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Abstract

Wireless ad hoc networking is an upcoming communication technology that

makes exchange of information possible without any pre-existing infrastructure.

Over the last decade it has grabbed tremendous interest in the research commu-

nity due to its easy deployability and high �exibility, with numerous applications to

social, industrial and personal uses. In this thesis, we designed e�cient light weight

distributed algorithms based on minimal local information to resolve the problems

related to the initialization and topology con�guration of wireless ad hoc networks

with special emphasis on optimal utilization of limited resources.

Once the ad hoc nodes with in-built radio transceivers are deployed the media

access control (MAC) problem is to be resolved �rst for collision-free message ex-

change. Here, we studied the Time Division Multiple Access (TDMA) protocol for

low-power and guaranteed access of the medium. For any arbitrary distribution

of nodes, determining the minimum TDMA frame length is NP-hard. Moreover,

scheduling a time slot to each node within the given frame length in a purely dis-

tributed fashion is much harder. A new upper bound is established on the TDMA

frame length for any random distribution of nodes on a two-dimensional region. We

proved the fact that this upper bound is of linear order of the maximum node de-

gree. Distributed algorithms are presented for single and multiple slot assignments

followed by a scheme for rearranging the slots to adapt with limited perturbations

in the network topology.

Next, we investigated the problem of constructing connected dominating set

(CDS) as a routing backbone for infrastructure-less ad hoc networks. However, �nd-

ing the minimum connected dominating set is an NP-hard problem. A distributed

algorithm is proposed for computing a CDS which terminates in constant number

of rounds and outperforms several well-known heuristics in terms of runtime and

the quality of results. Similarly, for Bluetooth networks, we proposed a distributed

energy e�cient algorithm for constructing scatternet as a virtual routing backbone

which reduces the number of piconets and bridges in the network. The algorithm

imposes a novel synchronization technique, compatible with the original Bluetooth

speci�cation, that enables nodes to save signi�cant amount of energy during the

procedure.
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It is observed that adjustments of transmission power at nodes play a crucial

role in improving the network lifetime and reducing the e�ect of interference. The

connectivity preserving optimal power assignment problem in an arbitrary network

is NP-hard. We investigated the idea of node based transmission power control

that maintains the connectivity among the nodes and builds up a network topology

for energy-e�cient communication. Two distributed algorithms are proposed for

two distinct situations, one for mobility-prone networks, and the other for lifetime-

critical networks with less mobile nodes. The �rst algorithm completes transmission

power assignment in two rounds of message passing only. The second algorithm takes

as many rounds as the most e�cient distributed minimum spanning tree algorithm,

but it outperforms the latter in terms of node power levels. An interesting observa-

tion is to note that the power control reduces node degree, by releasing some links

in the network, which in turn reduces the computational time of many algorithms

addressed for ad hoc networks, where the time complexity depends on node degree.

Finally, we studied an interesting problem of data gathering in multi-hop wireless

sensor networks. Assuming a uniform tra�c pattern, we presented a distributed

greedy algorithm for extracting a rooted spanning tree to gather sensed data from

individual sensors to the sink node to improve the network lifetime.

The most important feature of the proposed distributed algorithms is that each

node can execute those with a minimal knowledge about its two-hop neighbourhood

which it can gather easily and rapidly using limited number (2 or 3) of communica-

tion rounds.

We supplement our theoretical study of the distributed algorithms by exten-

sive simulation studies. Comparison with earlier works showed that our algorithms

perform better in terms of various appropriate performance metrics.

Our study enabled us to build up an intricate knowledge about the interdepen-

dency of di�erent cross-layer issues, like the media access control, routing backbone

design, topology control and energy-e�cient data routing in mobile ad hoc networks

in general, with some studies on special cases of ad hoc networks, namely the Blue-

tooth networks and wireless sensor networks. Hence, we hope this work will throw

new light on the initialization and self-con�guration of these infrastructure-less ad

hoc networks, and can help its design for various applications.
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Chapter 1

Introduction

Recent emergence of low-power inexpensive communication and computing devices

has resulted in an exponential growth in mobile wireless communication. In tradi-

tional wireless networks, such as cellular networks and wireless LAN's, mobile ter-

minals communicate via wired infrastructure of base stations. Recently, researchers

are motivated to explore the more challenging scenarios where mobile communica-

tion units can exchange messages without the support of any pre-existing backbone.

The term ad hoc network refers precisely to this type of network: a wireless network

of mostly mobile devices that can be set up dynamically without the support of

any �xed infrastructure. Using this technology, various portable devices like cellular

phones, PDAs, laptops, i-pads, pagers, etc. can be connected together anywhere

and at anytime, and eventually via intermediate devices they may access �xed base

stations or wireless access points to form an ubiquitous network. Ad hoc networking,

the ultimate frontier in wireless communication, has enormous potential to support

wide range of applications such as mobile conferencing, search and rescue opera-

tions, battle�eld communications, home networking, emergency services, Bluetooth

networks, sensor networks, etc.

1.1 Overview

Basically, each node in an ad hoc network contains a radio unit, with wireless

module capable of transmitting and receiving within a speci�c range. When one

node transmits, all other nodes within its range can listen to it. Thus, in the

simplest scenario, two nodes can communicate directly when they are within the

wireless transmission range of each other. However, ad hoc networks also support

communication between nodes that are not directly connected, but can be made

connected by a series of wireless hops through other nodes. So, a communication

path can be realized either through a single-hop radio transmission, or by multi-hop

relay via some intermediate nodes.
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Typically, a set of mobile nodes come together for a period of time to exchange

information. The nodes may continue to move while exchanging information [118,

2]. It is obvious that the underlying network topology will change frequently and

unpredictably due to this arbitrary node mobility. Two nodes sharing a link at this

moment, may move in such a way that they are no longer within the transmission

range of each other, and therefore having no direct connection at the next moment.

Moreover, even for static nodes, the transmission range can be varied by controlling

the transmission power of individual nodes changing the network topology. Hence,

the nodes must have the capacity to re-organize themselves into a network on the

�y without any external support.

In this work, besides the general ad hoc networks we have also considered two

special types of it, namely the Bluetooth networks and the wireless sensor networks,

each with some special features and characteristics.

Bluetooth technology is used to meet the ever-growing demand for wireless con-

nectivity among consumer electronic gadgets such as cell phones, handsets, PDAs,

digital cameras, laptop computers, etc. in a personal area network [9, 10]. In To-

day's world almost every electronic device comes with a Bluetooth chip attached to

it that can connect it with other Bluetooth enabled devices without any wire. It is a

very common scenario that in an apartment complex of �fty residential apartments

there are more than hundreds of Bluetooth enabled devices.

Another special type of ad hoc network that created enormous interest in the re-

search community during the last decade is theWireless Sensor Network (WSN) [4].

In WSN, the nodes are tiny smart sensors with advanced sensing capability (ther-

mal, pressure, acoustic, chemical, and many more) equipped with a small processor

and a short-range wireless transceiver. Thousands of such inexpensive nodes may

be deployed [175] in harsh and inhospitable areas to collect ground data, and then

through multihop paths the information may be transmitted to a central location,

called sink for further processing and interpretation leading to better understanding

of the phenomenon under consideration. A US National Research Council report

titled Embedded Everywhere notes that the use of such networks throughout society

�could well dwarf previous milestones in the information revolution� [88].

In ad hoc networks, the initializations refer to the procedures required to be

accomplished by the nodes to bring up the network to a state so that the required

message exchanges are possible. The topology control refers to the process of trans-

forming the underlying network to make e�cient use of the limited resources, like
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bandwidth, battery-power, etc., to accomplish the required objectives. The process

of the initialization and the topology control, when done in a distributed way, can

be called self-organization among the nodes.

Though the absence of any infrastructure makes ad hoc networks attractive, at

the same time it poses additional challenges over and above the traditional wireless

communication problems [38, 46, 127]. The ad hoc nodes are in general battery-

powered, and hence, energy is the most scarce resource that is mainly drained in

communication and computation. Since the nodes are mobile, and also can control

the transmission power, the network topology varies dynamically. Moreover, the

absence of any centralized control poses additional di�culty in running centralized

algorithms with global knowledge for initializing and operating such networks. As a

consequence, algorithms for ad hoc networks should use: i) as little communication

as possible, and ii) as little computation as possible.

The distributed algorithms running on individual nodes are one among the fea-

sible solutions for initialization and topology control in ad hoc networks. Various

goals can be achieved by developing the so-called light-weight localized algorithms

that use only local information and computes within a small number of communi-

cation rounds.

Under these limitations, this thesis looks at the problem that given a distribution

of ad hoc nodes, how they can run localized distributed algorithms on individual

nodes to determine media access control, routing decisions, and topology control

to build up an energy-e�cient self-organized network as a whole. We keep our

discussion limited to the domain of initialization and topology control in ad hoc

networks.

1.2 Initialization and Topology Control: Associated Chal-

lenges

As initialization is likely to be the most fundamental requirement for any network,

we start our discussion with various problems associated with the initialization pro-

cesses [24]. Here, we discuss various issues related to the medium access control [11]

and routing [138] which are primary requirements for message exchange. The dis-

cussion continues further to highlight various issues related to the use of the limited

resources in ad hoc networks with special emphasis on energy consumption and op-

erational lifetime for general ad hoc networks and special purpose ad hoc networks
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like Bluetooth and WSN [19].

The following subsections attempt to present a brief overview of the challenges

related to the design issues considered in this work.

1.2.1 Medium Access Control Problem

Wireless ad hoc networks usually operate over a single shared communication chan-

nel. Hence, it is obvious that it requires a medium access control (MAC) to allow

devices to access the channel to reduce collision and hence retransmission.

The traditional Medium Access Control (MAC) protocols can be classi�ed as

contention-based or contention-free depending on the access strategy [92]. A col-

lision is said to occur when two or more nodes send data over a single channel at

the same time. The contention-based schemes, such as ALOHA, slotted-ALOHA,

CSMA and its di�erent variations, are more natural, but are appropriate for sporadic

data transfer only. They use various collision detection mechanisms and incorpo-

rate various methods to reduce the probability of collision. On the contrary, the

contention-free mechanisms are normally employed to provide bounded end-to-end

delay and minimum bandwidth, privileging delay sensitive applications such as au-

dio and video streams [179]. They employ certain techniques which ensure that only

one node sends data at a time and thus collisions never occur.

In wired networks, the sender can easily detect collision by transmitting and

sensing the channel simultaneously. However, in free space the collision detection at

the sender does not make any sense. No collision at the sender does not guarantee a

successful reception. Thus, a successful reception is not guaranteed because senders

may not sense a possible collision. This phenomenon known as the hidden terminal

problem is depicted in Figure 1.1(a); the dotted circle around a node represents its

transmission range. For example, when the node a is transmitting data to node b,

as node c cannot sense the ongoing transmission, it may also start transmitting data

to b, resulting in a collision at b. Here, nodes a and c are hidden from each other.

To cope with the hidden terminal problem in wireless networks, the Multiple

Access with Collision Avoidance (MACA) protocol employs a three-way handshaking

through RTS (Request-To-Send)-CTS (Clear-To-Send) control packets [83]. Here,

the medium is reserved for a transmission proactively avoiding collisions. If the

CTS is not received after an RTS transmission, a collision is inferred and the sender

usually performs some collision resolving mechanism, such as binary exponential
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(a)

ba c

(b)

ba c d

Figure 1.1: The wireless MAC issues: (a) hidden terminal problem and (b) exposed
terminal problem

back-o�. However, MACA does not completely solve the hidden terminal problem

and collision may occur between control and data frames. The MACA for Wireless

LAN (MACAW) protocol [17] uses the acknowledgment for data frames to recover

the lost frames immediately. Although the RTS/CTS mechanism avoids the hidden

terminal problem to some extent, it may accentuate another typical problem of ad

hoc networks, the exposed terminal problem. As shown in Figure 1.1(b), when nodes

a and b reserves the medium for a transmission from a to b, node d cannot transmit

to c even if this transmission does not interfere at destination node b.

Many direct or hybrid extensions to MACA or CSMA have been proposed to

solve the hidden and exposed terminal problems to a greater extent [59, 115, 152,

161]. The IEEE 802.11 [77], standardizes the CSMA/CA (CSMA with Collision

Avoidance) protocol that combines characteristics of CSMA, MACA/MACAW, and

FAMA. It speci�es two medium access algorithms: Distributed Coordination Func-

tion (DCF) and Point Coordination Function (PCF). DCF [20] is a distributed mech-

anism which uses CSMA/CA. On the other hand, PCF, targeted for infrastructured

networks, is a centralized mechanism where an access point controls medium access.

However, the primary objective of all these protocols is to reduce the probability of

collision rather than totally eliminating them.

It is clear from the above discussions that in case of a single shared medium,

none of the above protocols can guarantee totally contention-free access. In ad hoc

networks, collision and hence retransmission may waste energy, the most scarce re-

source in the devices. Moreover, the di�culty of collision detection and the hidden

and the exposed terminal problems demand new distributed collision avoidance or

contention-free protocols for MAC. The contention-free mechanisms essentially di-

vide the single medium, based on certain dimensions, into several virtual media
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which can be accessed independently, hence without contention. The various di-

mensions, commonly used to divide the medium, are time (in case of Time Division

Multiple Access or TDMA), frequency (in case of FDMA), code (in case of CDMA),

space (in case of SDMA), and polarization (in case of PDMA), respectively. These

protocols prede�ne assignments of these independent media to the communicating

nodes, allowing the nodes to transmit without contending for the medium. Among

them the TDMA is the most suitable technique in ad hoc networks for energy con-

servation and hence enhanced lifetime. Though the time synchronization problem

is there, but still TDMA with its predetermined schedule, o�ers the opportunity

to keep the radio in the o� (sleep) mode when in the schedule the node is neither

to transmit nor to receive. It gives an enormous facility to conserve power at indi-

vidual nodes by reducing the duty cycle signi�cantly. However, e�cient scheduling

problems in wireless networks are NP-complete. So, it is a great challenge to �nd

the optimum number of time slots and the optimal assignment of slots to the nodes.

It is specially harder for ad hoc networks because of the lack of centralized control

and limited knowledge of the topology.

1.2.2 Routing Challenges

It is to be noted that in wireless ad hoc networks, the MAC protocol essentially

enables us to exchange messages only among the nodes within range, but it does

not allow to communicate among the nodes beyond the transmission range. The

routing is a process of exchanging messages between any two nodes in a connected

network, via multihop paths, if necessary.

The design of e�cient routing protocols in ad hoc networks is a major challenge

as the status of the communication links between the nodes is a function of several

factors such as the mobility of the nodes, the transmission power level, and the

interference between neighbouring nodes, etc. In general, the routing protocols for

wired networks �rst perform route discovery, followed by periodic updates of routing

database. To adapt these protocols for mobile ad hoc networks, the frequency

of periodic updates must be fast enough to maintain the consistency of routing

information. Nevertheless, the action of increasing the frequency of routing updates

that produces more and more control messages, is prohibitive in mobile ad hoc

networks due to the limited battery-power of the nodes and the reduced capacity

of the wireless links [148]. So, routing protocols for wired networks are not suitable
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for routing in wireless ad hoc networks.

Extensive research has been done so far to devise e�cient routing protocols for

ad hoc networks.

The topology-based routing protocols �nd a route from a source to a destination

according to the metrics of the network links and they forward packets based on

the address of the destination node. In proactive topology-based routing, nodes

share routing information even if there is no speci�c request for a route to maintain

consistent and up-to-date routing database. Destination Sequenced Distance Vector

(DSDV) [129], Optimized Link State Routing (OLSR) [44, 45], and Wireless Routing

Protocol (WRP) [111] are some of the well-known proactive routing protocols. The

DSDV is a modi�ed version of the Bellman-Ford algorithm whereas the OLSR is

based on the link-state algorithm. Each of these protocols periodically exchange

routing information with other nodes mostly by �ooding. However, they sometimes

apply certain techniques to reduce the �ood tra�c, e.g. OLSR employs multipoint

relays (MPRs) where each node selects a subset of neighbours to retransmit its

update packets. Unfortunately, such techniques are in general computationally hard.

Reactive topology-based routing initiates a route discovery process only when

there is an explicit request. It signi�cantly reduces the memory consumption in the

nodes and generates control tra�c only when needed. However, it typically �oods

the network with control messages when multiple nodes initiate route discovery.

The Ad Hoc On-Demand Distance Vector (AODV) [128], Dynamic Source Routing

(DSR) [80], Lightweight Mobile Routing (LMR) [48], Temporally-Ordered Routing

Algorithm (TORA) [126] and Associativity-Based Routing (ABR) [162] are some of

the well-known reactive routing protocols.

The position-based routing protocols �nd the best way to forward packets to the

geographical position of the destination without requiring the establishment and

maintenance of routes [35, 184]. For computation, the information about the geo-

graphical positions of the communicating nodes should be readily available. Here,

each node needs to determine its own position using GPS (Global Positioning Sys-

tem) or some other kind of positioning system [72]. Each node also propagates its

position information to all other nodes using �ooding. The advantage of exchanging

position information is that it consumes signi�cantly less bandwidth than exchang-

ing complete routing tables even if the network is �ooded. But, this positional

information limits its applicability where such systems are not embedded or the

accuracy is not satisfactory. The Distance Routing E�ect Algorithm for Mobility
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(DREAM) protocol [14], Grid (based on Grid Location Service or GLS in short) [97]

are some of the well-known position-based protocols.

In summary, the existing routing protocols always use �ooding or selective �ood-

ing to establish and maintain routes. They just di�er in the number of necessary

routing-related tables, in the methods by which changes in network topology are

accounted, or in the way they tackle the issues related to �ooding, updating routing

tables, the strategy used to reduce the control tra�c, etc. It is immediately apparent

that the amount of �ood requests and thus the amount of control tra�c are directly

proportional to the number of nodes participating in the routing update process. So,

the e�ciency of the existing routing protocols can be enhanced if a suitable routing

backbone can be embedded in the network for route establishment and maintenance

instead of involving all nodes. A hierarchical backbone, where only a subset of

nodes are part of the backbone, generates less control tra�c and requires reduced

maintenance e�ort. Here, the routing process for the whole network is governed by

the subset of nodes of the backbone only. Hence, a suitable hierarchical backbone,

though virtual [103, 119, 166, 167], can overcome the absence of pre-existing routing

infrastructure and also can provide enough scope to the existing routing protocols

to optimize their performances.

However, building a hierarchy that optimizes the number of head nodes preserv-

ing overall connectivity in the network [15, 64], itself is a challenge. This task is

even more di�cult in ad hoc networks as the hierarchy is to be built in a distributed

way based on local information only [36]. In addition, �nding an optimum hierar-

chy that limits the end-to-end communication delay, the routing path length, and

the energy consumed at each node, is de�nitely even more challenging [60, 113]. It

is also interesting to investigate the routing challenges in special types of ad hoc

networks, namely the Bluetooth networks and the wireless sensor networks as well.

1.2.3 Routing in Bluetooth Networks

As mentioned earlier, Bluetooth is a wireless technology that is being used to deploy

personal area networks using IEEE 802.15.1 standard [78]. A Bluetooth enabled

device operates in the unlicensed ISM band at 2.4 GHz. Unlike other ad hoc nodes,

the system employs a frequency hop transceiver to combat interference and fading,

and provides many FHSS (Frequency Hopping Spread Spectrum) carriers.

The Bluetooth architecture consists of a basic unit called piconet where a group
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of Bluetooth enabled devices share a common frequency hopping sequence. Each

piconet has a master unit which selects a frequency hopping sequence for the piconet

and controls the access to the channel. Other participants of the piconet, known as

slaves, are synchronized to the hopping sequence of the piconet master. Within a

piconet, the channel is shared using a slotted time division duplex (TDD) protocol,

with 625µs slot time, where a master uses polling to allocate time-slots to slaves.

Communication is always between a master and one or more slaves (point-to-point

or point-to-multipoint). There is no direct communication between slaves.

Master
Slave
Bridge

Piconet A Piconet B

g

h

i c

d

e

f

a b

Figure 1.2: Bluetooth piconet and scatternet

There are mainly two limitations associated with a piconet that restrict its ap-

plicability to large networks. The �rst limitation is that the maximum number of

slaves that can be active simultaneously in a piconet is a predetermined constant κ,

(usually κ = 7). If there are more than κ nodes connected to a master, at any time

instant, only κ slaves can remain active and can exchange messages, and remaining

slaves become inactive (known as parked in Bluetooth terminology). Secondly, the

extent of a piconet is limited within the limited transmission range of the master.

However, Bluetooth network can be extended by interconnecting several pi-

conets. Use of di�erent hopping sequences made it possible to con�gure multiple

piconets in a common area. In this case, the network is called a scatternet (Fig-

ure 1.2). The piconets are interconnected via bridge nodes. The bridges between

the piconets can have the role of slave in all piconets to which they belong to or of

a master in one piconet and slave on the others. A bridge cannot be the master in

more than one piconet because the master assigns the frequency hopping sequence

for a piconet. Figure 1.2 shows a typical scatternet in which the bridge node a is a

master in the piconet A and a slave in the piconet B.
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Given a collection of Bluetooth-enabled devices, the scatternet formation prob-

lem, is to identify various groups of nodes, each group forming a piconet around a

master and to select a few bridges to act as relays to forward tra�c from one piconet

to another [170]. The resulting scatternet should remain connected, and satisfy all

constraints posed by the underlying physical layer. The scatternet should attempt to

connect all devices by using minimum number of piconets, to reduce the probability

of frequency overlapping between piconets. Also, it is necessary to limit the diam-

eter of the scatternet, so that the devices may communicate with less delay. A set

of Bluetooth devices can be organized into a scatternet in numerous con�gurations,

however, �nding an optimal one is NP-complete. The scatternet formation problem

with minimum number of piconets (or bridges) is an NP-hard problem [110]. More-

over, the absence of centralized control along with the energy constraints makes the

problem harder that demands energy-e�cient distributed algorithms based on local

information only.

1.2.4 Energy Consumption and Power Control

Since the primary objective of forming ad hoc networks is to support ubiquitous

computing [3] without any basic infrastructure or external support, it is unlikely that

nodes will get power supply from external sources. Moreover, occasional recharging

of the built-in battery may not be possible in cases when they are used in remote

areas, e.g. military operation, disaster recovery, etc. Therefore, the battery power,

which is to drive all electrical components like the communication and computation

units, must be consumed in a very judicious way.

For radio transmission, the energy required to transmit a single bit of information

varies as the kth power of the Euclidean distance between the transmitter and

the receiver, where 2 ≤ k ≤ 6, depending on the condition of the surrounding

media [136]. It implies that the energy consumption increases many fold even for

small increase in distance. Moreover, packet reception also consumes signi�cant but

usually a �xed amount of energy. As each node works independently and without any

centralized control, various other tasks related to data communication, (e.g., medium

access control, routing decisions, etc.), are to be performed by each node. Such

overheads are too signi�cant unless proper measures are taken to reduce the power

consumption for each activity [81, 143], with special attention to communication.

It is possible to build an ad hoc network where each node transmits at a constant
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power level Pmax, covering a range Rmax of transmission. However, it is wasteful in

terms of energy for two considerations. Firstly, if distance between two nodes is less

than Rmax, they can communicate with power less than Pmax. As nodes operate

with limited battery power, one needs to develop a scheme to reduce the transmission

power of a node to enhance its life [75, 76]. Secondly, the use of high and �xed power

level for each transmission does not allow to promote better routing schemes. For

example, exposed terminal problem is more severe when nodes use high and �xed

power level for transmission [84, 157]. It also reduces the network throughput by

increasing the possibility of interference.

