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Résumé

La technologie des réseaux de capteurs sans fil (RCSFs) a la capacité de capturer,
traiter et transmettre de données critiques en temps réel. Cette technologie a permis
de surveiller des zones hostiles, inaccessibles et éloignées. Elle répond a un besoin
trés important pour une surveillance en temps réel, en particulier dans les scénarios
dangereux. Cependant, 'un des défis critiques des réseaux de capteurs sans fil est
la conservation d’énergie. En effet, les RCSFs sont constitués d’un grand nombre de
noeuds de capteurs déployés de maniere aléatoire, et dans de nombreux cas, il est
impossible de remplacer les capteurs en cas de défaillance. Ainsi, les applications ont
tendance a déployer plus de noeuds que nécessaire pour faire face aux pertes possibles
des noeuds et augmenter la durée de vie du réseau, ce qui conduit a créer une certaine
redondance de captage et de communication. Toutefois, les capteurs dans la méme
région, peuvent recueillir et transmettre les mémes données, ce qui fera perdre plus
d’énergie.

Le controle de topologie est considéré comme 1'une des techniques les plus impor-
tantes, utilisées dans les réseaux ad hoc et capteurs sans fil pour réduire la consomma-
tion d’énergie et les interférences radio. Il vise a exploiter la densité du réseau pour
économiser ’énergie et prolonger la durée de vie du réseau en gardant seulement un
petit ensemble de noeuds a I’état actif et désactiver ceux redondants. Ceci peut étre
accompli en adoptant une approche de planification de sommeil /éveil, sans sacrifier les

fonctionnalités du réseau.

Plusieurs algorithmes de controle de topologie utilisant la technique d’ordonnancement,
ont été proposés dans la littérature. L’idée principale de ces protocoles est de gérer
la topologie en identifiant les noeuds redondants et les faire basculer entre les modes
actifs et sommeil afin de réduire la consommation d’énergie. Ils déterminent combien
et quels noeuds devraient étre autorisés a dormir, dans le but d’assurer la connectivité.
Cependant, lors de I'exécution de ces algorithmes, le nombre de noeuds actifs n’est pas
toujours le minimum et parfois la topologie formée est déconnectée.

Il existe un compromis entre la consommation d’énergie, la connectivité et le nombre
de noeuds actifs. Sile nombre de noeuds actifs est minimisé, la connectivité réseau peut
étre perdue; Et si la connectivité est assurée lorsqu’un nombre acceptable de noeuds

actifs est atteint, une énergie supplémentaire est dépensée.



En outre, une grande surcharge de communication sera produite au cours la recherche
des noeuds redondants ce qui conduit a une grande consommation d’énergie. En outre,
peu de travaux existants prennent en considération 1’énergie gaspillée lors des transi-
tions d’état dans leur stratégie de planification.

Dans ce travail, nous proposons, d’abord, une taxonomie des protocoles de controle
de topologie basés ordonnancement. Nous les classifions en quatre catégories: pro-
tocoles plats, protocoles basés grilles, protocoles basés clusters et protocoles basés
groupes. Deuxieémement, nous proposons un nouveau algorithme basé grille, appelé
GTC: a Geographical Topology Control protocol, qui bénéficie des avantages des algo-
rithmes existants basés grilles, pour identifier les noeuds redondants. GTC utilise une
nouvelle stratégie de planification qui réduit le nombre de transitions entre les états
actifs et sommeils afin de minimiser 1’énergie de transition et assurer la longévité du
réseau. Il minimise également la fréquence d’élection des noeuds actifs et permet une
certaine stabilité dans la topologie qui évitera la perte de connectivité.

La deuxiéme contribution examine la catégorie de controle de topologie basée groupes,
car elle utilise uniquement des informations de voisinage pour regrouper les noeuds re-
dondants ensemble. Ainsi, nous proposons a Group-based Energy-Conserving Protocol
(GECP) qui exploite la redondance des capteurs dans la méme région en divisant le
réseau en groupes afin qu'une topologie connectée peut étre maintenue en gardant un
seul noeud actif dans chaque groupe et en éteignant ceux redondants. GECP identifie
les noeuds redondants, les organise en groupes avec une faible surcharge de communi-
cation. Il utilise la méme stratégie d’ordonnancement que GTC qui vise a réduire le
nombre de transitions entre les états actifs et sommeils et, par conséquent, de prolonger
la durée de vie du réseau.

Dans la troisieme contribution, un nouveau protocol distribué appelé RTCP (Re-
dundancy aware Topology Control Protocol) est proposé et qui utilise seulement la liste
des voisins d’un noeud comme métrique pour définir la redondance de communication,
et ce pour éviter toute hypothese sur la régularité de communication. RTCP identifie
les noeuds redondants et les organise en groupes avec une faible surcharge de com-
munication. Les noeuds redondants qui satisfont certaines regles d’éligibilité, peuvent
former un groupe en fonction de leurs degrés de redondance, ce qui réduit le nombre de
groupes sans perdre la connectivité du réseau. RTCP définit un seuil de niveau de con-
nectivité qui permet aux applications de paramétrer le degré de connectivité souhaité
dans la topologie réduite.

La derniere contribution consiste en I'amélioration de RTCP pour permettre a
chaque noeud capteur de déterminer dynamiquement la valeur du seuil du niveau
de connectivité. Le protocole proposé, appelé ERTCP: Enhanced Redundancy aware
Topology Control Protocol, utilise une nouvelle métrique pour déterminer les noeuds

équivalents.
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Abstract

Wireless sensor network (WSN) technology has the capability of quick capturing, pro-
cessing, and transmitting critical data in real-time. This technology has made possible
to monitor hostile, inaccessible and remote areas. It fulfills a very important need for
any real-time monitoring, especially in hazardous scenarios. However, one of the crit-
ical challenges in wireless sensor network is the energy conservation. Indeed, WSNs
consists of a large number of sensor nodes randomly deployed, and, in many cases, it
is impossible to replace sensors when a node failure occurs. Thus, applications tend
to deploy more nodes than necessary to cope with possible node failures and to in-
crease the network lifetime, which leads to create some sensing and communication
redundancy. Nevertheless, sensors in the same region, may collect and forward the
same information, which will waste more energy. Topology control is considered one of
the most important techniques used in wireless ad hoc and sensor networks to reduce
energy consumption and radio interference. It aims at exploiting the network density
to conserve energy and extend the network lifetime by keeping a small set of nodes in
active state and turn off the redundant ones. This can be accomplished by adopting a

sleep /wake scheduling approach, without sacrificing the network functionalities.

Several topology control algorithms, using the scheduling technique, have been pro-
posed in the literature. The key idea of these protocols is to manage the topology by
identifying redundant nodes and schedule nodes for active or sleep modes in order to
reduce energy consumption. They determine how many and which nodes should be al-
lowed to sleep, with the purpose to ensure connectivity. However, when running these
algorithms, the number of the active nodes is not always the minimum and sometimes
the formed topology is not connected. There is a trade-off between power consump-
tion, connectivity and the number of active nodes. If the number of active nodes is
minimized, the network connectivity may be lost; And if connectivity is ensured when
an acceptable number of active nodes is reached, an additional energy is expended.
Furthermore, a large communication overhead will be produced during the search of
the redundant nodes which leads to large energy consumption. Moreover, few existing
works take into consideration the energy wasted during transitions in their scheduling

strategy.

In this work, we first, propose a taxonomy of sleep scheduling based-topology control

il



protocols. We classify the topology control protocols based duty cycling into four cate-
gories: Flat protocols, Grid-based protocols, Cluster-based protocols and Group-based
protocols. Second, we propose a new grid-based algorithm, called GTC: a Geographical
Topology Control protocol, that benefits from the advantages of the existing grid-based
algorithms to identify redundant nodes. GTC uses a new scheduling strategy which
reduces the number of transitions between active and sleep states in order to minimize
the transition energy and ensure the network longevity. It also minimizes the frequency
of active nodes election and allows some stability in the topology that avoids the loss
of connectivity.

The second contribution investigates the group-based topology control category,
it uses only neighborhood information to group redundant nodes together. So, we
propose a Group-based Energy-Conserving Protocol (GECP) which exploits the sensor
redundancy in the same region by dividing the network into groups so that a connected
backbone can be maintained by keeping only one active node in each group and turning
off the redundant ones. GECP identifies redundant nodes, organizes them into groups
with a low communication overhead. It uses the same scheduling strategy as GTC
which aims to minimize the number of transitions between active and sleep states and,
hence, extend the network lifetime.

In the third contribution, a new distributed Redundancy-aware Topology Control
Protocol (RTCP) is proposed which uses only the neighbor set as the communication
redundancy metric, to avoid any assumptions about communication regularity. RTCP
identifies redundant nodes and organizes them into groups with a low communication
overhead. The redundant nodes that satisfy some eligibility rules, can form group
according to their redundancy degrees, which leads to a reduced number of groups
without lose of network connectivity. RTCP defines a Threshold of connectivity level
which allows applications to parameter the desired connectivity degree in the reduced
topology.

The last contribution consists on the improvement of RTCP to allow to each sen-
sor node to determine dynamically the value of the Threshold of connectivity level.
The proposed protocol, called ERTCP: Enhanced Redundancy aware Topology Con-

trol Protocol uses a new metric to determine the equivalent nodes.
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Chapter 1

Introduction

1.1 Problem Statement and Motivations

One of the major advances in the field of surveillance technology is the deployment of
distributed sensor networks. This has provided a mean to monitor areas, which are
either unreachable or hostile to human existence. Wireless sensor networks (WSNs)
have gained worldwide attention in recent years due to their potential applications
for several domains such as military target tracking, traffic surveillance, health care,
environment monitoring,etc. A WSN is a self-organized network that consists of a large
number of sensor nodes deployed on the ground, in the air, in vehicles, on bodies, under
water and inside buildings. Each sensor node is a tiny device that includes three basic
units: a sensing unit for data acquisition from the physical environment, a processing
unit for local data processing and storage, and a wireless communication unit for data
transmission to a central collection point called sink.

Energy saving is one critical issue for sensor networks since most of sensor nodes
are equipped with limited energy supplies, and it is inconvenient to recharge the bat-
teries especially when nodes are deployed in a hostile environment or in locations with
limited harvesting opportunities. When a sensor node is depleted of energy, it will
die and disconnect from the network which can significantly impact the performance
of the application. Moreover, WSNs are usually densely deployed on the target field;
that is, many sensors can detect the same event, deliver and receive the sensed data
simultaneously, which will cause redundant communication overhead and thereby leads
to large amount of energy consumption. To achieve a sustainable and scalable WSN
design, great efforts have been made to conserve sensors’ energy.

In literature, besides the promising solutions which aim to recharge sensor batteries
(e.g., [30]), most of the energy conservation works are mainly focusing on efficient
energy consumption. In this sense, several energy-saving mechanisms exist and we
can broadly classified them into five categories: Duty cycling (e.g., [18, 38, 80, 113]),
energy-efficient routing (e.g., [75]), data reduction (e.g., [61]), power control (e.g., [130])

and node mobility (e.g., [12]). All these techniques have the same common objective
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which is minimizing energy consumption to enhance the network lifetime.

Duty cycling has been considered as one of the most important techniques for energy
conservation in WSNs [11]. Indeed, radio communication consumes a large amount of
energy among all the node activities. Typically, a radio can operate in four distinct
operation modes [117]: Idle, Receive, Transmit, and Sleep. While it is expected that the
radio consumes most of the energy in the Transmit and Receive modes, running in the
Idle mode is also costly. In most cases, operating in Idle mode results in significantly
high energy consumption because the radio electronics are turned on and continually
decode radio signals, even noise, to detect the presence of incoming packets. Thus,
it is desirable to completely shut down the radio (enter into sleep mode) rather than
transiting into the Idle mode. Putting some sensor nodes into sleep mode and allowing

switches between sleep and active modes is referred to as Duty Cycling.

Duty cycling, also called sleep-scheduling technique, defines coordinated sleep /wakeup
schedule among nodes in the network. This technique reduces significantly the energy
consumption of sensor nodes as, ideally, it keeps nodes active only when there is net-
work activity [11, 34, 82]. In addition, the duty cycling can be achieved by exploiting
node redundancy and selecting only a minimum subset of nodes to remain active with
the purpose of maintaining connectivity. Finding the optimal subset of nodes, which

guarantees connectivity, is referred to as Topology Control [11].

Topology control is the primary technique to reduce energy consumption and radio
interference [86]. It should ensure the quality of network coverage and connectivity.
It aims at exploiting the network density to conserve energy and extend the network
lifetime. Besides energy saving, topology control technique causes the number of trans-
mitted messages to decline, which lowers signal interference and the failed transmission
attempts [118].

Topology control approach can be classified into two dominant directions [11, 34,
55, 86]: power control and sleep-scheduling. The former reduces the transmission power
of sensors, in order to extend the network lifetime, while the second defines coordinated
sleep/wakeup schedule among nodes in the network. It is demonstrated that topology
control based on duty cycling can increase the network lifetime by a factor of 2-3 with
respect to a network with all nodes in wake-up mode [106].

Several topology control algorithms, using the scheduling technique, have been pro-
posed for Ad Hoc and sensor networks. Based on the functionality of the network which
aim to guarantee, they are classified into two categories [55, 83]: network connectivity
and network coverage. The key idea of these protocols is to manage the topology by
identifying redundant nodes and schedule nodes for active or sleep modes in order to
reduce energy consumption.

In this thesis, we focus on the first category of protocols which aim to minimize

energy consumption while maintaining a connected network. They determine how many
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and which nodes should be allowed to sleep, with the purpose to ensure connectivity.
However, when running these algorithms, the number of active nodes is not always the
minimum and sometimes the formed topology is not connected. In fact, it is difficult to
ensure connectivity without increasing the number of active nodes; when the number
of active nodes is minimized, the topology formed by these nodes may be disconnected.
Furthermore, a large communication overhead will be produced during the search of
the redundant nodes which leads to large energy consumption. Moreover, few existing
works take into consideration the energy wasted during transitions in their scheduling
strategy. In fact, one of the major source of energy wastage is frequent switching
between modes, especially switching from sleep to active mode that leads to significant
energy consumption [10, 53, 93, 102, 117]. Therefore, it is important to consider this

issue when designing energy-efficient protocols.

1.2 Contributions

The main contributions of this work are:

e A new classification of sleep scheduling-based topology control protocols, is pro-
posed in this thesis. We classify the topology control protocols based duty cycling
into four categories: Flat protocols, Grid-based protocols, Cluster-based protocols

and Group-based protocols.

e The Proposition of a new grid-based topology control algorithm, called GTC: a
Geographical Topology Control protocol, that benefits from the advantages of
the existing grid-based algorithms to identify redundant nodes. GTC uses a new
scheduling strategy which reduces the number of transitions between active and
sleep states in order to minimize the transition energy and ensure the network
longevity. It also minimizes the frequency of active nodes election and allows some
stability in the topology that avoids a loss of connectivity. However, the proposed
protocol requires the availability of location information provided by GPS, which
is sometimes impossible to acquire. For this reasons, we should define a new

mechanism to group nodes dynamically without using any localization system.

e The design of a Group-based Energy-Conserving Protocol (GECP) which exploits
the sensor redundancy in the same region by dividing the network into groups so
that a connected backbone can be maintained by keeping only one active node
in each group and turning off the redundant ones. GECP identifies redundant
nodes and organizes them into groups with a low communication overhead. It
uses the same scheduling strategy as GTC which aims to minimize the number
of transitions between active and sleep states and, hence, extend the network

lifetime. However, in GECP, the criterion used to group equivalent nodes together
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is too strong which leads to high number of active nodes. So, it is necessary to
reduce the number of groups (hence, the number of active nodes) using another
constraint to identify node redundancy without increasing the communication

overhead.

e A new distributed Redundancy aware Topology Control Protocol (RTCP) is pro-
posed. RTCP uses only the neighbor set as the communication redundancy met-
ric, to avoid any assumptions about communication regularity. RTCP identifies
redundant nodes and organizes them into groups with a low communication over-
head. The redundant nodes that satisfy some eligibility rules can form a group
according to their redundancy degrees, which leads to have a reduced number of
groups without losing the network connectivity. RTCP defines a Threshold of
connectivity level which allows applications to parameter the desired connectiv-
ity degree in the reduced topology. However, RTCP uses the node redundancy
degree as criterion to group redundant nodes together with respect to Thresh-
old of connectivity level. Finding the exact value of the Threshold which gives
the minimum number of groups, is difficult when nodes do not have the same

redundancy degree.

e The last contribution consists on the improvement of RTCP to allow to each
sensor node to determine dynamically the value of the Threshold of connectiv-
ity level. The proposed protocol, called ERTCP: Enhanced Redundancy aware

Topology Control Protocol uses a new metric to determine the equivalent nodes.

1.3 Thesis Organization

The organization of this thesis is as follows:

In Chapter 2, we propose a taxonomy of energy management approaches which can
be used in WSN to improve the network lifetime. We present the different approaches,
energy provision-based and energy consumption-based, that have been proposed for
WSNs to meet several needs.

In Chapter 3, we introduce the concept of Topology control and the motivations
behind the need to use this technique. We investigate the topology control strategies,
namely power control and sleep scheduling. We focus, in this chapter, on topology
control algorithms based on sleep scheduling which aim to reduce the number of active
nodes without diminishing network connectivity and coverage. Thus, the existing sleep
scheduling algorithms are reviewed and a taxonomy is provided.

