disruption occurs when the cross over point is the source node.

138



4.7 Summary

In this chapter, we have studied the performance of two of the important wireless 

TCP schemes - split connection TCP and the snoop protocol TCP under full, par­

tial, cell forwarding and virtual tree rerouting conditions using detailed packet-level 

simulation. We find that the snoop protocol with virtual tree rerouting performs 

the best while split-connection based cell forwarding performs the worst vdth re­

spect with throughput, disruption time and round-trip delay. We plan to extend 

this work by extending the comparison to other wireless retransmission schemes like 

link layer retransmission, explicit congestion notification and fast retransmissions. 

In addition, we plan to study how wireless TCP performs when both the source and 

the destination are mobile hosts.
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Chapter 5

A  N ovel R outing A lgorithm  for

A d-hoc networks

5.1 Introduction

Due to the increasing number of mobile computers and networking hardware, ex­

tensive work has been done in communication protocols in the mobile environment 

using a fixed, backbone network infrastructure. There are situations when such a 

backbone network may not be present. Examples of this include scenarios such as 

(i) a group of workers deployed quickly during a natural disaster, (ii) business del­

egates assembled in a lecture hall, and (iii) exchanging information using wearable 

computers [S3]. It is desirable for mobile hosts in such situations to form a tempo­

rary network without the aid of centralized administration or an established network 

backbone. This temporary network is called an ad-hoc network.

Some of the real-life examples of ad-hoc networks are as follows:
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1. A R P A N E T  P ack e t R ad io  N etw ork  (P R N ): The ARPANET Packet Ra­

dio Network (PRN) [112] is the earliest deployment of an ad-hoc network. This 

network has been in existence for the past 25 years and has been the testbed 

for several new ad-hoc and wireless technologies. The network consists of re­

peaters, terminals and stations. Stations can be used to connect to any static 

network. The terminals are the mobile hosts used by users. The repeaters are 

used to forward and route data packets. All components in the PRN can be 

mobile.

2. T h e  Survivable A d ap tiv e  N etw orks (SU R A N ): SURAN [122] is the suc­

cessor of the ARPANET PRN. It aims to have an intelligent network that can 

survive and adapt in view of node and link failures.

3. M obile  C onven tional C o m p u te r S uppo rted  C o-O pera tive  W ork (C S C W ):

Japanese researchers have developed the Mobile CSCW [158] environment that 

allows researchers to use cameras, microphone and multimedia workstations to 

collaborate using ad-hoc wireless networks. The environment supports sharing 

of data and programs and allows users to refine their work through discussion 

over the ad-hoc network. The Mobile CSCW environment also allows nomadic 

collaborative computing.

4. M o to ro la  P iano  P la tfo rm : The Motorola Piano Platform [99] provides 

short range, wireless connectivity at high bandwidth to a variety of mobile 

devices. It creates spontaneous, ad-hoc networks between a wide variety of 

common devices. The Piano platform aims to allows heterogeneous ad-hoc 

networks by enabling short-range, low-power, unlicensed, wireless connectivity
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from the handheld PDAs to a myriad of other devices including PCs, con­

sumer electronics, point-of-sale transaction terminals, cellphones, pagers, In­

ternet proxies, and other electronic devices.

An ad-hoc network consists of mobile hosts that communicate over a wireless 

channel and is characterized by a dynamic topology. In some cases the topology 

of the network remains stable after an initial setup period, for example, once the 

business delegates are seated around a table or in their respective rooms, their 

laptops may be moved fairly infrequently. On the other hand, there are a number of 

cases where the network topology might experience rapid changes a t least in certain 

parts. Such examples include: (i) a team of robots employed to build a map of a 

building where the connectivity change as robots move in and out of various rooms, 

and (ii) a team of rescuers equipped with wearable computers searching for person in 

a rugged terrain. In these examples, the information from various robots of rescuers 

must be exchanged so that the overall mission can be carried out effectively. Our 

main focus is the latter kind of networks, where the topology might be stable for 

brief periods of times in certain localities but in the other regions the topology can 

be highly dynamic. Using a brute force flooding algorithm will result in inefficient 

use of the bandwidth and buffers.

Figure 5.1 shows how different stages of ad-hoc network applications can be clas­

sified based on the rate of connections and disconnections while giving supporting 

examples. Applications stages (or phases) can be static (low rate of disconnections, 

low rate of connections), high connection (low rate of disconnections, high rate of 

connections), high disconnection (high rate of disconnections, low rate of cormec- 

tions) or highly dynamic (high rate of disconnections, high rate of connections). The
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Figure 5.1: Taxonomy of Stages in ad-hoc applications based on the rate of connec­

tions and disconnections

same application can be categorized under any one of these schemes depending the 

stage in the life time of the application. For example, as depicted as one of the 

examples in the Figure 5.1, consider a military battlefield environment. Initially, 

the soldiers (each carrying a personal digital assistant for communication form an 

ad-hoc network) are briefed at the field headquarters, the connectivity between the 

users is high as they all are in close physical proximity and the rate of disconnections 

is low as the soldiers remain there till the briefing is over. So, by our classification, 

this stage is a high connection phase. When the soldiers move in small groups, the 

rate of connection is small as there are not radio range with all the other soldiers 

and the rate of disconnection is low because the soldiers remain in the same group 

moving together. This stage is a categorized as a static phase of the application. 

Similarly, the application can be either in a high disconnection phase or a highly
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dynamic phase (See Figure 5.1).

Routing protocols in ad-hoc networks can be classified either as reactive or pro­

active [91,126]. Proactive schemes make use of routing tables at nodes which are kept 

updated as the network changes. Thus in pro-active schemes whenever a packet is to 

be routed, the routing path is determined using the routing tables. Algorithms based 

on distance vector [135] and link state [103, 130] belong to the class of pro-active 

schemes. Reactive routing protocols determine routes on demand. Flooding is the 

classical example that belongs to the reactive schemes. The dynamic source routing 

algorithm by Johnson and Maltz [105, 108] uses flooding effectively to route packets 

on demand. Another example of a reactive algorithm is called TORA [126, 64] 

which is based on flooding. TORA reduces the number of messages by intelligently 

eliminating the sending of duplicate copies of the messages in the network.

5.1.1 Com parison w ith  Previous W ork

In a network that is highly dynamic, the amount of information that needs to be 

passed across the network to maintain the routing table is enormously high. Given 

the limited bandwidth of mobile networks this will cause serious traffic bottlenecks. 