Usually, each ad hoc node can potentially adjust its transmission power similar

to our cell phones. The power control can be either link-based or node-based. In

link-based power control (LBPC), before each transmission, a node adjusts its power

level to be just su�cient to communicate along the speci�c link. However, in ad hoc

networks, the mobility of the nodes changes the power requirements of individual

links frequently, and to have the current information about it, a node may have

to exchange some additional control packets causing additional drainage of power.

Also, the adjustment of transmission power level before each communication poses

additional load on the power-starved nodes. Therefore, LBPC is, in general, not

feasible in such networks as it demands much overhead for link maintenance. On

the other hand, in node-based power control (NBPC), based on current topology,

each node decides its own �xed transmission power≤ Pmax, same for all its links that

maintains its connectivity with the rest of the network, but at the same time helps to

reduce the total power required for communication [122]. However, the problem of

�nding optimal power assignment following NBPC that just preserves connectivity

is NP-Complete. The problem is de�nitely much harder when we need to consider

other parameters as well, like the end-to-end delay, the maximum power level for

each node, non-uniform power consumption model, the total power consumption on

a path, etc.

Moreover, it should be kept in mind that such algorithms must be simple, or

light-weight, and should consume less energy by exchanging just a few messages

only. For moderately static ad hoc networks, complex algorithms can be applied to

optimize the node powers e�ciently since computation is to be done only during

initialization, or in case of failures.
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1.2.5 Data Gathering in Wireless Sensor Networks

As discussed earlier, WSN is primarily used to collect some �eld data and to forward

the same to one or more sinks. Such collection of �eld data is usually known as data

gathering and aggregation in literature.

In WSN, the energy dissipation due to communication follows the same model

and constraints posed by general ad hoc networks. However, there are several dif-

ferences between the two. Usually a large number of sensors are deployed over a

vast region along with the assumption that many of the deployed sensors may fail

to operate. The sensors are very light weight (about 20 to 50 gms) with very small

battery as a source of power. There is no possibility for recharging in general, so

once the battery dies out the sensor is of no use. Thus, it is very important to

use the available battery power very e�ciently to improve the lifetime of individual

sensors and the WSN as a whole. The lifetime is de�ned to be the time during

which the sink can gather data from the sensors.

A data gathering schedule speci�es how the data packets from all sensor nodes

are collected and routed to the sink in each round [120, 121, 123, 124, 139]. Given the

locations of the sensors and the sink, and the energy level at each sensor, the problem

of �nding the optimal routing paths for e�cient data gathering that maximizes the

network lifetime is referred to as the Maximum Lifetime Data Aggregation (MLDA)

problem [79, 82]. This problem is NP-hard [132]. Lot of e�orts [29, 106] have been

devoted to solve the problem, but a realistic solution with distributed computation

using local information and minimum message communication is yet to come up.

1.3 Scope of the Thesis

From the above discussion, it is clear that whatever be the network, either a gen-

eral ad hoc network, or a Bluetooth network, or a WSN, given any distribution of

large number of nodes, it is a challenging problem to design e�cient algorithms to

resolve the problems related to media access control, routing, and topology control,

and �nally to build a network that can function appropriately to achieve its global

objective. This thesis envisages the scenario of a large number of ad hoc nodes

with built-in capability of message communication, distributed randomly over a re-

gion, where each node runs a series of localized but coordinated greedy algorithms

to resolve the design issues namely the media access control, transmission power

control, and routing backbone design, to culminate an e�cient network topology
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for regular operation of the network. This work focusses on these issues with spe-

cial emphasis on optimal utilization of the limited resources, namely the battery

power, bandwidth, computing power and storage capacity [24, 31]. To conserve

power and bandwidth, our algorithms aim to keep the number of communications

per node low. To keep the computing power and storage demands low, proposed

techniques use distributed or localized light-weight algorithms based on very limited

local neighbourhood information.

During this initialization process, the nodes are assumed to be static, however,

each algorithm o�ers the scope of self-organization in case of limited perturbation in

the network topology in the form of new nodes joining the network, or some nodes

leaving the network. This work assumes that for the given devices with communica-

tion radios, the physical layer and the data link layer protocols are already built-in

that o�er an initial platform for error-free message exchange between devices.

The following subsections present the contribution of this thesis towards speci�c

problems.

1.3.1 Distributed Time Slot Assignment for TDMA Scheduling

As discussed in section 1.2.1, TDMA is a reasonable choice for contention-free

medium access control in energy-starved ad hoc networks where the nodes are syn-

chronized. In TDMA, collision is avoided by assigning dedicated time slots to the

nodes. For an ad hoc network with n nodes, a trivial TDMA solution [56] is to have

a frame length n, i.e., n slots per round, that allows assigning a unique slot to each

node avoiding any possibility of collision. Then, it is obvious that a node ready to

transmit may have to wait, in the worst case, for (n− 1) slots. Also, in every round

there may be a large number of idle slots, making ine�cient utilization of channel.

A better technique is to reuse the slots for nodes su�ciently separated in space, or

beyond the range of interference, which is termed as STDMA (Spatial Time Divi-

sion Media Access) [86, 117]. In STDMA, an important optimization objective is to

minimize the frame length, assigning at least one slot to every node for contention-

free transmission. The secondary objective is to allow as many nodes as possible to

transmit simultaneously during a single slot without con�ict for increasing the chan-

nel utilization. But even for static packet radio networks, the TDMA scheduling

problem, either broadcast scheduling [56] or link scheduling [6, 57] is NP-complete.

Even polynomial-time algorithms with constant approximation ratios appear to be
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unlikely for general graphs.

In [133], it is shown that the worst-case number of slots required per frame is

θ∆ for broadcast scheduling and θ2∆ for link scheduling, where ∆ is the maximum

node-degree and θ (the thickness of the graph) is the minimum number of planar

graphs into which the given graph can be partitioned. Also, di�erent approximation

algorithms have been proposed in the literature [23, 89, 133].

In this thesis, we established an upper bound min {(19∆ − 18), (∆2 + 1)} on

STDMA frame length for broadcast scheduling, assuming that the nodes are de-

ployed over a two-dimensional region. It essentially shows that the minimum TDMA

frame length is of linear order of ∆. It improves the earlier bound in [133] when

the network is dense for which θ is of O(∆). We developed a distributed algo-

rithm for slot assignment for multi-hop ad hoc networks with the local knowledge

of the topology. The time and message complexities of this algorithm are O(n) and

O(∆n), respectively. We extended our algorithm to assign multiple time slots per

node within each frame. Simulation study shows that it enhances the utilization

of slots compared to earlier works [56]. We also developed distributed algorithm

to adjust schedule locally for the incremental changes in the topology due to node

movements and/or node failures. It is also shown that our algorithm is energy ef-

�cient as nodes can be put into sleep modes periodically during slot assignment

process.

1.3.2 Connected Dominating Set Based Routing Backbone

Connected dominating set (CDS) is found to be a reasonable choice for hierarchical

routing backbone, where dominating nodes form the backbone of the network [173,

163]. A dominating set (DS) of a graph is a subset of nodes such that each node

that is not a member of the subset is adjacent to at least one node in DS. A CDS is a

DS that induces a connected subgraph. It is desirable to �nd a minimum connected

dominating set (MCDS) as a virtual hierarchical routing backbone. However, �nding

an MCDS in a graph is NP-hard [43].

In [18, 52, 151], three centralized CDS construction algorithms are proposed

where all of them ensure 3H(∆) approximation of MCDS, H is the harmonic func-

tion and∆ is the maximum node degree. But, the distributed implementation of this

greedy algorithm with the approximation factor lying between log∆
2 − 1

2 and 3H(∆)

has very high time complexity O(n2) and message complexity O(n2) as shown in
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[163], where n is the number of nodes in the graph. The approximation factor of

the distributed algorithm proposed by [173] is exactly n
2 . Its message complexity is

θ(m), where m is the number of edges, and its time complexity is O(∆3) [163].

It has been shown in [163] that any distributed algorithm for nontrivial CDS

requires at least O(n log n) bit messages. Authors also presented a distributed al-

gorithm that has an approximation factor of at most 8. Its time and message

complexities are O(n) and O(n logn), respectively. It shows that this algorithm is

a message-optimal distributed algorithm for nontrivial CDS, however it takes O(n)

time. The algorithm presented in [173] is an improvement in average size of CDS

over the previous works.

In this thesis, we propose a distributed greedy algorithm for �nding CDS for

multi-hop networks with minimal information about its local neighbours, namely,

the neighbours' identities and their connections. The time and message complexities

of the algorithm are O(1) and O(m) respectively. The runtime of our algorithm is

an improvement over earlier results [163]. It requires only 6 rounds of message ex-

changes, and hence is suitable for ad hoc networks with fast convergence. Simulation

study shows that compared to earlier results [173], the sizes of the CDS reported by

our algorithm are smaller. Even when the network is sparse with smaller cliques,

our algorithm generates CDS of considerably smaller size.

1.3.3 Scatternet Formation in Bluetooth Networks

Given a collection of Bluetooth-enabled devices, the scatternet formation problem,

with minimum number of piconets (or bridges) maintaining overall connectivity is

NP-hard [110].

Some solutions for single-hop networks are presented in [94, 95] and [96]. For

multi-hop networks, the method described in [180] generates a tree-like scatternet.

However, it requires that the protocol to be initiated by a designated node blueroot,

and hence it is not truely distributed. Some of the solutions that produce topologies

di�erent from a tree are those presented in [99, 16, 130, 165]. The protocols proposed

in [99, 159] require that each Bluetooth device be accompanied with GPS (global

positioning system) capability, which limits its applicability. Algorithms presented

in [1, 140] depend on a single device to design the scatternet topology and to notify

it to other devices. The distributed Tree Scatternet Formation (TSF) protocol

proposed in [160] gives relatively short scatternet formation latency on an average,
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but it does not minimize the number of piconets.

The time complexities of all these algorithms are O(λ) where λ is the diameter

of the topology graph. Moreover, none of the solutions attempts to minimize the

number of parked nodes in the scatternet. Collision often arises when two or more

would-be masters try to communicate with a common neighbour during scatternet

formation. None of the algorithms has addressed this aspect as well.

In this thesis, we develop an energy-e�cient distributed algorithm for Bluetooth

scatternet formation for multi-hop networks without any global knowledge of the

topology. It produces a mesh of piconets o�ering more robustness by providing

multiple paths among the nodes. We implemented a synchronization mechanism at

the �rst phase that ensures collision-free message exchange in the following phases of

scatternet formation. It allows the nodes to remain into sleep mode periodically even

during the scatternet formation making the procedure more energy-e�cient. We

also incorporated techniques to reduce the number of parked nodes in the resulting

scatternet. Simulation studies show that our method generates scatternet with fewer

bridges, and fewer masters and bridges compared to those of [16].

1.3.4 Power-Aware Topology Control

Topology control in ad hoc networks essentially means a coordinated control of

transmission powers at individual nodes to achieve a network wide perspective like

connectivity [142, 143], energy-e�cient communication, coverage, etc. The power

control mechanism can be either link based or node based. Since the link-based

power control (LBPC), that selects power level based on the requirement of each link,

demands excessive overhead to maintain the link status, as has been explained in

Section 1.2.4, our work focuses on node based power control (NBPC) for con�guring

the network topology to support energy-e�cient communication.

The centralized solutions to the topology optimization problem attempt to achieve

an optimal network topology, assuming that all the information regarding node po-

sitions, link qualities, etc., is available at a central node for computation. However,

accumulation of global network information requires excessive communication over-

head and hence is not practical in ad hoc networks. Some solutions focused on

establishing routes and maintaining these routes under frequent and unpredictable

topology changes [12, 26, 48]. A topology control algorithm using heuristics based

on a Delauney triangulation of graph is presented in [76]. A centralized spanning
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tree algorithm, for achieving connected and bi-connected static networks while min-

imizing the maximum transmission power, is presented in [132].

A distributed connectivity preserving position-based topology control algorithm

is proposed in [137]. This is further improved in [98]. A 2-approximation distributed

algorithm is presented in [100].

Our approach is to propose a distributed protocol by which each node, using

minimum amount of information (such as neighbours' identities and power demands

of its links), can determine its power level in a coordinated way resulting a network

con�guration for energy e�cient routing. Here, we developed two distributed NBPC

algorithms for multi-hop wireless ad hoc networks without any global knowledge of

the topology. The �rst algorithm takes O(n) rounds (n is the total number of nodes),

and results better optimization in terms of node power levels applicable to lifetime-

critical networks with nodes having less mobility. The second algorithm takes only

two rounds of message exchanges, but signi�cantly reduces the node power level.

This can be used in mobile networks due to its less computational complexity that

allows faster convergence with frequent changes in topology. Simulation studies

show that both the algorithms perform appreciably well than earlier algorithms.

1.3.5 Data Gathering in Sensor Networks

In [82], the Maximum Lifetime Data Aggregation problem is mapped to an integer

linear programming (ILP) problem. But the number of independent variables is too

large to be solved by sensor nodes. The linear relaxation to this ILP can be computed

in polynomial time resulting a linear approximation to the optimal solution. The

Low-Energy Adaptive Clustering Hierarchy (LEACH) [70] uses a clustering based

protocol for data gathering and aggregation. The Power-E�cient GAthering in

Sensor Information Systems (PEGASIS) [105] improves the lifetime over LEACH

by forming a chain with the sensors where each sensor communicates with the base

station in turn to deliver the aggregated data. The time and message complexities

of both the algorithms are O(n).

In this thesis, we developed a distributed algorithm for data gathering schedule

for multi-hop WSN without any global knowledge of the topology. It is di�cult to

compare the time and message complexities of our proposed algorithm with PEGA-

SIS or LEACH as we consider a multi-hop network, whereas earlier works assumed

single-hop network. Both the time and message complexities of our algorithm are
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O(n), same as PEGASIS, if we assume that each sensor can directly communicate

to the Base Station (BS). The actual worst case time and message complexities

could be O(n2) if we consider that only multi-hop communication is possible to

reach the BS. We have shown through simulation that the schedule produced by

our proposed algorithm signi�cantly improves the system lifetime compared to the

schedule based on the Minimum Spanning Tree (MST) and the Shortest Path (SP)

routing techniques. Performance comparison with PEGASIS [105] shows that our

algorithm performs better as more and more nodes die out.

1.4 Thesis Organization

This thesis is organized in eight chapters. In Chapter 2, we discuss the basic ter-

minologies and some of the well accepted models for the study of ad hoc networks.

The following chapters and algorithms are based on the models presented in this

chapter.

In each of the following chapters, we discuss one speci�c problem within the

scope of this thesis. For each problem we brie�y discuss some of the well accepted

solutions from the literature and also our proposed solution. All the problems being

NP-hard, the performance of our proposed algorithms have been compared with

other well-known algorithms in this area through simulation.

Our study on TDMA scheduling is presented in Chapter 3. In Chapter 4, we

discuss the connected dominating set based routing backbone design problem. We

present our energy e�cient Bluetooth scatternet formation protocol in Chapter 5. In

Chapter 6, we develop node-based power control algorithms that reduce the power

consumption per node. In Chapter 7, we present the distributed data gathering

algorithm for multihop Wireless Sensor Networks. Finally, Chapter 8 summarizes

our contributions and also outlines some of the future directions.



Chapter 2

Network Model

Given a distribution of ad hoc nodes over a two dimensional region, this thesis at-

tempts to formulate some energy-e�cient distributed algorithms for self-organization

of the network. For that, it is essential to consider appropriate models for the wire-

less links, network topology, energy consumption at nodes and �nally the distributed

nature of functioning of ad hoc networks. In this chapter, we present the simplest

model that has been widely accepted in the wireless ad hoc network community so

far.

Since, both wireless sensor networks and Bluetooth networks may be considered

as special cases of ad hoc networks, this model equally applies to those networks as

well.

This chapter is organized as follows. Section 2.1 presents a brief description of

the wireless channel models used in the literature. The graphical representation of

the network topology with associated de�nitions and notations used in this thesis

is introduced in Section 2.2. To make our design energy-e�cient, the energy con-

sumption model used here is presented in Section 2.3. Section 2.4 describes the

philosophy and the goal of our algorithms, designed for ad hoc networks modeled

as distributed systems with special assumptions. Since extensive simulation studies

have been made to evaluate the performance of our algorithms, the simulation model

followed in this thesis is presented in Section 2.5. This chapter concludes with a

summary.

2.1 Radio Signal Propagation Model

Each node in an ad hoc network is a radio unit capable of transmitting and receiving

messages. Depending on the model of the wireless channel, the transmission power of

a node determines its transmission range (R). In the basic ideal model of a wireless

link, two nodes are said to have a perfect link (with a 100% packet reception rate), if

their distance d ≤ R, and to have a non-existent link (0% reception rate) otherwise.
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So, before modeling the ad hoc networks, it is important to decide on the wireless

channel model. The model presented here is mainly based on the material contained

in [136, 144].

A node u when transmits radio signal with a power Pt, another node v at a

distance d from u can receive the signal successfully, if and only if the received

power Pr ≥ β where β denotes the threshold power for successful reception. Then

it is said that there exists a radio channel between u and v, or in other words, nodes

u and v can communicate directly.

For a given value of transmitted power Pt, the received power Pr is determined

by the signal propagation model, whereas the exact value of β depends on the

properties of the transceivers and also on the data rate of communication. Therefore,

the existence of a direct radio channel between two nodes of an ad hoc network can

be predicted if the signal propagation model is already known.

Exact modeling of wireless radio signal propagation has been studied in-depth

for several decades and it has been found to be one of the hardest tasks for system

designers. Based on di�erent environments, three propagation models have been

accepted widely. The following subsections describe each of them brie�y.

2.1.1 The Free-Space Propagation Model

It considers the case when the transmitter and receiver can always communicate

along a line-of-sight (LOS) path. According to this model, the power received at a

distance d is given by:

Pr(d) = Cf .Pt/d
2 (2.1)

where Pt is the transmitted power and Cf is a constant dependent on transceiver

characteristics and signal frequency.

Hence, the range R of a node u transmitting with a power Pt is:

R =
√

(Cf .Pt/β) (2.2)

Then, in two dimensions, the radio coverage area of node u is a circle of radius

R, centred at node u, indicating that any other node v at a distance d from u can

receive the packet successfully from u, if and only if d ≤ R.

Since the assumption of LOS path is not valid for most practical purposes, the

free space propagation model seldom produces correct estimates.
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2.1.2 The Two-Ray Ground Model

This model assumes that signal propagates along two paths from the transmitter to

the receiver, one is along the LOS path, and the other is a ground-re�ected path.

Here,

Pr(d) = Ct.Pt/d
4 (2.3)

Hence, the range R of a node transmitting with a power Pt, by this model is:

R = (Cf .Pt/β)
1/4 (2.4)

2.1.3 The Log-Distance Path Model:

Combining both analytical and empirical methods, this model estimates the received

power as,

Pr(d) ∝ Pt/d
α (2.5)

where α is called the path loss exponent, and depends on the environmental condi-

tions. Hence, the range R of a node transmitting with a power Pt, by this model

is:

R ∝ (Pt)
(1/α) (2.6)

From experimental observations in di�erent media conditions, like free space,

urban area, indoor LOS and indoor non-LOS propagation, it has been found that

2 ≤ α ≤ 6.

So, from Eqns. (2.1) to (2.6), it is evident that the log-distance model is a

generalization of the other two models. Therefore, in this thesis, we will follow

log-distance propagation model only.

Also, it is to be noted that whatever be the propagation model, the range R of

a node can be manipulated if we assume that the nodes can vary its transmission

power Pt individually. Then, unlike the wired networks, the existence of links may

vary with Pt that enables us in devising the technique called topology control in

ad hoc networks even when the nodes are static. In case, Pt remains constant, it

is obvious that a link may appear or disappear between nodes depending on their

movements, making the network graph a dynamic one.
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2.2 Network Topology Graph

In general, it is assumed that a node transmits with a power Pmax which corresponds

to its maximum transmission range Rmax. Also, the Pmax (and hence Rmax) is equal

for all nodes in a network, unless mentioned otherwise. So, when a node transmits

with a power Pmax all nodes within its transmission range Rmax can listen to it. This

is termed as single-hop communication. In ad hoc networks, two nodes, not within

the range of each other may also communicate, forwarding the packet in multiple

hops through intermediate nodes. This philosophy of possible communication is

captured here in the form of a graph namely the topology graph.

Given a set of n ad hoc nodes distributed over a two dimensional region, rep-

resented by a set of n vertices V = {v1, v2, · · · , vn}, we can construct a topology

graph G(V,E), where two nodes u and v are connected by an edge (u, v) ∈ E if

and only if their distance d ≤ Rmax (i.e., they are within the transmission range of

each other). Nodes in ad hoc networks are assumed to have unique IDs [112]. We

don't use the nodes' IDs in general in our algorithms, but only sometimes use it for

breaking the symmetry (such as tie breaking). Thus, uniqueness in IDs in any form

is su�cient for our discussion.

Since, Rmax is equal for all nodes, the graph G is undirected. Also, it is to be

mentioned that we limit our discussion on connected topology graphs only since

there is no way for communication between disconnected components or nodes.

Remark: When a spatial distribution of ad hoc nodes on a two dimensional plane

is modeled as a topology graph G(V,E), it preserves only the link connectivity among

the nodes, but looses the information about their coordinates, and hence the exact

pair-wise distances as well.

Example 2.1 Figure 2.1(a) shows a distribution of eleven ad hoc nodes on a two

dimensional plane with their equal maximum transmission range Rmax. The dotted

circle around each node represents its transmission region. We note that the nodes

b, j and k lie within the transmission region of node a. This fact is represented

by adding three edges from node a to nodes b, j and k in Figure 2.1(b). Thus,

Figure 2.1(b) represents the topology graph corresponding to the distribution of nodes

of Figure 2.1(a).

Within a topology graph G(V,E), the degree di of a node vi is the number of

nodes adjacent to vi. So, when vi transmits all di nodes within its transmission range
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Figure 2.1: An ad hoc network: (a) a distribution of eleven nodes on a two-
dimensional region and (b) corresponding topology graph

can listen to it. This is termed as single-hop communication. In ad hoc networks, two

nodes, not within the range may also communicate, if the intermediate nodes agree

to forward the packet in multiple hops. Without loss of generality, it is assumed

that all nodes of any ad hoc network are by virtue, co-operative. The maximum

node degree of a graph, denoted by ∆, plays an important role in our work.

De�nition 2.1 In G(V,E), the hop-distance δ(vi, vj) between two nodes vi, vj ∈ V ,

is the length of the shortest path in hops between them in G(V,E). Two nodes vi

and vj are said to be h-hop away if δ(vi, vj) = h.

De�nition 2.2 The diameter, λ, of a graph is the maximum length of the shortest

paths, in terms of number of hops, between two vertices in the graph, i.e., λ =

max {δ(vi, vj), ∀vi, vj ∈ V }.

De�nition 2.3 Nh(vi), the set of h-hop neighbours of a node vi in G(V,E), is the

set of nodes V ′ ⊆ V , V ′ = {vi1, · · · , vik}, such that δ(vi, vij) ≤ h for 1 ≤ j ≤ k.