Chapter 4, presents the design and the performance of our grid-based protocol GTC:
a Geographical Topology Control protocol.

Chapter 5 is devoted to the design of a new group-based protocol, called GECP.
Unlike GTC, GECP identifies redundant nodes without using any localization system.
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In Chapter 6, another group-based topology control protocol, called RTCP, is pro-
posed. RTCP tries to deal with the limitations of GECP and the other protocols, in
terms of number of active nodes and communication cost.

Chapter 7 presents an extension of RTCP which aims to reduce the number of
active nodes. The proposed algorithm is called ERTCP: Enhanced Redundancy aware
Topology Control Protocol.

To conclude, Chapter 8 summarizes the main contributions of this thesis and dis-

cusses potential future work directions.
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Chapter 2

Energy conservation in wireless
sensor networks

2.1 Introduction

Wireless sensor networks (WSNs) have gained worldwide attention in recent years due
to their potential applications for several domains such as military target tracking,
traffic surveillance, health care, environment monitoring, etc. However, there are issues
that need to be addressed for efficient operation of sensor network systems in real
applications. Energy saving is one critical issue for sensor networks since most of sensor
nodes are equipped with limited energy supplies, and it is inconvenient to recharge the
batteries because nodes may be deployed in a hostile environment.

In order to sustain sensors to run for a long period of time with limited energy
capacity, it is crucial to save energy in sensor operations. So, it is desirable to design
energy efficient protocols while maintaining the network functionalities such as coverage
and connectivity. Several energy conservation techniques can be used to design such
protocols. As a consequence, the goal of any energy efficient technique is to maximize
network lifetime.

We define, in this chapter, some important concepts such as coverage, connectivity
and network lifetime. We introduce the different states that a wireless node can take
and the different sources of energy waste in WSNs. Then, a taxonomy about energy

conservation techniques is given followed by a discussion and recapitulative table.

2.2 Definitions

2.2.1 Coverage

Coverage and connectivity are important issues and requirements in wireless sensor
networks. Coverage reflects how well the sensing field (area/target) is monitored by

SENnsors.

Definition 2.1. Coverage: A point p is covered or monitored by a node v if their
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Euclidian distance is less than the sensing range of v, Rs. Specifically, | pv |< Rs.

[104]

2.2.2 Connectivity

Connectivity ensures that sensor nodes can communicate with each other in order to
route the collected data to the base stations (sinks). Connectivity depends primarily
on the existence of paths. Indeed, a sensor networks is considered to be connected only
if there is at least one path between each pair of nodes in the network. A path can
exist between two nodes u and v, if node u can receive a message from node v and vice

versa. Formally,

Definition 2.2. Connectivity: Two nodes u and v can directly communicate with each
other if their Fuclidian distance is less than a communication range R.. Specifically,
| wo |[< Re. [104]

2.2.3 Network lifetime

Network lifetime strongly depends on the lifetimes of the single nodes that constitute
the network. The lifetime of a sensor node basically depends on two factors [27]: how
much energy it consumes over time, and how much energy is available for its use.
According to different parameters that affect the lifetimes of single nodes as well as the
overall network lifetime, several definitions of network lifetime exist. We present some

important definitions in what follows [27]:
e Network lifetime based on the number of alive nodes:

1. The time until the first sensor is drained of its energy [63, 67, 103];

2. The time there is at least a certain fraction 8 of surviving nodes in the
network [18, 26, 41];

3. The time until all nodes have been drained of their energy [98].
e Network lifetime based on sensor coverage:

1. The time the area of interest is covered by at least k nodes [71] ;
2. The time each target is covered by at least one node [17, 60];

3. The time the whole area is covered by at least one node [14].
e Network lifetime based on connectivity:

1. The percentage of nodes that have a path to the base station [16];

2. The number of total transmitted messages [13].
e Network lifetime based on both sensor coverage and connectivity:

1. The time until connectivity or coverage are lost [68, 90].
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2.3 Energy consumption of wireless nodes

Since the sensor lifetime depends largely on the energy amount of its battery, consump-
tion must be well controlled in order to maximize its lifetime after deployment. In this
section, we present the different operation modes of a radio and the sources of energy

consumption in wireless networks.

2.3.1 Wireless node states

A typical sensor node can be in one of four distinct modes [117]: Transmit, Receive,
Idle listening, or Sleep. In sleep mode, a sensor’s radio is turned off; and the node is
not capable of detecting signals (the majority of components are completely powered
down). This state allows node to achieve a very low power consumption. If its radio is
on and it is neither transmitting nor receiving, a sensor is said to be idle listening; an
idle listening node is able to switch into receive mode if it hears a transmission. In most
cases, operating in idle mode results in significantly high energy consumption, because
the radio electronics have be turned on and continually decode radio signals, even noise,
to detect the presence of incoming packets [117]. When a sensor is transmitting, it can
transmit packets using wireless channel. This state consumes the highest amount of
energy of the four states. In the receive mode, the power is only slightly lower than the

transmitting mode.

2.3.2 Basic energy consumption

In WSNSs, sensors dissipate energy while sensing, processing, transmitting or receiving
data to fulfill the mission required by the application. Measurements have shown that
among of these major activities, a sensor expends maximum energy in data communica-
tion. This involves transmission, reception, and being idle. In addition, the transition
between modes is energy and time consumer. Table 2.1 reports some typical values of
Idle, Sleep and Transition energy costs, taken from various cards for the IEEE802.11

interfaces [88].

Table 2.1: Typical values of energy costs relevant to various cards.

Card Prg(mW) Pry(mW) Praie(mW) Psieep(mW)  Prransition(J)
Cabletron 1400 1000 830 130 1.328
Lucent Wavelan 1327.2 966.9 843.7 66.3 0.6

Cisco Aironet 350 1850 1590 1150 140 0.19 ~ 0.6
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2.3.3 Sources of energy waste

In addition to the energy dissipated for wireless communication, there is a great amount
of energy wasted in states that are useless from the application point of view, such as
[69, 117]:

e Overhearing: meaning the node receive packets that are destined to other nodes.
Indeed, in wireless networks, when a node transmits a packet, all nodes in its com-

munication range receive this packet even if they are not the intended destination.

e Collision: collisions occur when multiple packets get transmitted simultaneously
which magnifying the signal interference. All packets that cause the collision have

to be discarded and the retransmission of these packets is required.

e Control packet overhead: the third source is the overhead of sending and

receiving medium access control packets.

e Idle listening: energy dissipation happens when a node is listening for possible
traffic.

e Interference: each node located between transmission range and interference

range receives a packet but cannot decode it.

e Wireless noise: in which packets get corrupted and need to be retransmitted

or to increase the transmission power to overcome the noise level.

e State transitions: frequent switching between modes, especially switching from
sleep mode to an active mode, leads to significant energy consumption as shown
in Table 2.1.

2.4 Energy saving techniques in WSNs

As sensor nodes are tiny battery-operated devices with limited energy, it is important
to reduce the energy consumption of nodes, in order to maximize the network lifetime.
Therefore, energy management (conservation) is a key issue in the design of systems
based on WSNs. Energy management in WSNs can be defined as the set of rules to
manage various energy supply mechanisms and efficient consumption of sensor nodes
[48]. Tt is usually based on two design considerations [11, 48, 82]: Energy provision
and Energy consumption. In literature, besides the promising solutions which aim to
recharge sensor batteries, most of the energy conservation works are mainly focusing
on efficient energy consumption.

In this section, we describe the major existing energy saving approaches, proposed
in the literature. We propose a taxonomy of energy conservation techniques in WSNs,

given in Figure 2.1.
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Figure 2.1: Taxonomy of energy conservation approaches in WSNs.
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The limited energy of wireless nodes pushes many researchers to propose alternate
energy provisioning mechanisms by exploiting ambient energy. The energy provision
based schemes can be classified into Energy harvesting from the environment and En-

ergy transference to charge nodes equipped with rechargeable batteries.

2.4.1 Energy harvesting

Ambient energy-harvesting technology is a promising approach to keep WSNs operating
for a long period of time. Energy-harvesting is a technique that harvests or scavenges
various ambient energy sources and converts the harvested energy into electrical energy
to recharge the batteries [77, 87]. This technique enables sensors to extract energy from
surrounding environment, such as solar power, wind and kinetic [30, 95|, mechanical
movement [70], heat [109] and fluid flow [7]. Energy harvesting based approaches
provide several benefits such as reducing the dependency on battery power and provide
long-term solutions. However, there exist some limitations as in some scenarios, a node

may suffer from limited harvesting opportunity that does not meet its energy needs.

2.4.2 Energy transferring

Recently, energy transference based approaches are proposed, in which energy can be
transferred on the field to an energy deficient node [50, 111, 112]. This technique can
be used to transmit power between devices without the need of any contact between
the transmitter and the receiver. The wireless energy is transferred through [108]: (1)
electromagnetic radiation, (2) electric and magnetic resonant coupling to sensor nodes
equipped with rechargeable batteries. In electromagnetic radiation mode, electric en-
ergy is generally converted into electromagnetic energy like microwaves or laser beams
which can be radiated outward, then be received and converted back into electric en-
ergy with using a silicon rectifier antenna in the receiver. The principle of electric and
magnetic resonant coupling mode is essentially the redistribution of the surface charges
on the object. A high-frequency and high-voltage driver source excites the resonant
transmitter to generate an alternating electric field which can couple with the resonant

receiver. Energy will be delivered as soon as this coupling relation is set up.

Besides energy supply mechanisms which are considered as promising technologies,
the nodes remain energy-limited when they are deployed in locations with limited har-
vesting opportunities. So, they still need to implement energy-saving mechanisms. In
what follows, we present the most important efforts that have been made to develop

efficient energy management schemes based on energy consumption.
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2.4.3 Duty cycling

Duty cycling, also called node activity scheduling, is considered as the most effective
technique to improve the sensor network lifetime. This technique allows nodes to alter-
nate between wake-up and sleep modes to save their energy. It defines a coordinated
sleep/wakeup schedule among nodes in the network. Indeed, only the sleep mode en-
sures energy saving since transmitting, receiving and idle listening lead to significant
energy consumption. Duty cycling technique reduces significantly the energy consump-
tion of sensor nodes as, ideally, it keeps nodes active only when there is network activity.
So, the radio should be switched off as soon as there is no data to send/receive, and
it should be resumed when there is a new data. Duty cycling can be achieved through
two different and complementary approaches, namely: Topology control and Power

management.

Topology control

Topology control is the primary technique of energy saving, and should ensure the
quality of network coverage and connectivity. It exploits node redundancy, which is
typical in dense sensor networks, and then adaptively selects a minimum subset of
nodes to remain active, with the purpose of maintaining connectivity. Finding the
optimal subset of nodes, that guarantees connectivity, is referred as Topology Control
[11]. Tt is demonstrated that topology control based on duty cycling can increase
the network lifetime by a factor of 2-3 with respect to a network with all nodes in
wake-up mode [37, 106]. Topology control protocols refers to schemes which aim to
dynamically adapt the network topology, based on the application requirements. Thus,
they allow network operations while minimizing the number of active nodes (and hence,
prolonging the network lifetime). Several criterions can be used to decide which nodes
to activate/deactivate, and when. In this regard, topology control protocols can be
broadly classified into two categories [11]: Location driven (e.g., [113]) and Connectivity
driven (e.g., [20]). The former defines which node to turn on and when based on the
location of sensor nodes which is assumed to be known. In the second one, sensor
nodes are dynamically activated/deactivated so that network connectivity, or sensing

coverage, are ensured.

Power management

Topology control and power management are complementary techniques that imple-
ment duty cycling with different granularity. Power management can be defined as
duty cycling operated on nodes which have been selected as active to ensuring connec-
tivity /coverage. Indeed, active nodes (i.e., may be nodes selected by topology control)
can switch off the radio (enter sleep mode) when there is no network activity. Thus,

they alternates between sleep and wake-up modes in order to save their energies. Power
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management schemes are divided into two categories [11]: Independent sleep/wakeup
protocols running at the network or application layer and MAC protocols with low duty
cycle. Depending of the approach used to decide when sensor nodes should be acti-
vated, we can find three classes in this category: On-demand (e.g., [38]), Asynchronous
(e.g., [76]) and Scheduled rendezvous (e.g., [47]). On the other hand, MAC protocols
with low duty cycle can be classified into three main classes: TDMA-based (e.g., [80]),
Contention-based (e.g., [115]) and Hybrid (e.g., [84]).

2.4.4 Energy-efficient routing

The main design goal of WSNs is to transmit the collected data to the sink nodes by
employing energy efficient routing mechanisms. Routing in WSNs is very challenging
since nodes are greatly constrained in terms of power supply, processing capability and
transmission bandwidth. Routing protocols are responsible to discover routes between
nodes and transmitting data packets, through the network, using these routes with
the respect of energy efficiency. So, routing protocols are designed in such a way
that they keep the network operational for a longer period by efficiently utilizing the
available resources in the most economical way. Energy efficient routing mechanisms
can be classified into three important categories: Energy as routing metric (e.g., [75]),

Clustering (e.g., [40]) and multi path routing (e.g., [62]).

Energy as routing metric

In WSNs, nodes need to send the sensed data to the sink node for processing. To
this end, nodes use paths chosen based on some cost functions. Routing based on cost
functions has been studied extensively because of its distributed nature and good energy
performance [59, 75, 78]. In such routing algorithms, a node having a packet to transmit
decides locally which of its neighbors is the next hop based on some cost function.
Indeed, they use cost functions to choose energy-efficient routes. A well-designed cost
function will lead to energy-efficient decisions and prolonged network lifetime. There
are many cost functions proposed in literature. The key idea is to maximize the network
lifetime by defining link cost as a function of node remaining energy and the required
transmission energy. The existed energy-efficient routing protocols often use residual
energy, transmission power, or link distance as the metrics to select an optimal route.
The energy metric that is used to evaluate routes is a very important component of
the protocol. Depending on the metric, the characteristics of the protocol can change

substantially.

Clustering

The hierarchical-based routing is considered to be more scalable and energy-aware in

the context of WSNs. In hierarchical-based routing, nodes play different roles in the
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network and typically are organized into clusters. Clustering is the method by which
sensor nodes in a network organize themselves into groups according to specific require-
ments or metrics. Grouping sensor nodes into clusters has been widely pursued by the
research community in order to achieve some objectives, such as [5] : energy saving,
scalability, load balancing, fault tolerance. Every cluster has a leader, often referred
to as the cluster-head (CH) and other ordinary member nodes. From a routing per-
spective, clustering allows to split data transmission into intra-cluster and inter-cluster
communication. This separation leads to significant energy saving since the radio unit
is the major energy consumer in a sensor node. In fact, member nodes are only allowed
to communicate with their respective cluster heads, which are responsible for relaying
the data to the sink with possible aggregation and fusion operations. In addition, clus-
tering techniques can enhance energy efficiency by: (1) reducing the communication
range inside the clusters which requires less transmission power and (2) enabling to
power-off some nodes within the clusters while cluster heads ensure data forwarding.
The most famous clustering-based routing protocols are LEACH [40] and TEEN [65].

Multi path routing

In the literature, several routing protocols have been proposed for WSNs [6, 8], many of
which adopt single path routing techniques. Single path routing is simple and scalable,
but does not efficiently satisfy the requirements of resource constrained WSNs [89].
While considering the characteristics of WSNs, single path routing is not efficient.
Indeed, in the single path routing, the usage of the same optimal path several times
may cause a faster energy depletion of nodes on the selected path, which may cause
network partition and, hence, shorten the lifetime of WSNs. With the help of multi path
routing, the available resources at each node can be used more efficiently. Multi path
routing can overcome significant drawbacks of a single path routing scheme because it
can provide fault-tolerance, reliability, security and load balancing [19, 89, 97], which
are especially critical in the resource constrained system such as WSNs.

Multi path routing is an alternative technique which enables a source node to dis-
cover several paths towards the destination. The multi path routing approach can be
used to recover from failures. Generally, one of the constructed paths is considered as
primary and used for data transmission and the other ones are used when this path
fails. In addition, multi path routing increases data reliability by sending the data
along multiple redundant paths [72]. Even if some paths fail, the data will have a
very high probability to be received by the destination node. The security can also be
improved using the multi path routing. When data is sent from multiple paths, even
in the presence of malicious paths, the original data can reach the final destination by
using reliable paths. Expending network lifetime can also be achieved through using

multiple paths for data transmission. In fact, multi path routing allows homogeneous
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distribution of energy among the nodes by alternating forwarding nodes [62]. Load
balancing using multi path routing helps to improve the network lifetime by delaying
the appearance of network partition, although more data could be transmitted than

that using single path routing [89].

2.4.5 Data reduction

Reduce the amount of data to be delivered to the sink node can have a major impact
on energy consumption due to communication. Data reduction is another category of
energy saving solutions which addresses the case of unneeded samples [11]. Sampled
data generally have strong spatial and/or temporal correlations [101]. Therefore, there
is no need to communicate the redundant data to the sink in order to avoid an useless
energy consumption. Among the methods of data reduction, we find: Aggregation,

Compression and Prediction.