Furthermore, maintenance of the routing table at each node can grow as the net­

work grows and may strain the limited storage available at the node. Reactive 

algorithms overcome the above deficiencies but use excessive amount of messages to 

determine the route. In this chapter, we propose a routing protocol that is reactive 

but uses considerably less number of messages. We achieve this by maintaining a 

forest of spanning trees. The routing algorithms in [105, 108] have high space, time 

and message complexities and suffer from serious flaws as pointed out by Das and
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Bharghavan [66]. The distance-vector routing algorithm in [135] suffers from syn­

chronization problems. The minimum connected dominating set (MCDS) routing 

algorithm in [66, 67] seems to eliminate some of the above problems but uses some 

impractical assumptions with regard to partitioning networks. The Signal Stability 

based Adaptive Routing protocol (SSA)[75] discovers routes on-demand based on 

signal strength and location stability. While the SSA algorithm is simple, it requires 

additional work in maintaining information about relative signal strength of mes­

sages. Akyildiz, Pelech and Yener [12] have proposed a hierarchical multihop routing 

algorithm for fully dynamic networks. The routing algorithm operates on a virtual 

topology obtained by partitioning routing information for the mobile terminals from 

a hierarchical distributed database.

We propose DST (Distributed Spanning Tree Routing) - an efficient routing 

protocol for ad-hoc networks that discovers routes on demand but uses considerably 

less number of messages. We achieve this by maintaining a forest of spanning trees in 

a distributed fashion. We believe our approach is practical and has less time, space 

and message complexities when compared with the above algorithms. One of the 

important design issues we had in mind was to keep the algorithm power-aware [147], 

that is, try  to conserve the battery power of the mobile hosts. This is significant 

because battery power technology has not been able to pace up with processing and 

memory technologies. Conserving battery power is even more important because 

ad-hoc networks are generally involved in critical applications like resource planning 

and communication in battlefield and disaster-relief conditions. To give an estimate 

of power requirements, in the Digital Equipment Corporation’s Roamabout radio 

[63], transmission requires 5.76 watts while reception requires 2.88 watts. So, in
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order to reduce the power consumption in routing in ad-hoc networks, we try  to 

keep the number of messages transmitted and received as small as possible.

5.1.2  P roblem  D escription

We consider the routing of a datagram in a highly dynamic mobile ad hoc network. 

We assume that the transmission time of a datagram between two nodes in direct 

communication is negligible.

The organization of the chapter is as follows: In section 5.2 details the dynamic 

forest construction algorithm that is fundamental to the implementation of our pro­

posed routing algorithm. In this section, we explain how the algorithm is distributed 

in nature. We, then, analyze the algorithm for finding its space and time complexi­

ties. We also look at various schemes to optimize the performance of the algorithm. 

In section 5.2.4, we discuss our routing algorithm including its space and time com­

plexities and its comparison with flooding. In order to evaluate the performance of 

our routing algorithm. We explain our simulation model in section 5.3.1 and exam­

ine and analyze the results of our simulation. Finally, we describe our conclusions 

and future work in section 5.4.

5.2 Dynamic Forest Construction Algorithm

The basic idea of the algorithm is to construct a set of dynamic trees (also known as a 

dynamic forest) Ti, T^,..., Tk where each at a given time, has nodes (mobile hosts) 

hi, h2 , ■■■, hp such that any node hi can communicate to a host hj. We assume that 

each node h knows the IDs of the neighboring nodes within its direct transmission
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range and it is denoted by N{h). In this manner, a node can communicate to any 

one of its neighbors directly. On the other hand, if a node wants to send a message 

to another node which is beyond its direct range then it would try to use other nodes 

as routers. The key ingredient of the algorithm is to dynamically readjust the direct 

connections between the nodes as the hosts move around. In simple graph-theoretic 

terminology, this means that a host hi can try to communicate to a host hj by 

sending its message via the tree edges and in some special situations as described 

later, using non-tree edges.

At any given time, each node is either acting as a router or readjusting infor­

mation about its direct neighbors and the root ID of the tree it belongs to, as the 

ambient environment changes. We will first present the forest construction algo­

rithm and then the routing algorithm for clarity, keeping in mind that both of these 

are concurrently executed at each node.

Each node hi stores four types of information: its ID (denoted by hi), its parent’s 

ID (denoted by P{hi), the ID of the root of the tree it belongs to (denoted by 

RootlD(hi)) and ID’s of its children (denoted by hi.child{j) for the j th  child of hi). 

We say two trees Ti and Tj come in contact with each other if there exists a node 

g E Ti and h €. Tj such that g and h are within direct transmission range of each 

other. We call g and h the contact nodes of their respective trees. When two trees 

Ti with root node r, and Tj with root node ry come in contact with each other an 

attempt to merge the trees into a larger tree is made at the contact nodes. The 

merger is accomplished by creating an edge between the contact nodes. The root 

node resolves the conflict between possibly several pairs of contact nodes requesting 

merger. After the merger, one of the root nodes becomes the root of the newly
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merged tree. We will make these details precise and elaborate later.

5.2.1 D istrib u ted  A lgorithm

The algorithm for tree construction is distributed, asynchronous and is characterized 

by the absence of a global clock. The time taken by a message to travel from source 

to destination is finite. We further assume that the message sent along a link arrives 

in the order it was sent and that the nodes are identified (ID’s) by positive integers. 

In general, a node can be either the root of a tree or an internal node of a tree. A 

node can be in one of three states namely, router, merge, and configure. A root or an 

internal node in the router state follows the routing algorithm to be presented later. 

That leaves us with four possible types of status for a node, viz., (root, merge), 

(root, configure), (internal node, merge) and (internal node, configure). A node in 

the configure state performs updates to its data structures when its parent moves 

away beyond its communicating range {Lose Parent) or when one or more of its 

children move away beyond its communicating range {Losing Child) or when a node 

comes in contact with it ( Merge Request). In addition, we define a bridge as a 

connection between two nodes that are in radio contact but belong to two different 

spanning trees. Bridges are formed to achieve connectivity between two spanning 

trees when either of the two nodes forming the bridge is likely to move away shortly. 

By just forming a bridge, the heavy cost involved in re-aligning the tree is avoided. 

A node can either add a bridge {Add Bridge) or remove an existing bridge {Remove 

Bridge) based on the existence or loss of radio contact respectively.