De�nition 2.4 The h-hop partial graph of vi, PGh(vi) is a subgraph G′(V ′, E′) of

G(V,E) induced by the node set V ′ = Nh(vi) ∪ {vi} and deleting the edges between

any two h-hop away nodes of vi.

The h-hop neighbours Nh(vi) along with the h-hop partial graph PGh(vi) is

called as h-hop partial information. The distributed self-organization algorithms

discussed in this thesis do not require the global knowledge of the topology graph
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Figure 2.2: The partial graphs of the node a: (a) 1-hop partial graph PG1(a) and
(b) 2-hop partial graph PG2(a)

G(V,E). They all work with a limited (partial) knowledge of the network. A node

vi performs various computations and hence takes various decisions based on the

information of its neighbours reachable in h hops only, in most of the cases h ≤ 2.

All of our algorithms work with 2-hop partial information of the topology graph

available in each node. So, each node will be dealing with N1(vi), N
2(vi), PG1(vi)

and PG2(vi) and additional information derived from them. Note that, PG(λ+1)(vi)

is the topology graph G(V,E) itself.

It is evident that the topology graph G(V,E) models an ad hoc network appro-

priately when we are interested only about the connectivity information among the

ad hoc nodes. However, for developing algorithms where we need more information

than mere connectivity, we associate a weight wu,v with each edge (u, v) to form the

weighted topology graph G(V,E,W ). Depending on the objective, the weight may

represent either the Euclidean distance between nodes u and v, or the transmission

power required for the link, etc.

2.3 Energy Consumption Model

As has been mentioned in Chapter 1, the nodes of ad hoc / sensor networks are

generally battery-driven and preferably unattended during the entire lifetime (in

case of WSN), making energy conservation a vital issue in network design. Therefore,

it is essential to model the energy dissipation in nodes realistically and accurately

as far as possible.

Depending on the application, the nodes of an ad hoc network may be of diverse

types like laptops, PDA's, cell phones, palm tops, sensor nodes, etc., and hence to

have a uniform energy model, independent of nodes, we focus only on the energy

consumed by the wireless transceiver of the nodes which handle the wireless com-
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munication between nodes. It is not only our choice, but is followed extensively

in the literature as well, motivated by the fact that the energy consumed by the

wireless card is always a signi�cant portion of the total power dissipation in an ad

hoc node. For example, a PDA device equipped with an IEEE 802.11 card con-

sumes about 35% energy for wireless communications. For the sake of completeness,

we brie�y describe here the most conventional power consumption model used in

wireless networks as mentioned in [104].

According to this model, the energy consumed by a node vi in receiving a k-bit

message is

Rx = εelec × k.

The energy consumed by a node vi to transmit a k-bit message to vj is

Txi,j = Rx+ εamp × k × dαi,j , where 2 ≤ α ≤ 6.

Here, εelec is the constant energy required by the transmitter or receiver circuitry

and εamp is that for the transmitter ampli�er to transmit a single bit to unit distance,

and di,j is the Euclidean distance between vi and vj . It is assumed that the radio

channel is symmetric, i.e., Txi,j = Txj,i.
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Figure 2.3: The weighted topology graph G(V,E,W )

Example 2.2 Figure 2.3 shows the weighted topology graph corresponding to the

topology graph shown in Figure 2.1 where the weight wu,v of an edge (u, v) denotes

the minimum transmission power Txu,v required for the link. The maximum trans-

mission power of a node is assumed to be Pmax = 12 units. The links are assumed

to be symmetric.
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2.4 Distributed System Model

With the models for radio link, network topology and energy consumption already

determined, now we are in a position to envision an ad hoc network as a distributed

system with a set of independent processors that communicate and co-ordinate their

actions only by passing messages to achieve a global objective. All the nodes are

assumed to be of equal ability without any special leader. While developing the

distributed algorithms [107] we assumed the following features of the distributed

system:

• Each node has a unique node ID.

• The communication network is connected.

• The communication links are bidirectional and reliable.

• The nodes do not share memory, but each node has enough local memory.

All our algorithms follow the partially synchronous timing model that lies in

between synchronous and asynchronous timing models. Here, the computations in

di�erent nodes do not proceed in lock step fashion as it is in the synchronous model.

However, there exist some restrictions on the relative timings of events. We assume

that nodes have some knowledge of time or has some type of a time-out facility. As

for example, when an algorithm requires more than one pass or phase, we assume

that the passes or phases are synchronized in all nodes.

Though the time synchronization issue is beyond the scope of this thesis, we can

just mention that all our algorithms apply when there is very little or no relative drift

between the local clocks of the nodes. If the nodes are assumed to be homogeneous

there may be a very small drift termed as clock skew. Some of the approaches to

address this problem may be to run any of the traditional clock skew algorithm

[7, 50, 93] for distributed systems on top of our protocol.

Under this timing model, the time complexity of an algorithm is measured in

terms of the number of rounds until all the required outputs are produced or until

all the processes halt.

The message complexity is measured in terms of the total number of messages

that are transmitted. It may help us to measure the average number of message

transmission per node and hence the energy consumption per node in communica-

tion.

The computational complexity refers to the order of internal computation done

by any node in the system to take any decision to achieve the global objective.
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In this thesis, based on this distributed system model, we develop algorithms,

primarily for a distributed computation of a broad range of initialization and topol-

ogy con�guration in ad hoc wireless networks. The algorithms are locally executed at

each individual node, based on only locally available information (for example node

(vi) computes with the knowledge of PG2(vi) only) about the network. Compared

to the centralized algorithms, these distributed algorithms result in the following

advantages:

(a) Fewer message exchanges with local neighbours to collect information.

(b) Less energy overhead in communication.

(c) Less computation distributed in each node.

It is to be mentioned that the goal of such a localized algorithm [145] is to produce

a reasonably good solution as fast as possible, perhaps with a bit of compromise in

the accuracy.

2.5 Simulation Model

We supplemented our theoretical study of the distributed algorithms by an extensive

simulation study. We framed the simulation environment to represent the ad hoc

networks realistically. A two-dimensional rectangular region of length L and breadth

B is �rst identi�ed. We then set the number of ad hoc nodes n and the maximum

transmission range Rmax. The nodes are then distributed randomly over this two-

dimensional region [8]. Based on the distribution of the nodes and Rmax, a topology

graph is constructed according to the model described earlier in this chapter. For

a given set of values of n and Rmax we have generated more than 100 random

distributions of the nodes and hence more than 100 topology graphs. For a speci�c

value of n we varied Rmax to generate corresponding topology graphs to see the

performance of our proposed algorithms. Additionally, we also varied the number

of ad hoc nodes n from very small value of about 30 to around 500 to observe the

performance of our algorithms. Since the performance of our algorithms largely

depends on ∆, the maximum degree of the topology graph, we generated random

graphs with a given value of ∆.

We simulated our proposed algorithms as well as the previously known algo-

rithms on those randomly generated topology graphs. Depending on the speci�c
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problem, various metrics are determined for comparing the performance of the al-

gorithms. The performance metrics are compared with the centralized algorithms

and/or distributed algorithms reported in earlier works.

Summary

A simple and well-accepted realistic graph theoretic model of ad hoc networks is

presented for the purpose of our study of the distributed self-organizing algorithms.

We studied the topic following the philosophy of distributed algorithms based on

local information, suitable for mobile ad hoc networks where the resources are lim-

ited. This localized approach is used throughout the thesis and the objective behind

the use of it is demonstrated here. In the following chapters we focus on develop-

ing localized distributed algorithms where the fast convergence is more important

than the accuracy. The distributed algorithms are analyzed on the basis of the

quasi-synchronous distributed system model described above. We also described

the simulation environment for the experimental study of the algorithms. We have

de�ned the various notations and terminologies of the model which will be used in

the following chapters.



Chapter 3

TDMA: Upper Bound and

Scheduling Algorithm

For ad hoc wireless networks, Time Division Multiple Access (TDMA) is a reason-

able technique for managing wireless media that substantially reduces collisions,

avoids wastage of energy in retransmission, and also improves energy conservation

in battery-powered nodes by keeping radios o� during the idle time. Here, the single

communication channel is shared by nodes during a �xed number of time slots in a

round, usually termed as frame, that is repeated periodically. At least one collision-

free time slot is to be assigned to each node in a frame that essentially dictates

a transmission schedule for the nodes in the network. The frame length, i.e., the

number of slots in a frame, typically depends on the application, the number of

shared users of the channel and the interference model.

Traditionally, TDMA has been proved to be a very e�ective MAC protocol and is

being used in numerous applications such as GSM digital cellular systems, Personal

Digital Cellular (PDC), Digital Enhanced Cordless Telecommunications (DECT),

satellite systems, and many other systems. Spatial reuse TDMA (STDMA) is a �xed

assignment access protocol for multi-hop radio networks. The idea is to increase the

network capacity by allowing several radio terminals to use the same time slot when

they are spatially separated in such a way that the interference caused is not too

severe.

In radio networks, two types of scheduling are common. One is broadcast schedul-

ing, in which each node is assigned a time slot during which it transmits and all the

nodes within its range can listen to it. The other type is link scheduling where each

link (u, v) of the network is assigned a slot, during which node u transmits and only

its neighbour v listens to it, keeping all other nodes within its range sleeping. Link

scheduling is more power conserving for point-to-point communication. But on the

contrary, broadcasting a message to n neighbours, a node should transmit n times,

if it follows link scheduling, whereas it is done just by one transmission in case of
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broadcast scheduling. However, in case of ad hoc networks, broadcasting is often

required for topology discovery, routing, etc. Especially, since there is no centralized

control, broadcasting is an essential tool for each node to maintain the network in a

distributed fashion. Therefore, we focus on the problem of broadcast scheduling for

ad hoc nodes using STDMA.

The frame length plays an important role in STDMA. The frame length should

be su�ciently large that will allow to assign at least one slot to each node in the

network. On the contrary, the larger the frame length the larger is the latency for

nodes to wait for its assigned slot. However, �nding the optimal frame length for

STDMA is an NP-hard problem. Along with �xing the frame length in STDMA, the

challenges are to develop distributed algorithms to assign time slots to each node to

maximize the bandwidth utilization. Moreover, due to inherent energy limitation

and mobility constraints the distributed algorithms should be localized and easily

adaptable to the changes in network topology.

Chapter organization

The rest of this chapter is organized as follows. Section 3.1 outlines the previous

works on STDMA. In Section 3.2, we discuss the distinct features of our study

on STDMA. In Section 3.3, we prove a new upper bound on the frame length for

STDMA. The STDMA scheduling algorithms for single and multiple slot assignment

for static ad hoc networks are presented in Section 3.4. In Section 3.5, we describe

our simulation study and the results. Section 3.6 describes the rearrangement pro-

cedure of STDMA scheduling when topology changes due to node mobility. We also

include a summary at the end of the chapter.

3.1 Background

Extensive studies have been done so far on both broadcast and link scheduling

[133, 131, 150, 25, 37, 183] using TDMA for radio networks. The performance

comparison in terms of throughput and delay for broadcast and link scheduling

in STDMA presented in [67] interestingly shows that the link scheduling results a

higher delay for low tra�c loads, but can achieve much higher throughput than that

for broadcast scheduling.

In TDMA scheduling [21, 39, 40, 65, 153, 182], the basic optimization objective

is to minimize the length of the TDMA frame, such that each node gets at least



3.1. Background 31

one slot for con�ict-free transmission. This problem is NP-complete, even for a

packet radio network where the nodes are static, and centralized control is feasible.

For ad hoc networks, the problem is more complex due to its dynamic topology,

and distributed nature of functioning. The secondary objective is to allow as many

nodes as possible to transmit simultaneously during a single slot without con�ict

for increasing the channel utilization.

Earlier works on TDMA for packet radio networks, in general, keeps the frame

length quite large [5, 21, 23, 39, 40, 51, 71, 133, 134, 135, 147, 153], so that at

least one slot is ensured per node. For example, if N is the total number of nodes,

a trivial TDMA solution is to have a frame length of N , where a unique slot is

assigned to each individual node. However, it may cause a large number of free

unutilized slots per frame, making ine�cient utilization of channel. Also, a node

may have to wait for a long period before getting its turn. The problem of minimizing

the frame length in broadcast scheduling is solved by mapping it to the standard

graph coloring problem [134] with appropriate coloring constraints to tackle the

communication interferences. However, in [71], it has been shown that this simple

reduction of TDMA time slot assignment problem actually does not consider some

additional opportunities of time division, and hence even a solution to minimum

coloring does not necessarily produce the best result for TDMA. In that sense, the

problem of optimum TDMA time slot assignment is harder than optimizing the

number of colors. Many such problems are NP-complete and the approximation

algorithms proposed so far are mostly not distributed [23, 89, 133].

For static wireless networks, various centralized algorithms for scheduling have

been proposed in [21, 51, 133, 147]. In [133], it was shown that the worst-case number

of slots required per frame is θρ for broadcast scheduling and θ2ρ for link scheduling,

where ρ is the maximum node-degree and θ (thickness of the graph) is the minimum

number of planar graphs into which the given graph can be partitioned. It actually

improves the bounds presented in [5] and [135]. In [147], a broadcast scheduling

algorithm is presented that attempts to maximize the network throughput. In [51],

a joint routing, link-scheduling and power control scheme has been presented. A

mathematical programming formulation for resource optimization in STDMA has

been presented in [21].

The broadcast scheduling methods proposed in [66] shows that in terms of aver-

age delay and throughput the interference-based scheduling with global interference

knowledge performs better than graph-based scheduling with limited interference
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knowledge. The problem of throughput-optimal link scheduling subject to K-hop

interference models (i.e., no two links within K hops can transmit simultaneously)

is studied in [149]. This problem can be mapped to a Maximum Weighted Match-

ing (MWM) problem subject to the K-hop interference constraints. The classical

MWM problem is polynomial for K = 1 and NP-Hard for K > 1, and cannot be

approximated within a factor that grows polynomially with the number of nodes.

Interestingly, it is shown that the polynomial time approximation is possible for a

wide range of wireless networks. The greedy matching algorithm in [149] provides

a constant factor approximation to the scheduling problem for all K. But all these

works present centralized algorithms, and hence are not suitable for ad hoc networks.

In fact we need distributed algorithms based on local information only to cope

up with the mobility, transient fault tolerance, scalability and severe energy crunch

in ad hoc networks. Some distributed STDMA algorithms have been presented

in [71, 90, 91]. Authors in [90, 91] developed a self-stabilizing TDMA algorithm

for a restricted class of network topology, namely the grid topology, where each

node knows its location. In [71], authors present a self-stabilizing algorithm for

renaming and coloring of a base model that ensures only probabilistically con�ict-

free communication using a constant number of colors (≤ ∆6), where ∆ is the

maximum degree of a node in the network graph. In [41], the STDMA broadcast

scheduling is proposed using the decentralized dynamic channel allocation.

However, the use of TDMA, in fact is targeted to guarantee con�ict-free commu-

nication in ad hoc networks to conserve energy. So, developing a localized algorithm

for TDMA scheduling to keep the frame length minimum is still a challenging task

to the network designers.

3.2 Our Contributions

Assuming that the nodes are distributed over a two-dimensional region, and the

interference range is the same as the transmission range, we establish an upper

bound (L) on the length of a frame for STDMA scheduling. The upper bound is

of linear order of the maximum degree ∆ of the topology graph. We presented

a distributed algorithm to assign time slots to the nodes for broadcast scheduling

following STDMA technique. We improve our slot assignment algorithm to allocate

multiple slots to nodes within a frame to enhance the utilization of slots. Also, we

propose algorithms to adapt with incremental changes in the topology due to node
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movements and/or node failures. Simulation studies have been done to show that

our algorithm of assigning multiple slots enables the nodes to transmit at higher

rate when data is available, else they can remain in the sleep mode in idle slots,

saving energy signi�cantly.

3.3 New Upper Bound on Frame Length

Applying the concepts of simple geometry over the random distribution of ad hoc

nodes, here we establish an upper bound on the cardinality of N2(vi), ∀vi ∈ V ,

based on the node-degree bound ∆. This, in turn, limits the maximum number of

slots required in a frame for broadcast scheduling.

Lemma 3.1 Given a topology graph G(V,E), any two nodes vi and vj of V can

transmit during the same time slot without any collision if d(vi, vj) ≥ 3.

Proof: Let the nodes vi and vj transmit during the same time slot. If d(vi, vj) =

1, both vi and vj will detect collision (interference range is equal to the transmission

range).

If d(vi, vj) = 2, there exists at least one node vk, where vk ∈ N1(vi) ∩ N1(vj).

So, vk will detect a collision.

If d(vi, vj) ≥ 3, any path between these two nodes will contain at least two

intermediate nodes, say, vki and vkj such that d(vi, vki) = d(vj , vkj) = 1. If vi and

vj transmit during the same time slot, vki can receive the packet from vi and vkj

can receive the packet from vj without any collision. If there exist more than two

intermediate nodes, then also there will be no collision. This proves that vi and vj

can transmit during the same slot without collision if d(vi, vj) ≥ 3.

Lemma 3.2 For any topology graph G(V,E), |N2(vi)| =min{(19∆−18), (∆2+1)},

for the maximum node degree ∆ ≥ 2.

Proof: Let a node vc be placed at the origin C(0, 0) as shown in Figure 3.1(a).

Two circles A and B are drawn with radius r and 2r, respectively, centred at C. r

is the range of each node. Assuming that all the nodes are distributed over a 2-D

region, it is evident that all 1-hop away neighbours of vc will lie within the circle

A, and all 2-hop away neighbours will lie within the annular region bounded by the

circles A and B. It is also assumed that the degree of each node is bounded by

∆ ≥ 2.
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Figure 3.1: Region boundaries of Lemma 3.1

PP ′ is a chord of circle B of length r perpendicular to x-axis such that x-axis bi-

sects the line PP ′. Hence, the co-ordinates of P and P ′ are (
√
15
2 r, r2) and (

√
15
2 r,− r

2)

respectively. Two circles E and F each with radius r are drawn centred at P and

P ′ respectively. E and F intersect each other on the x-axis at Q = (
√
15−

√
3

2 r, 0)

inside the circle B. Consider the circle Z of radius r centred at Q intersecting

the circle A at two points T and T ′ with coordinates (
√
15−

√
3

4 r,

√√
45−1
8 r) and

(
√
15−

√
3

2 r,−
√√

45−1
8 r), respectively, as shown in Figure 3.1(a).

Another circle D of radius r is drawn centred at T . It intersects the circle F

at two points Q and Q1(
√
15+

√
3

4 r,

√
3
√
5−1−

√
2

2
√
2

r) shown in Figure 3.1(b). Similarly,

the circle H of radius r centred at T ′ intersects the circle E at two points Q and

Q2(
√
15+

√
3

4 r,−
√

3
√
5−1−

√
2

2
√
2

r) as shown in Figure 3.1(b). The angle α subtended by

ray
−−→
CQ1 with the x-axis equals tan−1

√
2(
√√

45−1−
√
2)√

15+
√
3

≈ 13.82◦.

Knowing the points Q, Q1 and the angle α, the annular area between the circles

B and A is partitioned into a set of regions as shown in Figure 3.2. Two circles CI

and CO of radius CQ and CQ1 are drawn centred at C. Taking a point G0 on the

circle A, the line segment
−−→
CG0 is drawn that intersects the circles CI , CO and B at

points K, L and M respectively. Consecutively, 26 rays are drawn CG1, · · · , CG26

on both sides of CG0, each making an angle α with the previous one as shown in

Figure 3.2. Using the points of intersection of the rays with the circles A, CI , CO

and B, we mark 13 regions of E type and 13 regions of I type as shown in Figure 3.2.

Let these regions be denoted as Ei and Ii, 0 ≤ i ≤ 12 respectively. Finally there

will be a residual area R making an angle β of approximately 0.82◦ (less than 1◦) as

shown in Figure 3.2. These E and I regions together with R cover the whole region

where the 2-hop away nodes of vc may lie. Let n(x) denote the number of nodes in
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Figure 3.2: The regions E and I to partition the annular region between circles A
and B

a region x.

Based on the construction of E and I regions, following two observations can be

made:

(a) all nodes in any Ei (Ii) region are connected to each other, and

(b) a node in Ii is connected to all nodes in the neighbouring regions Ii−1 and Ii+1,

∀i = 0, · · · , 12 ( I−1 ≡ I12 and I13 ≡ I0). It implies that
∑12

i=0 n(Ii) < 6(∆−1),

as degree of any node is bounded by ∆, assuming that each node in I regions

is a 2-hop away node of vc, i.e., connected to at least one node in N1(vc).

Let vf be one of the farthest 2-hop away nodes of vc. Without loss of generality,

let us assume that vf is placed anywhere in the residual region R, as shown in

Figure 3.2. Then, node vf remains connected to all nodes within the regions E0, E12

and R. It implies that n(E0)+n(E12)+n(R) ≤ (∆−1). So,
∑12

i=0 n(Ei) ≤ 12(∆−1).

Hence, at most 18(∆−1) nodes can exist as 2-hop away neighbours of vc assuming

that each one is connected to vc via at least one 1-hop neighbour within circle A.

Therefore, |N2(vc)| = (19∆ − 18). It will be true for any node. However, for any

network with a node-degree bound ∆, it is evident that |N2(vi)| ≤ (∆2+1). Hence,

it proves that |N2(vi)| = min{(19∆ − 18), (∆2 + 1)}, for any vi ∈ V , with a node

degree bound ∆ ≥ 2.

Theorem 3.1 For a topology graph with a node degree bound ∆ ≥ 2, min {(19∆−
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18), (∆2 +1)} slots are su�cient in a frame to assign at least one slot to each node

for collision-free transmission.

Proof: From Lemmata 3.1 and 3.2, it is evident that if each 2-hop neighbour of

any node vi is assigned a distinct slot in the frame, collision-free communication can

be ensured. Hence, from Lemma 3.2, min{(19∆− 18), (∆2 +1)} slots are su�cient

in a frame.

The arboricity of an undirected graph is the minimum number of forests into

which its edges can be partitioned. Equivalently it is the minimum number of

spanning forests needed to cover all the edges of the graph. The arboricity of a graph

is a measure of how dense the graph is: graphs with many edges have high arboricity

and graphs with high arboricity must have a dense subgraph. The thickness (θ) of

a graph is the minimum number of planar subgraphs into which its edges can be

partitioned.

Theorem 3.2 For broadcast scheduling, the upper bound on the STDMA frame

length min{(19∆ − 18), (∆2 + 1)} proposed here is better than bound θ∆ proposed

in [133].

Proof: As any planar graph has arboricity three, the thickness θ of any graph

is at least equal to a third of the arboricity, and at most equal to the arboricity.

The arboricity of a graph with n vertices and m edges is at least ⌈ m
n−1⌉. So, the

arboricity of a dense graph can be O(∆). So, θ is O(∆) for dense graph. Thus, the

bound θ∆ can be O(∆2) for dense graph. This proves the theorem.

3.3.1 Time Frame Structure

The time is divided into slots of a �xed interval of τ units. Each slot contains a short

header H of τh units (τh ≪ τ). The header is generally used for control purposes.

The rest of the slot of duration T = (τ − τh) is used for message transmission.

We need to synchronize the slot boundaries, but not the frame boundaries. The

synchronization is to be done by using some distributed synchronization techniques

[55] at regular intervals. Figure 3.3 shows the time frames at two di�erent nodes vi

and vj with di�erent frame boundaries. It has been assumed that a frame contains

exactly L = min {(19∆− 18), (∆2 + 1)} slots.
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3.4 Scheduling Algorithm for Static Networks

The proposed methodology consists of two phases. First phase is initialization where

the nodes discover their 2-hop neighbours. On completion of the initialization pro-

cedure each node starts slot assignment procedure.