Aggregation

Data aggregation, called also In-network processing, is defined as the process of aggre-
gating the data from multiple sensors to eliminate redundant transmission and provide
fused information to the base station [79]. In data aggregation schemes, intermedi-
ate nodes perform data fusion to reduce the amount of data forwarded to the sink
node. For example, nodes re-transmit a new data resulting of computing the average
or the minimum of the received data. The most appropriate data aggregation tech-
nique depends on the specific application and must be tailored to it. It is frequently
used in data gathering applications, where it enables high benefits. In a data gathering
application, a node sends to its parent a single message containing the values trans-
mitted by its children, hence reducing wasteful transmissions. As data aggregation is
application-specific, more details about in-network processing techniques can be found
in [33].

Compression

Data compression can be applied to reduce the amount of information sent by source
nodes. This method involves encoding information at nodes which generate data, and
decoding it at the sink node. The information may be encoded in such a way that
the number of bits needed to represent the initial message is reduced. Due the the
number of bits to be transmitted, energy can be saved provided that the encoding and
decoding computation cost is low [96]. Data compression algorithms can be classified
into two categories [94]: a distributed data compression approach and a local data
compression approach. Distributed data compression approaches in WSNs are usually
applied in dense sensor networks, which can be broadly classified into four main tech-
niques [66, 94, 105]: distributed source modeling (DSM), distributed transform coding
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(DTC), distributed source coding (DSC) and compressed sensing (CS) techniques. On
the other hand, the local data compression approach performs data compression locally
on each sensor node without distributed collaboration among other sensor nodes. As a
result, these schemes usually exploit only temporal correlation of the data and do not
depend on the specific WSN topologies. These schemes are suitable for sparse WSNs
which have a low spatial correlation property. This data compression category can be
broadly classified into two main techniques [42, 94]: lossless compression algorithms,
which ensure the integrity of data during the compression/decompression process; and
the lossy compression algorithms, which may generate some loss of information, but

generally ensure a higher compression ratio.

Prediction

Data prediction is an important approach for reducing redundant data communica-
tions and saving sensor nodes’ energy. It takes advantage of data coherence to remove
redundancy and reduce transmissions among sensor nodes [79]. This can effectively
improve the energy efficiency and extend the network lifetime. Data prediction con-
sists in building an abstraction of a sensed phenomenon, i.e., a model describing data
evolution [11]. The model used by the sensor nodes and the sink, can predict the values
sensed by sensor nodes within certain error bounds. For example, in [107], three data
prediction approaches are used to predict the data of the next period at both sensor
and sink ends based on the same small number of recent data items. When data of
the next period is sensed, the sensor node compares the predicted data with the sensed
data. The sensor node does not forward the sensed data to the sink node when the
prediction error is less than a pre-configured threshold value. In this case, the sink node
considers the predicted data as the sensed data in current sensing period. Therefore,
unnecessary transmission is eliminated and energy is saved.

In [11], data prediction approaches are overviewed and classified into three types:
stochastic approaches, time series forecasting, and algorithmic approaches. Stochastic
approaches (e.g., [23]) exploit the probabilistic and statistical properties of sensed data.
The time series forecasting approaches may use different models to predict the readings
of individual sensors at the sink node, and to detect when sensor nodes produce outlier
readings (e.g., [52]). In algorithmic approaches (e.g., [39]), data are aggregated by

exploiting the heuristic or behavioral characteristics of the sensing phenomena.

2.4.6 Power control

The transmission range reflects the maximum distance at which a sender can reach
a nearby receiver. The longer the range is, the higher the power consumption would
be [118]. Many of the advanced radios allow programmable transmission power so

that a node can avoid consuming excessive energy to reach its receivers. Adjusting
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dynamically the transmission power is another technique for reducing, significantly,
energy consumption in WSNs. Instead of transmitting at the maximal power level,
each node can choose a lower transmission power. Authors in [24, 64] summarize the

goals to conduct the power control in WSNs as follows:

e Reducing the energy consumption since the power grows at least quadratically

with distance;
e Reducing interference;

e Improving spacial reuse and mitigating the MAC layer medium contentions.

The essence of power control is to form proper connectivities among sensors in the
network to reduce energy consumption and improve the network capacity [55]. So,
power control is another way to manage a network’s topology. Indeed, in a densely
deployed WSN, a sensor node may have many neighbor nodes with which it can com-
municate when using a large transmission power. However, high transmission power
requires more energy consumption which is not beneficial. To overcome these problem

topology control can be applied.

Topology control

The fundamental idea behind topology control is to build and maintain a reduced
topology that will save the small energy budget of sensors while preserving network
connectivity and coverage [51]. This can be achieved by reducing the transmission
power of sensors. In topology control based on power control, each node adjusts its
power transmission instead of transmitting using the maximal power. Thus, energy
dissipated in transmission is reduced and a new network topology is created. Sev-
eral topology control based on power control solutions are proposed in the literature
[56, 58, 130]. They are, generally, based on one of the three following algorithms min-
imizing the number of edges in the network graph while ensuring connectivity: RNG,
Relative Neighborhood Graph [100], MST, Minimum Spanning Tree [35] and LMST,
Local Minimum Spanning Tree [56].

As mentioned in section 2.4.3, duty cycling can be achieved through topology con-
trol. So, topology control can be classified into two categories: sleep-scheduling and
power control. The first category relies on duty cycling to reduce the number of active
nodes. The second one is based on power control to reduce the number of links in the

network.

2.4.7 Node mobility

Recently, mobility has been considered as an alternative solution for energy-efficient
data collection in WSNs. In WSNs, sensor nodes transmit data, following the multi-

hop mechanism, to the sink node which is, generally, static. Nodes closer to the sink
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should relay more packets than the other sensor nodes, leading to faster deplete their
batteries. Therefore, the network is subject to disconnect due to the nodes’ premature
energy depletion, even when energy conservation techniques are applied [54]. To deal
with, mobile devices can be designated as responsible for data collection. So, mobility-
based energy conservation can be achieved by considering few mobile nodes which moves
around the network to collect node information. Mobility-based energy conservation
schemes can be classified, depending on the nature of the mobile element, into [11]:

Sink mobility or Relay mobility.

Sink mobility

In the mobile sink based approach, a mobile sink is used to collect data from source
nodes in the field in order to increase network lifetime. It is shown that mobile sinks can
improve network lifetime by 5-10 times than static sinks [48]. Some examples of such
approaches are Greedy Maximum Residual Energy protocol(GMRE) [12] and Scalable
Energy-efficient Asynchronous Dissemination protocol(SEAD) [49].

Relay mobility

In a mobile relay-based approach, a well-known mechanism can be used which is mes-
sage ferries schemes for data collection from source nodes [131]. These message ferries
move in the field to collect data, carry the stored data and forward it to the destination
node. Mobile relays have almost similar functionality as in data Mobile Ubiquitous
LAN Extension (MULE) approaches [43, 91], where the vehicles periodically visit a

network to collect data.

2.4.8 Discussion

To achieve a sustainable and scalable WSN design, great efforts have been made to
conserve sensors’ energy. It is clear that all energy saving techniques have the same
common objective which is minimizing energy consumption to enhance the network
lifetime. However, they can have different other requirements such as connectivity,
coverage, security, scalability and fault tolerance. Besides these requirements, the en-
ergy conservation techniques try to meet some Quality of Services (QoS)!. For example,
the throughput is decreased when the number of nodes increases. In fact, nodes share
the same transmission medium. When a node transmits, its neighboring nodes are
prohibited from transmitting due to the interference. Therefore, techniques which re-
duce the interference ensure high throughput. They include energy efficient routing,

mobility-based approaches and those that reduce the number of active nodes, i.e., duty

1QoS can be regarded as the capability to provide assurance that the service requirements of appli-
cations can be satisfied [110]. Depending on the type of application, QoS in WSNs can be characterized,
among others, by reliability, robustness, throughput, delay [21, 57].
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cycling and the number of neighbors, i.e., power control. In addition, studies show that
using multi path routing in dense networks results in better throughput than using
single path routing [72]. Since there is more bandwidth available (high throughput),
a smaller end-to-end delay may be achieved. However, there is a trade-off between re-
ducing the delay and improving the throughput. For example, topology control-based
power control aims to reduce the number of links by using a small transmission range
while ensuring connectivity. It is clear that a small transmission range limits the inter-
ference and consequently leads to high throughput. However, a smaller transmission
range means that a packet needs to be transmitted through more hops, which inevitably
leads to higher transmission delay. Gamal et al. [36] show that the delay due to the
multi-hop transmission is increased when the throughput scales.

On the other hand, data redundancy in WSNs can be exploited to improve informa-
tion reliability. Indeed, nodes spend too much energy to transmit the redundant data.
If proper techniques are used, this redundancy can help the network to be more reliable
and fault tolerant as failures in individual nodes do not affect the overall network be-
havior [22]. This can be achieved by introducing data reduction techniques which can
reduce data redundancy in order to save energy. However, data reduction techniques,
especially, data aggregation can introduce much delay into the network. In fact, when
the data aggregation is used, each node in the network must wait his predecessors to
aggregate their data. Consequently, data aggregation can be a source of problems for
applications with time constraints. To deal with, this method is often employed with
clustering approach which can improve the network delay while satisfying scalability
and energy efficiency. Furthermore, redundancy affects the energy consumption of the
WSN as the same readings are gathered by physically close nodes. Duty cycling tech-
niques can help to ensure reliability by reducing the number of active nodes without
sacrificing the other QoS metrics such as throughput and delay.

Table 2.2 summarizes the objectives of each technique in terms of network require-

ments and QoS metrics.

2.5 Conclusion

As sensor nodes operate on limited battery power, energy usage is a very important
concern in a WSN. When a sensor node is depleted of energy, it will die and disconnect
from the network which can significantly impact the performance of the application. In
this sense, a significant attention has been given to mechanisms that can harvest and
save sensor nodes’ energy, with the purpose to prolong the network lifetime. In this
chapter, we gave a taxonomy of energy management approaches that can be used in
WSN to improve the network lifetime. We presented the different approaches, energy
provision-based and energy consumption-based, that have been proposed for WSNs to

meet several needs. Energy provisioning mechanisms are promising technology which
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Table 2.2: Objectives of energy conservation techniques: Network requirements and

QoS metrics.

Energy-efficient approaches

Objectives

Network properties

QoS metrics

Network lifetime

. Topology control Coverage Delay
Duty cycling Connectivity Throughput
Network lifetime C e
Power management Connectivity Reliability
Energy as a routing metric  Network lifetime Delay
Energy-efficient Connectivity Reliability
G
routing Clustering Scalability
Network lifetime
Connectivit Delay
Multi path routing X Y Throughput
Security Reliabilit
Fault tolerance y
Aggregation
Data reduction Compression Network lifetime Reliability
Prediction
Network lifetime
P trol
ower contro. Topology control Connectivity Throughput
. Sink mobility g:ctz;?;k lifetime Delay
Node mobility Yy Throughput

Relay mobility Network lifetime

can exploit ambient energy to recharge the sensors’ batteries. However, nodes remain
energy-limited when they are deployed in locations with limited harvesting opportu-
nities. So, they still need to implement energy-saving mechanisms which we classified
into five categories: Duty cycling, energy efficient routing, data reduction, power con-
trol and node mobility. All these techniques have the same common objective which is
minimizing energy consumption to enhance the network lifetime. Besides energy saving,
other requirements and QoS metrics can be ensured when using energy conservation ap-
proaches. In fact, there are trade-offs between multiple requirements, including energy
saving, which should be considered when designing protocols for WSN.

Finally, we can say that duty cycling approach, especially topology control, is the
most important energy saving mechanism which meets several objectives. In fact,
sensor network lifetime depends on the number of active nodes and connectivity of the
network. By eliminating the redundancy, which is typical in WSN, the network lifetime
will be maximized while meeting other requirements and QoS parameters as discussed
in section 2.4.8.

In the next chapter, topology control approach will be discussed in more detail, and

a taxonomy of topology control protocols will be proposed.



22

2. Energy conservation in wireless sensor networks




Chapter 3

Topology control in wireless
sensor networks

3.1 Introduction

As mentioned in the previous chapter, several energy conservation schemes can be used
to extend the sensor network lifetime. Among all the energy saving techniques, topology
control is considered as the most important technique in terms of energy efficiency and
network lifetime. This technique is very useful in WSNs because they are deployed
densely which offers much redundancy in network coverage and connectivity. In many
cases, the network deployment is done at random and it may be convenient to deploy
more nodes than necessary to cope with possible node failures. The fundamental idea
behind topology control is to build and maintain a reduced topology by exploiting the
network density to conserve energy and extend the network lifetime.

In this chapter, we introduce the concept of Topology control and the motivations
behind the need to use this technique. We investigate the topology control strategies
which are power control and sleep scheduling. We focus, in this chapter, on topology
control algorithms based on sleep scheduling which aim to reduce the number of active
nodes without affecting network connectivity and coverage. Thus, the existing sleep

scheduling algorithms are reviewed and a taxonomy is provided.

3.2 Definitions

3.2.1 Topology of the network

The topology of a network is the basis for its performance and all important properties
such as connectivity, network capacity and routing efficiency, rely on it [4]. The topol-
ogy of a WSN refers to the network layout; that is, the "set of communication links
between node pairs used explicitly or implicitly by a routing mechanism” [81]. In other
words, the topology of the network is determined by nodes and links that allow direct

communication (one hop). Once a WSN is deployed, each node communicates with a
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subset of nodes according to the distance between them. Therefore, communication
links are established with those nodes that are close enough for the radio signal. These

nodes and links establish the topology of the network [51].

3.2.2 Topology Control

Due to the high density and random deployment of WSNs, many sensor nodes may
be localized very close to each other, which provides a large amount of redundancy in
network coverage and connectivity, known as spacial redundancy. Spatial redundancy
means the possibility to obtain information for a specific location from different sources
[25]. In this case, the sensing information will tend to be very similar, thereby leads
to large amount of energy consumption. Further, having redundant nodes active in
the network is not even desired; they waste additional energy retransmitting packets
that collide because of the increased network traffic. To deal with, it is necessary to
manage the topology in order to reduce energy consumption as well as maintaining a
connected network. This can be achieved by modifying the topology of the network tak-
ing advantage of the sensors transmission power adjustment and their different modes
of operation. So, Topology Control can be defined as the mechanism which exploits the
spacial redundancy and, adaptively, selects only a minimum subset of links and nodes

while maintaining connectivity and/or coverage. Specifically,

Definition 3.1. Topology Control is the reorganization and management of node pa-
rameters and modes of operation from time to time to modify the topology of the network
with the goal of extending its lifetime while preserving important characteristics, such

as network connectivity and sensing coverage [51].

3.3 Motivations for Topology Control

Topology control is one of the most fundamental problems in wireless sensor networks.
Controlling the topology of the network has emerged as an effective way to reduce the
power consumption. Being an effective energy-saving technique, topology control has
received a significant amount of attention. Topology control is concerned with how to
create a good topology to be used for routing in WSNs. The question we should an-
swer is: Why we need to control the topology? Simply because without using topology
control mechanism, a randomly connected WSN may suffer from [4]: (1) short network
lifetime, (2) high radio interference, (3) poor network capacity, (4) high end-to-end
packet delays, and less robustness to frequent node failures. Therefore, topology con-
trol plays an important role in saving energy (and hence prolonging network lifetime),
improving spatial reuse (and hence increase network capacity), reducing radio interfer-
ence (and hence mitigating MAC contention), among others [129]. In what follows, we

summarize the main design objectives behind the use of topology control in WSNs.
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3.3.1 Maximizing network lifetime

The concept of topology control is strictly associated with network redundancy [11].
A dense and randomly deployed WSN may contain many redundant nodes that will
consume additional energy unnecessarily. Topology control aims to built a reduced
topology that will save energy and ensure some important network characteristics,
such as connectivity and coverage. This can be achieved by exploiting node and/or
link redundancy. So, the redundancy can be eliminated by either reducing the nodes’
transmission power or by turning unnecessary nodes off. Both mechanisms could change
the topology of the network and could extend, considerably, the network lifetime.

Reducing the transmission power of the sensor nodes allows eliminating some direct
links and forces packets to go through multi hops which lowers down the communication
cost. Since multi-hop relay usually costs much less energy than one long hop transmis-
sion, the network topology derived is more energy-efficient from communication cost
reduction perspective, which increases the network lifetime.

On the other hand, turning the redundant nodes off have the same effect that
reducing the transmission power in term of eliminating some direct links. However,
more energy can be saved since sleep nodes don’t have to receive packets during the
routing process. The network topology derived, in this case, is more energy-efficient
in the sense of reducing energy consumption in idle states which extends the network

lifetime.

3.3.2 Increasing network capacity

The goal of topology control schemes is to eliminate redundancy, which can have a direct
effect on minimizing energy consumption and a collateral effect on reducing the number
of transmissions and the number of packet collisions. Indeed, in dense networks, data
transmissions suffer from high collisions due to (1) the property of wireless communi-
cation and (2) the high node degree!. A collision may occur if two nodes within each
other’s communication range try to transmit at the same time on the same frequency.
Transmitting nodes influence the ability of other nodes to receive data. A node is not
able to receive data from its neighbor if another neighbor is transmitting at the same
time. This mutual disturbance of communication is called interference [44]. Reducing
interference in the network leads to fewer collisions and packet retransmissions, which
indirectly reduces the power consumption, extends the network lifetime and increases
the network capacity. In fact, besides reducing energy consumption, topology control
has the positive effect of reducing contention when accessing the wireless channel which
can avoid interference and increase the network capacity [51, 86].