Figure 5.2 depicts the different events that can occur at each node in the network. 

A node v in the network can either (a) lose its parent or (b) lose its child or (c) can
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(a) Lose Parent

\

(b) Lose Child

(c) Merge Request

(d) Add Bridge

(e ) Remove Bridge

Radio Contact (Connected)

No Radio Contact (Disconnected) 

Bridge (Connected)

Figure 5.2: Various possible events that can occur at each node v

send a merge request for merging to another node that it comes into radio contact 

with. The node can also (d) add a bridge or (e) remove an existing bridge.

Figure 5.3 shows an example of occurrence of these events in a network. The 

figure shows the network topology at times i =  T and t =  T +  (i. The network 

topology changes as the nodes move around. For example, node d loses its child b 

(b loses its parent), the bridge between nodes f and g is removed and node a loses 

its parent.

A node in the merge state performs many actions such as requesting to merge, 

waiting to merge, performing merger, and aborting merger.

At time t =  0, each node h for which N{h) =  0 is in the configure state and all 

of the others are in (root,merge) status. We will now describe the actions performed
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Figure 5.3: An example scenario showing how the events occur because of the mo­

bility of the hosts.

at each node in great detail.

Merge Request: If a node x comes in contact with a node y where RootID{x) <  

RootID (y), then x  makes a request to node RootID{x) for merger. This node x  

waits for a estimated time to get permission to merge from the node RootID{x) 

after which it makes the request again.

Wait to Merge: The node x waits for a grant or deny message to either proceed with 

the merge or abort.
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Merge Permission: A root node r  receiving requests for merger (note that the re­

quests come only from other trees with RootID  greater than itself) selects the tree 

in the first-in-first-out order and sends a message granting permission to merge. The 

grant permission message is sent to the node where the request came from. After 

having sent the grant message, the root node discards aU requests for merge from 

other nodes until it receives an abort message. If the root node x  loses a child node 

u, such that a node in Ty has been granted permission to merge, then it generates a 

self-abort merge message. Let node I  be in the path from root r  to node x, where 

X is the node that has come in contact with node y of a different tree and has made 

the request to r  to merge. Also let node I  receive the Merge Permission message 

from its parent to be sent to one of subtrees of the child y  containing the merge 

requesting node. If the node I  loses the link to y, the node I  sends an abort message 

to the root r.

Abort Merge: When the root node receives an abort message, it is ready to grant 

permission to any other node for merger.

Perform Merge: When node x  receives permission to merge, it checks to see if its 

link to node y still exists. If no such link exists, it sends an abort merge mes­

sage to RootID (x). If the link exists, then it updates its RootID information as 

RootID{x) 4— RootID{y). Furthermore, x  sends a message to other nodes v in its 

tree to set their RootID{v) <— RootID{y). p{x) becomes a child of x  and p{x) <— y. 

If X is a root node then it becomes an internal node after the merge.

Lose Parent: If a node x loses its parent p(x), then it takes the responsibility of the 

root and performs the following:

1. If permission to merge message has traveled through node x to one of the
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nodes in its subtree, then it waits for either an abort message or perform 

merge message. In case of an abort message, it sends a message to all the 

nodes in its subtree to update their RootID  information.

2. Otherwise, it sends a message to aU. the nodes in its subtree to update their 

RootID  information.

Lose Child: When a node x  loses a link to a child node v and if some node in the 

subtree rooted at has been granted permission to merge, then node x  informs the 

node RootID (x) to abort the merge.

Add Bridge: When a node x  comes in contact with another node v that belongs a 

different spanning tree, it can form a bridge connecting to node v.

Remove Bridge: When a node x  loses radio contact with a node v such that there 

is a bridge connecting nodes x  and v, it can remove the bridge.

We show that the distributed algorithm is deadlock free and creates a spanning 

tree whenever possible. We also show that a given tree at any time contains 0{n) 

nodes with a height of 0{D),  where D can be at most n — 1. Hence, the message 

and time complexity for completing actions corresponding to each event is 0 {n) and 

0{D),  respectively.

5.2.2 A nalysis o f the D istributed  A lgorithm

We have to show tha t the distributed algorithm is deadlock free and creates a span­

ning tree whenever possible. In this subsection, we will also derive the message and 

time complexity of the distributed algorithm.
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Theorem : Prove that the proposed spanning tree based routing algorithm does not 

produce cycles and is deadlock-free.

Proof: In order establish correctness of the algorithm, we define the concept of a 

immobile node and a immobile tree. A node is immobile if its region of infiuence does 

not change. A tree is immobile if it contains nodes that are immobile. Given two 

immobile trees, the above algorithm merges the tree with a smaller RootID with the 

tree that has a larger RootID.

From the algorithm, we observe that:

(i) When a node u receives a Merge Request from another node v, node u checks the

root identity of the node v. If the root identity of node u and node v are the 

same (meaning that they belong the same spanning tree), the Merge Request 

is denied.

(ii) When several Merge Requests come to nodes in a spanning tree simultaneously

(that could potentially create cycles), the root of the spanning tree grants 

permission to only one of the Merge Requests and discard the others.

Thus, the root node of a tree grants permission to at most one node to merge 

with another tree and thus avoids the creation of a cycle.There are scenarios in which 

the RootlDs of the trees change after permission to merge has been granted. In such 

scenarios also a proper tree is created since a tree is granted permission to merge 

with at most one other tree at a given time.

After granting permission to merge, the root node simply discards all other merge 

requests. It is entirely possible that the node x  to whom permission was granted 

to have moved. In this case, the algorithm would result in a deadlock without
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appropriate abort message reaching the root. We take care of this scenario as part 

of the actions for Merge Permission event. Also note that the actions performed as 

part of the Loose Child event, takes care of issuing the abort message to the root 

that has granted permission to merge. ■

M essage and tim e com plexity o f the proposed spanning tree based algo­

rithm

The message complexity of a distributed algorithm is determined by the total number 

of messages sent during the entire execution of the algorithm. The time complexity 

establishes the time required to complete the algorithm’s execution. Given the ad- 

hoc nature of the network, its execution never terminates. To this effect, we are only 

interested in determining the message and time complexity for performing actions 

corresponding to each event separately. The actions require the traversal of the 

tree in which the event occurs. A given tree at any time contains 0{n)  nodes with 

a height of 0{D),  where D  can be at most n — 1 . Hence, the message and time 

complexity for completing actions corresponding to each event is 0(n)  and 0{D),  

respectively.