3.4.1 Neighbourhood Discovery

As the ad hoc nodes wake up they try to discover their neighbours for a prede�ned

time td. Any node vi may transmit a HELLO message with a small probability p,

during the slot-header H of any time slot and listens for the remaining duration T of

each slot. In the HELLO message, node vi sends the IDs of all its 1-hop neighbours

it has already discovered. Each node vi repeatedly switches between the roles of

sender and receiver randomly during this phase and gather knowledge about its

2-hop partial graph PG2(vi).

Procedure NeighbourhoodDiscovery(vi, td)
begin
State =INIT ; N1(vi) = ϕ
for slot=1 to td
if rand(0, 1) < p
transmit HELLO message in header

else wait to receive message
if HELLO message received from vj

N1(vi) = N1(vi) ∪ {vj}; update PG2(vi)
if No HELLO message is received during td

State =NEW
Call Procedure New-Node()

end
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Figure 3.4: (a) Topology graph and (b) 2-hop partial graph PG2(e)

3.4.2 Single Slot Assignment

De�nition 3.1 The slot assignment vector Si of a node vi is a vector of length L

where, Si(j) = ID(vk), if node vk ∈ (N2(vi) ∪ {vi}) uses slot j for transmission,

otherwise Si(j) = ϕ, 1 ≤ j ≤ L.

Example 3.1 Let us consider the node e of the network shown in Figure 3.4(a). Its

2-hop neighbour set is N2(e) = {a, b, c, d, e, f, g, n, o}. Assuming L = 16, a possible

slot assignment vector Se is shown in Figure 3.5. It indicates that, node o transmits

during the time slot 2 and so on.

De�nition 3.2 The o�set vector F s
i with respect to a time slot s at a node vi is a

vector of length at most (∆ + 1) where each element of F s
i is a tuple of the form

(node, o�set) computed from Si and N1(vi) as follows: ∀vj ∈ (N1(vi)∪{vi}), if ∃k,

such that Si(k) = vj then (vj , k − s) ∈ F s
i .

Example 3.2 Figure 3.5 shows F 12
e , the o�set vector at node e with respect to

current time slot 12. The F 12
e contains 5 elements, one for each neighbour of e. The

element (o,−10) in F 9
e denotes that node o transmits on a slot which precedes 10

slots from the current slot 12 in node e.

De�nition 3.3 A slot assignment is consistent at node vi if the slot selected by

node vi (i.e., slot(vi)) is not used by any node vi ∈ N2(vi). The slot assignment of

topology G is consistent if the slot assignment is consistent at every node in G.



3.4. Scheduling Algorithm for Static Networks 39

Se

o, -10 c, -3 d, -1 f, +3

Offset Vector of Node e at slot=12

o

of Node  e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

e,  0

Slot Index

a g b n c d e f

Figure 3.5: The slot assignment vector and o�set vector at node e

During this phase, each node vi can assign a slot if and only if all {vj : ID(vj) >

ID(vi), vj ∈ N2(vi)} have already selected their slots. After a node selects its slot, it

broadcasts its o�set vector and a Forward-Schedule Message (FSM) asking a subset

of its 1-hop neighbours in ascending order of their IDs to broadcast their o�set

vectors in successive slots, to inform the 2-hop neighbours who are still to select

their slots. The details of the procedure are given below.

Procedure Single-Slot-Assignment(vi)
begin
assigned = false; ready = false;
hN = {vj : vj ∈ N2(vi) and ID(vj) > ID(vi)} // List of higher neighbours of vi
do in each slot s
if assigned = false and hN = ϕ then

do ASSIGNING - select free slot, update Si, F
s
i , FSM

send o�set vector and Forward-Schedule message
assigned = true

else
if scheduled to FORWARD at slot s
do FORWARDING - send o�set vector F s

i

else
do WAITING - listen for incoming message
if received o�set vector message from vj
update Si and hN

if received Forward-Schedule message
schedule to send o�set vector message if required

until Si contains an entry for each vj ∈ N2(vi)
ready = true;
end

Lemma 3.3 A node sends at most (∆ + 2) messages each of length O(∆) during

slot assignment.
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Proof: The ASSIGNING operation is performed at any node only once, so at

most one Forward-Schedule-Message (FSM) is generated by any node. Each FSM

message contains an ordered set of at most ∆ nodes who need to forward their

o�set vectors. Thus, any node sends its o�set vector at most (∆ + 1) times; just

after its own slot assignment and at most ∆ times after slot assignment of each of its

neighbours. Again, both the o�set vector and FSM message contain O(∆) elements.

So, each node sends at most (∆ + 2) messages of length O(∆).

Theorem 3.3 The time and message complexities of the single slot assignment al-

gorithm are O(n) and O(∆n) respectively.

Proof: The proof directly follows from steps of the algorithm and Lemma 3.3.

3.4.3 Multiple Slot Assignment

Since the frame length is equal to the maximum number of 2-hop neighbours possible

for a node, it is obvious that after single slot assignment, each node will �nd many

free slots in a frame, which are not assigned to any of its 2-hop neighbours. It

will result in poor utilization of slots. To improve it, on completion of Single Slot

Assignment algorithm each node executes the Multiple Slot Assignment procedure,

exactly in the same way as it had been done in the single slot assignment algorithm,

with the di�erence that in its turn, depending on the number of its 2-hop neighbours

each node vi may reserve at most ⌊ L
|N2(vi)|+1

⌋ slots, if available.

However, the number of extra slots may be determined following some other

criteria also, such as demand of a node, QoS requirement, or time delay, etc. It will

obviously help to enhance the throughput of the network [147].

3.5 Simulation Studies

Simulation studies have been done to measure the performance of multiple slot

assignment algorithm under the simulation environment presented in Section 2.5.

The performance is represented in terms of a parameter called frame utilization

(U). For each node vi a frame utilization factor ui is de�ned as the ratio of the

number of distinct slots reserved by itself and its 2-hop neighbours in the frame.

For a given topology, the percentage frame utilization factor is de�ned as, U =



3.5. Simulation Studies 41

30 40 50 60 70 80
0

5

10

15

20

Number of Nodes →

%
 o

f A
v.

 F
ra

m
e 

U
til

iz
at

io
n 

→

∆=15
∆=20
∆=25

Figure 3.6: Single slot assignment: variation of frame utilization with number of
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∑
ui

n ×100. Simulation is carried on random graphs to show the variation of average

percentage of frame utilization with number of nodes (n) using the degree bound

∆ as a parameter. The results shown in Figure 3.7 reveals that about 80 − 94%

slots are occupied on an average following the technique of multiple slot assignment

whereas for single slot assignment the frame utilization factor varies in the range of

6− 10%, as shown in Figure 3.6.
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Figure 3.7: Multiple slot assignment: variation of frame utilization with number of
nodes

Also, with multiple slot assignment, the variation in the number of nodes using

a given slot (with slot-ID's) is shown in Figure 3.8 for a typical case with n = 90 and
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Figure 3.8: Number of users assigned on di�erent slots for n = 90 and ∆ = 10

∆ = 10. It shows that for the topology under consideration the number of nodes

using same slot varies from 3 to 9. Figure 3.9 shows the distribution of number of

slots vs. node ID, for a typical graph with n = 100 and ∆ = 25. It shows that the

number of slots per node varies in the range of 6 to 22.
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Figure 3.9: Number of slots reserved by di�erent users for n = 100 and ∆ = 25

Therefore, the simulation results reveal the fact that multiple slot assignment

can improve the network throughput signi�cantly if we can distribute the free slots

appropriately according to the demand.
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3.6 Scheduling for Dynamic Topology

In ad hoc networks, the topology may change due to the following reasons: (a) a

new node is switched on, (b) a node is switched o�, or (c) a node moves from one

location to another. Case (c) can be considered as a combination of (b) and (a).

Obviously, if a node is switched o�, its neighbours just make its reserved slots

free, keeping the remaining assignments unaltered. But if there is an addition of

a new node, slot assignments may have to be rearranged in the 2-hop neighbour-

hood of the new node to avoid collision. The proposed algorithm is augmented

to adapt with limited perturbations in the topology assuming that any node may

have at most one perturbation (addition of a single new node) at a time within its

2-hop neighbourhood. Some collisions may occur during the rearrangement phase.

However, after some message exchanges among the 2-hop neighbours of the new

node, �nally the slots are rearranged, if necessary, and makes all communications

con�ict-free again.

A single slot assignment always guarantee an available slot for a new node.

However, in case of multiple slot assignments, it is not guaranteed that a free slot

will be always available. Therefore, as soon as a new node wants to join the STDMA

schedule, all its 2-hop neighbours should release excess slots, keeping only a single

slot for each. After the new node occupies a single slot, all the perturbed nodes

are allowed to execute the Multiple-slot-assignment procedure to reserve additional

slots again to improve the slot utilization, and to enhance the throughput.

The detailed procedures are described below.

3.6.1 Node Addition

Let the new node be vnew. It proceeds in the following way:

• vnew sends a NEW message in the header of each slot during its �rst frame,

and listens during the rest periods of the slots.

• on receiving a NEW message, each static neighbour vi ∈ N1(vnew) withholds

its normal operation; modi�es its o�set vector keeping only the slot-ID's re-

served by itself and each of its 2-hop neighbours by the single slot assignment

algorithm, and broadcasts a HOLD message.

• on receiving HOLD message from its 1-hop neighbour vi,
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Figure 3.10: Collision at new node vnew

a) vnew updates Snew and PG2
new, and

b) each static neighbour vj ∈ N1(vi) withholds its normal operation and

modi�es its own o�set vector.

• if vnew does not detect any collision in the whole frame, it selects a free time

slot, else, it waits for the colliding nodes to reassign their slots, and �nally

reserves a single free slot for itself, and intimates all its 2-hop neighbours.

The situation becomes complex when collision is detected at vnew while receiving

the o�set vector from any neighbour. One such case is shown in Figure 3.10. Let in

the initial topology graph shown in Figure 3.10(a), δ(h, j) > 2, and they use same

time slot for transmission. Now a node vnew appears and the nodes h and j becomes

2-hop neighbours of each other through vnew as shown in Figure 3.10(b). Therefore,

when the two nodes transmit simultaneously, vnew will detect collision. So, the slots

of h and j become inconsistent, and rearrangement is necessary.

The new node vnew on detecting some collisions modi�es the subsequent NEW

messages by adding the o�set of the slots where it has detected collisions. This allows

the set of colliding nodes to identify themselves. Each colliding node vi ∈ N1(vnew)

proceeds in the following way:

• sends INCONSISTENT message to all nodes in N2(vi). The slot assignment

of all nodes in N2(vi) should remain unaltered until slot reassignment of vi is

over.

• broadcasts a SEARCH message with the ID of vi and the ID of vnew

• waits for su�cient time to listen to all incoming SEARCH messages

• collects the IDs of all colliding nodes from SEARCH messages, arranges in

descending order, and executes single slot assignment algorithm to reserve

single slot in its appropriate turn
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• sends CONSISTENT message to all nodes in N2(vi) on completion of reas-

signment

The procedures followed at the new node vnew and at any node vi ∈ N1(vnew)

are given below.

Procedure New-Node(vnew)
begin
C = ϕ // C: set of colliding slots
for slot = 1 to L
send NEW and C in header
listen during T of each slot
if collision is detected

C = C ∪ slot
else

o�set vector is received from vi
update N1(vnew), PG2(vnew) and Si

if C ̸= ϕ // collision is detected
wait until colliding neighbours reassign slots

do ASSIGNING and send o�set vector to neighbours
end

Theorem 3.4 For addition of a new node, single slot reassignment procedure com-

pletes in (i) (L+1) slots if no collision is detected at the new node, and (ii) at most

((λ+ 1)L+ 2∆+ 2) slots when collision is detected, where λ is the diameter of the

topology graph G in hops.

Proof: First of all, it is guaranteed that the NEW messages are received by all

nodes within the range of the new node, vnew, as each of them listens during the

H period of the slot assigned to it, in every frame. This also ensures that vnew will

eventually receive o�set vectors from all nodes in N1(vnew).

Let us assume that there is no collision during the �rst L slots of new node vnew.

This implies that the slot assignment in G is consistent in presence of new node

vnew. Also, vnew has received the slot assignment of nodes in N2(vnew) via o�set

vector from N1(vnew). Then, vnew can immediately select a free slot and can �nish

the slot assignment procedure in the next time slot. Therefore, the whole procedure

completes in (L+ 1) slots.

When collisions are detected at vnew, the colliding nodes identify themselves

within the �rst (L + 1) slots. The SEARCH message initiated at a node vi is

received by all other colliding nodes within at most λL slots, where λ is the diameter



46 Ch 3. TDMA: Upper Bound and Scheduling Algorithm

of the topology graph. Therefore, the colliding nodes can reassign their time slots

after ((λ + 1)L + 1) slots. Even if all 1-hop neighbours (at most ∆) of vnew need

reassignment, their assignment can be �nished within 2∆ slots since all other 1-hop

neighbours of any colliding node vi remain silent until vnew selects its own slot. IT

implies that the slot reassignment procedure completes within ((λ+ 1)L+ 2∆+ 2)

slots in the worst case.

Procedure OnReceivingNewMsg(vi)
begin
ready = false; N1(vi) = N1(vi) ∪ {vnew}
during T of slot(vi)
send o�set vector to vnew and HOLD message to N1(vi)

wait to listen from vnew for next L slots
if collision at slot(xi)

assigned = false; consistency := false;
R = {vi} // R: set of nodes to reassign slots
send INCONSISTENT to vj , ∀vj ∈ N2(vi)
wait until no NEW message
broadcast SEARCH(vi, vnew) message
do for next D frames
if received SEARCH message from vj
R = R ∪ {vj}
update PG2(vi) by adding vj as a neighbour of vnew

hN = {vj : vj ∈ R, ID(vj) > ID(vi)}
do in each slot of a frame
if hN = ϕ
do ASSIGNING - select �rst free slot and send o�set vector
assigned = true; consistency := true;
send CONSISTENT message to all nodes in N2(vi)

else
do WAITING - listen for incoming message from vnew
if received o�set vector from vnew
update S2

i and hN
wait until vnew assigns slot
ready = true and send READY to N1(vi)
end

3.6.2 Node Deletion

Before the node vi is switched o�, it sends a switching o� message in its slot.

Knowing that vi is getting switched o� all nodes in N1(vi) mark the slots assigned

to vi as available and inform their 1-hop neighbours to do the same thing, so that

all 2-hop neighbours of vi can make those slots free.
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Summary

For a random distribution of ad hoc nodes over a two dimensional region, we proved

that the upper bound on frame length (L) is of linear order of ∆, where ∆ is the

maximum node degree. This frame length guarantees at least one con�ict-free slot

to each node, but in practice it allows multiple slots for each node. The proposed

slot assignment algorithm that requires only ∆ messages per node to converge to a

schedule can be used even in energy starved condition of the network. An O(λL)

distributed algorithm is developed to adjust the time slots locally when topology

changes due to mobility. As L reduces, such perturbation in the network will con-

verge faster than expected.

Simulation results show that the use of multiple slot assignment enhances the

slot utilization appreciably.

It is to be noted that all these activities like single and multiple slot assignments,

and the readjustment of slots due to node mobility are done based on limited local

knowledge of 2-hop neighbourhood only.





Chapter 4

Fixed Round Connected

Dominating Set Construction

In wireless ad hoc networks, node mobility in absence of any hierarchy causes oc-

casional route breakages and hence requires frequent topology discovery making it

di�cult to devise energy e�cient routing algorithms. Hierarchical routing backbone

can play an important role in making the maintenance and scaling of the network

easy [102]. Moreover, introducing hierarchy, although virtual, makes the location

update and location �nding in ad hoc networks, easier in general. Connected Dom-

inating Set (CDS) has been emerged as an e�ective hierarchical routing backbone

in mobile ad hoc networks.

A Dominating Set (DS) of a graph G = (V,E) is a subset of nodes V ′, V ′ ⊆ V ,

such that each node in V ′′ = V − V ′, termed as a non-dominating node, is adjacent

to some dominating node in V ′. A CDS is a DS that induces a connected subgraph

of G. A minimum DS or CDS (MDS or MCDS) is a DS or CDS with the minimum

cardinality. The (connected) domination number (d) ofG is the number of vertices in

the MCDS (MDS) [141]. Figure 4.1 shows an example of a topology graph G(V,E),

and a dominating set, a minimum dominating set and a connected dominating set

of G(V,E) respectively (shaded nodes are the dominating ones).

It is desirable to �nd an MCDS for the underlying topology to simplify the topol-

ogy and routing management. However, �nding an MCDS in a graph is NP-hard

[43], and thus distributed algorithms for suboptimal solutions with faster conver-

gence may be in demand for wireless ad hoc networks.

There are many advantages of using CDS as routing backbone. First it parti-

tions the set of nodes into exactly two sets V ′ and V ′′. This limited number of sets

permit an easier way to build and maintain the hierarchy. Secondly, it maps the

routing process for the whole network to a smaller sub-network induced by the CDS
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Figure 4.1: Various con�gurations: (a) a topology graph, (b) a dominating set, (c)
a minimum dominating set and (d) a minimum connected dominating set

only. It also implies that only dominating nodes need to keep routing information.

Most important is that any node in the network can reach any other node via the

dominating nodes only. Moreover, there is no need to recalculate routing tables as

long as node mobility do not alter the sub-network induced by the CDS. Addition-

ally, it can also be used for multi-casting [171], broadcasting [181] and connectivity

management.

Chapter Organization

This chapter is organized as follows. Section 4.1 overviews the related works on CDS

construction and its use as a routing backbone in ad hoc networks. In Section 4.2,

we discuss the distinct features of our study on CDS. In Section 4.3, we prove

some interesting properties of dominating sets which form the basis for our CDS

construction algorithm. Section 4.4 describes the CDS construction algorithm with

the details of the three phases of our algorithm including the completeness proof and

complexity analysis. Simulation results are discussed in Section 4.5. The chapter

ends with a brief summary.

4.1 Background

Traditionally, the CDS problem is solved by approximating it to a maximum leaf

spanning tree (MLST) problem [58]. An MLST is a spanning tree that has the

maximum number of leaves among all spanning trees of G. The maximum leaf

number (l) of G is the number of leaves in the MLST. It has been shown in [53],
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that n = d + l, where d is the dominating number. The maximum leaf spanning

tree problem is NP-hard [61]. However, it can be approximated to within a factor of

2 in polynomial time [155]. Several NP-hard optimization problems, such as CDS,

can be solved in polynomial time for graphs with bounded maximum leaf number

[58]. So, �nding the minimum connected dominating set is equivalent to �nding a

maximum leaf spanning tree. However, connected domination and MLST are not

the same in terms of approximation algorithms. There exists an approximation for

the minimum connected dominating set that achieves a factor of 2 log(d) + O(1),

where d is the connected dominating number [69].

In [18] [52] [151], three-stage centralized CDS construction algorithms are pre-

sented. They �rst compute an approximation to Minimum Dominating Set (MDS)

based on the generalized set cover problem. The three algorithms di�er only in the

weight parameter chosen to be used in the greedy heuristic to �nd the MDS. The

second stage constructs a spanning forest where each tree is a union of stars centred

around the nodes selected in the �rst stage. The third stage expands the spanning

forest to form a spanning tree whose internal nodes are selected as a CDS. The

approximation factor of this algorithm is 3H(∆), (where ∆ is the maximum node

degree and H is the harmonic function), which stems naturally from the use of set

cover heuristics [42] in the �rst stage. However, these approximation algorithms are

centralized and so they are not suitable for ad hoc networks.

The distributed algorithms proposed in [18] [52] [151] are of very high time and

message complexities O(n2). In [163], it is also shown that the approximation factors

of those algorithms lie between ( log∆2 − 1
2) and 3H(∆).

The distributed greedy algorithm proposed in [173, 172] �rst �nds a CDS and

then prunes the set by removing locally redundant nodes preserving connectivity.

Its time and message complexities are O(∆3) and Θ(m), where m is the number

of edges in the topology graph, respectively as shown in [163]. The approximation

factor of this algorithm is as high as n
2 .

In general, starting from a minimal DS, if it is not connected, we can generate

a CDS by adding new nodes to make the DS connected. An interesting question is

when a minimal connected dominating set becomes a minimal dominating set. Let

for a given graph G, the domination number (denoted by γ(G)), and the connected

domination number (denoted by γc(G)), be the cardinalities of the smallest possible
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DS and CDS, respectively. It has been shown in [164] that for general graph, γ(G) ≤

γc(G) ≤ 3γ(G)− 2.

It is evident that for a given graph G(V,E), a minimal CDS will be a minimal

DS, if and only if for each node vi in CDS there exists at least one non-dominating

node vj which is not dominated by any node in the CDS other than vi.

As for example, in Figure 4.1(d), {e, f} is a minimal CDS which is also a minimal

DS. For the dominating node e, the non-dominating node d is dominated by e only.

Similarly for the other dominating node f , there exist two nodes a and b, which are

dominated by node f only.

Instead of starting from a DS, another approach for �nding a CDS is to ap-

proximate it by a maximal independent set (MIS) problem and then connecting the

nodes using some heuristics [34, 64, 103, 159]. The MIS is obviously a DS since

addition of any node to the set implies appearance of an edge in the MIS, i.e. each

remaining node has at least one adjacent node in the MIS. Also, interestingly, the

MIS is a minimal DS, since if we remove any node vi from the MIS, there will be no

node in the MIS that can dominate vi. Hence the MIS is an MDS. For a given graph

G(V,E) the relation between the cardinality of the MIS (α(G)) and the connected

domination number (γc(G)) plays an important role to evaluate the performance of

the heuristics applied to connect the nodes of the MIS. It has been proved that for

unit disc graphs, α(G) ≤ 3.8γc(G) + 1.2. But unfortunately, for the MIS, the nodes

are isolated. Therefore, to generate a CDS from it, additional nodes are always to

be included and the minimal DS will not be a minimal CDS, excepting some trivial

cases. For example, for a complete graph, or for a star graph, the MIS contains a

single node and it can serve as a CDS also.

However, since every maximal independent set is a minimal DS which is easy to

construct, several attempts have been made to construct CDS starting from MIS.

There are three such notable contributions in the literature. In all these algorithms

a maximal independent set (MIS) is computed, which acts as the set of cluster-head

nodes. A node is a border node if it is not a cluster head and there are at least

two cluster-heads within its 2-hop neighbourhood. The cluster-heads are selected

by some heuristic ranking of nodes that gives rise to a total ordering of all nodes.

Three ranking heuristics are used: the ID only [64], an ordered pair of degree and

ID [34], and an ordered pair of degree and location [158]. All these algorithms are of
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high implementation cost in terms of message complexity and/or time complexity

with logarithmic approximation factor [64], and linear approximation factors [103],

[158] respectively.

In [163], it has been shown that any distributed algorithm for nontrivial CDS

requires at least O(n log n) messages, where the message length is of the order of the

number of bits representing the node IDs. In [163], a distributed algorithm is also

presented that has an approximation factor of at most 8. The time and message

complexities of the algorithm are O(n) and O(n logn) respectively. The O(n) time

complexity limits its applicability to ad hoc networks with large n.