Turned off some of the redundant nodes in a WSN can conserve energy since fewer

nodes transmit data to the base station. Moreover, this technique causes the num-

!The node degree can be defined as the number of neighbor nodes.
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ber of transmitted messages to decline, which lowers signal interference and the failed
transmission attempts [118]. On the other hand, reducing the transmission power can
eliminate (1) redundant links leading to a low node degree and (2) the exposed terminal
problem. Thereby, if two nodes do not have overlapping radio ranges then they may
be able to transmit at the same time without causing interference to each other which
avoid collision [34, 51]. So, topology control mechanisms can reduce interference and
boost the network throughput.

Figure 3.1 shows an example of a network topology with and without using topology

control scheme.

(a) Initial Topology (b) Reduced Topology

Figure 3.1: Example of a network topology (a) without topology control (b) with
topology control.

3.3.3 Ensure coverage and connectivity

The primary objective of the topology control techniques in WSNs is to achieve sus-
tainable coverage while maintaining network connectivity and conserving energy [118].
Network connectivity enables nodes to coordinate their action while performing a task,
and to forward their readings to a base station or a sink [45, 85]. Therefore, the connec-
tivity have a significant impact on the effectiveness of WSNs and should be sustained
all the time.

For example, topology control approach is employed to conserve energy by switching
off some of redundant nodes without degrading network coverage and connectivity.
The basic idea is to only power on a small number of nodes that are sufficient to
maintain network connectivity. However, the use of low transmission power limits the
network connectivity since nodes would have fewer directly reachable neighbors. So,
there is a tradeoff between increasing network capacity (i.e., avoiding interference) and
connectivity: as links are removed to reduce interference, the paths in the network
grow in length which leads to higher delay [44]. Unlike duty cycling topology control,

power control is purely a link-layer technique which does not affect coverage or the



3.4. Topology control mechanisms 27

data-processing tasks that a node performs [118]. Network coverage describes how well
the target field is monitored by the sensor nodes. The problem is how to achieve a
reliable sensing area that satisfies certain application requirements while consuming
less energy.

Therefore, minimizing the transmission power and scheduling the sensor nodes sta-
tus allow the network operator to design a low energy consuming topology while pre-
serving the desired sensing and communication connectivity and coverage [51]. Indeed,
both topology control techniques maintain a reduced topology which must (1) be con-
nected, so all active nodes can exchange information among themselves as well as with

the sink node and (2) cover the area of interest.

3.4 Topology control mechanisms

Topology control in WSNs is, mainly, focused on how to prolong the network lifetime
while satisfying some requirements, such as network connectivity and coverage. Topol-
ogy control mechanisms are broadly classified into power control and sleep-scheduling?,
as shown in Figure 3.2. The former works via controlling the radio power level to
achieve optimized connectivities among sensor nodes. The latter one works by main-
taining a good active/sleep schedule of each sensor node to prolong the system lifetime

while keeping almost equivalent system capability in the topological sense [55].

trol mechanisms

[ Power Control ) [ Sleep- ]

Topology con- ]

Scheduling

Figure 3.2: Topology control categories.

3.4.1 Power control

Since transceivers are one of the primary sources of energy consumption in the wireless
unit, especially in WSNs, topology control mechanisms are fundamental to achieving a
good network energy efficiency. The goal of topology control based on power control is
to dynamically change the nodes’ transmitting range in order to maintain connectivity,
while reducing the energy consumed by node transceivers. So, power control refers
to mechanism that adapt the transmission power level to optimize a single wireless

transmission [11, 86]. The key idea of power control is that, instead of transmitting

2 Also called sleep/wakeup scheduling, state scheduling or multi state.
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packets using the maximum power, sensor nodes collaboratively adjust their trans-
mission power while ensuring wireless connectivity. Table 3.1 provides some typical
transmission power levels and their corresponding energy consumptions of CC2420 ra-
dio, according to [1]. The optimal transmission power (between 0 and the maximum

value) can be decided by the power control based on the application requirement.

Table 3.1: Output power settings and typical current consumption of CC2420.

Power Level ~ Output Power (dBm) Current (mA)

3 -25 8.5
7 -15 9.9
11 -10 11.2
15 -7 12.5
19 -5 13.9
23 -3 15.2
27 -1 16.5
31 0 17.4

3.4.2 Sleep-scheduling

Sleep scheduling is another approach for energy efficient consumption which allows
some redundant nodes to sleep and conserve their energy. The basic idea is to activate
a small subset of nodes and switch off the radio of the redundant one while fulfilling
two requirements: connectivity and coverage. Unlike power control which aims to
reduce energy consumption in wireless communications, sleep scheduling reduces that
consumed in idle states. Indeed, radio communication consumes a large amount of
energy among all the node activities. While it is expected that the radio consumes
the most energy in the Transmit and Receive modes, running in the Idle mode is
also costly. In most cases, operating in Idle mode results in significantly high energy
consumption, because the radio electronics are turned on and continually decode radio
signals, even noise, to detect the presence of an incoming packets. Many measurements
(e.g, [1, 31, 88]) have shown that for many systems, radio idle listening dominates the
system power budget. It is, thus, desirable to completely shut down the radio (enter
into sleep mode) rather than transiting into the Idle mode. Authors in [31] reveal a
considerable energy consumption gap between the active state and sleep state of some
typical radios. Table 3.2 summarizes the energy consumptions of some mainstream
radios according to [31].

Let’s take an application example depicted in Figure 3.3(a) to better show the
impact of the two topology control mechanisms on WSN topology. Suppose only 3
neighbor nodes in a WSN, where S is the source node, R is the relaying node and D
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Table 3.2: Energy consumptions of some IEEE802.15.4-compatible radios.

Radio Rx(mA) Tx(mA) Sleep (uA)
RF230 15.5 16.5 0.02
EM260 28 28 1
MC13192/MC13202/MC13212 37 30 1
JN5121 38 28 <5
JN5139 37 37 2.8
CC2420 18.8 17.4 1
CC2430 17.2 17.4 0.5
CC2520 18.5 25.8 0.03

is the destination node. If node S have to transmit packets to node D, there are two
possible paths from node S to D. One is S — D, the other is S — R — D. In the first
case, a large amount of energy can be expended: (1) node S spends a significant energy
(uses a high transmission level) to reach directly node D, and (2) node R expended
considerable energy upon receipt of these packets that are not destined for it.

Power control can save energy by reducing the power level without losing connec-
tivity. In other words, power control aims to eliminate link redundancy. The derived
topology under power control is given in Figure 3.3(b). Contrary, sleep scheduling
aims to lower down energy consumption in idle states. Since the network connectivity
still holds without R, this later should go into the sleep mode in order to save more
energy. Therefore, the network topology derived under sleep scheduling is shown in
Figure 3.3(c).

R R
S D

S D S D

(a) (b) ()
Figure 3.3: (a) The initial network topology represented by a communication graph.

(b) The reduced topology under power control. (c¢) The reduced topology under sleep
scheduling.

3.5 Need for sleep scheduling

As mentioned previously, since most energy is spent for radio communications, an effec-

tive approach for energy conservation is scheduling sleep intervals for redundant nodes,
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while the other nodes stay active to provide continuous service. Thus, connectivity can
be maintained with much fewer routing nodes and more energy saving. For example, an
area that has ten nodes deployed may only require three nodes to get complete coverage
of the area and two additional nodes to ensure connectivity. This means that five of
the deployed nodes are considered redundant in terms of sensing and communication
and may not always be necessary. When these redundant nodes are not required they
will be put to sleep. Determining which nodes are redundant, putting them to sleep,
and waking them up again are tasks of sleep scheduling algorithms.

Topology control based on sleep/wakeup scheduling contributes in power saving in
two ways [106]: (1) it allows non-routing nodes (or sensing nodes) to maintain lower
duty cycle because they don’t have to receive packets for the routing purpose and (2)
routing nodes can act as data aggregation points as all packets are forwarded through
these nodes. Further of energy saving, this mechanism can increase the network lifetime
and network capacity without losing network functionalities.

While topology control based on power control aims to save energy by reducing
the transmission power, sleep scheduling minimizes, also the energy consumption in
receiving and idle modes and sensing coverage. It can increase the network lifetime by
a factor of 2-3 with respect to a network with all nodes in wake-up mode [37, 106].
Consequently, topology control based on duty cycling is the most important energy
conservation technique for a high density wireless ad hoc and sensor networks. For all

these reasons, our work is axed in this direction.

3.6 Sleep scheduling-based topology control protocols

Several topology control algorithms, using the scheduling technique, have been proposed
for wireless ad hoc and sensor networks. Based on the functionality of the network which
alm to guarantee, they are classified into two categories [55, 83]: network connectivity
[2, 3, 15, 18, 20, 28, 113] and network coverage [32, 73, 99, 104, 128, 114]. The key
idea of these protocols is to manage the topology by identifying redundant nodes and
schedule nodes for active or sleep modes in order to reduce energy consumption. In this
thesis, we focus on the second category which aims to minimize energy consumption as
well as maintain a connected network. This category of algorithms determine how many
and which nodes should be allowed to sleep, with the purpose to ensure connectivity.

In this section, we present and describe some representative existing sleep-scheduling
algorithms, proposed in the literature. These protocols are classified and a taxonomy
is proposed as given in Figure 3.4.

Topology control protocols based sleep-scheduling can be divided into two cate-
gories: flat and hierarchical protocols. In the first category, the election of active nodes
is done in the entire network so as to allow the required number of nodes to remain

active and ensure connectivity and/or reduce the rate of messages loss. In the second
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Sleep scheduling-
based topology
control protocols

——{ SPAN [20] | —_ Gridbased —— GAF [113] |

—{ ASCENT [18] | TECA [15] |

—( Cluster-based
—( orc[y )

ECTC [3] |

—[ Group-based )—[ CPA [28] ]

Figure 3.4: Classification of topology control protocols based on sleep scheduling.

category, nodes are first organized, either into clusters or groups. Then, active nodes
are selected from each cluster or group. Cluster-based solutions require the activation
of two or three types of nodes: cluster-heads, primary gateways, and secondary gate-
ways. These types of nodes should remain active to ensure connectivity while other
nodes can go into energy conservation mode, by turning off their radio (sleep mode).
In the other hand, solutions that organize nodes into groups can identify active nodes,
based on either location information (Grid-based), or connectivity information (Group-
based). In the Grid-based solutions, the formation of groups is static and gives the same
number of groups regardless of the number of nodes in the network, while, the Group-
based solutions form groups dynamically. So, we classify the existing protocols into
four categories: Flat protocols ([2, 18, 20]), Grid-based protocols ([113]), Cluster-based
protocols ([3, 15]) and Group-based protocols ([28]).

3.6.1 Flat protocols
SPAN

Chen et al. [20] propose SPAN, a power saving topology control algorithm for wireless
ad hoc networks that adaptively elects coordinators from all nodes to form a routing
backbone and turn off other nodes’ radio receivers most of the time to save energy.

SPAN is a distributed, randomized algorithm where each node makes a local decision
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Figure 3.5: SPAN state transitions.

Active

on whether to sleep, or to join a forwarding backbone as a coordinator based on an
estimate of how many of its neighbors will benefit from it being awake, and the amount
of energy available to it. SPAN coordinators stay awake continuously and perform
multi-hop packet routing, while other nodes remain in sleep mode and periodically
check if they should wake up and become a coordinator. SPAN achieves the four

following goals [20]:

1. It ensures that enough coordinators are elected so that every node is in the radio

range of at least one coordinator.

2. It rotates the coordinators in order to ensure that all nodes share the task of

providing global connectivity roughly equally.

3. It attempts to minimize the number of nodes elected as coordinators, thereby
increasing network lifetime, but without suffering a significant loss of capacity or

an increase in latency.

4. It elects coordinators using only local information in a decentralized manner; each

node only checks state stored in local routing tables during the election process.

Periodically, a non-coordinator node determines if it should become a coordinator
or not. The following coordinator eligibility rule is used in SPAN:
A non-coordinator node should become a coordinator if it discovers, using only infor-
mation gathered from local broadcast messages, that two of its neighbors cannot reach
each other either directly or via one or two coordinators. Figure 3.5 shows node state
transitions in SPAN.

Coordinators election process

Coordinators are elected based on local information supplied by a routing protocol.
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In SPAN, each node periodically broadcasts HELLO messages that contain the node’s
status (i.e., coordinator or not), its current coordinators, and its current neighbors.
From these HELLO messages, each node maintains a neighbor table which contains a
list of its neighbors and coordinators, and for each neighbor, a list of its neighbors and
coordinators. This neighbor table is maintained by each node periodically broadcasting
a HELLO message, or a message simply stating the node is alive. A node uses infor-
mation from its neighbor table to determine if it should announce or withdraw itself as
a coordinator.

In SPAN, when multiple nodes discover the lack of a coordinator at the same time,
they decide to become coordinators which leads to an announcement contention. To
resolve contention, SPAN delays coordinator announcements with a randomized back-
off delay. Thus, each node chooses a delay value, and delays the HELLO message
that announces the node’s volunteering as a coordinator for that amount of time. The
back-off delay, in SPAN, is defined according to equation (3.1) that takes into account
two factors: (i) the amount of residual energy, and (ii) the number of nodes that will
benefit from it being active.

ET)+(1—L?)+R)><NZ-><T (3.1)
Emn (%)

where, IV; is the number of the neighbors of node i, C; is the utility of node i, which

Delay = ((1 —

represents the number of node pairs among its neighbors that will be connected if i
becomes a coordinator, F, is the remaining energy at node ¢, E,, is the maximum
amount of energy available (initial energy) at node i, R is a random value picked from
the interval [0,1], and T is the round-trip delay for a small packet over the wireless link.

At the end of the delay, the node reevaluates its eligibility based on HELLO mes-
sages recently received, and makes its announcement if and only if the eligibility rule
still holds.

In SPAN, each coordinator periodically checks if it should withdraw as a coordi-
nator. A node should withdraw if every pair of its neighbors can reach each other
either directly or via one or two other coordinators. In order to rotate the coordinator
role among all nodes fairly, after some period of time, a coordinator marks itself as a
tentative coordinator. A coordinator node can become a tentative coordinator if every
pair of its neighbors can reach each other via one or two other neighbors, even if those
neighbors are not currently coordinators. A tentative coordinator can still be used to
forward packets.

SPAN provides energy saving while preserving network capacity and decreasing
latency. However, the election algorithm does not provide the minimum number of
coordinators required to merely maintain connectivity, it ensures that every populated
radio range in the entire network contains at least one coordinator [20]. SPAN’s elec-

tion algorithm requires each node to advertise its coordinators and neighbors, if it is
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a coordinator, a tentative coordinator, or a non-coordinator. Consequently, SPAN in-
curs a high communication overhead as the routing tables are exchanged periodically.
Furthermore, SPAN does not guarantee a connected topology; nodes decide to sleep
or join the network based on connectivity information supplied by a routing protocol
[116].

ASCENT: Adaptive Self-Configuring sEnsor Networks Topologies

In order to reduce the energy consumption and ensure the network connectivity, AS-
CENT [18] exploits node redundancy and adaptively elects active nodes from all nodes
in the network. Active nodes stay awake all the time and perform multi-hop packet
routing, while the other nodes remain passive (or idle) and periodically check if they
should become active.

Initially, only some nodes are active. The other nodes remain passively listening
to packets but not transmitting. If the sink node gets very high packet loss from the
source due to poor connectivity, it starts sending help messages to signal neighbors
that are passive to join the network. When a neighbor node receives a help message,
it may decide to join the network and becomes active. The existence of a new active
neighbor is signaled to other passive neighbors by sending a meighbor announcement
message. This process continues until the number of active nodes is such that the
message loss rate experienced by the sink is below a pre-defined threshold. The process
will re-start when some future network events (e.g., a node failure) or a change in the
environmental conditions cause an increase in the message loss. On the other hand, if
a node experiences high loss rates due to collisions, then it may decide to go to sleep
mode.

In ASCENT, nodes are in one of four states: sleep, passive, test, and active, as
shown in Figure 3.6. Initially, a node starts in the test state. Each node in the test
state, sets up a timer 73, and sends neighbor announcement messages. When 7} expires,
the node enters the active state. Otherwise, if the number of active neighbors is above
the neighbor threshold (NT), or if the average data loss rate (DL) is higher than the
average loss (loss 1), then the node moves into the passive state. The intuition behind
the test state is to probe the network to see if the addition of a new node may actually
improve connectivity. When a node enters the passive state, it sets up a timer 7}, and
sends new passive node announcement messages. This information is used by active
nodes to make an estimate of the total density of nodes in the neighborhood. Active
nodes transmit this density estimate to any new passive node in the neighborhood.
After the expiration of T}, the node enters the sleep state. If before T fires the number
of neighbors is below NT, and either the DL is higher than the loss threshold (LT) or
DL is below the loss threshold but the node received a help message from an active

neighbor, it makes a transition to the test state. The objective behind the passive state
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Figure 3.6: ASCENT state transitions.

is to gather information regarding the state of the network without causing interference
with the other nodes. Nodes in the passive and test states continuously update the
number of active neighbors and data loss rate values. Energy is still consumed in the
passive state, since the radio is still on when not receiving packets. A node that enters
the sleep state turns the radio off, sets a timer T and goes to sleep. When T expires,
the node moves into passive state. Finally, a node in active state continues forwarding
data and routing packets until it runs out of energy. If the data loss rate is greater
than LT, the active node sends help messages.