5.2.3 O ptim izations to th e A lgorithm

There are several ways in which the above algorithm can be optimized.

a. Optimizing the Shape of the Tree:

It is clear from the earlier discussion that a tree whose depth is smaller im­

proves the time complexity and in some cases the message complexity of the
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operations that correspond to events. If the depth of the trees have to be kept 

smaller then the tree has to be bushier, that is each parent will have many 

children. In a forest of bushy trees, if a parent node moves away, all the child 

nodes have to take the responsibility of a root, inform this information to all 

the nodes in the subtree, there by increasing the message complexity. Hence 

there are message and time complexities tradeoffs.

The root of the tree can control the choice of the tree to Join with by selectively 

processing the requests for merge that arrive at the root node. For example, 

if a node 2; E Ti is a contact node and requests the root of T} to merge with 

T j at contact node y  E T j, then the following two aspects should be examined 

before permission is granted.

(a) The size of Ti should be smaller compared to the size of Tj, otherwise we 

have to send too many messages to set appropriate RootID  information. 

If for example, T} has 1000 nodes and Tj has 10 nodes, joining with Tj may 

not be very beneficial and certainly costly in terms of number of messages 

as all the 1000 nodes in 2} has to change their RootID  information.

(b) There may be several pairs of contact nodes that exists in T{ and T j.  The 

choice of the pair of contact nodes through which the merge should pro­

ceed impacts the shape of the tree constructed. For example, if a contact 

node y  E Tj is closer to its root, then the nodes in Ti can communicate 

with its new root rather quickly. If both the contact pairs x  G Ti and 

y  E Tj are closer to their roots, then the depth of the resulting tree can 

be kept smaller.
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(c) If bushier trees have to be avoided, the we have to select a contact node 

y Ç.Tj with smaller number of child nodes.

b. Optimizing Grant Permission Actions:

If a node x  has sent a request for merge message to its parent that originated 

in its subtree and if x  loses its parent, then x  assumes the responsibility of the 

root. This new root x  can immediately grant permission to merge. By doing 

so it can perform actions specified in (1.) of the Lose Parent event and avoids 

the update operation to update the RootID  information.

5.2 .4  R outing

Each node v receiving the message (initially, v =  source) performs the following 

algorithm. Routing packets on the spanning tree can either be (a) H y b rid  T ree- 

F lo o d in g  (H T F ) : packets sent to all possible neighbors in the tree and adjoin­

ing bridges in the spanning tree or (b) D is tr ib u te d  S p an n in g  T ree S h u ttlin g  

(D S T ): when a packet down to reaches a leaf node in a tree then it can be sent up 

the tree only till reaches a certain height, called shuttling level  ̂ after which it can 

be sent down the tree or adjoining bridges. We chose shuttling as the mechanism to 

perform routing of packets as shuttling uses a lesser number of messages as compared 

to tree-flooding. This is in tune with our design requirements to keep the routing 

power-aware. Datagrams can be stored at nodes for a duration called the hold time 

during which it tries to route the packet directly to the destination if possible. If it

^Shuttling Level is represented as fraction o f the total tree height. For exam ple, a shuttling  

level o f 0.5 m eans the shuttling is done till the packet reaches a  node th a t is at half the tree height. 

We use rounding o f  fractions to calculate th e  actual shuttUng height from  the shuttling level.
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is not able to do so, it is routed using shuttling. The rationale for holding time is 

that for systems that are becoming more stable and connected, it might be prudent 

to buffer packets and route them as the networks connectivity increases over time. 

Figure 5.4 shows an example of shuttling on a forest of spanning trees. In the figure, 

we assume that the shuttling height is 3. The nodes that are shuttling nodes are 

marked. When a packet comes to a shuttling node from a child, it is sent to its 

bridge neighbors and aU of its children. These packets maintain a hop counter in 

order to perform shuttling.

Shuttling Mode 

Bridge

Figure 5.4: An example of Shuttling
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A lgo rithm  Routing in DST - Distributed Spanning Tree;

1- I f  destination is within the region of influence T hen  send packet directly to 

destination

2. E lse send packet along the tree neighbors of v and along the bridges of v using 

sh u ttlin g .

5.2.5 C om parison W ith  F lood ing

We will calculate the average number of messages (denoted A) needed to route a 

packet from source to destination using the algorithm DST with the assumptions 

that the forest of spanning trees is immobile and a message passes through an edge 

at most once. Let T(f) be the maximum number of messages that are sent along 

the edges of a tree with i nodes, which is i — 1. Let M(i)  be the maximum number 

of messages that are sent along the edges of the of a with i nodes, which is . 

The DST algorithm sends the message along the tree edges and floods the message 

across the bridges. The average number of messages is given by:

• ^ T i  /■ - 1 \  T - 'T i  ( n — i + I )

=  — II 6d5l--------2------- (5.2)
n n
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Comparing A  with the pure flooding (FL) algorithm which requires messages,

it can be seen tha t the DST algorithm requires 1/3 the number of messages required 

by the tree-flooding algorithm.

5.2.6 A nalysis o f R outing A lgorithm

To discuss the performance of routing we need to identify a reasonable criterion. 

Since the topology is dynamic, it is too weak to expect that a datagram be delivered 

from s to d only if they are connected at the time of message origination at s. On 

the other hand, it is unreasonable to expect messages to wait indeflnitely long in 

the network; if d is not reachable from s a t all, flooding the messages could lead to 

inordinate amounts of datagrams being generated, thereby causing denial of service 

between the nodes that are connected. To address the first issue, we introduce the 

concept of connectivity through time^ and for the second issue we employ a time-out 

mechanism.

Let CG{t) =  (V, E{t)) denote the connectivity graph at time t  such that V  is the 

set of nodes and {u, v) E B(t)  if and only if u and v are in direct communication at 

time t. Let the topology changes occur at unique times, denoted in increasing order 

by ti, t 2 , . . . , t p  for ti E [0, T]. Note that CG(t)  remains constant for all t  E [£t, £i+l]- 

Consider \Tl,Th] C (£i_i,£i>i.) containing ti. We define that s and d are [ZL, T^]- 

connected if there exists a node v such that: (i) s and v are connected in CG{ti), 

and (ii) v and d are connected in CGfyi+i). This definition is naturally extended to 

for any interval containing more than one t fs,  where we assume that every node v 

is connected to itself. Intuitively speaking, only if s and d are [0, T]-connected, a 

datagram from s can be delivered to d by possibly buflering it at some intermediate
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node. Let A t  €  [0, T] denote the hold time which is the total time that a datagram, 

is held at nodes. If the hold time of a datagram is greater than [0, T], then s and d 

are not [0, T]-connected. We now modify the algorithm D ST so that each datagram 

maintains a variable containing its total holding time so far. When a router detects 

datagrams whose holding time exceeds T, the datagram is deleted from the router’s 

queue.