4.2 Our Contributions

We �rst prove some interesting properties of dominating sets, which are in general

useful and form the basis of our CDS construction algorithm. We propose a three

phase distributed algorithm to compute a CDS in an ad hoc network with the ob-

jective to minimize the size of the CDS. In this process, we explore some interesting

properties of dominating sets in general. Our strategy of selecting a dominating

node is based on coordinated decision of its neighbours and not just on the node's

local computation. Through simulation it is found that this approach produces CDS

that are, in general, smaller in size, than that achieved by previously known algo-

rithms. Moreover, these properties also help us in choosing a better candidate for

CDS. It also helps the algorithm to converge faster. The algorithm has O(1) time

complexity (exactly 6 rounds of message exchanges) and O(n) message complexity.

4.3 Properties of Dominating Set

We �rst present some de�nitions and prove relevant properties of DS and CDS

which are used in our proposed distributed algorithm. Since we are interested in

distributed algorithms based on local information of the network, we develop some

new concepts on DS and CDS based on 2-hop neighbourhood information of a graph.

De�nition 4.1 Given a (connected) dominating set V ′ of a graph G(V,E), the

corresponding (connected) dominating graph DGV ′(V,E′), E′ ⊆ E, induced by V ′
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is a subgraph of G containing all the edges of G excluding those between any two

non-dominating nodes in V − V ′.

A dominating graph may be either connected or disconnected. However, when

V ′ is a CDS of the graph G(V,E), CDG(V ′) is always a connected subgraph of

G. Figure 4.2 shows a dominating graph and a connected dominating graph corre-

sponding to the topology graph of Figure 4.1(a).
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Figure 4.2: Various graph con�gurations: (a) a dominating graph, (b) a connected
dominating graph and (c) D-path between the nodes b and d

De�nition 4.2 Given a graph G(V,E) with a dominating set V ′, a path P between

two nodes vi and vj is called a D-path if all intermediate nodes are dominating

nodes in V ′. The nodes vi and vj are said to be D-path connected (or, vi is D-path

connected to vj). We also de�ne the D-distance, distV ′(vi, vj) between two nodes vi

and vj as the length of the shortest D-path between them. The D-diameter, λV ′, of

G is the maximum length of the shortest D-paths between all pairs of vertices in G,

i.e., λV ′ = max {distV ′(vi, vj), ∀vi, vj ∈ V }.

Corresponding to connecting dominating graph (CDG) shown in Figure 4.2(b),

Figure 4.2(c) shows a D-path between two nodes b and d. By de�nition, a CDG cor-

responding to a CDS, ensures that there exists a D-path between any pair of nodes.

However, this is not always true for any DG. For example, we see in Figure 4.2(a)

that although the dominating graph is a connected subgraph of the corresponding

topology graph in Figure 4.1(a), there exists no D-path between the nodes b to e or b

to d. So, the D-path connectivity among all pairs of nodes can serve as a terminating

criterion for the construction of a CDS.
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Lemma 4.1 For a dominating set V ′ of G(V,E), if each node vi ∈ V ′ is D-path

connected to all other nodes vj ∈ V then V ′ is a connected dominating set.

Proof: Let V ′ be a dominating set of G(V,E) such that each node in V ′ is

D-path connected to all other nodes in V . To prove that V ′ is a CDS, we just need

to show that each vk in V is D-path connected to each node vi ∈ V . If vi ∈ V ′, it is

true. If vj ̸∈ V ′ then there exists at least one node vj ∈ V ′ such that vj ∈ N1(vi).

Then, vi is D-path connected to all nodes in V through vj (i.e., vi to vj and then

from vj to all other nodes in V ). This proves the lemma.

De�nition 4.3 Let V ′ be any DS of G(V,E) and vi ∈ V ′. The set of 1-hop domi-

nating neighbours of vi, denoted as DN1
D(vi), is the subset of V

′, contained in N1(vi)

(i.e., DN1
D(vi) = N1(vi) ∩ V ′). Similarly, the 2-hop dominating neighbours of vi,

denoted as DN2
D(vi), is the subset of V ′ which is the union of 1-hop dominating

neighbours of the neighbouring dominating nodes of vi, i.e.,

DN2
D(vi) = {

∪
∀vj∈DN1

D(vi)

DN1
D(vj)}

De�nition 4.4 Let V ′ be any DS of G(V,E) and vi be any node in V ′. The 2-hop

reachable neighbours of vi, denoted as RND(vi), is the subset of nodes in N2(vi)

where each node is D-path connected to vi. The set of unreachable neighbours of vi,

denoted as UNV ′(vi), is the set where UNV ′(vi) = N2(vi)−RND(vi).

Let V ′ = {b, e} be the DS shown in Figure 4.2(a). Then, DN1
D(e) = {e},

DN2
D(e) = {e}, RND(e) = {c, d, e, f} and UNV ′(e) = {b}. However, if we consider

the DS of Figure 4.2(b), we see that DN1
D(e) = {e, f}, DN2

D(e) = {e, f}, RND(e) =

{a, b, c, d, e, f} and UNV ′(e) = ϕ.

Theorem 4.1 For a dominating set V ′ of G(V,E), if UNV ′(vi) = ϕ, ∀vi ∈ V ′ then

V ′ is a connected dominating set of G.

Proof: For a given dominating set V ′ of G(V,E), let us assume that UNV ′(vi) =

ϕ, ∀vi ∈ V ′. To prove that V ′ is a CDS, by Lemma 4.1, we just need to show that

any vi ∈ V ′ is D-path connected to all other nodes in V . We will prove this by

induction on hop distance h.
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Let vi be any node in V ′. From the fact that UNV ′(vi) = ϕ, it is apparent that

vi is D-path connected to all nodes in N2(vi).

Let vi be D-path connected to all nodes in Nh(vi), where h ≥ 2. Let vj be any

node in V such that, the hop distance, δ(vi, vj) = h+1. Let V ′′ = Nh(vi)∩N1(vj).

First note that V ′′ ̸= ϕ, otherwise G is disconnected and V ′′ ⊂ Nh(vi). Moreover,

for any node vk, if vk ∈ Nh−1(vi) then N1(vj) ∩ N1(vk) ⊆ V ′′. Also, it is to be

noted that all paths from any node in Nh(vi) (including vi) to vj in G go through

the nodes in V ′′. Now if we can show that there exists at least one node vd ∈ V ′′

such that vd ∈ V ′, we actually prove vi is D-path connected to vj via dominating

node vd.

This can be shown easily when vj is a dominating node (i.e., vj ∈ V ′). As h ≥ 2

and δ(vi, vj) = h+1, there must exist a node vk ∈ Nh−1(vi) such that δ(vj , vk) = 2.

As vj ∈ V ′ and UNV ′(vj) = ϕ there exists a D-path from vj to vk. But all paths from

vk to vj or vice versa pass through some nodes in V ′′. So, there exists a dominating

node vd on the D-path from vj to vk where vd is in V ′′.

Let us assume that vj is a non-dominating node vj ̸∈ V ′. Also, assume that

V ′′ does not contain any dominating node. Then, there must exist at least one

dominating neighbour vd ∈ Nh(vi) for each node in V ′′, as vi is D-path connected

to all nodes in Nh(vi). De�nitely vd ̸∈ V ′′ as we assumed that V ′′ does not contain

any dominating node. But, δ(vk, vj) = 2, so vj ∈ N2(vk). As all paths from vk to

vj go through some nodes in V ′′, it must have at least one dominating node on the

path from vk to vj , otherwise vj ∈ UNV ′(vk), contradicting our assumption that

UNV ′(vk) = ϕ,∀vk ∈ V ′.

It is to be noted that the property UNV ′(vi) of a dominating node is de�ned

within the 2-hop neighbourhood of vi which can be locally computed at each node

knowing only neighbouring dominating nodes. Such local computation does not,

however, restrict to verify the overall connectivity of the dominating set V ′. The

next theorem is a stronger version of the Theorem 4.1 that is used to prove that the

set of nodes selected by our algorithm is a CDS.

Theorem 4.2 Let V ′ be a dominating set of G(V,E). Let V ′′ be any subset of V ′

such that V ′′ is also a dominating set of G. We compute UNV ′(vi), ∀vi ∈ V ′′. If

UNV ′(vi) = ϕ, ∀vi ∈ V ′′ then V ′ is a connected dominating set of G.
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Proof: Let V ′′′ = V ′ − V ′′. We see, by Theorem 4.1, that each node vi ∈ V ′′ is

D-path connected to all nodes in V and may use some dominating node from the set

V ′′′. However, V ′′ being a DS of G, each node vj ∈ V ′′′ must have a neighbouring

dominating node vk ∈ V ′′. So, each node vj ∈ V ′′′ is also D-path connected to all

nodes in V via its dominating neighbour in V ′′. This proves the theorem.

We additionally prove the following interesting properties of dominating sets

which may be of general use.

Property 4.1 Let V ′ be a dominating set of a graph G(V,E) with |V ′| > 2. Let vi

and vj be any two nodes of V ′ such that δ(vi, vj) > 3. Then, there always exist two

nodes vk and vl in V ′ such that δ(vi, vk) ≤ 3 and δ(vj , vl) ≤ 3, and vk and vl may

be the same node.

Proof: We prove this by induction. Given a dominating set V ′, let us assume

δ(vi, vj) = 4. Then, there exists a path, say, vi− va− vb− vc− vj . Assume, all these

intermediate nodes on the path are non-dominating nodes, otherwise, the property

is already satis�ed. As V ′ is a dominating set of G, then the node vb must have

at least one neighbouring node vk ∈ V ′. So, δ(vi, vk) = δ(vj , vk) = 3. In this case,

vl = vk. So, the property is satis�ed for δ(vi, vj) = 4. However, when δ(vi, vj) = 5,

vk and vl can be two distinct nodes.

Let us assume that this is true for δ(vi, vj) = h where h > 4. Let us consider

the case where δ(vi, vj) = h + 1. The h non-dominating nodes on the path (say in

order va1 , va2 , · · · , vah) are in between vi and vj , with va1 adjacent to vi and vah

adjacent to vj . V ′ being a dominating set of G, node va2 must have at least one

adjacent node vk1 in V ′. So, δ(vi, vk1) = 3 and δ(vj , vk1) = h, so the property is

true by induction.

Property 4.2 Given any dominating set V ′ of G, for a dominating node vi ∈ V ′

there must exist another node vj ∈ V ′ which is no more than 3-hop away from vi.

Proof: It follows directly from Property 4.1.

Theorem 4.3 Let V ′ be a dominating set of a graph G(V,E) with |V ′| > 1. V ′ is

a CDS if and only if every node vi ∈ V ′ is D-path connected to all those nodes of V ′

which are at most 3-hop away from vi in G.
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Proof: [ If ] Without loss of generality, let us assume vi and vj be two nodes of

V ′ such that δ(vi, vj) > 3. It is to be proved that vi and vj are D-path connected.

We are given that, for every node vi ∈ V ′, vi is D-path connected to all those nodes

of V ′ which are at most 3-hop away from vi in G. Now, according to the Property 4.2

there must exist at least one node vk1 ∈ V ′ such that δ(vi, vk1) ≤ 3. Let S1
i be the

set of all such nodes in V ′. But, then vi is D-path connected to all nodes of S1
i . Now,

if for any node vk1 of S1
i , δ(vk1 , vj) ≤ 3 then vk1 is D-path connected to vj , and it

implies that vi is D-path connected to vj . When all the nodes of S1
i are more than

3-hop away from vj then from every node of S1
i we can again �nd some other set of

nodes of V ′ such that they are at most 3-hop away from the members of S1
i . This

process is repeated until we reach a node vkp such that δ(vkp , vj) ≤ 3. We must �nd

such a node vkp , otherwise, vj will be more than 3-hop away from all the nodes of

V ′, which contradicts the Property 4.1.

[ Only if ] When V ′ is a CDS, all members of V ′ are D-path connected. It implies

that every node vi ∈ V ′ is also D-path connected to all other nodes of V ′, including

those at most 3-hop away in G.

4.4 CDS Construction Algorithm

We assume that each node vi is already aware of its 2-hop partial graph PG2(vi)

for the underlying topology graph G(V,E). The CDS construction is implemented

in the following three phases executed in each node in distributed fashion:

• Phase 1: each node computes an estimate (ξ) (de�ned below) and broadcasts

it to its neighbours. The node with highest estimate among its neighbours is

recommended to be a dominating node. All such nodes constitute the initial

dominating set (DI).

• Phase 2: the connectedness among the nodes in DI is checked (using Theo-

rem 4.1).

• Phase 3: if DI is not connected, some additional nodes are recommended

to become dominating nodes by the nodes in DI . Set DI along with the

additional nodes selected in this phase form the �nal dominating set DF which

is the desired CDS of the underlying topology graph G.
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4.4.1 Initial Dominating Set Selection

During the �rst phase of CDS construction algorithm, each node checks its suitability

for acting as a dominating node using the following estimate.

De�nition 4.5 The estimate of an edge between two nodes vi and vj for the un-

derlying topology graph G(V,E), denoted as ξ(vi, vj), is the total number of nodes,

adjacent to either vi or vj or both. That is, ξ(vi, vj) = |N1(vi) ∪ N1(vj)|. The

estimate of a node vi is the maximum among the estimates of all the edges incident

on it and denoted as ξ(vi), i.e., ξ(vi) = max {ξ(vi, vj), ∀vj ∈ N1(vi)}.
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Figure 4.3: Selection of initial dominating nodes (a) edge estimates, (b) node esti-
mates and (c) initial dominating set (DI)

Figure 4.3 shows an example of node and edge estimates for the topology graph

shown in Figure 4.1(a). Figure 4.3(c) shows the initial dominating set DI = {e, f}

selected by this procedure for the topology graph shown in Figure 4.1(a).

Each node vi �rst informs its estimate ξ(vi) to all its neighbours. After knowing

the node estimates of the neighbours, each node vi recommends exactly one of its

neighbouring nodes, the one with the highest estimate (tie is broken by node ID), as

a dominating node. Each recommended node marks itself as an initial dominating

node forming the set DI . The fact that a node is elected by its neighbours, in-

stead of selecting itself as a dominating node, makes a better selection of the initial

dominating set DI . The details of the procedure SelectingInitialDS are given below.
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Procedure SelectingInitialDS
begin
Initialization for each node vi:
For each edge (vi, vj)
Compute edge estimate ξ(vi, vj)

Compute node estimate ξ(vi)

First round for each node vi:
Exchange ξ(vi) with nodes in N1(vi)

Second round for each node vi:
Let ξ(vj) > ξ(vk),∀vk ∈ N1(vi)
Recommend vj to be a dominating node

Finalizing for each node vi:
If vi is recommended by some vj ∈ N1(vi)
Mark vi as dominating node (i.e., DI = DI ∪ {vi})

end

The following Lemma 4.2 and Theorem 4.4 prove that the set DI constructed in

this way is really a dominating set.

Lemma 4.2 Let vi ∈ DI and |DI | > 1, then there exists a node vj ∈ N1(vi) such

that vj ∈ DI .

Proof: Each node vi recommends exactly one node vj ∈ N1(vi) to become a

dominating node irrespective of whether vi belongs to DI or not. So, for any node

vi ∈ DI there exists another node vj ∈ N1(vi) in DI .

Theorem 4.4 The selected set of nodes, DI , is a dominating set of the topology

graph G(V,E).

Proof: Each node vi recommends exactly one of its neighbours as a dominating

node and every recommended node is included in DI . So, for every node vi ∈ V

(whether vi ∈ DI or vi ̸∈ DI) there is at least one neighbouring node vj ∈ DI (node

vj is recommended by vi). Thus, according to the de�nition of dominating set, DI

is a DS of G.

Lemma 4.3 The time and message complexities of initial dominating set selection

procedure are O(1) and O(n), respectively.

Proof: Each node sends exactly one recommend message in the �rst round and

at most one declared dominating message in the second round. So, at most 2n
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messages are exchanged for selecting the initial dominating set proving the message

complexity as O(n). This also shows that exactly two rounds of message passing is

required proving the time complexity as O(1).

4.4.2 Connectedness Veri�cation

Our simulation studies on large number of random graphs show that DI is a CDS in

most of the cases. However, the construction procedure does not ensure that DI is

either minimal or connected. For example in Figure 4.4(a), we see that DI = {a, b}

is a CDS. However, only one of them would su�ce, so it is not minimal. In Figure

4.4(b), we see that DI = {a, b, d, f} forming two disconnected components, {a, b}

and {d, f}.
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b c
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a b e

gdfh
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Figure 4.4: Initial dominating set DI (a) not minimal and (b) not connected

The purpose of this phase is to verify the connectedness among the nodes in DI

by checking it locally at each dominating node or at its neighbouring nodes. Some

de�nitions are given below that help in the veri�cation procedure.

De�nition 4.6 Let V ′ be a DS of G(V,E) and vi be any non-dominating node

(i.e., vi ̸∈ V ′). The set of 1-hop dominating neighbours of vi is DN1
N (vi) =

{S1
1 , S

1
2 , · · · , S1

k1
}, where S1

1 , S
1
2 , · · · , S1

k1
are disjoint sets of dominating nodes from

N1(vi) ∩ V ′ such that all nodes in each Si are D-path connected in PG2(vi). The

2-hop dominating neighbours of vi is DN2
N (vi) = {S2

1 , S
2
2 , · · · , S2

k2
}, where S2

1 , S
2
2 ,

· · · , S2
k2

are disjoint sets computed in the following way. We �rst extend each set

S1
i to S′

i where,

S′
i = S1

i ∪ {
∪

∀vj∈S1
i

DN1
D(vj)}.

If an extended set S′
i overlaps with another extended set S′

j, we compute S′
i = S′

i∪S′
j

and remove S′
j. All these remaining S′

i form S2
i .
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At the start of this phase, each dominating node vi computes DN2
D(vi) and

UNV ′(vi) and each non-dominating node vj , (i.e., vj ̸∈ DI), computes DN2
N (vi).

Each dominating node vi, for which UNV ′(vi) = ϕ, remains inactive during this

phase. However, a dominating node vi, for which UNV ′(vi) ̸= ϕ, requests all nodes

in N1(vi) to verify its D-path connectivity with its UNV ′(vi). Node vi sends a

message containing DN2
D(vi) and UNV ′(vi) to nodes in N1(vi). Each node, on

receiving this message from vj , computes the extended connected set of dominating

nodes (denoted as DE) from its own 2-hop dominating neighbours and vj 's 2-hop

dominating neighbours. It then veri�es if at least one node from the dominating

neighbour set of each node in UNV ′(vj) lies in DE . By this procedure, some or all

of the nodes in UNV ′(vj) may be found to be already connected. The details of the

procedure VerifyConnectivity are given below.
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Figure 4.5: Selecting dominating nodes (a) initial dominating set DI and (b) �nal
connected dominating set DF

Let us consider the initial dominating nodes reported in Figure 4.5(a). We

compute DN1
N (h) = {{a, b}, {e}, {g}}. Note that the nodes e and g are not directly

connected, so they have been placed in two di�erent sets in DN1
N (h). However,

when we go up to 2-hop neighbours and compute DN2
N , we �rst extend each set

of DN1
N (h) forming sets of dominating nodes {a, b}, {e, f} and {f, g}. Sets {e, f}

and {f, g} are then merged (f being common) to form the set {e, f, g}. Thus,

DN2
N = {{a, b}, {e, f, g}}.
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Procedure VerifyConnectivity
begin
Initialization for each node vi:
If vi ∈ DI

Compute DN2
D(vi)

Compute RND(vi) = {vj |vj ∈ N1(vi) or (vk ∈ DN1
D(vi) and vj ∈ N1(vk))}.

Compute UNV ′(vi) = N2(vi)−RND(vi)
If vi ̸∈ DI

Compute DN2
N (vi)

DE = RE = ϕ

First round for each node vi:
If vi ∈ DI and UNV ′(vi) ̸∈ ϕ
Inform DND(vi) and UNV ′(vi) to nodes in N1(vi)

Second round for each node vi:
If vi receives DND(vj) and UNV ′(vj) from vj ∈ N1(vi)
If vi ∈ DI

DE = DND(vi) ∪DND(vj)
If vi ̸∈ DI

foreach S2
i ∈ DN2

N (vi)
if S2

i ∩DND(vj) ̸= ϕ
DE = DE ∪ S2

i

if DE ̸= ϕ
DE = DE ∪DND(vj)

foreach vk ∈ UNV ′(vj) and vk ∈ N1(vi)
if DN1

D(vk) ∩DE ̸= ϕ or DN1
N (vk) ∩DE ̸= ϕ

Add vk into RE(vj)
Send RE(vj) to vj

Finalizing for each node vi:
If vi receives RE from vj ∈ N1(vi)
Delete all nodes in RE from UNV ′(vi)

end

Hence this phase just checks the connectivity among the nodes in DI , either

locally at each dominating node or by computation on its neighbouring nodes. If it

�nds that UNV ′(vi) = ϕ for all vi ∈ DI , it concludes that the initial dominating set

DI is a CDS. Otherwise, it goes through the next phase, presented below.

4.4.3 CDS Finalization

However, after the veri�cation phase, it may be the case that for some node vi ∈ DI

the UNV ′(vi) ̸= ϕ. In this phase, each such node selects some additional nodes from

N1(vi) as dominating nodes resulting in the �nal dominating set DF which forms

a CDS of the topology graph G(V,E). This problem of �nding additional nodes

at each node vi ∈ DI , is mapped to the classical set cover problem and solved at
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each node using greedy heuristic [68]. The universal set of the set cover problem is

UNV ′(vi). The family of subsets S = {S1, S2, · · · , Sk} is constructed as follows. For

each vj ∈ N1(vi) and vj ̸∈ DI we construct a set Sj = N1(vj)∩UNV ′(vi) and place

Sj in S if Sj ̸= ϕ. The details of the procedure ConnectingDS are given below.

Procedure ConnectingDS
begin
Set DF = DI

Initialization for each node vi:
If vi ∈ DI and UNV ′(vi) ̸= ϕ
foreach vj ∈ N1(vi) and vj ̸∈ DI

If (Sj = N1(vj) ∩ UNV ′(vi)) ̸= ϕ
S = S ∪ Sj

Let C be the solution of the set cover problem
AD = {vj |Sj ∈ C}

First round for each node vi:
If vi ∈ DI and UNV ′(vi) ̸∈ ϕ
Send AD to all nodes in N1(vi)

Finalizing for each node vi:
If AD is received and vi ∈ AD

Mark vi as dominating node (i.e., DF = DF ∪ {vi})
end

Figure 4.5(b) shows the �nal dominating set DF = {a, b, e, f, g, h} generated by

this procedure for the initial dominating set shown in Figure 4.5(a). The dominating

node h is included in the �nal dominating set DF which was missing in the DI as

shown in Figure 4.5(a).

Theorem 4.5 The selected set of nodes, DF , is a connected dominating set of the

topology graph G(V,E).

Proof: It is evident that DF ⊇ DI as DF contains all nodes of DI and may have

some additional nodes selected during the Connecting DS phase of the algorithm.

As DI is a dominating set of G (proved in Lemma 4.4), so DF is also a dominating

set of G. The selection of additional nodes (if required) in connecting phase ensures

that UNV ′(vi) = ϕ for all vi ∈ DI . Setting V ′ = DF and V ′′ = DI in Theorem 4.2

proves that DF is a CDS.