Unlike SPAN, ASCENT is independent of the routing protocol and has the poten-
tial for significant reduction of packets loss. It limits the packets loss due to collisions
because the node density is explicitly taken into account as a parameter (neighbor
threshold value). The protocol has good scalability properties as well as increases en-
ergy savings. However, energy saving does not increase proportionally with the node
density because it actually depends on passive-sleep cycle rather than the number of
active nodes. In addition, maintaining the loss rate and node density may incur high
communication overhead and adversely affect the node’s decision of going to sleep or
active. Another ASCENT’s disadvantage is it has too many parameters to be con-
figured, which make it difficult to be optimized [4]. Moreover, due to the fact that
ASCENT mainly relies on the number of active neighbors, there might be situations

where the network is partitioned [15].

oTC

Similar to SPAN and ASCENT, OTC [2] is another flat topology control protocol which
selects a group of active nodes from all nodes in the network. Active nodes stay awake

continuously and perform multi-hop packet routing while the other nodes remain in
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power-saving mode, and periodically check if they should wake up and exchange their
roles with the active node. OTC is built on the notion that when a region of a WSN
has a sufficient density of nodes, significant energy saving is obtained by allowing re-
dundant nodes to sleep. Using the two-hop neighborhood information, selected nodes
sequentially select a subset of nodes to be active among all nodes in the neighbor-
hood to ensure connectivity. OTC includes three mechanisms: neighbor discovery, role
alternation, and selecting active nodes.

The discovery process allows a node to discover its neighborhood. So, each node
periodically broadcasts a HELLO message containing: (i) Node ID, (ii) Message type
(HEILO, JOIN or WITHDRAWAL messages), (iii) Node’s status, (iv) Active list and
(v) Neighbor list.

Upon reception of HELLO messages, every node in the network knows its neighbor
set and for each neighbor its set of neighbors. After that, the active node selection
process is launched which involves two main parts. The first part concerns the selection
of an initiator called seed node (i.e., the first node to run the algorithm). The second
part involves this node to recursively select its one hop neighbors to cover the entire
network, while ensuring redundant nodes are made to sleep.

The selection of the seed node depends on its available energy and node degree.
A node with more residual energy and higher node degree can be selected as seed
node. Once a node has its one-hop and two-hop neighbor information, it can then
select a minimum number of one-hop neighbors which covers all its two-hop neighbors.
On the other hand, each node in the network selects a set of nodes from its one-hop
neighborhood. This set of selected neighbor nodes is called its active list. This set is
selected such that the node is able to reach all its two-hop neighbors via the active list.
Once this list is formed, a node announces it by broadcasting JOIN message.

In OTC, a node can be in one of three states: sleep, listen and active. Figure 3.7

shows the state transition diagram of a node. Initially, all nodes start out in the listen
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state. A node, in the listen state, turns on its radio and exchanges HELLO messages
to gather information about its neighborhood. In addition, when a node enters the
listen state, it sets up a timer 7;. When T} expires, if the node did not receive an
announcement message from its neighbor nodes, the node enters the active state. If
before T expires, the node receives a WITHDRAWAL message (i.e., its node ID is
not found in the sender’s active list) from its neighbors, then the node turns off its
radio and moves into the sleep state. Otherwise, if the node received a JOIN message
(i.e., its node ID is found in the sender active list), then the node moves into active
state and broadcast its own active set. When the node enters the active state, it sets a
timeout value T, to determine how long it should stay active. After T, fires, the node
moves back into the listen state. A node in the active state periodically checks if it
should turn its radio off, and move into the sleep state. This decision is based on the
following eligibility rule; it checks whether every pair of its neighbors can reach each
other within two hops. A node delays its withdrawal announcement with a randomized
back-off delay. When the back-off delay timer expires, the node reassesses its withdrawal
eligibility. If the withdrawal it is still valid, it announces its withdrawal (i.e., sending
an announcement message with status field value is set to nonactive) and transits to
the sleep state. When transiting to the sleep state, a node cancels all timers, sets the
sleep timer Ty and turns off its radio. A node in the sleep state returns to the listen
state after an application dependent sleep time Tj.

OTC increases network lifetime while maintaining connectivity, guaranteeing multi-
hop reachability from any source to any destination with a reasonable throughput.
Moreover, to ensure fairness, the role of active nodes is rotated periodically to ensure
energy-balanced operations. However, sending periodically the announcement messages
increases the communication overhead. In addition, the period of sleeping is left to the
application without taking into consideration the remaining energy of neighbors that
are active. This situation can lead to network partitioning once the active nodes deplete

their energies.

3.6.2 Grid-based protocols
GAF: Geographical Adaptive Fidelity

Geographical Adaptive Fidelity (GAF) [113] is a location-driven protocol that conserves
energy by identifying nodes that are equivalent from a routing perspective and then
turning off unnecessary nodes, keeping a constant level of routing fidelity. Based on
the physical location, GAF identifies node redundancy and group equivalent nodes into
virtual grids in such a way any two nodes from adjacent grids can communicate with
each other and so only one active node in each grid is enough to maintain a connected
network. Each GAF node uses location information (provided by GPS) to associate

itself with a virtual grid, where all nodes in a particular grid square are equivalent
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with respect to forwarding packets. In order to meet the definition of virtual grid, the
distance between two possible farthest nodes in any two adjacent grids, must not be
larger than the nominal radio range R. So, the virtual grid size r is determined based

on the radio range using the equation (3.2).
24+ (2r)2 < R?> or r<R/V5 (3.2)

In GAF, the nodes can be in one of three states: sleep, discovery, and active. A state
transition diagram is shown in Figure 3.8. Initially, all nodes start out in the discovery
state. When in the discovery state, a node turns on its radio and exchanges discovery
messages - a tuple of node id, grid id, estimated node active time (enat), and the node
state - to find other nodes within the same grid. A node determines the grid id using
its location and the grid size information. When a node enters the discovery state, it
also sets up a timer T;. When the timer T, expires, the node broadcasts its discovery
message and enters the active state. This timer can, however, be terminated by other
discovery messages received from node with high remaining energy (high ranking). It
also reduces the probability of discovery message collision.

When a node enters the active state, it sets up a timeout value T, to define how
long this node should stay in the active state. GAF uses a load balancing strategy
so that all nodes in the network are equally important. After a node remains in the
active state for time T}, it returns to the discovery state to give a chance to other nodes
within the same grid to become active. While a node in the active state, it periodically
broadcasts its discovery message at T} intervals.

A node in the discovery or active state can transit to sleep state when it can de-
termine some other equivalent node will handle the routing function. When transiting
to sleep state, a node cancels all timers, sets the sleep timer and turns off its radio.
A node in the sleeping state wakes up after a sleep time Ts and moves into discovery

state.
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The attractive feature of GAF is that it does not incur a high communication
overhead as grids can be built statically once the communication range is known, but
the assumption that the communication range is a perfect disc is far from reality. In
GAF load balancing is achieved through a periodic re-election of the leader, i.e., the
node that will remain active to manage routing in the virtual grid. The leader is
chosen through a rank-based election algorithm which considers the nodes’ residual
energy, thus allowing the network lifetime to increase in proportion to node density.
However, GAF may allow a node to sleep even if that node is actively participating in
routing. This may cause interruptions in communication (loss of connectivity), which

incurs high packet loss, and increase routing latency [34, 4].

3.6.3 Cluster-based protocols
TECA: A Topology and Energy Control Algorithm

Busse et al. [15] proposed a Topology and Energy Control Algorithm called TECA that
is motivated by a common clustering approach. In clustering approach, each node is
assigned to a cluster with one master node that acts as a cluster head. Once the network
is divided into several clusters, TECA selects some nodes that act as bridges between
two or more clusters. In doing so, a connected backbone topology is constructed. Using
the concept of wvirtual links, passive nodes decide in a distributed way if they should
join the topology and stay active or rather go into a low-powered sleep mode.

As shown in Figure 3.9, a sensor node running TECA can be in one of five states:
initial, sleep, passive, bridge, or cluster head. After a node is powered on, it is in
the initial state with its radio turned on until a timer T; expires. In this state, nodes
overhear packet transmissions, build a neighborhood table, and measure link qualities
to adjacent nodes. After time 7T;, a node changes its state to passive. Like in the
initialization state, passive nodes overhear ongoing packet transmissions and keep their
neighborhood table up-to-date. Additionally, in case the topology is still disconnected,
they become active, either as a cluster head or as a bridge. Otherwise, they stay passive
for a time 7}, until they go to sleep to save energy.

Since TECA conserves energy by putting redundant nodes to sleep, a major chal-
lenge is to maintain connectivity in the network. So, after clustering the entire network,
TECA maintains connectivity by selecting nodes as bridges connecting different clus-
ters. The topology built by TECA is based on neighborhood information that nodes
exchange periodically. These beacons are broadcasted by non-sleeping nodes each time
an announcement timer 7, expires. Beacons contain the node’s id, state, residual
energy, a timeout value, and one hop neighborhood information. However, only infor-
mation about active neighbors, i.e., cluster heads and bridges, are required and included
into the packet.

TECA runs into two phases: cluster heads selection and bridges selection. The
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Figure 3.9: TECA state transitions.

clustering selection process is priority-based, in this case based on the remaining energy
at the nodes only. Initially, each node announces itself as cluster head candidate, which
propagates to its neighborhood. Based on one hop neighborhood information, the best
cluster head can be found, using some cluster selection value, e.g., the node’s residual
energy. This node then becomes a cluster head. All other nodes in the cluster head’s
one hop neighborhood are assigned to it and are no longer cluster head candidates.
With that mechanism, any node is finally either a cluster head itself or assigned to one.
When a node becomes a cluster head, it remains active during a time period T,. If T,
expires, it tries to find another cluster head it could join. The running time of T, is
defined based on their energy and a factor «, called cluster timeout factor according to

the equation (3.3).
T. = min{a, energy; } . E"" (3.3)

with a € [0, 1] called the cluster timeout factor, El””t is the initial energy of a node i,
and energy; being its residual energy.

After the cluster head selection process, all non-cluster heads remain passive until
their passive timer T}, expires. During this phase they listen to announcement packets
of their neighbors. If a passive node is aware of the existence of two or more clusters,
the node will become a bridge candidate. Determining which of these nodes finally
become bridges is a great challenge. There are three main requirements that should
be considered. Bridges must connect different clusters in an optimal way, i.e., (i) the
packet loss rate between clusters should be minimized, (ii) the connection should be
long-lived, and (iii) the number of bridges should be minimized in order to extend the
operational lifetime of the network. So, TECA computes a local Minimum Spanning

Tree between the cluster heads to find the optimal path to interconnect them. The
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optimal path is found by using links costs based on the packet loss rate, the lifetime of
a link, and a penalty function to further minimize the number of nodes. Finally, the
nodes along this optimal path become bridge nodes and the cluster heads are connected.

After selecting cluster heads and bridge nodes, all remaining nodes stay passive
until their passive timer 7T}, expires. If T}, fires, a passive node will go to sleep with its
radio turned off to save energy. However, in order to rebuild the topology, the node
must wake up after it’s cluster timeout, which is received during the cluster formation
process. In addition, the node must consider the timeout from other cluster heads and
active bridges in its neighborhood and wakes up in time.

The role of the cluster head and bridge node is rotated and residual energy is
considered in cluster head selection. These attributes of TECA help prolonging the
network lifetime. An advantage of TECA over many other clustering algorithms is the
use of bridge nodes to maintain network connectivity. However, the use of bridge nodes
also has a drawback; it requires more nodes to remain active, which will use more energy
and hence, shorten the lifetime of the network [34]. Moreover, the communication
overhead is much higher during the cluster forming process (Cluster heads and bridges

selection) which leads to large energy consumption.

ECTC: Energy effiCient Topology Control

Like TECA, ECTC (Energy effiCient Topology Control) [3] is a hierarchical distributed
topology control algorithm, which uses a clustering approach. It is built on the notion
that when a region of a wireless sensor network has a sufficient density of nodes, signifi-
cant energy saving is obtained by allowing redundant nodes to sleep. Using the two-hop
neighborhood information, some nodes are selected as cluster heads and others act as
bridges. Thus, the entire network gets connected. ECTC operates into two phases.
The first phase is similar to OTC [2], in which a group of active nodes is selected from
all nodes in the network to form the forwarding backbone.

After the active nodes are selected, the second phase of the algorithm is to select
a number of these active nodes to serve as Cluster heads while the rest act as bridges
between two or more Cluster heads. Initially, each active node announces itself as
Cluster head. Announcement contention may occur when all active nodes decide to be
a cluster head at the same time. ECTC resolves this contention by delaying cluster
head announcements with a randomized back-off delay. Each node chooses a delay value
based on its available energy and node degree. A node with more residual energy and
higher node degree generates a smaller back-off delay; a node delays its announcement
for that amount of time. At the end of the delay, the node broadcasts itself as a
cluster head to its one-hop neighbors. Upon receiving this advertisement, any other
active nodes join the cluster. These non-Cluster head nodes inform the appropriate
Cluster heads that they will be members of the cluster. If before the back-off delay
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time expires, an active node receives a Cluster head announcement message from its
one-hop neighbor it cancels its back-off delay timer and announces itself as a bridge

node connecting two or more Cluster heads.

In ECTC, a node can be in one of four states, as shown in figure 3.10: sleep, listen,
cluster head and bridge. Initially, all nodes start out in the listen state. When in
the listen state, a node turns on its radio, sets up a timer 7; and exchanges HELLO
messages to gather information about its neighborhood. When 7T expires, if the node
did not receive any message from its neighbor nodes, the node enters the cluster head
state and set a timeout value Toy. After Top expires, the node moves to listen state. If
before T fires, the node receives a WITHDRAW message from its upstream neighbor,
the node turns off its radio and moves into the sleep state, or if the node received a
JOIN message, then it moves into bridge state. When the node enters the bridge state,
it sets a timeout value Tj to determine how long it should stay active. At the end of
Ty, the node moves back into the listen state. A node in the bridge state periodically
checks if it should turn its radio off, and move into the sleep state. This decision is
based on the following eligibility rule: it checks whether every pair of its neighbors can
reach each other within three hops. A node delays its withdrawal announcement with a
randomized back-off delay. When the back-off delay timer expires, the node reassesses
its withdrawal eligibility. If the withdrawal is still valid, it announces its withdrawal
and transits to the sleep state. When transiting to the sleep state, a node cancels all
timers, sets the sleep timer T and turns off its radio. A node in the sleep state returns

to the listen state after an application dependent sleep time T.

ECTC shares the same advantages and drawbacks as OTC and TECA, described

above.



3.6. Sleep scheduling-based topology control protocols 43

3.6.4 Group-based protocols

CPA: a Connectivity-based Partition Approach

In [28], an adaptive partitioning scheme for node scheduling and topology control, is pre-
sented with the aim of reducing energy consumption. The authors formulate the node
scheduling with topology control as a constrained optimal graph partition problem, and
propose a Connectivity-based Partition Approach (CPA), which is a distributed heuris-
tic algorithm. CPA partitions sensors into groups, based on the measured connectivity
between pairwise nodes, such that a connected backbone network can be maintained by
keeping only one arbitrary node from each group in active status while putting others

to sleep. The proposed partition should satisfy the following constraints [28]:

1. Any node is within one hop away from all the other nodes in the same group.
Under such a constraint, each node can be covered by the communication back-
bone; that is, each node is either in the backbone network if it is an active node

or directly connected to the backbone network if it is a sleeping node.

2. The backbone network formed by active nodes at each snapshot must satisfy
some connectivity properties such that it does not suffer a significant loss of

communication quality as compared with the original network.

3. In order for all the groups to remain alive together as long as possible, the energy
needs to be evenly distributed among groups. So, the uniform energy consump-

tion, for sensor nodes, is assumed.

4. A smaller number of groups is preferred without degrading the communication
quality of the original network, because more energy conservation can be achieved

by decreasing the number of active nodes at each time.

CPA is a distributed iterative process which aims to find an M-partition while sat-
isfying that any backbone graph is at least K-connected. It starts from the initial
partition where each node forms a unique group. CPA continuously merges two groups
into a larger one until further merging will break the constraints of the problem afore-
mentioned. In CPA, there are two kinds of nodes in each group: ordinary nodes and a
head node. Each kind of node maintains its node ID and associated group information,
including its group 1D, the IDs of other group members, and the ID of the head node
in its group. One head node is selected from each group to maintain some additional
information on the connectivity between its group and the neighboring groups in the
current M-partition. CPA goes through a group merging process iteratively before it

gets to the final partition.
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In the group merging process, the head nodes of each two completely adjacent
groups 2 exchange group connectivity information to decide whether their groups should
merge. Only completely adjacent groups can merge so that the new group is also
a clique. Contentions may occur when multiple neighboring groups want to merge
simultaneously. To deal with, a randomized back-off delay is used when the two groups
announce their willingness to merge. If no contention is observed at the end of the delay,
the two groups about to merge will announce their decision to all of their neighboring
groups. In order to obtain a good partition, CPA considers several factors to decide
which two groups are preferred to be merged first in the current partition. These factors
can be reflected as a utility function, noted f as shown in (3.4) for two groups A4; and
Aj:

[ Na(A) N N4y |
| N2(Ai) U Na(4;) |
where No(A;) and Na(A;) are the set of neighboring groups completely adjacent with

g(A;) +9(Aj))

= k(1
f” 1( Etotal

+ ko (3.4)

groups A; and A;, respectively. g(A;) and g(A;) denote the energy in group A; and
Aj, respectively. Flyq is the total energy of all nodes in the network, and ki and k»
are two coefficients.