Comparing A  with the pure flooding algorithm which requires îlîLrll messages, it 

can be seen that the D ST algorithm requires 1/3 the number of messages required 

by the flooding algorithm.

We define a metric called reachability (R). The reachability of an ad-hoc routing 

algorithm is the ability of the routing algorithm to send the packet from the source to 

the destination. We can say that in a forest of slow merging trees reachability might 

be improved with D ST algorithm. Also in a forest which frequently establishes 

many trees (when nodes loses their parent quite often) the flooding algorithm is 

better in terms of reachability.

5.3 Results and Analysis

We simulated our algorithm for studying its performance. Mobile hosts move on a 

rectangular grid with a constant radio range. Each move of every mobile host is 

characterized by its speed, distance, direction. We chose several pairs of nodes (Np) 

th a t communicate. Messages arrive at the source a t the rate according to an 

exponential distribution. The rate of arrival of events causing increased connections 

(Ac) {Merge Request, Add Bridge) and disconnections (A^) {Lose Parent, Lose Child,

160



Remove Bridge) has an exponential distribution. We studied the effect of Ac, Â  and 

Xjn on reachability (the percentage of packets delivered successfully to the destina­

tion) and total number of messages for various values of holding times and number 

of pairs communicating for the DST and Tree Flooding algorithms.

We simulated the performance of our algorithm to steady the following perfor­

mance metrics.

• Total Number of Messages (M): The total of number of datagram messages is 

the total number of messages sent between any node to any another node in 

the entire network for the entire simulation duration.

• Reachability (R): Reachability is the fraction of the messages sent by the source 

that reach the destination during the course of the entire simulation.

• Message-Reachability ratio (MR): The ratio of the total number of messages 

(M) to the corresponding reachability (R) is the message reachability ratio for 

instance of the algorithm.

In order to study the performance and the applicability of the FL, DST and 

H TF routing algorithms, we define a measure called the holding time. Holding time 

of a message at a node is the duration of the time that the message is held in the 

node’s message queue before being transmitted successfully to a neighboring node. 

We also, study the effect of holding time on reachability. We also analyze the effect 

of shuttling height on the performance of the routing algorithms.
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5.3.1 Sim ulation  D etails

We simulated the three routing algorithms to study their relative performance. In 

our simulation, we assume that 100 mobile hosts move on a rectangular grid with 

a constant radio range. We assume that initially the mobile hosts are connected 

to form a random forest of trees. Each move of every mobile host is characterized 

by its speed, distance, direction. We chose a certain randomly number of pairs 

of nodes {Np) that communicate. Messages arrive at the source at the rate of Xm 

according to an exponential distribution. Given that a message originated a t u, it is 

destined to a node u according to a Markov Process. The rate of arrival of events 

causing increased connectivity (Ac) {Merge Request, Add Bridge) and disconnection 

(Ad) {Lose Parent, Lose Child, Remove Bridge) also has an exponential distribution. 

We studied the effect of varying Ac, Â  and Â , on reachability and total number of 

messages for various values of holding times and number of pairs communicating for 

each of the routing algorithms.

The confidence coefficient for our simulations was 0.95. We used a sample size 

of 35 for our experimental runs.

We now present the results of the simulation of the HTF and DST routing al­

gorithms with a view to assessing and evaluating their relative performance. We 

try to answer the following questions by looking at the performance of the routing 

algorithms:

1. What is the effect of the increasing the rate of connections (resp. rate of dis­

connections) on the reachability and number of messages for each the routing 

algorithms for static, high-connection, high-disconnection and highly dynamic
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systems?

2. W hat is the effect of holding time on reachability and number of messages for 

each type of rerouting algorithms?

3. How does changing the shuttling height effect the performance of DST algo­

rithms?

4. W hat is the tradeoff between reachability and the number of messages? In 

other words, to achieve a certain level of reachability what is the number of 

messages required by each of the routing algorithms?

5. W hat are the conditions when one of the algorithm performs better (in terms 

of the number of messages required to achieve the same level of reachability) 

than the other?

In order to answer the questions posed above, we consider four cases separately: 

(i) Low Rate of Disconnections (A<i =  10), (ii) High Rate of Disconnections (Â f =  

90), (iii) Low Rate of Connections (Ac =  10), (iv) High Rate of Connections (Ac =  

90).

For cases (i) and (ii) (With fixed values of A^), we plot the following graphs to

see:

1. Graph 1: The effect of the rate of connections (Ac) on reachability in a  busy 

network (A^ =  90 and Np = 8) with varying holding times.

2. Graph 2: The effect of the rate of connections (Ac) on reachability in the DST 

algorithm for varying shuttling heights.
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3. Graph 3: The effect of the rate of connections (Ac) on the number of messages 

in a busy network with varying holding times.

4. Graph 4: The effect of the rate of connections (Ac) on the number of messages 

in the DST algorithm for varying shuttling heights.

5. Graph 5: The effect of the rate of connections (Ac) on the Message-Reachability 

ratio for each of the routing algorithms.

For cases (iii) and. (iv) (With ffxed values of Ac), we plot the following graphs to

see:

1. Graph 1: The effect of the rate of disconnections (Ac) on reachabihty in a busy 

network with varying holding times.

2. Graph 2: The effect of the rate of disconnections (Ac) on reachability in the 

DST algorithm for varying shuttling heights.

3. Graph 3: The effect of the rate of disconnections (Ac) on the number of mes­

sages in a busy network with varying holding times.

4. Graph 4: The effect of the rate of disconnections (Ac) on the number of mes­

sages in the DST algorithm for varying shuttling heights.

5. Graph 5: The effect of the rate of disconnections (Ac) on the Message-Reachability 

ratio for for each of the routing algorithms.