Lemma 4.4 The time and message complexities of the Verify Connectivity and the

Connecting DS procedures together are O(1) and O(n), respectively.
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Proof: The proof comes trivially from the steps of the algorithms. The Verify

Connectivity phase �nishes in two rounds of message passing and in each round

at most one message is sent by any node resulting in at most 2n messages. The

Connecting phase �nishes in one round of message passing and at most one message

is sent by any node in DI resulting in at most n messages.

Theorem 4.6 The CDS construction runs in O(1) time complexity, and O(n) mes-

sage complexity.

Proof: The proof directly follows from Lemmata 4.3 and 4.4.

4.5 Simulation Studies

For performance comparison, both the Wu and Li's algorithm [173] and our algo-

rithm are executed on the same set of graphs. In each case, the size of the CDS

reported by the algorithms are noted, and the average is used to compare the results.

Figure 4.6 shows the variation of the dominating set size with the maximum node
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Figure 4.6: Dominating set size versus max node degree(∆)



66 Ch 4. Fixed Round Connected Dominating Set Construction

degree ∆, keeping network size (n) �xed. It is obvious from Figure 4.6 that our

algorithm outperforms Wu and Li's algorithm [173]. In particular, our algorithm

generates considerably smaller CDS when the network is sparse.

Also, the variation in the dominating set size versus the number of nodes (n)

keeping the maximum node degree �xed is shown in Figure 4.7. We observed that

our algorithm generates less number of dominating nodes for all ∆ values. Also,

the di�erence in the dominating set size continuously increases as n grows. In an

environment with large number of hosts (e.g., conferences, meetings, etc.) in a small

con�ned region, our method chooses a signi�cantly smaller set of dominating nodes

for routing.
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Figure 4.7: Dominating set size versus number of nodes(n)

Summary

We develop an elegant coordinated distributed algorithm based on the unique graph

theoretic properties of dominating set to �nd the connected dominating set in ad

hoc networks. It can be e�ectively used as a routing backbone for the network.
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The proposed strategy of selecting a dominating node is not based on the node's

own local computation only, but based on a coordinated decision of neighbours. This

radically distinct approach with O(1) time complexity and O(m) messege comple-

sity, produces connected dominating sets that are in general smaller than the sets

produced by the algorithms introduced earlier. Based on the simulation study, we

observe that the size of the dominating sets obtained by our proposed algorithm are

always less than that of the algorithm in [173]. It generates considerably smaller

CDS especially for sparse networks where the number of cliques are few.





Chapter 5

Energy E�cient Bluetooth

Scatternet Formation

In a Bluetooth network, the fundamental backbone structure for a group of devices

sharing a common frequency hopping sequence is called a piconet. Each piconet

comprises a master and a few slaves of which only a predetermined constant number

of slaves (κ) can simultaneously remain active, the rest remains idle termed as

parked nodes. A Bluetooth network can be extended by interconnecting the piconets,

using bridge nodes, forming a scatternet. The scatternet formation problem, is to

partition the nodes into several piconets and to select a few nodes as bridges to

realize inter-piconet communications. The primary objective is to make sure that

the resulting scatternet remains connected satisfying all constraints posed by the

Bluetooth speci�cations. Obviously the �nal goal of scatternet design is to o�er

faster intra-piconet and inter-piconet message exchanges.

The Bridge nodes are time-shared between multiple piconets, receiving data from

one piconet and forwarding it to another. A bridge can be a master in one piconet

and a slave in another (termed as M/S bridge) or slaves in both piconets (termed as

S/S bridge) as shown in Figure 5.1. In an M/S bridge, two nodes, normally operating

as slaves in their respective piconets, form a separate temporary piconet from time

to time to relay messages between two piconets. Obviously, switching between

roles and to synchronize with di�erent piconets require more time and complicated

procedures compared to that of S/S bridges. An S/S bridge is a conventional bridge

that is time-shared between the two piconets easily, without a�ecting throughput.

Therefore, in scatternet formation, M/S bridges are generally avoided unless they

become essential for connectivity. Moreover, a bridge should not participate in more

than two or three piconets, as this may reduce the throughput signi�cantly. Since,
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a bridge has to switch between the hopping sequences of the piconets it shares, it is

desirable to have fewer bridges for faster communication.
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Figure 5.1: Bluetooth con�gurations: (a) a piconet, (b) a scatternet with the node
b as S/S bridge and (c) a scatternet with the nodes b and l as M/S bridges

It is equally important that the scatternet should attempt to connect all devices

by using minimum number of piconets, to reduce the probability of frequency over-

lapping between piconets. It has been shown in [110] that the burst failure rate

increases with the number of piconets. It is also necessary to limit the diameter of

the scatternet, so that nodes may communicate with less delay.

It is di�cult to decide the exact metrics that can evaluate the performance of

a scatternet solution. However, minimizing the number of piconets, bridges and

parked nodes, and avoiding M/S bridges, are usually considered good indicators

as mentioned in [95, 110]. A set of Bluetooth devices can be organized into a

scatternet in numerous con�gurations, but it is evident that �nding the optimal one

that optimizes the multiple objectives mentioned here is of exponential complexity.

Chapter Organization

The rest of this chapter is organized as follows. Section 5.1 reviews the related works

on Bluetooth scatternet formation, especially the distributed ones. In Section 5.2,

we discuss the salient features of our study on scatternet formation protocol. Our

energy e�cient scatternet formation protocol is presented in Section 5.4. Five phases

of this protocol and their complexity analysis and completeness proof are discussed

in the �ve subsections of Section 5.4. Simulation results are discussed in Section 5.5.

The chapter concludes with a summary.
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5.1 Background

As the number of Bluetooth devices to be inter-connected increases day by day, re-

searchers put extensive e�ort to develop a good methodology for that. In [116], some

heuristic rules are derived based on experiments to build power-optimal Bluetooth

scatternet. In [28], the power characteristics of the Bluetooth technology are investi-

gated in broader sense, and accurate power consumption measurements for di�erent

Bluetooth operating modes are presented. Finally, it examines the trade-o� be-

tween power consumption and performance for a commercial o�-the-shelf Bluetooth

device.

Some e�cient scatternet formation protocols are presented in [94, 95, 96] for

single-hop topologies. For multi-hop topologies, the scatternet formation protocol

described in [180] requires that the protocol be initiated by a designated node blue-

root and generates a tree-like scatternet. This solution is not truly distributed as

some external agency must decide the blueroot. Also, the tree structure is vulnerable

to faults. Some of the solutions that produce topologies di�erent from a tree are

those presented in [99, 16, 159, 165]. The protocols proposed in [99, 159] require

that each Bluetooth device be accompanied with GPS (Global Positioning System)

capability. The scatternet formation scheme BlueNet proposed in [165], produces

a scatternet whose piconets have a bounded number of slaves, but the connectivity

of the resulting scatternet is not guaranteed. In the scatternet formation scheme,

Con�guring BlueStars, collision arises when two or more would-be masters try to

communicate with a common neighbour. Moreover, it does not attempt to solve

the parking problem of scatternet. Algorithms presented in [1, 140] depend on a

single device to design the scatternet topology and notify other devices. The dis-

tributed tree scatternet formation protocol proposed in [160] results relatively short

scatternet formation latency, but it does not minimize the number of piconets.

The time complexities of all these algorithms are O(λ) where λ is the diameter

of the topology graph. So, in the worst case, the scatternet formation time grows

linearly with the diameter of the topology. Moreover, none of the solutions attempts

to minimize the number of parked nodes in the scatternet. Collision often arises when

two or more would-be masters try to communicate with a common neighbour during

scatternet formation. None of the algorithms has addressed this aspect as well.
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5.2 Our Contributions

We present a distributed Energy-E�cient Scatternet Formation Protocol (EESFP)

that produces a mesh of piconets, instead of a tree of scatternets, o�ering more

robustness. We implement a novel synchronization mechanism during the initial

phase of our protocol that ensures collision-free exchange of messages in the following

phases. This technique assigns dedicated time slots to each link (i.e., speci�c node

pairs) for communication. It allows each node to predict the exact time when

it may need to participate in communication. Thus, it enables nodes to go into

sleep mode during the idle time to save energy signi�cantly. Secondly, we apply

a distributed graph-theoretic degree reduction technique to reduce the degree of

nodes to κ. This attempts to minimize the number of parked slaves in the generated

scatternet making the solution more e�cient. Simulation results show that in most

of cases it can limit the node degree of a master to the desirable value κ thus forming

the scatternet with minimum number of parked nodes.

5.3 Representation of Scatternet

Let us assume that V = {v1, v2, · · · , vn} be a set of n identical Bluetooth devices

forming a connected multi-hop topology in a Bluetooth ad hoc network.

De�nition 5.1 A scatternet, for a topology graph G(V,E), can be represented as a

connected graph SG(V,R,E′), where each device vi ∈ V is assigned a role ri ∈ R,

where R = {master , bridge , slave}, and E′ ⊆ E such that (vi, vj) ∈ E′ if (vi, vj) ∈

E and if ri = master and rj ∈ {slave, bridge}, or vice-versa (i.e., rj = master and

ri ∈ {slave, bridge}).

Example 5.1 Figure 5.2(a) shows a topology graph with 15 nodes. Assuming κ = 4,

Figure 5.2(b) shows a scatternet graph SG satisfying all the constraints. Note that

the degree of each node in SG is ≤ κ.

5.4 Energy-E�cient Scatternet Formation Protocol

Given a collection of Bluetooth devices, to design an e�cient scatternet to o�er

quality communication backbone, the proposed scheme EESFP (energy e�cient
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Figure 5.2: (a) A topology graph G and (b) corresponding scatternet graph SG

scatternet formation protocol) de�nes a sequence of �ve phases to be executed on

each individual node in a distributed fashion. According to the basic Bluetooth

speci�cation, for any message exchange the transmitter and the receiver has to re-

main in the busy waiting state for synchronization. It consumes signi�cant amount

of energy as well as time. To avoid it, over and above the partial synchronization

at the boundaries of the phases, this protocol imposes a slot-based synchronization,

compatible with the original Bluetooth speci�cation, during neighbourhood discov-

ery phase. It makes the protocol highly energy-e�cient. The consecutive phases are

given below:

• Neighbourhood Discovery

• Adjacency List Exchange

• Degree Reduction

• Role Estimation

• Role Assignment

The following subsections describe the phases in detail.

5.4.1 Neighbourhood Discovery

Each Bluetooth device �rst discovers its neighbours for a prede�ned time T , referred

here as the discovery time, as has been done in [140]. In EESFP, a synchroniza-

tion technique is implemented within this phase. The communicating node pairs

exchange their ID's and some additional synchronization information in the form of
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sync bit vector. It helps to ensure collision-free message exchange in the following

phases.

Each device vi maintains a sync bit vector SB
i (k), and a sync node vector SN

i (k),

where 1 ≤ k ≤ 2(∆−1), ∆ is the maximum number of devices that can be discovered

by any node within time T , as explained later in Lemma 5.1. Initially, for any device

vi, S
B
i (k) = SN

i (k) = 0, 1 ≤ k ≤ 2(∆ − 1). Whenever vi discovers an adjacent

device vj , S
B
i and SB

j are exchanged. Each device then �nds the minimum index

f , where SB
i (f) = SB

j (f) = 0. Both vi and vj update their sync bit vectors as

SB
i (f) = SB

j (f) = 1, respectively, and set their own sync node vector SN
i (f) = j,

and SN
j (f) = i, respectively.

Once the discovery time T is over, whenever nodes vi and vj require to exchange

messages, they will form a temporary piconet in synchronized ways, during the f -

th slot. Checking the entry SN
i (f) (SN

j (f)), the node with higher ID will decide

to be the master, ensuring that when any node vi wants to communicate with an

adjacent node vj , if vi is ready for transmission, it is guaranteed that vj is ready

for listening. No other neighbour of the two will interfere during this slot. For any

node vi, during a time slot x, if SB
i (x) = 1, vi should remain active in transmission

or receiving. Whereas, if SB
i (x) = 0, vi may remain in the sleep mode. This leads

to the development of an energy-e�cient collision-free protocol for message transfer

among the devices, enabling the nodes to conserve signi�cant amount of energy.

Example 5.2 Let us consider the nodes b and o of the topology graph shown in

Figure 5.3. At any instant of the neighbourhood discovery phase, let us assume that

nodes b and o have already discovered their neighbours {c, a, m} and {c, g, n}

respectively. Now the nodes b and o are in the process of discovering each other.
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Figure 5.3: Topology graph before discovery of edge (b, o)
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Figure 5.4: The sync vectors at nodes b and o during discovery

Figure 5.4 shows a possible snapshot of SB and SN vectors in the two nodes before

and after the discovery.

Here follows the algorithm for the neighbourhood discovery phase that is to be

executed in each node vi.

Procedure NeighbourDiscovery
begin
Initialization for each node vi:
N(i) = ϕ.
SB
i [1 · · · (2∆− 1)] = 0 and SN

i [1 · · · (2∆− 1)] = 0.
Tdisc = predetermined time interval.

Computations at each node vi until Tdisc = 0:
If rand(0, 1) < 0.5
INQUIRY(). // BT protocol

Else
INQUIRYSCAN(). // BT protocol

If vi sends/receives packet to/from a new node vj
If vi is in INQUIRY mode

Master = vi and Slave = vj .
Else

Master = vj and Slave = vi.
N(i) = N(i) ∪ {vj}.
ESTABLISHLINK(Master, Slave). // BT protocol
Exchange IDs, and sync bit vectors SB

i , S
B
j .

For f = 0 to (2∆− 1)
If SB

i (f) = SB
j (f) = 0

SB
i (f) = 1, SN

i (f) = j and break.
end
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Lemma 5.1 For a given discovery time T , if ∆ be the maximum number of nodes

that can be discovered by any node, (2∆− 1) slots are su�cient to ensure synchro-

nized communication between any pair of adjacent nodes in the process of scatternet

formation.

Proof: Let vi and vj be two Bluetooth nodes such that dist(vi, vj) ≤ Rmax, the

maximum range of the devices and vi has just discovered node vj or vice versa. If

it is assumed that vi (also vj) have already discovered (∆ − 1) other neighbouring

devices, then, (∆ − 1) entries are already �lled in SB
i and SB

j , respectively. In the

worst case, all these 2(∆− 1) entries may be disjoint. Therefore, to �nd a common

free slot, vi and vj need at least one more place in their respective SB's. It proves

that (2∆ − 1) slots are su�cient to assign slots to every individual neighbour of a

node for synchronization.

In the following phases, it will be assumed that time is divided into cycles, each

with (2∆ − 1) slots, where each pair of adjacent nodes is assigned a given slot of

the cycle for communication. Whenever required, a pair of adjacent nodes vi and

vj exchange messages msgi and msgj by forming a temporary piconet, as described

in BTInfoExchange procedure, in the assigned time slot. Successful completion of

BTInfoExchange procedure results in delivering msgi and msgj to vj and vi respec-

tively. Here, the ESTABLISHLINK is the procedure to establish a communication

session between a master and a slave following the Bluetooth speci�cations. Pro-

cedure Info-Exchange described below runs on every Bluetooth device vi in every

time slot until the scatternet formation is over.

Procedure BTInfoExchange(slotid, msgi, msgj)
begin

vj = SN
i (slotid).

If vj = 0 sleep.
Elseif vi > vj // vi the initiator

Master = vi, Slave = vj .
Else // vj the initiator

Master = vj , Slave = vi.
ESTABLISHLINK(Master, Slave).
Send msgi to vj
Receive msgj from vj

end
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5.4.2 Adjacency List Exchange

Once the Neighbourhood discovery phase is over, each node vi acquires a list of its

neighbours within its range. Next, every pair of adjacent devices vi and vj exchange

their list of neighbours, by forming a temporary piconet in the synchronized time

slot. Procedure Info-Exchange described below runs on every Bluetooth device vi.

It is evident that at the end of this phase, every node vi knows its neighbours within

2-hop distance.

Procedure AdjacencyListExchange
begin
First round for each node vi
For k = 1 to (2∆− 1)
BTInfoExchange(k, N1(vi), msgj)

end

5.4.3 Degree Reduction

If a node discovers di adjacent neighbours, and di > κ, it is referred to as a congested

node. We apply degree reduction technique on the congested nodes to release the

excess adjacent nodes. This helps to minimize the number of park nodes maintaining

connectivity of the graph. The degree reduction procedure starts by �nding 3-cycles

and 4-cycles around the congested node. In a cycle, the device with minimum ID is

considered to be the leader. A congested node vi attempts to �nd at most (di − κ)

such cycles where, either vi is the leader or its adjacent node vj is the leader. For

each such cycle, it attempts to delete a link to one of its neighbours maintaining its

connectivity through other neighbours.

For a consensus on deleting links, the leader tries to eliminate just a single edge

from every cycle. For those cycles, where vi is the leader, it deletes an edge (vi,vj) of

the cycle where vj has the maximum degree among its neighbours in the cycle under

consideration. Node vi also informs vj about such deletion by forming a temporary

piconet. For those cycles, where vj , a neighbour of vi, is the leader, vi requests vj to

delete the edge (vi, vj) and vj permits it if and only if vj is not loosing connectivity

with vi by that. The procedure is repeated for each cycle.

At the start of this phase, each congested node starts �nding cycles, and rest of

the nodes may remain in sleep mode. Let tdr be the total time required to complete
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this procedure. At the end of this period, rest of the nodes will also wake up and

exchange information to update their neighbourhood lists before they start the next

phase. Here follows the algorithm for degree reduction phase to be executed in each

congested node.

Procedure DegreeReduction
begin
Computation at each congested node vi (i.e., di ≥ κ)
// Identify 3-cycles and 4-cycles
C = ϕ // the set of cycles
For two nodes vi1 and vi2 in N1(vi)
If vi ∈ N1(vi2)

C = C ∪ {vi, vi1, vi2}.
Elseif vi3 ∈ (N1(vi1) ∩N1(vi2)) and ∃k, such that

ID(vi3) > ID(vk), k = i, i1, i2,
C = C ∪ {vi, vi1, vi2, vi3}.

// Put deletion marker in each cycle
D[1 · · · (2∆− 1)] = 0
For each cycle Cj ∈ C
If vi is the minimum of all nodes in Cj

If di1 ≥ di2
Find f such that SN

i (f) = vi1 .
Di(f) = 1. // mark for deletion

Else
Find f such that SN

i (f) = vi2 if Cj is a 3-cycle
or, �nd f such that SN

i (f) = vi3 if Cj is a 4-cycle.
Di(f) = 1.

Else Let vi1 the leader
Find f such that SN

i (f) = vi1 .
Di(f) = 1.

First round
For k = 1 to (2∆− 1)
If D(k) = 1

msgi = to delete edge (vi, S
N
i (k))

BTInfoExchange(k, msgi, msgj)
Else
BTInfoExchange(k, NULL, msgj)
If vj ∈ msgj wants to delete link (vj , vi)
It is allowed if link (vi, vj2) exists.

Second round
AdjacencyListExchange

end

Example 5.3 Figure 5.5(a) shows a topology having two congested nodes d and g,

assuming κ = 4. In degree reduction phase, as explained above, node d �nds out a
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4-cycle (d-e-g-i-d), where node d is the leader (with minimum ID), breaks this cycle

by deleting edge (d,e). Node g detects the 3-cycle (g-f -h-g), where its neighbour

node f is the leader, which deletes the edge (f, g). Finally, in the resulting graph all

nodes are of degree ≤ κ.
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Figure 5.5: Degree Reduction in a topology with κ = 4: (a) the original topology
and (b) the reduced topology

5.4.4 Role Estimation

Once the degree reduction phase is over, every node vi attempts to estimate its

role from the set R = {master, bridge, slave}. Firstly, based on the neighbourhood

information, each node vi estimates the largest scatternet that could be formed if it

acts as a bridge and a pair of its neighbours, say vi1 and vi2, act as masters. Also,

the size of the largest cover corresponding to these roles is stored in vi. It indicates

the con�dence level wi with which the node vi can assume the role of a bridge. Later

these con�dence levels are exchanged among the neighbours.

Based on the received role estimation information RI from each neighbour vj ,

every node vi checks if its own con�dence level wi ≥ wj . If it is greater, vi selects

itself as a candidate bridge node. Otherwise, one of its neighbours vj with the highest

wj (i.e., wj > wk, ∀vk ∈ N1(vi)) is selected as a candidate bridge node. Let B′ be

the set of nodes selected as candidate bridge nodes.

Theorem 5.1 The set of nodes B′ of candidate bridges forms a dominating set of

the topology G(V,E).

Proof: The proof directly follows from Theorem 4.4.
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Procedure RoleEstimation
begin
Computation at each node vi
For j = 1 to (di − 1)
For k = j + 1 to (di − 1)

wjk = |N(ij) ∪N(ik)|
Let wi = maximum wjk

Let (vi1, vi2) are the corresponding masters for wi

RI = (wi, vi1, vi2).

First round at each node vi
For k = 1 to (2∆− 1)
Info-Exchange(k, RI, msgj)

Second round at each node vi
Let wj = maximum among all the received wl

For k = 1 to (2∆− 1)
If SN

i (k) = l
msgi =recommend vj as candidate bridge.

Else
msgi = NULL

Info-Exchange(k, msgi, msgj)
else
Info-Exchange(k, NULL, msgj)

Third round for each node vi
If vi is a recommended candidate bridge
Recommend vi1 and vi2 in RI as candidate masters

end

Example 5.4 Table 5.1 shows the computed value of RI = (wi,Mi1,Mi2) at each

node for the topology of Figure 5.2(a). From this table it is evident that when node

a becomes a bridge and its two neighbours b and c act as masters, at most four other

nodes (namely, d, e, m and o) will be covered by them. Similarly, node b �nds that

when it becomes a bridge and two of its neighbours c and m act as masters, six other

nodes are covered by them. This is the largest subset that can be covered by node b

with two adjacent masters.

5.4.5 Role Assignment

The role assignment procedure starts with a set of candidate bridges B′ selected

in the previous phase. From Theorem 5.1, with B′ as a dominating set, each

node vi ∈ B′ �rst computes the set of unreachable neighbours UNB′(vi) as de-

�ned in Section 4.3. Each node vi ∈ B′ generates a set cover problem similar
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Node wi Mi1 Mi2 Candidate bridge
a 4 b c
b 6 c m Yes
c 5 b e Yes
d 4 c e
e 4 c f
f 4 e g
g 5 h o Yes
h 5 g n Yes
i 4 h k
j 3 i k
k 5 i n Yes
l 5 k n
m 6 b n
n 7 k o Yes
o 8 c n Yes

Table 5.1: Role estimation for the topology of Figure 5.2(a)

to that in Section 4.4.3 with the universal set UNB′(vi). The family of subsets

S = {S1, S2, · · · , Sk} is constructed as follows. For each vj ∈ N1(vi) and vj ̸∈ B′

we construct a set Sj = N1(vj) ∩ UNB′(vi) and place Sj in S if Sj ̸= ϕ. The set

cover problem is solved at each node vi ∈ B′ using greedy heuristic [68]. Let CSC
be the solution of the set cover problem at node vi and let Ai = {vj |Sj ∈ CSC}. If

vi has already assumed the role of a candidate bridge (in the previous phase) then

the nodes in Ai will assume the roles of candidate masters and vice-versa. Let M ′

be the set of all the nodes selected as candidate masters and SMB = B′ ∪M ′.

In the �rst step, each candidate master assumes the role of master and instructs

all its neighbouring candidate bridges to assume the role of bridge. The master also

selects remaining neighbouring nodes as slaves.