With the purpose to achieve K-connectivity, each group keeps track of its degree
value during the group merging process, which is used to decide whether pairwise
groups should be merged. If a group merge may cause the degree of some groups to
drop below K, then these two groups will give up their intention to merge. The group
merging process will be terminated when no groups can be merged. So, CPA guarantees
that the generated backbone network, based on this partition, ensures the minimum

degree (mindeg) of K which will be mindeg-connected, where:

mindeg = min{| Na(A;) N Na(A;) | U{deg(s) —1/s € Na(A;) U Na(Aj)}} (3.5)

where deg(s) is the degree of node s.

Ding et al. [28], present two implementations of CPA: centralized and distributed.
Figure 3.11 illustrates the state transition diagram of each head node for the distributed
version of CPA.

Initially, each node constitutes a group (or is a head node). At the start, each node
broadcasts an UPDATE_MSG to its neighbors containing its group information. In the
Decision state, the head node calculates the priority value for each of its completely
adjacent groups and selects the group with the highest priority to merge so that the
fusion will not break the connectivity constraint. Let A, be the current group and
assume that the best group to merge with is A,. If any completely adjacent group of

A, or Ay is in the Merging or Holding state, then the head node will go into the Waiting

3Two groups are completely adjacent if all nodes in the first group can communicate with all nodes
in the second one and vice versa.
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Figure 3.11: CPA state transitions.

state, because the merge of A, and A, will collide with the merge of some other groups.
Otherwise, the head node will go into the Contending state. In this state, the head
node will send a MERGE_REQ message to A,, expressing its willingness to merge with
it. If the contention succeeds (A, receives a MERGE_ACK message from A,), it goes
into the Merging state, and otherwise (A, receives a MERGE_NAK message from A,),
it enters the Waiting state. In the Merging state, it first broadcasts a HOLD_MSG to
the neighboring groups of A, and A, to put them into Holding state and then updates
its group information. After the merge is finished, it broadcasts an UPDATE_MSG,
which contains the information of the newly merged group, to its neighboring groups.
If a head node has not yet entered the Merging state, it will enter the Holding state
when it receives a HOLD_MSG from neighboring groups. When a head node is in the
Holding state or Waiting state, it will enter the Decision state again once it has received
an UPDATE_MSG.

Once the group merging process is achieved, nodes in each group are switched
between active and sleep status periodically. CPA uses a load balancing strategy to
schedule nodes in each group. It assumes that all the nodes in each group can be
synchronized. In order to elect an active node, each group member broadcasts a message
to the whole group stating its willingness to become active. Each node waits for a
certain time delay before its announcement. The earliest announcement will suppress
the others so that the corresponding node will become the active node in the group.
The time delay for each node is set to be inversely proportional to its residual energy.
Therefore, the node with the maximum residual energy will be selected. Then, the

selected active node informs other nodes of the time it will remain active, after which
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all the nodes need to reselect an active node again within the group.

One of the best characteristics of CPA is that the partition is based on the measured
connectivity of nodes instead of guessing connectivity by their positions. CPA can
generate partitions while ensuring K-connectivity of the backbone network even under
unideal radio propagation models. However, the proposed scheme suffers from several
problems: (1) the collection of the total energy of all nodes in the network, increases
the complexity of the proposed solution in terms of communication and run time, (2)
a large communication overhead will be produced during the merging process, which
leads to a high energy consumption, and (3) a deadlock problem can occur during the

merging process [74, 92].

3.7 Discussion

As described above, several algorithms have been developed to extend the network
lifetime by managing the network topology. These protocols generally share the same
objectives which are energy saving and connectivity. All aforementioned topology con-
trol protocols aim to construct reduced topologies with certain desired properties, in
distributed and localized manner. Table 3.3 summarizes the key features, objectives,
major assumptions of the existing sleep scheduling-based topology control protocols.
The category of each protocol is identified and advantages and disadvantages are in-
cluded.

Most previously proposed algorithms which are connectivity-based can be divided
into two categories: flat and hierarchical protocols. The main drawbacks of the flat
protocols are (1) it is difficult to provide a minimum number of active nodes in each
state of the network, and (2) the formed topology is not always connected. This due to
the fact that nodes decide to be active regardless of the decision of the other nodes; they
decide to sleep or join the network based on either connectivity information supplied
by a routing protocol or the loss rate and node density which can affect the integrity
of node’s decision of going to sleep or active. In addition, the communication overhead
is high (about O(n?)) for most of flat protocols. On the other hand, protocols in the
second category, organize nodes either in grids, clusters or groups.

Clustering solutions require the election of two types of nodes: cluster-heads and
bridges. These types of nodes must remain active to ensure connectivity while other
nodes can go into energy conservation mode, by turning off their radio (sleep state).
Therefore, these protocols do not provide a good conservation of energy that directly
affects the network lifetime. First, these protocols require an important message ex-
change at every election phase for the choice of cluster-heads and then of the gateways.
Second, the number of active nodes in the network is high, as two nodes, at least, per
cluster need to be activated. Therefore, reducing the number of active nodes greatly

extends the network life without sacrificing connectivity. Solutions organizing nodes
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into grids or groups so that each grid/group is represented by only one active node at
each network state have been already proposed. The grid-based protocols form grids
based on location information while group-based ones form groups based on connectiv-
ity information.

The attractive feature of grid-based protocols is that they incur a low communi-
cation overhead (about O(n)) as grids can be built statically once the communication
range is known. However, the assumption that the communication range is a perfect
disc is far from reality. Moreover, these protocols require the availability of GPS at each
node to determine the location information, which is sometimes impossible to acquire.

Group-based topology control protocols use the communication equivalence to orga-
nize nodes into groups. For example, in CPA [28], the nodes are organized into groups
based on the degree of connectivity between nodes. Thus, a small number of groups
formed while satisfying K-connectivity. However, some limitations are enumerated such
as: (1) the complexity of the proposed solutions in terms of communication and run
time, is very high (about O(n?)), (2) a connectivity loss or partitioning in the network
is possible, and (3) the sending of a merge request is done cyclically and each node
waits for a response from the other candidate; which creates a deadlock situation and
the group forming process will never end.

In summary, we can notice that some proposals offer low message overhead but
rely on unrealistic assumptions, while some other solutions provide a small number of
active nodes but incur high message overhead. Moreover, when running some proposed
protocols, the formed topology is not always connected (e.g., CPA [28]). Indeed, it is
difficult to ensure connectivity without increasing the number of active nodes. So, there
is a trade-off between power consumption, connectivity and the number of active nodes.
If the number of active nodes is minimized, the network connectivity may be lost; And
if connectivity is ensured when an acceptable number of active nodes is reached, an

additional energy is expended.



3. Topology control in wireless sensor networks

48

"SIOQUSTOU AT}
-ov Jo A8I1eus 3Jurureural
o} 07 JUIpPIOdOR pouLep

uorny
~RULIOJUI UOT}BO0] ON

'sopou 2A110®
19[S 0} Pasn st pooy

‘ydern
S MU e jou st

A1AT)08UTO))

Jou oxe sporzad doos o, -1oquS8rou  doy-omJ, ydeid xiomjou oy,
"SIy gL uoryewt
st owry uonendwo))  -o3e poInqLI)sI(] UstH A oA -IOJUl UOI}ed0] ON Butaes A51ouy ¥eld e} OLO
'Sopou 9UIoS
JO uwin) IO 9JeArjoR
0} pesn oIe ASIouo
[enpIisal pue sopou
oAT)OR  ‘SSO]  jeydRd
‘bopia ‘o[qe[lear aIe
-o1d jou SI SOpOU SAIOe o[qe[eIS BEW. Suiaes A31our]
JO IoquINU WINWITUIW O T, VINAL P VINSD
. uory *S1STX0 WISTURYDOUT
Sumonred yromoN -RULIOJUI UOI}BI0[ ON UOT)0919(]  SOSSOT] Aranoouuo)
oam3yuoo i 81 o Arren AI2AT[R(T 1o3® e [871]
09 siejeowrered Auew o0J, -O3[e paInquIysI([ et A N -tut suorjpred oN fod 19ed el 81} LNUOSV
‘Jooojoxd
3urnor jo spuadop 91 ANTA0IN
‘poins
uorty
U0 10U ST SI0)eUIPIOOD : Suiaes A31our]
-RULIOJUI UOTJRD0[ ON
JO IoquINU WINWITUIWL 1T,
‘poojueIensd jou WYL sTaTot
s1 £Sojodoy pejoouuco v -oS[e pOMQUISI YSTH b1 SOA Suiod ooy pe ue Ay1andsuuoy) el [0z] NVdS
: s jo ooussexd oy,
so1gs1I90RIRYD peeyaaao 29a3ap Suruereg suorpduwnssy
syoeqMBI(Q A33] uorjedIUNWUWO))  A}IAI}OBUUOD) peor] Jolen saA1399lqQO K10893e) S[020304J

WSTURYOOW SUIDAD AJNp uo paseq

SWI}LI03]R [013U00 A50[0d0) JO Apnjs aaryeredwio)) :¢ ¢ d[qR],



49

3.7. Discussion

‘soges

-sewl JO sur1e) ul aAlsuad
-X® ST 9INJONIIS FULIDIST[D
9y} JO eouRULIUIRUW O],
"I9)SN[D [OrL Ul S9pou
9ATIOR oIow saambarx 9T
‘SI0qUIOU A1)

-oe Jo A8I1ous Jurureuwral
oY} 0} Surpiodoe pauyep

uorn
~RULIOJUT TOT}eI0] ON

'Sopou dA110R
109[98 0} Pasn st pooy

AJ1AT)08UUO))

jou aae spotrod doo[s oy T, -oquseu - dog-omg,
y3y WYL 99.1J-I0113 )
st owp uoyendwoy  -oS[e PONqIIISICT USTH AToA bi SOx pue oTsION Suiaes A310uy  poseq-1a)sny)) el o1LOA
‘soges
-SoWI JO suLIo) Ul aarsuod uorty £eToD DUS-01-DU
-X0 ST 9INJONI)S SULIPISN[D  -RULIOJUI UOTIBIO[ ON ©pP P pud
oY} JO edoURUUTRUL O],
'se8pLiq pue
"I9)SN[D YOrD Ul SOPOU  SH{) 109[0S 0} PaIopIs o[qe[reA® SI Uor}
oA1)o® oIowW solmbal 3]  -u0d are ASIous [en -RULIOJUI SSO[ NUI] Aranoouuo)
-PISoI pue ssO[ 1930 ]
ysiy W)LL osue
st owm EOE«BSQEO.O -oSe @wﬁﬁ:b%.ﬂ UST1H AIoA M EN UOISSIWISURI} oUIes Suiaes A310Uf  peseq-191sni) [e1] VOAL
: : : T oY} oA®RY SOPON
"K}TATO0UUOD s[oo0j01d Surynox
Jo sso] ' osned Aew 3] Jo juopuoadopul ST 9] ANTAoIN
*O19SI[BAI J0U ST [opout
uoryededoird orper [eapI o[qereog pue ojdurig A)1AT)00UTO) )
ue Jjo uonjdunsse oyJ,
"A310U0 BIIXO UR SOWUNS W)LL o] - . [epouw uoryed Supaes AStoug poseq-pun [e11] AV
-U0D YOIYM GJF) Spedu 3]  -0S[e poInqLIYsI(] -edoid orpe1 Teap] : :
SOI9s1I90RIRYD peayaiaso saa3ep Surouereg suorpduinssy
syoeqmeaq L83y uoedIUNWWO))  AJAI}OBUUOD) peor] Jolen saA1329lqQ KLi10393e) s[oo0joaJ

‘(penurjuoy)) wstueyPaU FUIDAD AP U0 paseq
SWI}LI03]R [013U00 A50[0d0) JO Apnjs aaryeredwio)) :¢ ¢ d[qR],



3. Topology control in wireless sensor networks

50

"IMooo
ued wojqod po[peap Y

"K}TATO9UUOD
JO sso] ' osned Aew 1]

ouwIr) unda pue

uory
~RULIOJUI UOTI}BO0] ON

‘sepowt uorjegedord
orpex Te[nga.rit
pue Iemgel JIspun
JyI0mlou auoqoeq
oY1 Jo AJIA109UU0D
XO1I0A-3] SOINSUD 9]

uory

Suiaes A31suy
-RZIUOIYDUAS oW, :

UOIYRITUNIIOD JO SULID WYFLIOB[E ponqLy S A19, So, uondumsuod AYIATYOOUUO, oseq-dnor
Feor 3 ¥ -SI(] pue pazIieIjus)) {etH APA A A A310U0 WLIOJTU ) HAR D poseq D [8z] vdD
urt y31y st Ayxa[durod oy T, : : :
SOI9s1I90RIRYD peayaiaso saa3ep Surouereg suorpduinssy
syoeqmeaq L83y uoedIUNWWO))  AJAI}OBUUOD) peor] Jolen saA1329lqQ KLi10393e) s[oo0joaJ

‘(penurjuoy)) wstueyPaU FUIDAD AP U0 paseq
SWI}LI03]R [013U00 A50[0d0) JO Apnjs aaryeredwio)) :¢ ¢ d[qR],



3.8. Conclusion 51

3.8 Conclusion

In this chapter, we conducted a comprehensive study on topology control issues in
WSNs. We presented the motivation behind the need for topology control mechanisms,
especially sleep scheduling-based topology control. We provided a classification for
topology control protocols using duty cycling techniques to reduce the topology while
ensuring the network connectivity. The chapter, also, provides a comparative study to
investigate and evaluate the existing topology control protocols and understand some
tradeoffs.

Finally, we may conclude that distributed and localized topology control protocols
are preferred when they select a small number of active nodes with a low communication
overhead and without sacrificing connectivity. In the next chapter, we will present our

new proposed grid-based algorithm.
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Chapter 4

GTC: A Geographical Topology
Control Protocol

4.1 Introduction

In the previous chapter, we have presented the most relevant sleep scheduling-based
topology control protocols for WSN. The key idea of these protocols is to manage the
topology by identifying redundant nodes and schedule nodes for active or sleep modes in
order to reduce energy consumption. Among these protocols, we found that grid-based
topology control protocols have an attractive feature that is related to the reduced
communication cost and the energy efficiency when determining the redundant nodes.
Indeed, they do not incur a high communication overhead during the grid forming
phase, as grids can be built statically once the communication range is known.

On the other hand, we noticed that most of the proposed protocols use a load
balancing strategy which is achieved through a periodic re-election of the nodes that
remain active to manage routing. This may lead to significant energy consumption
during transitions between sleep and active modes. Moreover, it may increase the
election frequency and the communication overhead and, as consequence, waste of
energy.

For these reasons, in this chapter, we propose a new grid-based algorithm, called
GTC: a Geographical Topology Control protocol [119, 120, 122], that benefits from the
advantages of the existing grid-based algorithms to identify redundant nodes. GTC
uses a new scheduling strategy which reduces the number of transitions between active
and sleep states in order to minimize the transition energy and ensure the network
longevity. It also minimizes the frequency of active nodes election and allows some
stability in the topology that avoids a loss of connectivity.

In this chapter, first, we give the motivation of our work in Section 4.2. Then, the
detailed description and analysis of the proposed algorithm are provided in Section 4.3.
In Section 4.4, we evaluate our proposal by comparing it with GAF’s approach, con-

sidered as a reference protocol. Finally, Section 4.5 concludes the chapter.
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4.2 Motivation

One of the critical challenges in wireless sensor network is the energy conservation. In
fact, sensor nodes are tiny battery-operated devices with limited energy. Recharging
or replacing them may be impossible because the sensors can be deployed in a hostile
environment. Typically, a wireless sensor can be in one of the four distinct states : Idle,
Receive, Transmit, and Sleep. While it is expected that the radio consumes most of
the energy in the Transmit and Receive modes, running in the Idle mode is also costly.
Many measurements have shown that idle listening consumes 50 ~ 100% of the energy
required for receiving. Thus, it is desirable to completely shut down the radio (enter
into sleep mode) rather than transiting into the Idle mode.

As the energy consumed in sleeping state is smaller than the energy consumed in
any other state, keeping sensor nodes in the sleep state is a good way to save energy.
Since only a small set of nodes is involved in packet transmission and reception, in
dense sensor network, it will be most effective to turn off the wireless interfaces of the
redundant nodes. This can be accomplished by adopting a sleep scheduling approach,
without sacrificing the network functionalities.

Most of sleep-scheduling protocols, which exploit the nodes redundancy, use a load
balancing strategy to schedule nodes and allow them to be periodically active. How-
ever, as shown in Section 2.3.3, one of the major source of energy wastage is frequent
switching between modes, especially switching from sleep to active mode that leads
to significant energy consumption [10, 53, 93, 102, 117]. Indeed, few works have re-
ferred to energy waste, during the scheduling, because switching a radio on and off
very frequently can sometimes result in even more energy consumption than leaving
the transceiver unit in Idle mode. In addition, an active node election is carried out at
each transition which consumes more energy and may disrupt communication.