For all the Graphs 1-5 (for all the cases i— iv), the number of communicating pairs 

(chosen randomly) is 8 and the rate of messages A^ originating at the sources (in the 

communicating pairs) is equal to 90. These values are consistent with the values used
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by other researchers [68]. We varied Ac (the rate of connectivity) up to a maximum 

value of 90. At Ac =  90, the network was becoming a single component (there was a 

path from a node to all other nodes). Increasing Ac beyond 90 did not increase the 

connectivity any further. Similarly, we varied Xd (the rate of disconnectivity) up to 

a maximum value of 90. At Â  =  90, the network was becoming a forest of single­

node components. Increasing Aj beyond 90 did not increase the disconnectivity any 

further. For the cases (i) and (ii) (resp. (iii) and (iv)), in all the Graphs 1-5, the rate 

of connections Ac (resp. rate of disconnections Xd) is varied from 10 to 90 in steps of 

20. For Graphs 1 and 3, the rate of messages originating at the source A^ is equal 

to 90 for the FL, HTF and DST (with shuttling level =  1.0) routing algorithms. We 

plot the performance of each of the routing algorithms for different holding times 

(HT =  0.01, 0.02 and 0.10). For the FL routing algorithm, the holding time is fixed 

and is equal to 0.01. For Graphs 2 and 4, for the HTF and DST routing algorithms 

and the holding time is equal to 0.01. The DST routing algorithm is run for shuttling 

level equal for 0.25, 0.5 and 1.0. For Graph 5, we plot the Message-Reachability ratio 

for the FL, HTF and DST (with shuttling level =  1.0) routing algorithms.

5.3.2 Sim ulation R esults and A nalysis

We no present the simulation results as graphs for all the four cases discussed above. 

For each of these cases, we plot all the five graphs (Graphs 1 -5 ) ,  and analyze these 

graphs trying to answer the performance related questions that we posed above in 

Section 5.3.1. The graphs 1-5 are presented as a set of five sub-figures, (a), (b), (c),

(d) and (e), respectively, for each of the cases. We will discuss each of the sub-figures 

separately.
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We assume that flooding does not require any messages for maintaining routes in 

the route tables of the nodes. The DST and H T F  require messages of maintaining 

the routing information (root identity, parent identity, list of identities of children 

and neighbors). We calculate the number of messages required for route maintenance 

(building and maintaining the forest of dynamic segment trees) and routing messages 

(for sending the data packets from source to destination). For graphs 3-5, the 

number of the messages refer to the total number of messages (sum of messages 

for routing and the messages for maintenance and update of the forest of spanning 

trees).

Table 5.1 compares the number of messages required for routing (Mr) and route 

maintenance (Mm) - the messages for maintaining the forest of spanning trees in 

case of D ST  and HTF.W e see from the table from the total number of messages 

required for FL is much larger than total number of messages required for D ST and 

H T F ) for all values of Ac and Xd- Also, the Mm forms a small fraction of the total 

messages for the routing algorithms.

Case (i) and Case (ii) : Fixed Rate of Disconnec­

tions (Arf =  10 and 90 respectively)

Figures 5.5 and 5.6 show the five graphs discussed above as sub-figures for Case 

(i) and Case(ii) respectively. We consider now each of the figures and look at the 

performance of these cases.

R eachability v /s  Ac (Sub-figure (a))

For both the cases, we observe from their corresponding sub-figure (a) that reach-
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Ad Ac FL H T F D S T

Mt Mr Mm Mt Mr Mm Mt

10 10 2410007 1435 320013 321448 1435 14120 15555

10 50 4039892 2808 630189 632997 2808 22047 24855

10 90 7639899 8103 1201379 1202997 8103 29417 37520

50 10 398829 3013 57257 60270 3013 4329 7342

50 50 906160 8704 132345 141049 8704 8967 17671

50 90 2901045 13682 205207 218889 13682 13405 27087

90 10 365231 11124 89099 100223 5124 2294 7418

90 50 652090 14123 145980 160103 14123 6789 20912

90 90 1142586 22951 366295 389246 22951 8314 31265

Table 5.1: Comparison of the Number of Messages for Flooding (FL), Hybrid-Tree 

Flooding (H T F) and Shuttling (DST) with shuttling height =  full height. Mr, Mm 

and Mt refer to the total number of routing messages, total number of maintenance 

messages and the total number of messages for routing and route maintenance, Ac 

and Xd are the rate of connectivity and the rate of disconnectivity respectively.
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ability is better for FL and HTF than DST for all values of Ac keeping every other 

parameter including the holding time the same. However, as Ac increases, the dif­

ference between the reachability of FL, HTF and DST narrows. We also observe 

that reducing holding time (for both HTF and DST) increases reachability. This is 

because, when we reduce the holding time, the packets are routed from a node more 

frequently resulting in better chances of the packet reaching its destination. Reach­

ability for all the routing schemes improves as Ac increases. This is to be expected 

as increasing connectivity translates to better reachability.

The reachability in case of Case (i) is higher for Case (ii) as expected. The 

reachability for Case (i) is in the range of approximate range of 0.18 - 0.90 while the 

reachability for Case (ii) is in the range of 0.1 - 0.51.

We observe that for highly dynamic situations (high Ac and high Xd) and high 

disconnection systems (low Ac and high Â ) reachability values of FL, HTF are better 

than comparable instances of DST while for stable systems (low Ac and low Â ) and 

high connection systems (high Ac and low Xd), the reachability values for FL, HTF 

and DST are comparable.

Effect of Shuttling H eight on Reachability in DST (Sub-figure (b))

Increasing the shuttling level increases the reachability (See sub-figure (b)). This 

is so, as the shuttling level increases, the messages have a better chance of being 

transmitted across the bridges and neighbors of the nodes at the shuttling height. 

For example, consider if shuttling level is zero, the messages that reach the leaf 

nodes it can be transmitted on any bridges connected to the leaf node. However, 

if the shuttling level is larger than zero, the messages that reach the nodes at the 

shuttling level are transmitted not only on the appropriate bridges but also to the
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nodes’ children. However, the increase is not very significant. This is because, the 

connectivity of the nodes at the shuttling level is random. The reachability for both 

the schemes (including the three DST instances with varying height) improves with 

increasing values of Â . The reachability for FL, HTF is again better than the best 

DST case. Reachability for FL is the best among all the three cases.