In the second step, if the roles of two neighbouring nodes vi and vj (where,

ID(vi) < ID(vj)) are bridges (or masters) and there is no common master (or

bridge), then vi �nds a node vk in N1(vi) ∩ N1(vj) whose role is still unassigned.

If such a node vk exists then vi informs vk to become a master (or bridge) if vi is a

bridge (or master). Otherwise, vi and vj form a M/S bridge pair.

In the last step, a node whose role is still unassigned decides to act as a master.

It must have at least one neighbour as a bridge node (otherwise, it would have

already been assigned a role) and it gets connected to the neighbouring bridges.

Here follows the algorithm for role assignment phase.
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Procedure RoleAssignment
begin
Computation at each candidate bridge vi
If UND(vi) ̸= ϕ
foreach vj ∈ N1(vi) and vj ̸∈ DI

If (Sj = N1(vj) ∩ UND(vi)) ̸= ϕ
S = S ∪ Sj

Let C be the solution of the set cover problem
Ai = {vj |Sj ∈ C}

Let M =
∪

vj∈B′(Aj)

Step 1.
If vi ∈ M

role(vi) = master
For all vj ∈ N(i) and role(vj) = NULL

role(vj) = slave.
If role(vi) = NULL and vi ̸∈ M

role(vi) = bridge

Step 2.
For each candidate bridge bi with masters (Mi1, Mi2)
If role(vi) = role(vj) = bridge and vj ∈ N1(vi)
If vk ̸ ∃(N1(vi) ∩N1(vj)) such that vk ∈ M
If vk∃(N1(vi) ∩N1(vj)) such that role(vk) = NULL

role(vk) = master
else

role(vi) = role(vj) = M/Sbridge

Step 3.
If role(vi) = NULL

role(vi) = master.
For all vj ∈ N1(vi) ∩B′

vi gets connected with the bridge vj .
end
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Figure 5.6: Scatternet formed by EESFP protocol
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Theorem 5.2 For a topology graph G(V,E), the procedure RoleAssignment gener-

ates a scatternet.

Proof: It follows directly from Theorem 4.5 that the set SMB = B′ ∪ M ′ is

a connected dominating set of the underlying topology G(V,E). So, SMB induces

a connected subgraph in G. Let G′(SMB, E
′) be the induced connected subgraph.

Let SG(SMB, E
′′) be the scatternet graph formed by the nodes in SMB. We will

�rst prove that SG(SMB, E
′′) is a scatternet of the subgraph G′(SMB, E

′).

It is to be noted that E′′ ⊆ E′, as there is no edge between two adjacent S/S

bridges in SG, but this edge is present in G′. Also, according to Bluetooth speci�-

cation two M/S bridges are connected in a scatternet. We now just need to prove

that for two S/S bridges vi and vj in SMB if (vi, vj) ∈ E′ then there exists a path

between vi and vj in SG (i.e., although vi and vj are not adjacent in SG but they

are still connected in SG). Step 2 of RoleAssignment procedure guarantees that

no two neighbouring nodes are selected as S/S bridges unless they have common

master. When there is a common master between vi and vj , they are connected via

the common master. This proves that SG forms a scatternet for G′.

Step 3 of RoleAssignment procedure ensures that each node gets a role. However,

SMB being a dominating set of G, the newly assigned nodes in Step 3 must have

at least one neighbour in SMB which must be a bridge node. So, all the newly

assigned nodes are connected to the scatternet SG(SMB, E
′′). Let M ′′ denotes the

nodes selected in Step 3.

The nodes in the set V − (SMB ∪ M ′′) are slaves and obviously are connected

to their respective masters. So, they are also connected to all nodes in SMB. This

proves that each node vi ∈ V is connected to all other nodes in V in the scatternet.

5.5 Simulation Studies

Simulation studies have been done on the same environment as presented in Chap-

ter 2. The algorithm in [16] and the EESFP protocol are executed on the same set of
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Figure 5.7: Variation of number of bridges with total number of nodes

graphs and the average number of masters, bridges and slaves are used to compare

the performances of the two.
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Figure 5.8: Variation of number of masters with total number of nodes

Figure 5.7 shows that for a given number of nodes n, the EESFP protocol forms

scatternet with signi�cantly fewer bridges nb compared to that of [16]. Moreover,

in [16], nb includes both types of bridges (S/S and M/S) whereas EESFP protocol

forms the scatternet using only S/S bridges making the scatternet more e�cient

for communication. Figure 5.8 shows that the number of masters is marginally

greater at high values of n in the EESFP protocol. This rise in number of piconets,
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Figure 5.9: Variation of total number of masters and bridges with number of nodes
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Figure 5.10: Variation of sleep time with number of nodes

in the EESFP protocol, is due to the fact that more number of nodes are active

rather than being parked. But the total number of masters and bridges as shown

in Figure 5.9 is signi�cantly less than that of [16]. Finally, Figure 5.10 depicts the

average sleep time for the nodes represented as a fraction of total computing time.

It shows signi�cant energy savings (≈ 54 − 64%) on an average depending on the

total number of nodes with ∆ as a parameter.
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Summary

All the scatternet formation algorithms proposed so far employed the basic Blue-

tooth speci�cation by which for any message exchange the transmitter and the

receiver has to spend a signi�cant amount of time in busy waiting state for syn-

chronization. The novelty of the proposed EESFP protocol is that it imposes a

synchronization, compatible with the original Bluetooth speci�cation, for all possi-

ble pairs of adjacent nodes during neighbourhood discovery phase eliminating the

busy waiting state totally in the following phases. Thus, it enables the nodes to

remain in the sleep mode during the idle cycles, conserving appreciable amount of

energy. Moreover, simulation results show that in terms of number of bridges, types

of bridges and total number of masters and bridges, the EESFP protocol outper-

forms the protocol proposed in [16]. Therefore, given any arbitrary distribution of

Bluetooth devices, the proposed protocol enables us to con�gure a scatternet in a

more energy-e�cient way that is expected to o�er an e�cient backbone for quality

communication.



Chapter 6

Power Aware Node Based

Topology Control

It has been mentioned earlier that each node in an ad hoc network can potentially

change the network topology by adjusting its transmission power in a coordinated

way. The goal of topology control is to con�gure the network in an e�cient way

to achieve a network wide perspective like connectivity, coverage, or energy-e�cient

communication. Reducing transmission power at nodes not only saves its energy,

but also helps in reducing interference e�ect that in turn improves network capacity

and overall throughput.

The power control schemes can be either link-based or node-based. In link-based

power control (LBPC), before each transmission, a node adjusts its power level to

be just su�cient to communicate along the speci�c link. As has been explained

in Section 1.2.4, link-based power control is, in general, not feasible in mobile ad

hoc networks as it demands much communication overhead for link maintenance.

In node-based power control (NBPC), each node vi decides a �xed transmission

power πi ≤ Pmax, same for all its links that maintains its connectivity with the rest

of the network, but at the same time helps to reduce the total power required for

communication. Since transmission power of a node need not be adjusted before

each communication, except in case of topology changes, its overhead is much lower

compared to that of LBPC.

For ad hoc networks with static nodes, complex algorithms can be applied to

optimize the node powers e�ciently since computation is to be done only during

initialization, or in case of failures. Whereas for networks with mobile nodes, the

primary objective is fast computation of node powers whenever topology changes,

even at the expense of the optimality of solution. With this fact in mind, two

distributed algorithms have been presented in this paper for NBPC to build up
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a network topology to support energy e�cient communication, the �rst one is for

lifetime-critical networks suitable with nodes having less mobility, and the second

one is for mobile ad hoc networks where the topology changes frequently due to

node mobility.

Chapter Organization

The rest of this chapter is organized as follows. In Section 6.1, we present some of

the previous works on power aware topology control, more speci�cally on the node

based power control. In Section 6.2, we discuss the distinct features of our study

on NBPC. Our algorithms are presented in Section 6.3. We discuss two NBPC

algorithms including their complexity analysis in two subsections of Section 6.3.

Simulation results are discussed in Section 6.4.

6.1 Background

Extensive research has been done so far on topology control for wireless ad hoc

networks [32, 125, 142, 144]. In case of homogeneous node-based power control

(NBPC), where all nodes use same power, a primary area of research is to �nd the

minimum value of the critical range that guarantees certain network properties like

connectivity, coverage, energy consumption, or network capacity [114, 142, 143].

With nonhomogeneous NBPC, an important research issue is to compute a set

of transmitting range assignments that generates an energy e�cient communication

graph for broadcast or multicast [171, 164].

All these topology optimization problems attempt to achieve an optimal network

topology taking granted that all the information regarding node positions is available

at a central node for computation. However, it is not at all a practical approach for

mobile ad hoc nodes. Several algorithms, on NBPC, focused on establishing routes

and maintaining these routes under frequent and unpredictable topology changes

have been reported so far [12, 26, 48]. A 2-approximation distributed algorithm

is presented in [100]. A topology control algorithm using heuristics based on a

Delauney triangulation of graph is presented in [76]. A centralized spanning tree

algorithm for achieving connected and bi-connected static networks, while minimiz-

ing the maximum transmission power, is presented in [132]. The distributed algo-
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rithms, based on these heuristics, however, do not always guarantee connectivity. A

distributed position-based topology control algorithm that preserves connectivity, is

proposed in [137]. An improved algorithm is presented in [98].

The best approach of topology control for ad hoc networks is that which uses the

minimum amount of information in nodes for the computation, namely, the identity

of its neighbours, and possibly some ordering of them based on distance, or link

quality, etc. [22, 169]. In fact, this is the minimum amount of information needed

by the nodes to con�gure the topology.

6.2 Our Contributions

Our goal is to con�gure the network topology in a localized fashion for implementing

energy e�cient routing with minimum information of neighbour identities and the

power demands of links at each node. We develop two greedy distributed NBPC al-

gorithms to cope up with two di�erent situations, one for lifetime-critical networks

with nodes having less mobility, and the other for networks with mobility-prone

nodes. The �rst algorithm, namely, the Incremental Spanning Graph (ISG) forma-

tion, is based on the idea of minimum spanning tree (MST) computation. It takes

O(n) rounds and results better optimization in terms of node power levels. The

lower transmission power of nodes makes it suitable for lifespan-critical networks.

But O(n) time complexity limits its application to highly mobile ad hoc networks

where topology changes frequently. So, we propose the second algorithm, namely,

the Localized Neighbour Prunning (LNP) algorithm. It is based on the neighbour

pruning scheme that completes transmission power assignment in two rounds only,

i.e., with O(1) time complexity. Though in terms of node power levels, the �rst

algorithm performs better, the second one with less computational complexity can

easily adapt to the topology changes, and hence is more suitable for mobile net-

works. Simulation studies have been done to compare the performances of the

proposed schemes with earlier works.

6.3 Proposed Algorithms for NBPC

The NBPC problem is mapped to the problem of �nding a power assignment vector

Π = {πi | 0 < πi ≤ P, ∀ vi ∈ V } where πi is the �xed transmission power assigned to
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node vi such that it maintains the connectivity among the nodes as well as conserves

power in communicating among nodes for the underlying weighted topology graph

G(V,E,W ). It is obvious that the power assignment Π will remove some edges as

well as will change the weights wij ∈ W of G(V,E,W ). These modi�cations are

captured with a new graph, namely, the power graph, de�ned below.

De�nition 6.1 The power assignment vector Π for a weighted topology graph G(V,E,W )

transforms it to a power graph GΠ(V,E
′) where E′ ⊆ E such that an edge (vi, vj) ∈ E

is also in E′ if min{πi, πj} ≥ wij, and each edge (vi, vj) is associated with trans-

mission cost w′
ij = πi.
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Figure 6.1: (a) A weighted topology graph G(V,E,W ) and (b) a power graph
GΠ(V,E

′)

Example 6.1 Let Π = {17, 20, 20, 29, 18, 29, 29} be a power assignment vector for

the nodes in the weighted topology graph of Figure 6.1(a). Figure 6.1(b) shows the

corresponding power graph GΠ(V,E
′). In Figure 6.1(b) each node vi is labeled with

πi. However, the edge weights w
′
ij are not shown in the �gure for clarity. Note that,

the edge (a, b) ̸∈ E′ as πa = 17 and πb = 20 but wab = 36. Also, the edge (e, f) ∈ E′

as πe = 18 and πf = 29 and wef = 16. But after power assignment on nodes the

changed weights on links may be di�erent in two directions. Here, w′
ef = 18 whereas

w′
fe = 29 depending on the power level of the corresponding source node.
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It is to be noted that in the power graph GΠ(V,E
′), all the links are bidirectional,

i.e. if (vi, vj) ∈ E′, (vj , vi) ∈ E′, but if πi ̸= πj , then the weights in two directions

are di�erent.

In general, for ad hoc networks the nodes are assumed to be fairly mobile and the

topology changes frequently. However, in some situations like sensor networks, after

deployment the nodes become almost stationary. To cope up with these two di�erent

mobility scenarios two di�erent distributed techniques, based on two methodologies,

namely, the minimum spanning tree (MST) construction (subsection 6.3.1) and the

neighbour pruning procedure (subsection 6.3.2), have been presented in the following

subsections.

6.3.1 Incremental Spanning Graph Algorithm

We adopt the well-known distributed MST construction algorithm ([62, 63]) with a

modi�cation where the selection of edges is based on a dynamically computed weight

parameter de�ned below. The resulting graph is de�ned as incremental spanning

graph (ISG).

The algorithm starts with each vertex vi as a distinct component Ti with power

assignment πi = 0. For each edge (vi, vj) ∈ E of the weighted topology graph

G(V,E,W ), a weight parameter wTot
ij = (wij + wji) − (πi + πj) is de�ned. There

is a designated node in every component called the leader. In each round, with the

help of other nodes, each leader of a component �nds the edge having minimum

value of wTot
ij connecting its component to another component in the topology. The

components are joined by the selected edge forming a larger component. Joining

components in this way helps to minimize the incremental change in power level in

each node in a greedy way, to achieve connectivity. Let two components Ti and Tj

be joined by an edge (va, vb) where va ∈ Ti and vb ∈ Tj . To support this edge the

power levels of nodes va and vb are updated to πa = wab and πb = wba, respectively.

Also, node va updates weight parameter wTot
ak for all its neighbours vk outside the

new component.

This process of edge selection and component merging continues until a single

component is formed containing all n vertices of V . The detailed procedures of com-

ponent merging and leader selection, along with their time and message complexities

can be found in [62, 63].
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A formal representation of the algorithm is given below.

Procedure ISG
begin
Initialization for each node vi:

Ti = {vi} and πi = 0
For each edge (vi, vk)
Set wTot

ik = (wak + wka)

In each round for each component Ti:
Find edge (va, vb) where va ∈ Ti, vb ∈ Tj , i ̸= j s.t. wTot

ab is minimum
Merge two components, Ti = Ti ∪ Tj and elect the leader
If wab > πa then πa = wab

If wba > πb then πb = wba

For each edge (va, vk) where vk ∈ Tq and q ̸= i
get updated value of πk from vk
wTot

ak = maximum {(wak + wka)− (πa + πk), 0}
If wTot

ak = 0
Merge components: Ti = Ti ∪ Tq

end
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Figure 6.2: (a) Weighted topology graph, (b) initial stage of ISG (c) ISG after round
1, and (d) �nal power assignment
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Example 6.2 Figure 6.2(a) shows a weighted topology graph G(V,E,W ). Fig-

ure 6.2(b) shows the same graph after initialization, where label [πi] denotes the

power level of node vi and the label wTot
ij denotes the weight of edge (vi, vj). Fig-

ure 6.2(c) shows the modi�ed values of Π and wTot
ij after round 1 of ISG formation.

In Figure 6.2(c) the dotted lines and the solid lines represent the intra-component

and inter-component edges, respectively. The �nal ISG is shown in Figure 6.2(d).
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Figure 6.3: MST and its power assignment derived by [85]

Example 6.3 Corresponding to G(V,E,W ) shown in Figure 6.2(a), the ISG gen-

erated by the Procedure ISG and the MST derived by [85] are shown in Figure 6.2(d)

and Figure 6.3 respectively. Note that for MST, Power Sum SΠ = 56 which has been

improved in ISG as SΠ = 53.

Remark 6.1 The time complexity and the message complexity of the proposed algo-

rithm are the same as those of the distributed MST algorithms. Using the technique

suggested in [62], it requires O(n) rounds of time and O(n log n) message commu-

nication.

6.3.2 Localized Neighbour Pruning Algorithm

Each node vs �rst executes the basic edge relaxation operation (as in Dijkstra's

shortest path algorithm) [47] on its 2-hop partial graph PG2(vs), for the underlying

weighted topology graph G(V,E,W ). It removes those edges from the graph which

are not part of a minimum cost path for any pair of nodes. Here, each node vs

maintains two sets of vertices S and Q. Set S contains all nodes for which minimum

cost paths from vs are already known and set Q contains all other nodes of PG2(vs).
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It initializes c[vs] = 0 and c[vi] = ∞, ∀vi ∈ PG2(vs), i ̸= s, where c[vi] is the cost

of the path from vs to vi. Set S is initially empty, and in each step the node with

minimum value of c[vi] is moved from Q to S. c[vj ], vj ∈ Q, ∀vj ∈ N1(vi), is updated

to (c[vj ] +wij) if it is less than the existing value of c[vj ]. When the set Q becomes

empty, each c[vi] denotes the least cost of the path from vs to vi within PG2(vs).

Once this preprocessing is over, node vs removes unnecessary edges in the fol-

lowing two passes and assigns its node power. In the �rst pass, all edges (vs, vi) for

which wsi > c[vi] are removed. In the next pass, an edge (vs, vi) from the modi�ed

PG2(vs) is deleted by node vs, if and only if there exist two edges (vs, vk) and (vk, vi)

each of whose weight wsk and wki are less than wsi.
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Figure 6.4: (a) PG2(e) for weighted topology graph of Figure 6.1(a), and (b)
PG2(E) after assigning c[vi] to nodes

Example 6.4 For the weighted topology graph G(V,E,W ) shown in Figure 6.1(a),

the 2-hop partial graph of node e, PG2(e) is shown in Figure 6.4(a). The initial

and �nal values of c[vi] are shown as labels (c[vi]) to each node vi in Figure 6.4(a)

and 6.4(b), respectively. Figure 6.5 explains the neighbour pruning in pass 1 and 2

respectively of LNP procedure. In Figure 6.5(b) and (c), the label [πi] to each node

vi represents node power level after pass 1 and pass 2 of pruning respectively.
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Figure 6.5: Weighted topology graph and power assignment after (a) neighbour
pruning, (b) the 1st pass of LNP, and (c) the 2nd pass of LNP

Procedure LNP(vs)
begin
for each vertex vi in graph PG2(V,E) // Initialization

c[vi] = ∞;
c[vs] = 0; S = ϕ; Q = V
while Q ̸= ϕ // Assigning minimum cost to vertices
Find node vi such that c[vi] is minimum ∀vi ∈ Q
S = S ∪ {vi}
for each edge (vi, vj)
if c[vj ] ≥ c[vi] + wij

c[vj ] = c[vi] + wij

for each vi ∈ N1(vs) if c[vi] < wsi // Pass 1 Neighbour pruning
Delete the edge (vs, vi).

for each edge (vs, vi) in modi�ed PG2(vs) // Pass 2 Neighbour pruning
if ∃(vs, vk) in modi�ed PG2(vs) s.t., wsk < wsi and wki < wsi

Delete edge (vi, vj)
// Transmission power assignment
P (vs) =max{wsi}, ∀vi s.t., edge (vi, vj) exists in modi�ed PG2(vs)
Inform neighbours about P (vs) and modify 1-hop neighbour set N1(vs)
end

Remark 6.2 The LNP procedure at each node vi takes O((|E′|+ |V ′|) log |V ′|) time

for internal computation where, |V ′| and |E′| are the number of vertices and edges

in PG2(vi). This procedure requires one round to know PG2(vs) and one round

to broadcast its power assignment and the modi�ed 1-hop neighbour set. Message

complexity is 2|E|, |E| is the total number of edges.
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6.4 Simulation Studies

To compare the performances of di�erent power assignment techniques following

NBPC, several metrics have been studied so far in the literature.

6.4.1 Performance Metrics

In our simulation study, the following metrics have been considered for performance

evaluation.

De�nition 6.2 Given a weighted topology graph G(V,E,W ), the shortest-path-power

for any two nodes vi and vj, SPP (vi, vj) is de�ned as the sum of weights on the

edges along the shortest path from vi to vj.

De�nition 6.3 Given a weighted topology graph G(V,E,W ), the all-pair-shortest-

path-power APSPP is de�ned as: APSPP =
∑

SPP (vi, vj), ∀vi, vj ∈ V .

If it is assumed that for message transmission, all source destination pairs occur

with equal probability, and routes in general follow the shortest paths, APSPP

can be considered as a good measure of the total transmission power required for

communication in a round if link-based power control is implemented. However,

as it is mentioned earlier, link based power control is not feasible as it needs high

overhead in terms of additional communications as well as increased complexity in

ad hoc nodes.

For comparison, we introduce some new parameters for networks with a power

assignment vector Π.

De�nition 6.4 For a power assignment Π of n nodes of a topology graph G(V,E),

the Power Sum, i.e., the sum of power levels of all nodes is represented by SΠ =

Σn
i πi.

The power sum SΠ is a measure of total power requirement in case of �ooding

that is an essential mode of communication for topology discovery or route discovery

in ad hoc networks.

De�nition 6.5 Given a power graph GΠ(V,E
′), the shortest-path-power for any

two nodes vi and vj, SPPΠ(vi, vj) is de�ned as the sum of transmission costs on the

edges along the shortest path from vi to vj.
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De�nition 6.6 Given a power graph GΠ(V,E
′), the all-pair-shortest-path-power

APSPPΠ is de�ned as: APSPPΠ =
∑

SPPΠ(vi, vj), ∀vi, vj ∈ V .

For performance evaluation, a set of performance metrics, namely the power

sum SΠ, the all-pair shortest path power APSPP , which are already de�ned in

section 2.2, and the average hop count H have been considered, and compared with

the parameters for link-based power control technique that imposes a lower bound

on APSPP , and also with the parameters corresponding to the Common-Power

algorithm (COMPOW) presented in [114] which gives an upper bound on it.

The COMPOW algorithm assigns a common power level to all nodes, which is

the minimum one required to keep the graph G connected. A routing table RTPi

for each admissible power level Pi is constructed by sending and receiving hello

messages at the power level Pi. Thus, the number of entries in RTPi (those nodes

reachable within a �nite number of hops) gives the number of reachable nodes with

power Pi. The optimum power Pi selected for the node vi is the smallest power level

whose routing table has the same number of entries as that of the routing table at

maximum power P . However, the distributed spanning tree construction procedure

can also be used to �nd the minimum common power.

6.4.2 Results

 0.82

 0.84

 0.86

 0.88

 0.9

 0.92

 0.94

 0.96

 0.98

 1

 20  30  40  50  60  70  80  90  100

N
or

m
al

iz
ed

 P
ow

er
 S

um
 -

>

n ->

MST
ISG
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The performances of proposed algorithms have been studied by simulation on
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random graphs. The results obtained by our algorithms are compared with the

minimum spanning tree based 2-approximation algorithm presented in [85] with

respect to the performance metric SΠ. It is evident from Figure 6.6 that with the

same time and message complexity, the proposed ISG technique performs better

compared to the algorithm in [85].
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Figure 6.7: Variation of normalized APSPP with n

Figure 6.7 shows the variation of normalized APSPP with the number of nodes

n. It is evident that link based power control (LBPC) always results minimum

APSPP as it enables a node to communicate with the power just su�cient for

the link under consideration. On the other hand, COMPOW algorithm results

higher APSPP as all nodes transmit with a common power needed for connectivity.