Motivated by this, a distributed energy-conserving protocol called GTC (Geograph-
ical Topology Control) is proposed in this chapter. The ultimate goals of GTC are to
(1) identify redundant nodes and organize them into zones (or grids) with a low commu-
nication overhead, (2) minimize the energy consumption, during the scheduling phase,

by reducing the number of transitions between active and sleep states.

4.3 GTC design

In this section, we present our proposal for the sensor network model that consists of one
(or more) sink(s) and a high number of sensor nodes, deployed over a large geographic
area (sensing field). Data is transferred from sensor nodes to the sink node through a
multi-hop communication paradigm [9]. Both the sink and sensor nodes are assumed
to be static and all nodes have the same radio communication range. In addition, we

don’t consider the nodes’ crash except that for batteries depletion.
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4.3.1 GTC overview

Wireless sensor network is characterized by its density in number of deployed sensors.
Generally, sensors in the same region collect and forward, the same information. In
order to conserve nodes energy, it is necessary to keep a set of nodes active while others
can sleep. We propose a distributed energy-conserving protocol (GTC) that exploits
the sensors’ redundancy, in the same region, in order to extend the network lifetime.
So, in GTC, the whole network is divided into small zones. A zone is defined so that,
for two adjacent zones Z7 and Zs, all nodes in Z; can communicate with all nodes in
Z5 and vice versa. Thus, all nodes in each zone are equivalent for routing and only one
node can be active in each one, while others can go to sleep mode.

GTC is a sleep-scheduling topology control protocol for a stationary wireless sensor
network. It runs above the link and MAC layer and below the routing layer. GTC is
not a routing protocol but a topology control protocol. It simply decides which nodes
should join the routing infrastructure, in order to extend the network lifetime. The
routing protocols are complementary to topology control protocols. Indeed, GTC runs
with any routing protocol because it is completely independent. Our protocol works in

two phases: Zones formation phase and Active nodes election phase.

Zones formation phase

In this phase, we use the same mechanism as the one considered in [113]. Each node
determines its current location, provided by GPS or other location systems (for exam-
ple, [29]). Based on location information and zone size, the node associates itself with
a zone and determines the zone ID. The zone size r is calculated according to the radio

communication range R as follows:
2+ (2r)? <R?® or r<R/V5 (4.1)

The formula (4.1) guarantees that the nodes, located in the same zone, can communi-
cate with each other. This equation also ensures that any two possible farthest nodes,

in two adjacent zones, can communicate.
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Figure 4.1: Zones formation.
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Active nodes election phase

Once the zones formation phase is completed, nodes, in each zone, starts the stage
of sleep/wake scheduling to select the active nodes. In this phase, only one node in
each zone is required to be active while others turn their radio off. We select only one
node to be active, in each zone, because all nodes in the same zone are equivalent for
routing packets. This property is given by the way the topology is built. We use a
priority-based scheduling strategy to schedule nodes in the same zone. This strategy
will be described in Section 4.3.4. The election of an active node is based on its current
energy level. Therefore, in each zone, the node with high energy level will be elected as
active node of this zone. The elected node remains active until depletion of its battery

while the others go to sleep mode during this period.

4.3.2 GTC state transitions

In GTC, nodes are in one of three states: discovery, active, and sleep. Figure 4.2 shows

a state transition diagram and the election process is given in Figure 4.3.

Discovery state: Initially, all nodes start in the discovery state. When a node enters
this state, it sets up a timer T, (Ty is a random value), and sends a discovery
message which contains the information needed to elect an active node: node id,
zone id, energy level, and node state. If a node receives a discovery message from
an active node, or from a node with a high energy level, before the expiration of
Ty, it cancels the T, timer and enters the sleeping state for T period. Otherwise,
when Ty expires, a node enters the active state for 7, period and broadcasts a
discovery message, in order to inform the neighbors that it is the elected active

node for T, period.

Active state: In active state, a node remains active and forwards data until the de-

pletion of its battery.

Sleeping state: A node, in a sleep state, wakes up after the expiration of T, timer
and moves into a discovery state, in order to elect a new active node. There are

two cases:

e The leader’s remaining energy level is greater than a threshold Min_Turnofftime.

In this case, the node returns to sleep mode for another 7T period.

e The leader’s remaining energy level is less than a threshold Min_Turnofftime.
In this case, the node does not return to sleep mode but sets a timer 7y and
can be the new leader if it has a higher energy level than the others. In
other words, a node can be the new active one if its energy level, is greater
than that of the other nodes.
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4.3.3 GTC parameters tuning

In this section, we explain the parameter choices, made in the current GTC algorithm,
but it should be noted that the choice of the parameters Ty, T,, and Min_Turnofftime
is left to the application.

Node active time (T,) represents the leader’s duration of activity. Initially, it sets
to the expected node lifetime. The expected node lifetime is calculated, according to
the following assumption: if a node functions while using a maximum of resources, how
much this latter will hold before the exhaustion of its battery? In reality, the real value
of T, depends on the network traffic.

Discovery message interval (Ty) determines the maximum time a node remains in
the discovery state. This parameter used to avoid node synchronization. It is chosen as
a random value between two constants Min_Ty; and Max_Ty. We leave the application
the choice of these constants.

Min_Turnofftime is a threshold that allows the active node to go on ensuring the
packet routing, during a new leader’s election. The connectivity loss can also be
avoided.

Node sleeping time (Ts) is equal to the duration of the leader’s activity minus a
certain grace period T,. Ty is chosen as a random value in the interval [T, — max_Ty,
T, — min_Ty]. We note that if nodes wake up after T, and the leader can ensure its
activity (i.e. Ty is greater than Min_Turnofftime), nodes adjust their T to the remaining
duration of the leader’s activity minus grace period. We use the grace period to ensure
that nodes must awake before the leader’s battery depletion in order to avoid the
connectivity loss.

Grace period (T,) represents the sufficient amount of time to complete the process of
a new leader’s election. This parameter ensures that nodes wake up before the leader’s
remaining energy reaches the threshold.

We must note that, when selecting parameters Ty, T, and Min_turnofftime, we must

meet the following constraint, in order to avoid connectivity loss.
max Ty <min_Ty; and max T, < MinTurnof ftime (4.2)

The following example illustrates this situation. Suppose that in a zone, a node S;
wakes up at time ¢t and finds that the remaining energy of the active node allows it
to operate for a period of 50s, for example. Two cases are to be discussed, depending
on the values of selected parameters. Table 4.1 summarizes the two cases, discussed in

what follows:

Casel: Min_turnof ftime < max_Tj
A node S; goes back to sleep mode because the leader’s energy has not reached the
threshold (i.e., 50s > 1.5s). It chooses a random value of Ty in the interval [48,49].
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Table 4.1: Example.

min_1Ty max.T, min._ min_Ty max_Ty
Turnofftime
Casel 1s 2s 1.5s 0Os 0.9s
Case2 1s 2s 2.5s 1s 2s

Let’s assume that the node S; chooses the value T, = 48.5s. After that period expires,
it wakes to check if the leader can ensure packet routing. It finds that the leader’s
remaining energy has not reached the threshold and it may perform its functions dur-
ing 2s. S; still returns to the sleep state (because 2s > 1.5s) for another period T
chosen in the interval [0,1]. Set the node adjust its Ts to 1s. After 1s, it wakes up
and finds that the active node energy allows it to operate for just 0.5s. The fact that
this period is less than min_turnofftime, S; launches a new leader’s election phase and
chooses the value of Ty in the interval [0,0.9]. If we suppose that it chooses the value
0.9, any node in the zone can ensure routing for up to 0.4s because the leader node
dies after 0.5s and the node S; must wait a period T; before it enters the active state.
This leads to a connectivity loss. For this reason, the value max_T, should be less than

min_turnofftime.

Case2: max_T'd > min_T,

The node S; goes back to sleep mode because the leader’s energy has not reached
the threshold (i.e., 50s > 2.5s). It chooses a random value of T in the interval [48,49].
Let’s assume that the node S; chooses the value Ty = 49s. After that period expires,
it wakes to check if the leader can ensure packet routing. It finds that the leader’s
remaining energy allows it to perform its functions during 1.5s. The fact that this
period is less than min_turnofftime, it starts a new leader’s election phase and chooses
the value of Ty in the interval [1,2]. If we suppose that it chooses the value 2, any node
in the zone can ensure routing for up to 0.5s because the leader node dies after 1.5s
and the node S; must wait a period Ty before it enters the active state. This leads to

a connectivity loss. For this reason, the max value of T;; should be less than min_T,.

4.3.4 Scheduling in GTC

After dividing a network into small zones, the election process of an active node can
begin. The priority-based scheduling strategy, used by GTC, is based on nodes energy
level. It consists on electing only one active node in each zone. We give a priority to
nodes with high energy level. If there are nodes with the same energy, we use the node
identity as selection criterion. In this case, the priority is given to the node having the
highest identity.

Initially, each node compares its energy level with the other nodes in its zone. If
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its energy is the highest, it becomes the leader of this zone because it has the highest
priority. A node, in active state, continues forwarding data and routing packets until
it runs out of energy. This strategy seems to be a very effective solution, for more
energy saving, because it decreases the leader’s election frequency. During the election
process, nodes must exchange messages in order to elect an active node with a highest
energy level. If we decrease the number of elections, we also decrease the communication
overhead and as consequence save nodes’ energy. The number of times that the leader’s
election process is carried out is equal to the number of nodes in a zone. Consequently,
minimizing the number of a leader’s election also minimizes the number of exchanged

discovery messages, which leads to energy conservation.

On the other hand, if we use a load balancing strategy, we must change the active
node, from time to time, to give a chance to other nodes within the same zone to be-
come active. However, the transition between sleep and active states consumes energy,
especially at the end of the nodes’ lifetime where the election frequency increases. To
avoid this energy waste, we used this new strategy that allows the leader to remain
active until its battery exhaustion and the other nodes enter the energy conservation
mode by turning off the radio and going to sleep mode for a period Ts. After this pe-
riod (i.e., Ty period), the nodes can start the election process if the leader’s energy level
is less or equal to the threshold Min_Tunofftime. In this case, the priority is given to
another node with high energy level to become the new leader of this region. So, a node
in active state never returns to sleep state, which minimizes the number of transitions
between states. Thus, the value of activity period T, is defined as the expected node

lifetime.

Another way to minimize the number of transitions, between sleep and discovery
states, is the choice of the value of the sleep period. It should be noted that the value of
T is defined from T,. So, the sleeping period should not allow nodes to wake up quite
early but just before the active node’s battery exhaustion. We propose that nodes, in
the Sleeping state, remain in this state, for a T period of time which must be less than
T, For this, we define a T}, period called grace period that is infinitely small, compared
to T,. Thus, the nodes awake T} seconds earlier than expected (i.e. Ts=T,-T). This
will enable them to elect a new active node, regardless of the node in service. Before
the active node’s battery exhaustion, we are sure that another active node is elected to

replace it. Consequently, this strategy leads to a connectivity gain.

Figure 4.4 shows the application of this strategy for 3 equivalent nodes. Initially,
each node sets a timer Ty and broadcasts a discovery message. In this example, Node3
remains active because it has the highest priority. Nodel and Node2 enters a sleep
state for a Ty period. The value of T must be less than that of the Node3 activity
period, in order to give nodes enough time to elect a new leader before the loss of

the old one. After Ty timers of Nodel or/and Node2 expire, they wake up and send a
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discovery message to Node3. The latter, responds with a discovery message, containing
its remaining energy level. In this example, we suppose that Node3 remaining energy
is less than a threshold Min_Turnofftime. In this case, at the reception of this message
by Nodel or/and Node2, they trigger an election process. We note that Node3 does
not participate in the election process. If we suppose that Node2 is elected as a new
leader; then Nodel can go into sleep mode. The number of transitions from sleep to
active mode is equal to the number of equivalent nodes. We also note that, for a certain
period of time, we can find two active nodes in the zone which leads to a connectivity

gain.

Connectivity gain
e ™~

Node 3

Node 2

Node 1

[Discovery state B Active state [l Sleep state

Figure 4.4: The scheduling policy used by GTC with connectivity gain.

4.3.5 GTC analysis

GTC aims to conserve energy as well as preserve the network connectivity which is the
fundamental requirement of topology control. The topology control problem is divided
into two major steps, identification of equivalent nodes and scheduling nodes for Sleep
and Active modes, based on this equivalence. Like other topology control protocols,
GTC runs into two phases: Zones formation phase and Leaders election phase.

In the first phase, the network is divided into zones so that nodes, within the same
zone, are equivalent for routing and no matter which node is selected from each zone to
be a leader. GTC identifies the redundant nodes with a low communication overhead.
The communication complexity of GTC, in the first phase, is O(n), where n is the
number of nodes in the network. Indeed, each node broadcasts a discovery message to
its neighbors once it has determined its zone.

In the second phase, GTC selects only one node in each zone to be a leader; while
the others enter the sleep mode. A leader node remains active until its battery deple-
tion. This can reduce the number of transitions between sleep and active mode. This

scheduling policy reduces (1) the transition energy and (2) the frequency of elections,
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which reduces the number of messages exchanged. In what follows, we give the com-
munication complexity of the load balancing scheduling and the scheduling used by
GTC.

Let n, the number of nodes, deployed in an area A of size XY and R the commu-
nication radio range for each node. The maximum size of a zone can be set to R/v/5
(According to (4.1)). The minimum number of zones, noted m, would be m = m.
Consequently, the average number of nodes, located in each zone will be .

The load balancing strategy gives nodes the possibility to work periodically and
ensure routing data for several periods. So, the number of the activity periods of a
node, noted p, must be greater than 1 (i.e., p > 1). The number of activity period of all
the nodes, in one zone, is O(p7-). For each period, only one node must be elected to be
active. The number of exchanged messages, in one zone, is of O(;). As the minimum
number of zones in the network is m, the complexity becomes O(p"%).

By cons, the scheduling until the node’s battery depletion allows each node to work
for one period. So, the number of activity periods of all the nodes, in one zone, is
O(%). The number of times, that the election process is triggered, is equal to = — 1.
The election of the first node requires an exchange of messages of O(:), the second one
O(£ —1), and so on, except for the last which is active without election. In addition,
the election process is trigged when nodes receive a message from the leader and its
remaining energy reaches the Threshold. So, the number of messages, sent by leaders,
in each zone, is O(-). Consequently, the number of exchanged messages in one zone

is O((2)* - W) As the minimum number of zones in the network is m, the
£)2 _ (%—1)(%—2)))

complexity becomes O(m((= 5

4.4 Performance evaluation

To validate and evaluate our solution, we use simulation to study the effects of GTC’s
scheduling approach on the network lifetime, energy saving and data delivery, using
the ns-2 simulator. Thus, to prove the effectiveness of our scheduling policy and to
show the energy gain, we compare it to a load balancing policy. We prove it by using
a scheduling that minimizes the number of transitions between sleep and active states.
For this reason, we compare our protocol to GAF, a grid-based protocol, using load
balancing strategy. GAF is considered as a reference protocol and it is the first topology
control protocol based sleep-scheduling and most protocols, that have been proposed
subsequently use the same technique.

Our simulation environment is characterized by an area of 100m x 100m. Sensors
are uniformly deployed and supposed to be static (no mobility). All the nodes in the
network have the same radio transmission range which is equal to 25m. We used the
Two-Ray-Ground as the radio propagation model and IEEE 802.11 as MAC protocol.
The energy model used is that proposed in [46]. We make a 600-node simulation with
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100 Joule as initial energy for each node, in order to compare the the protocols GAF
and GTC, in terms of network lifetime, data delivery and scalability property. Table

4.2 summarizes simulation parameters, used in the simulation.

Table 4.2: Simulation parameters.

Topography 100m*100 m
Number of nodes 600 nodes

Initial Energy 100 joule
Propagation model Two-Ray-Ground
MAC protocol 802.11

Radio transmission range 25m

Transmit power 1.9W

Receive power 1.5 W

Idle power 0.7 W

Sleep power 0.0256W

In addition, we show the relevance to use a topology control protocol, complemen-
tary to a routing protocol. We know that, if the nodes are all the time active, this
consumes uselessly their energy, especially when only a reduced number of nodes par-
ticipate to routing packets. To conserve energy, the topology control protocol must be
used to select just a minimum number of nodes that can ensure routing packets. For
this reason and to show the improvement, in terms of energy conservation, we compare
GTC and GAF to the routing protocol AODV.

In our simulation, we evaluate the performances of our algorithm, using the following

metrics:

1. Network lifetime: this is a rate that expresses the evolution of the number of
nodes with positive energy as a function of time. It is given by the following
equation:

N _nodesg~q)

Lifetime_Rate(t) = Wes(t_o) (43)

where Lifetime_Rate(t) is the percentage of the living nodes at t, N -nodes go)
is the number of nodes having a positive energy, and N_nodes_g) is the initial

number of nodes.

2. Data delivery rate: the delivery rate is a ratio that expresses the relationship
between the number of emitted packets and the number of received packets. This
relationship is given by the following equation:

Received_PQ, +,)

4.4
Emitted PQ, 1,1 Y

Deliverance_Rate =
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where Received_PQ, ;) and Emitted_PQy, ;| are, respectively, the number of

received packets and the number of emitted packets in the interval of time [t;, ;]

3. Scalability ”NTR”: the scalability property is studied in order to show how the
density (i.e., the number of nodes) affects the network lifetime and to study the
network behavior when the number of nodes increases. For this metric, we used
the same idea as [113], where this property is represented by the number of nodes

in the transmission range (NTR), given by the following formula:

2
NTR — TR*n

(4.5)

where R is the transmission range; n, the number of nodes and A is the topography

dimension (simulation area).