The Num ber of M essages v /s  Ac (Sub-figure (c))

The number of messages in the system as a result of routing for all the routing 

algorithms increase with increasing connectivity. This is expected as the connectivity 

increases, nodes can potentially broadcast the message to more nodes thus increasing 

the number of messages (See sub-figure (c)).

In both the cases, there is a large variation in the number of messages for compa­

rable cases of FL, HTF and DST. The ratio of the number of messages for comparable 

cases of FL to HTF to DST is 160 -  200 : 20 -  25 : 1.

Effect of Shuttling H eight on the Num ber o f M essages (Sub-figure (d))

Increasing the shuttling level increases the number of messages in case of DST. 

This is obvious because as the shuttling level increases, the path (and hence the 

number of messages) for shuttling increases. Increasing Ac has a more profound 

effect on the number of messages in FL, HTF than DST because in case of HTF, the 

nodes fully use the increasing connectivity as the transmission is done to all possible 

nodes that are in radio connectivity wit the node. However, in case of DST since 

the transmission and broadcasting is done only by the nodes at the shuttling level, 

the effect is not so pronounced.

M essage-Reachability R atio (Sub-figure (e))

In this case, we compare the MR of all the three routing algorithms. The message-
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reachability ratio for comparable instances of FL, HTF and DST is 800: 100: 1 which 

shows that DST can greatly improve the performance of routing. In both cases, 

with increasing Ac, the MR reduces for all routing algorithms. The MR for DST 

is consistently low (and significantly lower than that of FL and HTF) for varying 

values of Ac indicating its consistent good performance.
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Figure 5.5: Performance Analysis for Case (i): Low Rate of Disconnections (Ad =  

10). Sub-figTires (a), (b), (c), (d) and (e) are the Graphs 1 - 5  respectively which 

are described in Section 5.3.1.
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Figure 5.6: Performance Analysis for Case (ii): High Rate of Disconnections (Â  =  

90). Sub-figures (a), (b), (c), (d) and (e) are the Graphs 1 - 5  respectively which 

are described in Section 5.3.1.
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Case (iii) and Case (iv) : Fixed Rate of Connec­

tions (Ac =  10 and 90 respectively)

Figures 5.7 and 5.8 show the performance of Cases (iii) and (iv). These cases look 

at the performance of HTF and DST for varying values of and fixed values of Ac. 

We now analyze the performance of these two cases below.

Reachability v /s  Xd (Sub-figure (a))

For Cases (iii) and (iv), reachability decreases with increasing A .̂ Increasing Xd 

reduces the connectivity of the network and hence the reachability reduces. However, 

reachabihty increases by reducing the holding time for both HTF and DST. This 

is the same phenomenon that we observed for Cases (i) and (ii). We observe that 

for highly dynamic situations (high Ac and high Â ) and high disconnection systems 

(low Ac and high Â ) reachability values of FL and HTF are better than  comparable 

instances of DST while for stable systems (low Ac and low Â ) and high connection 

systems (high Ac and low A^), the reachability values for FL, HTF and DST are 

comparable.

Effect of Shuttling H eight on Reachability in DST (Sub-figure (b))

For Cases (iii) and (iv), increasing shuttling height increases reachabihty as we 

observed for Cases (i) and Cases (ii). We also observe that the increase in reachability 

is not significant.

The Number of M essages v /s  Xd (Sub-figure (c))

The number of messages in the system as a result of routing for all the routing 

algorithm decrease with increasing rate of disconnectivity {Xd). This is expected as 

the disconnectivity increases, nodes can potentially broadcast the message to fewer
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nodes thus decreasing the number of messages (See sub-figure (c)). In both the 

cases, there is a large variation in the number of messages for comparable cases of 

FL, HTF and DST. The ratio of the number of messages for comparable cases of 

FL, HTF and DST is 300 : 10 : 1.

Eflfect of S hu ttling  H eigh t on  the  N u m b e r o f M essages (Sub-figure  (d)) 

For Cases (iii) and (iv), increasing the shuttling level increases the number of 

messages in case of DST as was also observed in Cases (i) and (ii). Increasing 

has a more profound effect on the number of messages in FL and HTF than DST 

because in case of FL and HTF, the transmission of messages by nodes is significantly 

reduced because of increasing disconnectivity since FL and HTF rely on connectivity 

and flooding. However, in case of DST since the transmission and broadcasting is 

done only by the nodes at the shuttling level, the effect is not so pronounced. 

M essage-R eachability  R a tio  in  H T F  a n d  D S T  (Sub-figure (e))

For both Cases (iii) and (iv), the message-reachability ratio worsens for increasing 

values of Xd- The message-reachability ratio for FL, HTF and DST for comparable 

cases of FL, HTF and DST is 75 : 10 : I. This re-iterates the superior performance 

of DST as compared to FL and HTF.
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Figure 5.7: Performauce Analysis for Case (iii): Low Rate of Connections (Ac =  10). 

Sub-figures (a), (b), (c), (d) and (e) are the Graphs 1 - 5  respectively which are 

described in Section 5.3.1.
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Figure 5.8: Performance Analysis for Case (iv): High Rate of Connections (Ac =  

90). Sub-figures (a), (b), (c), (d) and (e) are the Graphs 1 - 5  respectively which 

are described in Section 5.3.1.
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From the above discussions, we observe that:

•  In stable systems (low Ac and low A )̂, and in high connectivity systems (high Ac 

and low A )̂, reachability using DST, HTF and FL are comparable for varying 

values of holding times and number of communicating pairs.

•  In high disconnectivity systems (low Ac and high A^), reachability using D ST 

is lower than that of FL and HTF for varying values of holding times and 

number of communicating pairs.

•  In highly dynamic systems (high Ac and high A^), FL and HTF are better 

options to attain high reachability. However, the number of messages using 

FL and HTF are significantly more as compared to DST.

• In all comparable instances, DST uses far lesser messages than FL and HTF.

• FL uses about 10 to 20 times the number of messages used to HTF and about 

200 to 300 times the number of messages used by DST.

• Reducing holding time in stable and high connectivity systems tends to im­

prove the performance (reachability and the message-reachability ratio). How­

ever, for high disconnectivity and highly dynamic systems, increasing holding 

time does not significantly improve reachability and the message-reachability 

ratio.