However, the APSPP values produced by the proposed algorithms ISG and LNP

are very close and remains in between those given by LBPC and COMPOW.

Figure 6.8 shows the variation of power sum with the total number of nodes

n. Since in LBPC the transmission power of a node varies according to the link of

communication, power sum SΠ does not bear any signi�cance. It is evident that ISG

results minimum power sum and COMPOW the maximum, whereas LNP produces

SΠ in between the two.

Figure 6.9 shows the variation of average hop count with the number of nodes

n. It is obvious that COMPOW results minimum number of hops compared to ISG

since for the latter the node powers are much less. The average hop counts in LBPC
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and LNP are almost the same; LNP shows better performance for higher n, whereas

ISG results highest hop counts and COMPOW the least value for any given n.

6.4.3 Mobility Consideration

For large ad hoc networks with highly mobile nodes, it is evident that the network

topology will change frequently. For such networks, ISG technique will not be

suitable since, whenever the mobility of nodes causes a change in the topology, the

power graph is to be recomputed. The computation needs O(n) rounds which poses
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a large overhead on the nodes in terms of message communication and hence the

power. Also, the network will need so many rounds to gain stability after each time

the topology changes. On the other hand, in such scenarios, LNP technique can

perform well since it needs only two rounds for recomputing the power levels after

each time the topology changes.

In summary, ISG technique uses higher complexity in terms of rounds and mes-

sages, but improves the power sum better. Whereas LNP procedure with less com-

plexity sacri�ces a bit in terms of power sum keeping APSPP comparable to that

of ISG. Also, it is to be mentioned that the average hop count is much better in

LNP compared to ISG and LBPC. So, the ISG algorithm is suitable for NBPC in

networks where the lifetime is a more crucial issue than the mobility. On the con-

trary, for networks where topology changes frequently due to the mobility of nodes,

the LNP technique performs better for NBPC by recomputing the node power levels

in two rounds only.

Summary

We present two distributed node-based power control schemes, namely the Incre-

mental Spanning Graph (ISG) technique and Localized Neighbour Pruning (LNP)

procedure, appropriate for two di�erent situations, one for lifetime-critical networks

with nodes having less mobility, and the other for networks with mobility prone

nodes. Simulation studies have been done for performance comparison. The ISG

algorithm takes O(n) rounds (n is the total number of nodes) to assign transmis-

sion power to individual nodes and results better optimization in terms of sum of

transmission powers of individual nodes. The LNP procedure is based on neigh-

bour pruning scheme that completes transmission power assignment in just two

rounds of message passing. In spite of lower time complexity, it results comparable

communication cost for end-to-end packet delivery. It also improves the hop count

appreciably. Therefore, depending on the speci�c application the appropriate power

control technique is to be applied to improve the throughput and the lifetime of the

network.



Chapter 7

Data Gathering in Multihop

Wireless Sensor Networks

A typical Wireless Sensor Network (WSN) consists of a large number of inexpen-

sive sensor nodes, densely deployed over an area to gather information about the

surroundings in a self-con�gured and unattended fashion for a long period of time.

The basic operation of WSN is the periodic sensing, gathering and transmission of

data by individual nodes to a �nal sink or base station (BS).

In WSN since the nodes are battery driven and there is no facility for recharging

in general, nodes must route data in most energy-e�cient way. The energy of a node

is drained out with time for data sensing, computing and communicating with other

nodes and the base station. However, data communication consumes the major

amount of energy in WSN.

Following the same energy consumption model described in Section 2.3, we see

that the amount of energy spent in transmitting a packet has a �xed cost in elec-

tronics and a variable cost that depends on the distance between the communicating

nodes, whereas, the reception of a data packet has a �xed energy cost in electronics.

In WSN, data from all nodes are collected and transmitted to the BS in periodic

intervals called rounds. A data gathering schedule speci�es how the data packets

from all sensor nodes are routed and collected at the base station in each round.

According to the most restricted de�nition, the lifetime of a WSN is de�ned to be

the time duration (i.e., the number of rounds) for which the base station can gather

data from the sensors.

A simple approach to accomplish this task is for each node to transmit its data

directly to the BS. Since the BS is usually located far away, the cost to transmit

directly to the BS from any node is high, and therefore, the total energy cost per

round will be high. So, it is evident that instead of a single-hop path, it is better
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to route data in multihop paths via intermediate nodes. Here, data fusion [101] or

aggregation helps to reduce the amount of data transmitted between sensor nodes

and the BS. Data fusion combines one or more data packets from di�erent sensors to

produce a single packet. The key idea is to fuse data collected from di�erent nodes

to eliminate redundancy and to provide a rich aggregated view of the environment

keeping the volume of total tra�c limited. The exact data aggregation logic de-

pends on the application. Usually, the gathered data move from node to node, get

fused, and eventually received at the BS. To maximize network lifetime, con�guring

e�cient routing paths that essentially determines a data gathering schedule emerges

to be a critical design issue for WSN.

The problem of �nding a data gathering schedule that maximizes the lifetime

is in general NP-hard. Moreover, the challenge here is to have a reasonably good

data gathering schedule that can also adapt with changes in the topology due to

failure of sensor nodes. The location of the base station as well as the data fusion

or aggregation logic play crucial roles in �nding a good data gathering schedule.

Chapter organization

The rest of this chapter is organized as follows. Section 7.1 outlines the previous

works on data gathering in WSN. In Section 7.2, we discuss the salient features

of our study on the data gathering problem in WSN. In Section 7.3, we present

the system model extension required for WSN over and above the general network

model presented in Section 2.2. The data gathering algorithm for multihop WSN

including its complexity analysis is presented in Section 7.4. Simulation results are

described in section Section 7.5. The chapter concludes with a summary.

7.1 Background

The problem of �nding an e�cient data gathering algorithm that maximizes the

lifetime, referred to as the Maximum Lifetime Data Aggregation (MLDA) problem

[79, 82] is in general NP-hard [132].

Extensive research has been done so far on maximizing the lifetime of wireless

sensor networks [156, 168]. Several protocols attempt to improve lifetime by reducing

energy consumption in MAC for WSN [154, 176, 178]. In [146] the lifetime of WSN



7.2. Our Contributions 103

is enhanced by e�cient use of MAC. It reduced MAC overhead in WSN by using

STDMA and an encoded representation of the addresses in data packets. It is shown

by simulation that the MAC overhead is reduced by a factor of three compared

to the existing approaches reducing the energy consumption per transmission and

reception.

The other approach to improve the lifetime is by partitioning the nodes into two

sets, one as operational (awake) and the other as backup (asleep) [30, 174, 33, 73,

74]. However, such partitioning requires knowledge of their positions using GPS or

similar devices.

In [82], the problem is mapped to integer linear programming and later solved

in polynomial time by linear relaxation to produce a linear approximation to the

optimal solution.

Some study [103, 13] have also been carried out using hierarchical routing based

on clustering to improve lifetime. The HEED protocol [177] proposes a distributed

clustering approach that enhances the lifetime by distributing energy consumption

among the cluster head nodes, terminating within a constant number of steps and

considering a combination of energy and communication cost for selecting cluster

heads. In LEACH [70], a distributed data gathering procedure is proposed using

clustering based protocol. PEGASIS [105] improved the performance by forming

a chain with the sensors where each sensor communicates with the base station in

turn to deliver the aggregated data. But all these works assumed a single-hop WSN,

where each sensor can communicate directly with each other and also with the base

station. They also used the global knowledge of topology.

The study on data fusion or aggregation essentially shifted the focus of routing

from address-centric approaches to data centric approaches [79, 87, 104, 105, 108]

to reduce the size of data. However, the technique can be applied with any of the

data gathering schedules proposed so far.

7.2 Our Contributions

We study the problem of data gathering schedule for a realistic deployment of the

sensors where each sensor with a limited range is capable of direct communication

with only a subset of nodes (sensors or base station) in a single hop, and with the



104 Ch 7. Data Gathering in Multihop Wireless Sensor Networks

rest via multiple hops. Starting from a random deployment of sensor nodes over a

two dimensional region, we develop a localized distributed algorithm to construct

a spanning tree rooted at BS that determines a data gathering schedule with an

objective to maximize the network lifetime. The algorithm assumes uniform tra�c

that is in each round just a single packet is generated in each node. We use the data

fusion or aggregation technique presented in [105]. A node may receive data packets

from a number of nodes, each packet is of same size, say k bits. It fuses all incoming

data as well as its own sensed data, and forwards the aggregated information in

a single data packet of k bits to the next node, �nally to be forwarded to the

BS. Also, the nodes are capable of controlling the transmission power to be just

su�cient to reach the desired node. The algorithm is to be executed just once

during the initialization and operates until any node dies out when a recon�guration

procedure will span the remaining nodes. The proposed algorithm requires just the

neighbourhood information at each individual node. An extensive simulation study

shows the proposed algorithm signi�cantly outperforms the scheduling based on the

Minimum Spanning Tree (MST), or the Shortest Path (SP) routing techniques. Also,

when this algorithm is applied for single-hop WSN, simulation studies show that the

proposed algorithm performs marginally better than the well-known algorithms in

the literature as more and more nodes die out. Moreover, our algorithm does not

restrict the location of the base station with respect to the deployed region and

applicable to situations where the base station is located either inside or outside the

deployed region.

7.3 System Model Extension

We follow the same network and energy consumption model as described in Chap-

ter 2 with a marginal extension to it. To include the base station in our basic

network model discussed in Section 2.2, it is assumed that the system initializes

with a set of (n−1) sensor nodes {v2, v3, · · · , vn}, randomly distributed over a wide

region along with a �xed base station BS(= v1) as a special node within the de-

ployment region. The base station (or, node v1 or BS) has unlimited energy and

can transmit directly to (n− 1) sensor nodes. All the sensor nodes can be modeled

as any normal ad hoc node as mentioned in Chapter 2.
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7.4 Data Gathering Algorithm

Given a random deployment of sensor nodes having the capability of transmission

power control, the proposed algorithm extracts a rooted spanning tree with the BS as

the root to minimize the energy consumption in message transmission and reception

at each node for the underlying weighted topology graph G(V,E,W ), where wi,j is

the transmission energy required for the link (vi, vj) in WSN.

Here, a rooted tree is denoted by T (vt, VT , ET ), where, vt is the root of the tree,

VT is the set of nodes and ET is the set of directed edges of the tree. A weighted rooted

tree (WRT) denoted by T (vt, VT , ET ,WT ) is a rooted tree where wij ∈ WT is the

weight of the directed edge (vi, vj) ∈ ET that actually represents the transmission

power required for the link (vi, vj).

De�nition 7.1 For a weighted rooted tree T (vt, VT , ET ,WT ) the node cost for each

node vi ∈ VT − {vt} is Ci = din ×Rx+wi,out(vi), where din denotes the in-degree of

vi, out(vi) ∈ VT is the node to which vi forwards its data. The maximum node cost

is de�ned as Cmax = max {Ci|∀vi ∈ V − {vt}}.
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Figure 7.1: (a) a weighted topology graph, and (b) a WRT rooted at BS

Example 7.1 Figure 7.1(b) shows a weighted rooted tree T with the node BS as

the root corresponding to G(V,E,W ) shown in Figure 7.1(a). Assuming Rx = 2,

the node costs are shown as the node labels. For this WRT, Cmax = 13.

Therefore, the lifetime improvement problem is mapped to the problem of �nding

a weighted rooted spanning tree T (v1, V, E
′,W ′), (i.e., rooted at BS denoted as



106 Ch 7. Data Gathering in Multihop Wireless Sensor Networks

v1), such that the maximum node cost Cmax is minimized, where, E′ ⊆ E, and

w′
i,j = wi,j , ∀(vi, vj) ∈ E′. Then, the nodes can follow a static scheduling determined

by T (v1, V, E
′,W ′) unless any node gets drained out when it is needed to recompute

the tree again.

The algorithm starts by considering the node BS(= v1) as the only member of

WRT, i.e., T 0 = (v1, {v1}, ϕ, ϕ). In kth iteration the tree is T k(v1, V
k, Ek,W k). In

(k+1)th iteration, a node vi ̸∈ V k, but is adjacent to some node vj ∈ V k, is included

in T k+1 as an adjacent node to vj such that it results in a minimum increase in Cmax

of T k. The node costs are updated accordingly. This process terminates when T

covers all n nodes. To execute this greedy algorithm, each node vi ∈ V k maintains

the following variables:

Ci : the node cost

N1(vi) : the set of nodes adjacent to vi

lcni : the neighbouring node of a node vi where lcni ̸∈ V k and wi,lcni
≤

wi,j , ∀vj ∈ (Ni − V k). When all vj ∈ Ni are within the V k, lcni = ϕ.

Procedure WRTConstruction
begin

In Step k for each node vi ∈ V (k−1)

If lcni joined the tree T (k−1) in step (k − 1)
Recompute lcni

If vi joined the tree T (k−1) in step (k − 1) or,
lcni is recomputed in step k

If wi,lcni > Ci +Rx
CL

i = wi,lcni and CH
i = Ci +Rx

Else
CL

i = Ci +Rx and CH
i = wi,lcni

Send (lcni, C
H
i , CL

i ) message to BS
If a message is received from BS
Update Ci = Ci +Rx and inform lcni to get connected

In Step k for each node vj ̸∈ V (k−1)

If received a message from a neighbour vi
Set Cj = wi,j and recompute lcnj

In Step k for BS
If received (lcni, C

H
i , CL

i )
Select vi such that (CH

i , CL
i ) ≤ (CH

j , CL
j ), ∀vj ∈ V k

Inform vi to include lcni into T (k+1)

end

Example 7.2 Figure 7.2 shows the steps of construction of WRT from G(V,E,W )

of Figure 7.1(a). Starting with BS, after step 2, WRT contains nodes BS, c and
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Figure 7.2: The WRT construction (a) after step 2, (b) after step 3, (c) after step
4, and (d) the �nal WRT

d respectively as shown in Figure 7.2(a). In next step, one node that is adjacent

to a node already in T 2 (i.e., adjacent to BS, c or d), is to be included. Based

on the computed node costs, node g is included in WRT as shown in Figure 7.2(b).

Similarly, WRT in step 4 is shown in Figure 7.2(c). The �nal WRT is shown in

Figure 7.2(d).

Theorem 7.1 The WRTConstruction procedure terminates in O(n) steps. Both

the time and message complexities of the WRTConstruction procedure are O(n2).

Proof: The WRT construction starts with the BS as the only node in WRT.

In each step of the WRTConstruction procedure, a new node is added to the WRT.

So, it will terminate after n− 1 steps.

After (k − 1)th step, there will be k nodes in the WRT. But after each addition

of the node, a message is sent from the parent of the newly added node to the base

station. The maximum length of path that this message has to traverse is k − 1 to

reach the BS. The WRTConstruction procedure has to wait for k− 1 rounds before

it can execute the next step (i.e., the kth step). So, the total number of rounds
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require to complete the WRT construction is Σn−1
i=1 (k − 1) ≡ O(n2).

As in each round, exactly one message is transmitted, the message complexity

is also O(n2).

The high time and message complexities are due to the fact that we assumed a

multihop sensor network. If the direct communication from all the sensors to the BS

is possible (i.e., 1-hop sensor network), it can be observed directly from the previous

theorem that the resulting time and message complexities are O(n) only.

7.5 Simulation Studies

The performance of the proposed algorithm has been investigated by simulation on

random distribution of sensor nodes on a two dimensional plane. For comparison

with earlier works, the parameters εelec, εamp and k use the same values as in [104]:

εelec = 50 nJ/bit εamp = 100 pJ/bit/m2

k = 2000 Initial energy = 0.25J

7.5.1 Comparison with MST and SP

For multi-hop sensor networks, the performance of the proposed algorithm is com-

pared with the data gathering techniques via minimum spanning tree (MST) and

Shortest Path (SP) routes. Given a topology graph the MST algorithm generates a

spanning tree that minimizes the total link cost. Now, it is assumed that data gath-

ering takes place from leaf nodes towards the root (i.e., the base station). Whereas,

by SP algorithm, shortest paths in terms of link costs are computed from each sen-

sor node to the base station. Each sensor forwards its data via this shortest path

towards the base station.
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Figure 7.3: Data gathering schedule using (a) MST and (b) SP
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Example 7.3 Given G(V,E,W ) shown in Figure 7.1(a), Figure 7.3(a) and Fig-

ure 7.3(b) show the data gathering schedules (rooted trees) corresponding to MST

and SP respectively. Assuming Rx = 2, the node costs are shown as the node labels.

It is to be noted that whereas the proposed algorithm results Cmax = 12 (as shown

in Figure 7.2(d)), the corresponsing values obtained by MST and SP are 13 and 18

respectively.
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Figure 7.4: Rounds vs n for range = 50 units
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Figure 7.5: Rounds vs range for n = 100

The three algorithms are executed on same graph and the corresponding lifetimes

are compared. Figure 7.4 shows the variation of lifetime with number of nodes n,

50 ≤ n ≤ 200 assuming range R = 50 units. For each value of n, 200 random graphs

are studied.
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Figure 7.5 shows the variation of lifetime with the range R of sensor nodes.

With n = 100 the range of each node is varied from 40 to 100. For each range,

200 random graphs are studied. In all the cases, the proposed algorithm shows

signi�cant improvement in performance [49].

7.5.2 Comparison with PEGASIS

The performance of our algorithm is also compared with PEGASIS [105], where all

sensor nodes can access the base station directly. A spanning tree is constructed

with the sensor nodes following the algorithm WRT, and each node in turn acts as

root and forwards data to the remote base station. Random graphs are generated

with 100 nodes distributed over a 50× 50 region, and the BS is placed at (25, 150).

The range of each node is assumed to be R = 110 so that transmission from each

node can directly reach BS. Figure 7.6 shows the performance comparison when

1%, 20%, 50% and 100% of nodes die out respectively. It shows that in all the cases

the lifetimes are comparable, and also it is marginally better as more and more

nodes die out.
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Figure 7.6: Comparison with PEGASIS

Summary

Since the sensor nodes, in general, are severely energy constrained, it is less likely

that each node will be able to communicate with the remote base station directly.

Therefore, single-hop sensor networks are not feasible in real practice. We developed

a distributed algorithm to compute a data gathering schedule for multi-hop WSN.
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In worst case, both the time and message complexities are O(n2). We have shown by

simulation that the algorithm improves the lifetime of networks compared to data

gathering via Minimum Spanning Tree (MST) or by Shortest Path (SP) routes, and

PEGASIS. The proposed distributed algorithm is suitable for large multi-hop sensor

networks with nodes having limited transmission range since it requires just the 1-

hop neighbourhood information at each node for computation. Also, the algorithm

is executed at the time of initialization only, and the network gathers data according

to the schedule until a node gets exhausted when recomputation of the routing tree

is needed.





Chapter 8

Conclusions

Mobile ad hoc networks must be designed to resolve a number of challenges, in-

cluding severe energy limitations, robustness, scalability and inherent distributed

nature of operation. This thesis considers the problem of initialization and self-

con�guration of a given distribution of ad hoc nodes over a two dimensional region.

8.1 Contribution of the Thesis

From this work, it is clear that whatever be the network, either a general ad hoc

network, or a Bluetooth network, or a wireless sensor network, given any distri-

bution of large number of nodes, it is a very challenging task to design e�cient

distributed algorithms based on local information only to resolve the problems re-

lated to the media access control, and routing and topology control, termed here

as the initialization procedures, to build up an e�cient network that can function

appropriately to achieve its global objective. This work focuses on these issues with

special emphasis on optimal utilization of the limited resources, namely the battery

power, bandwidth, computing power and storage capacity.

The graph theoretic design concepts and the distributed algorithms developed

in this thesis surely will help to advance the state of the art of ad hoc network

design. This study shows that the fundamental challenges are to be tackled by ap-

propriate design choices, with possibly cross-layer optimizations. From the classical

concepts of unit disk graphs, or random geometric graphs, the establishment of the

linear upper bound on the TDMA frame length is de�nitely a result of theoretical

importance. We also have shown that in our works on TDMA frame length mini-

mization and CDS construction, the maximum node degree ∆ plays an important

role, whereas appropriate power control at individual nodes has a direct impact on

∆. So it is advisable to determine the transmission powers at individual nodes prior
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to the execution of the algorithms for TDMA slot assignment in MAC layer, or

for CDS construction in the network layer for better message and time complexity.

Therefore, with in-built physical and data link layer, using the proposed techniques,

the deployed ad hoc nodes may decide on topology control for energy e�cient con-

�guration of the communication links. For e�cient media access, nodes may apply

TDMA with reduced frame length and multiple collision-free slot assignments to

keep idle radios in the o� state reducing the duty cycle appreciably. In the network

layer, nodes can follow backbone based routing to reduce topology maintenance

message overhead to minimize energy usage. Scalability concerns are addressed at

all layers, though in a limited sense, by emphasizing distributed algorithms with

local interactions only.

However, it is true that the proposed protocols are only partial solutions like

most of the earlier works in this area. Many open issues remain to be addressed to

explore the potential of tomorrow's practical ad hoc networks useful in real life.

8.2 Open Issues

Before ad hoc networks can actually be used in real life, the fundamental issue that

should be resolved is how to guarantee cooperation among nodes in a competitive

scenario. For instance, say we are interested to provide ubiquitous Internet access to

rural areas without any infrastructure. Here, the ad hoc nodes may be managed by

di�erent authorities, so it is obvious that a voluntary participation of the nodes in

the execution of a network-wide objective cannot be taken for granted. In presence

of some sel�sh nodes, it may so happen that packets are not forwarded as they are

expected that may cause the network performance to deteriorate with time or to

fail in the worst case. In order to alleviate this problem researchers have proposed

several techniques. The most natural one is to use incentives in terms of either

reputation or monetary transfer, but it is hard to devise a fair payment strategy

[143]. It is reported that a good topology for the purpose of cooperative routing

demands a relatively dense topology, i.e., higher node degree which is con�icting

with the goal of reducing energy consumption and interference [54]. This �nding

has opened up new research directions in this area.

In this thesis, we have considered the self-con�guration problem for ad hoc net-
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works with primary focus on reduction of energy consumption at individual nodes.

Another important aspect of self-organization is minimization of interference that

is essential to improve the signal quality, and hence the network throughput. Very

little work has been reported so far to study if the interference-optimal topology

is the same as the energy-optimal topology or not. Also, an acceptable model of

interference is yet to come up. Some recent results [27, 109] have shown that at

least in a worst case, reducing node energy consumption and minimizing interfer-

ence are con�icting criteria. These issues are to be investigated further introducing

a well-de�ned model for interference in case of multihop communication with a more

practical radio channel model.

As we have mentioned in Chapter 2 that the typical radio channel model used

for the design of ad hoc networks is based on the log-distance path model which

assumes a circular radio coverage with a radius equal to the transmission range.

This classical model helped the analysis of properties of the network in a great way.

However, this model is su�ciently accurate only in open environments such as free

space. In real-world scenarios, more thorough studies are to be done to model the

radio channel appropriately.

It is always true that the success of any technology depends on the rate at which

various barriers or challenges in using the same are overcome. On the other hand,

the barriers still existing in popularising the applications of wireless ad hoc networks

provide enough scope for further investigation to the researchers interested in this

�eld.
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