5.4 Summary

In this chapter, we have presented a novel, efficient reactive routing algorithm for 

ad-hoc networks which uses a forest of spanning trees formed by the nodes in the
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network. The routing algorithm uses the forest of spanning trees to perform routing 

using a process called shuttling. The algorithm is simple and has low space and 

time complexities. We also present several optimization techniques to improve the 

performance of the algorithm. We introduced the concept of connectivity through 

time to rate the performance of our routing algorithm. We introduced the concept 

of holding time with a view to improve reachability of packets. We studied the 

performance of the algorithm for systems with varying dynamics of connectivity and 

disconnectivity. We find through extensive simulation that increasing holding time 

in stable and high connectivity systems can improve reachability significantly while 

for high disconnectivity and highly dynamic systems, increasing holding time does 

not significantly improve reachability.
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C hapter 6

C onclusion and Future W ork

In this chapter we summarize the work done in this dissertation, list our contributions 

and suggest future work in this area.

In this dissertation, we addressed four problems in the area of routing and rerout­

ing in mobile wireless and ad-hoc networks. Our contributions in this dissertation 

are as follows:

• R e ro u tin g  in  S tatic-M obile  C onnections: We presented a framework for 

comparing, analyzing, and evaluating various Static-Mobile rerouting schemes 

for connection-oriented mobile networks. We used various performance metrics 

like total rerouting time, service disruption time and bandwidth requirements 

to aid in the comparison. We also provided a comprehensive survey and clas­

sification of rerouting schemes. In order to study various ways to improve the 

performance of network protocols, we studied parallelism in messaging in the 

rerouting protocol. To the best of our knowledge, this is the most compre­

hensive survey and comparative evaluation of rerouting in connection-oriented 

networks. We suggest mechanisms to improve the performance of rerouting
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including radio-hints and parallel messaging.

R ero u tin g  in  M obile-M obile  C onnections: We proposed a distributed 

rerouting algorithm framework for Mobile-Mobile connections in connection- 

oriented mobile networks. Adapting Static-Mobile rerouting co Mobile-Mobile 

connections suffers from many problems. The other rerouting schemes pro­

posed for Mobile-Mobile connections by researchers perform non-optimal rerout­

ing. We have compared our proposed re-routing algorithm with all the other 

Mobile-Mobile rerouting schemes using several performance metrics, and in all 

cases our algorithm outperforms the other schemes.

E valuation  of th e  effect of th e  various re ro u tin g  schem es on  th e  per­

form ance of W ire less T C P  schemes: In a mobile environment, TCP can 

not discriminate packets dropped due to lossy links, intermittent connectiv­

ity, handoffs and the consequent rerouting with those dropped due to network 

congestion. Previous work on TCP and wireless environment dealt with links 

errors and mechanism to alleviate its effects on T C P’s throughput. We have 

studied the effect of how rerouting schemes effect the performance of Wireless 

TCP using simulation. Our study is the first to analyze the effect of various 

rerouting schemes on the throughput of various wireless TC P’s schemes.

R o u tin g  in  A d-H oc N etw orks: We propose an efficient distributed span­

ning tree based routing algorithm for ad hoc networks that adjusts dynamically 

to fast changing dynamic topologies of ad-hoc networks. We achieve this by 

maintaining a forest of spanning trees. Our approach is practical and has 

less time, space and message complexities when compared with the algorithms
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described in literature.

6.1 Future work

There are several directions for future work in this area:

1. R e ro u tin g  in  C onnection -O rien ted  N etw orks:

• We plan to extend the array of performance metrics for comparison of 

both Static-Mobile and Mobile-Mobile rerouting schemes. Another inter­

esting research issue would be the study of the effect of traflhc patterns 

and distribution on rerouting schemes on the system’s performance. Fi­

nally, it would be interesting to show how our framework can be apphed 

to a wireless ATM environment.

2. R e ro u tin g  and  W ireless T C P :

• We plan to extend our work by extending the comparison to other wireless 

retransmission schemes like link layer retransmission, explicit congestion 

notification and fast retransmissions. In addition, we plan to study how 

wireless TCP performs in Mobile-Mobile connections.

3. R o u tin g  in  A d-hoc N etw orks:

•  P erform ance: We intend to compare our algorithm with ZRP, TORA, 

DSDV, AODV, MODS, SSA and other routing algorithms. Specifically, 

we plan to study the following - under what conditions and scenarios do 

each of these routing algorithm perform well? We look at performance in 

terms of message and time complexities, reachability and other quality of 

service metrics.
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• Q uality  o f Service (QoS) issues: We hope to answer several quality 

of service (QoS) issues like: What are the important QoS issues and 

performance metrics for these routing algorithms? Is it important for the 

packets to delivered in spite of delay? WTiat are the ranges of the QoS 

metrics? Should the QoS contracts be dynamically changed based on how 

rapidly the topology is modifying?

• U ser M ob ility  Profile  and  Traffic Issues: We wish to study how can 

the mobility patterns of users be used to effectively improve the perfor­

mance of the routing? In order to gather information of the user mobility 

pattern commonly referred to as the user’s mobility profile. For example, 

a person going to office from his/her house starts at a certain time, uses 

a certain route, travels at a certain speed etc. Also, after reaching the 

office, the person has a certain mobility profile (meetings, visits to the 

copy room, cafeteria) which can be modeled.How do these routing algo­

rithms perform in presence of different types of users namely, fast movers, 

slow movers? Wffiat kind of effect does the traffic distribution have on the 

performance of the routing algorithm? How can the routing algorithms 

be tuned to these different type of users?

• R eliability : How can one provide communication among users in a ad- 

hoc network with a good degree of reliability? How does a reliable com­

munication protocol like TCP or RTF perform in ad-hoc networks? Is it 

possible to utilize the prevalent wireless TCP protocols and adapt them 

for use in ad-hoc networks?
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Impact of Our Work

Our study and comparisou of rerouting in Static-Mobile and Mobile-Mobile connec­

tions wül help users and implementors decide in choosing amongst a given choice of 

rerouting algorithms to use or implement. Our proposed Mobile-Mobile rerouting 

algorithms has a lot of promise for mobile video and audio conferencing. In addition, 

we believe that our suggestion about improving the performance of TCP in wireless 

and mobile networks has a strong impact on a wide suite of applications including 

web browsing, telnet and ftp in mobile scenarios. We believe our proposed ad-hoc 

routing algorithms would result in efficient routing for many real-life applications, 

such as deployment of troops connected by mobile radios in a battle field situation 

and use of mobile radios to co-ordinate an emergency search and rescue mission.
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