4.4.1 Network lifetime

The graph, in the Figure 4.5, shows the network overall lifetime, by monitoring the
fraction of nodes having a positive energy. The first thing we observe is that with
AODV, all nodes run out of energy at the same time, at about 125s. This is due to the
fact that AODV does nothing to conserve energy and all nodes take part in the routing.
On the other hand, we show that GAF improves the network lifetime at least 4 times
more than the routing protocol (AODV), as the nodes die at about 525s. However,
we can clearly observe that GTC has a convergent curve and all nodes die at the time
725s. Moreover, with GTC the network lifetime approaches a value 5 times higher than
AODV’s but with a fraction of nodes much smaller than GAF’s. Secondly, we observe
that GAF tries to keep a maximum of nodes in life, as long as possible. Then, starting
from a certain value, all the nodes become exhausted of only one blow. This is due to
the load balancing strategy, adopted by GAF. Hence, all nodes remain up and running
together, as long as possible. From a certain value, all nodes will have exhausted their
batteries equitably. In contrast, we find that the curve on GTC as a 6-step staircase
because we made a simulation with an average of 6 nodes per zone. This is due to the
fact that GTC adopts a scheduling policy with priority until the battery exhaustion.
This makes the nodes serve group by group.

Finally, we can say that topology control protocols have extended the network
lifetime of 70% for GAF, and 95% for GTC, compared to AODV. In addition, with
our GTC protocol, 30% of nodes are still alive after 525s, compared to GAF, where all

nodes are dead at this time.

4.4.2 Data delivery rate

The data delivery, rate as function of the network lifetime, is given by the graph in
the Figure 4.6. We remark that GAF roughly quadruples AODV lifetime and GTC



4.4. Performance evaluation 65

—— GAF
—a— GTC

1.0
=
c 08
w
€
3
c 064
Y
o
c
o
B 04
m
I

02 -

U~U T T T T T T T

0 100 200 300 400 500 600 foo 800
Time (sec)
Figure 4.5: Network lifetime.
Table 4.3: The node densities and equivalent NTR.
Node Density 100 200 400 600 900
Equivalent NTR 19.63 39.26 78.53 117.8 176.71

increases 5 times AODYV lifetime. We also notice that the curve which represents the
GAF delivery rate is decreasing until it reaches the rate of 30%. From this value, the
curve makes a positive peak up to the value 50% then the rate goes down again at
a null rate. In GAF, this is due to the leader’s elections which are expensive, both
in terms of Discovery-messages sending and connectivity loss. So, during the election
process, nodes exchange discovery messages that create collisions and consequently the
possibility of losing packets. Moreover, the more the leader election frequency increases,
the more node energy decreases and the more the rates of connectivity loss increase.
However, in our protocol, the delivery rate remained stable between 90% and 95%
because : (1) the leader’s election process is executed only the number of nodes (6
times in each zone for our scenario),(2) no connectivity loss and (3) fewer messages are

exchanged.

4.4.3 Scalability

In order to check this property, we varied the density of the nodes, and calculated the
NTR (Table 4.3).
The simulation results, for this parameter, are given by the graph in Figure 4.7. This

graph represents the variation of the network lifetime as a function of the node densities.
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Figure 4.6: Data delivery rate in the network.

We observe that the more the NTR increases, the more the network lifetime increases
for both GAF and GTC protocols, while AODV’s lifetime is kept flat. However, the
line, which represents the GTC lifetime, regarding density, has a slope higher than
that which represents the GAF lifetime. For this reason, when the nodes density
reaches 900 nodes, the network lifetime, using GTC, reaches its higher bound, 7.5 times
the AODV network lifetime. While, the network lifetime, using GAF as a topology
control protocol, reaches only 5.5 times of AODV’s lifetime. So, we find that our GTC
protocol extends the network lifetime by 20% compared to GAF. This improvement
is due to the scheduling policy, used by our protocol, that minimizes the number of
transitions. We note that, the more the node density increases, the more the number
of transitions increases. Figure 4.8 shows the number of transitions for both protocols
GAF and GTC. From the figure, we find that the number of transitions in GAF is much
higher, especially when the density reaches 900 nodes. With 900 nodes, the number of

transitions in GAF is 4 times greater than the number of transitions in GTC.

4.5 Conclusion

In this chapter, we investigated the issue of energy conservation, in WSNs, by keeping
a minimum number of sensor nodes to operate in active mode, as well as ensure net-
work connectivity. To address this problem, we proposed a grid-based topology control
protocol named GTC that can lengthen the network lifetime. GTC divides the net-

work into small regions and only one active node is selected in each region. It uses a
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scheduling strategy with priority that aims to reduce the transition energy. Besides,
the proposed protocol is characterized by: (1) a reduced number of messages, (2) a
low frequency of leaders’ election, (3) a minimum number of state transitions, and (4)
a connectivity gain by introducing the grace period. Simulation results show that the

proposed protocol displays better performance in terms of network lifetime, data de-
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livery, scalability, and message overhead, compared to GAF’s approach. Our protocol
extends the network lifetime by 20%, compared to GAF, because we use a new schedul-
ing which minimizes the communication overhead and the election frequency that leads
to an energy conservation. Note that our protocol can provide a long network lifetime,
if we used an appropriate energy model for sensor nodes, whose consumed energy is
measured in mWatt and not in Watt. However, the proposed protocol assumes that the
communication range is a perfect disc which is far from reality. Moreover, as the most
grid-based protocols, GTC requires the availability of location information provided by
GPS, which is sometimes impossible to acquire. For this reasons, we should define a
new mechanism to group nodes dynamically without using any localization system.

In the next chapter, a new group-based topology control protocol is proposed, which

uses only neighborhood information to identify redundant nodes.



Chapter 5

Group-based Energy-Conserving
Protocol (GECP)

5.1 Introduction

In this chapter, we focus on how to identify redundant nodes with a low communica-
tion overhead without using any localization system. The group-based topology control
category can be investigated since it uses only neighborhood information to group re-
dundant nodes together. In this direction, a Group-based Energy-Conserving Protocol
(GECP) [124, 127] is proposed and presented in this chapter. GECP exploits the sensor
redundancy in the same region by dividing the network into groups so that a connected
backbone can be maintained by keeping only one active node in each group and turning
off the redundant ones. It identifies redundant nodes, organizes them into groups with
a low communication overhead. It uses the same scheduling strategy as GTC which
aims to minimize the number of transitions between active and sleep states and, hence,
extend the network lifetime.

The rest of this chapter is organized to define, first, the network model and some
important concepts in Section 5.2. The detailed description of the proposed algorithm
is presented in Section 5.3. Section 5.4 gives the complexity analysis of GECP and
another group-based topology control protocol CPA [28]. In Section 5.5, we evaluate
the performance of our approach using an appropriate energy model for sensor nodes.

Finally, a conclusion is given in section 5.6.

5.2 Network model

In this chapter, we consider a homogeneous wireless sensor network, consisting of one
(or more) sink(s) and a high number of sensor nodes, deployed over a large geographic
area. Both the sink and the sensor nodes are assumed to be static; and all nodes have
the same radio communication range. We assume that each node is assigned a unique

identifier, NodelID. In addition, we don’t take into consideration the nodes’ crash
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except the depletion of their batteries. The deployed sensors should have the ability to
self-organize in order to monitor the environment and detect an event when it occurs.
Based on energy efficiency, we propose a distributed topology control protocol for WSN
which can work conjointly with any routing protocol. Before describing the proposed

protocol, we define some important concepts.

Definition 5.1. (Neighbor List). Node v is a neighbor of node u, if a beacon message
had been received from v. The neighbor list of node u, noted NList(u), is the set of

sensor nodes that are neighbors to u.

Definition 5.2. (Node Degree). The degree of node u, noted NDegree(u), is the
number of neighbors, i.e., N Degree(u) = |N List(u)]|.

Definition 5.3. (Connectivity). Node u is said to be connected to node v, if there

exists a path between u and v, i.e., u is neighbor to v and vice versa.

Definition 5.4. (Same Degree Neighbor List). The same degree neighbor list of
node u , noted SDNList(u), is the set of nodes that are neighbors to u having the same

node degree as u.

Definition 5.5. (Shared Neighbor List). The shared neighbor list of two nodes u
and v, noted SNList(u,v), is the set of nodes that are neighbors to both u and v, i.e.,
SNList(u,v) = NList(u) () NList(v).

Definition 5.6. (Node Equivalence). Node v is said to be equivalent (or redundant)

to node u, in term of communication, if v can reach (or cover) a subset of u’s neighbors,
i.e., SNList(u,v) # 0.

Definition 5.7. (Equivalent Neighbor List). The equivalent neighbor list of node
u, noted EquivNList(u), is the set of equivalent neighbors providing required commu-
nication redundancy with u. Formally, v € EquivNList(u), if the following formula is

satisfied:
|SN List(u,v)|

|N List(u) — {v}|
where v € SDN List(u), and 100% is the connectivity level.

100 = 100% (5.1)

Definition 5.8. (Completely adjacent groups). Two groups G; and G; are fully
adjacent if all nodes in G; can communicate with all nodes in G; and vice versa.
Formally,

VueG; ,VYveG; /ue NList(v) and v € NList(u)

Definition 5.9. (Arbitrary adjacent groups). Two groups G; and G, are arbitrary
adjacent if at least one node in G; can not communicate with all nodes in G; and vice

versa. Formally,

JueG;,3veGj/u¢g NList(v) and v ¢ NList(u)
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We will use the term FEquivalent Neighbor List and group interchangeably in the
chapter.

5.3 GECP design

The wireless sensor network is characterized by its density in number of deployed sen-
sors. In reality, sensors in the same region, generally, collect and forward the same
information. So, to save energy, it should be necessary to schedule the sensor activity
so that it allows redundant sensors to enter the sleep mode while the others are kept
active. To design such a sensor-scheduling scheme, we should answer the following
questions: (1) How to determine redundant nodes? (2) Which rule should each redun-
dant sensor follow to determine whether to enter active mode or sleep mode? (3) How
long should a sensor remain in the active mode?

With the purpose of conserving energy (and, hence prolonging the network lifetime)
as well as ensuring the network connectivity, we propose a group-based distributed
scheme called GECP, which is used to allow each sensor to switch between active and
sleep modes to save energy. Indeed, the proposed scheme divides the network into
groups so that nodes within the same group are equivalent for routing so that no
matter which node is selected from each stock group, all the active nodes can form a
connected backbone network. Thereafter, only one node is active in each group (called
leader), while others go to sleep state. Therefore, GECP works in three phases: (1)
Neighbor Discovery Phase (2) Group Forming Phase and (3) Leaders Election Phase.

5.3.1 Discovery phase

Initially, each node will discover its neighbors by exploiting beacon messages exchanged
between sensor nodes that contain the transmitting node identifier NodelD. In this way,
each node builds a neighborhood list, noted NList.

5.3.2 Group forming phase

In this phase, the energy dissipated during the group forming must be negligible in order
to not to affect the leaders election phase and network lifetime. This can be achieved by
minimizing the number of exchanged messages, i.e., communication overhead. The use
of the Neighbor List is the key concept in our solution. That is the reason why we use
it as the basis in defining and measuring communication redundancy and equivalence.

After the discovery phase, the process of group forming begins and takes place as

follows:

e Each node broadcasts a discovery message, containing its NodeID and its NList.
This process enables each node to acquire the 2-hop neighbors’ information which

would be enough to perform subsequent steps.
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e Each node, receiving this message, locally computes its equivalent neighbor list

EquivNList:

e First, each node selects the neighbors having the same degree as it to get the

same degree neighbor list SDNList. The interest of building the set SDNList is
to reduce the computation cost because there are great chances for the neighbors

with the same degree to have the same neighbors in a dense network.

Thereafter, each node computes the shared neighbor list SNList with each of
its neighbors and determines the EquivNList or its group members according to
equation (5.1). In this way, the groups are independently formed so that nodes
with the same set of neighbors will be in the same group. All group members have
the same knowledge of the group’s members without exchanging information.
Groups formed, after this phase, are completely adjacent and this ensures the
network connectivity, regardless of the selected node to represent the group and

ensure data routing.

The process of group forming is summarized in Algorithm 1.

Algorithm 1 : Group forming

e e e e e e e
© PTG AP eQ

: EquivN List(u) := {u};

. //Find neighbors with the same degree;
: SDN List(u) := {};

: NDegree(u) := |N List(u)|;

: for all v € NList(u) do

N Degree(v) := |N List(v)];

if NDegree(u) == N Degree(v) then
SDN List(u) :== SDN List(u) U {v};

end if;

. end for;
. //Find equivalent neighbors;
. if SDN List(u) # () then

for all v € SDN List(u) do
SN List(u,v) := NList(u) N N List(v);
if |SNList(u,v)| == |NList(u) — {v}| then
EquivN List(u) := EquivN List(u) U {v};
end if;
end for;

. end if;

To further illustrate the steps presented above, we present an example scenario

before moving into the node scheduling phase (leaders election phase). Figure 5.1(a)

shows a part of topology consisting of 11 nodes connected via wireless links, from which

we can find the node neighbor lists, the node degrees, the set of nodes having the same

degree and the list of equivalent neighbors as shown in Table 5.1. Figure 5.1(b) shows
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the resulting topology after the group forming phase. Taking the example of node 2,
its neighboring table consists of 7 nodes. Nodes having the same degree as it, are 5,
6, 10. After running the group forming algorithm, nodes 2 and 5 are equivalent and
form a group. Both nodes have the same information without exchanging it, hence the
advantage of our solution. Figure 5.1(b) shows the resulting topology after the group

forming phase.

1\2

/ > @ ®
4\ —— \6@1 Q O‘Q.
(a) ~y (b) @

Figure 5.1: (a) The initial network topology represented by a communication graph.
(b) The network topology after the group forming phase.

Table 5.1: 2’s neighboring table and its EquivalentNeighborList.

Node | NeighborList NodeDegree

2 {1, 3,4,5,6,8,10} |7

1 {2, 4, 5, 8} 4

3 {2, 5, 6, 9, 10, 11} 6

4 {1, 2, 5, 8} 4

5 {1,2,3,4,6,8,10} |7

6 {2,3,5,7,9,10, 11} | 7

8 {1, 2, 4, 5} 4

10 {2,3,5,6,7,9, 11} |7
SDN List(2) {5, 6, 10}
SN List(2,5) {1, 3, 4, 6, 8, 10}
SN List(2,6) {3, 5, 10}
SN List(2,10) {3, 5, 6}
EquivN List(2) {5}

5.3.3 Leaders election phase

The goal of topology control is to exploit the nodes redundancy to conserve their energy
while maintaining network connectivity. In fact, it determines the equivalent nodes and
allows those that are redundant to go into sleep mode to conserve their energy. For
this, a sleep-wakeup cycle or sleep scheduling is defined between nodes. Once the group
forming phase is completed, each group starts the sleep/wake scheduling stage. In order
to save energy, only one node in each group is required to be active while others turn off
their radio (go to sleep mode). GECP uses the same scheduling strategy with priority
as GTC which is based on nodes energy level. The priority is given to nodes with high
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energy level to remain active. If there are nodes with the same energy, we use the node
identity as selection criterion. In this case, the priority is given to the node having the
highest identity.

Initially, each node broadcasts an election message. Each group member, receiving
this message, compares its energy level with the other nodes in its group. If its energy
is the highest, it becomes the leader of this group because it has the highest priority. A
node, in active state, continues forwarding data and routing packets until it runs out
of energy while the other nodes enter the energy conservation mode by turning off the
radio and going to sleep mode for a period Ts. After this period (i.e., Ts period), the
nodes can start the election process if the leader’s energy level is less or equal to the
Threshold. In this case, the priority is given to another node with high energy level to
become the new leader of this group. So, a node in active state never returns to sleep

state, which minimizes the number of transitions between states.

GECP state transitions

In GECP, nodes are in one of three states: passive, active and sleep. The state transi-

tions diagram is given in Figure 5.2.

Passive state: Initially, all nodes start in passive state. In this state, each node sets a
timer 7, and broadcasts FElection message, containing the NodelD, Energy Level
and Node State, to its group members. If a node receives an FElection message from
an active node, or from a node with a high energy level, before the expiration of
T., it cancels the T, timer and enters the sleeping state for T period. Otherwise,
when T, expires, a node enters the active state for T, period and broadcasts an
Election message, in order to inform the neighbors that it is the elected active

node for T, period.

Active state: In active state, a node remains active and forwards data until the de-

pletion of its battery.

Sleeping state: A node, in a sleep state, wakes up after the expiration of Ty timer
and moves into a passive state, in order to elect a new active node. There are

two cases:

e The leader’s remaining energy level is greater than the Threshold. In this

case, the node returns to sleep mode for another T period.

e The leader’s remaining energy level is less than the Threshold. In this case,
the node does not return to sleep mode but sets a timer 7, and can be the
new leader if it has a higher energy level than the others. In other words,
a node can be the new active one if its energy level, is greater than that of

the other nodes.
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Figure 5.2: GECP state transitions.

5.3.4 GECP parameters tuning

In this section, we explain the parameter choices made in the current GECP algorithm
but it should be noted that the choice of the parameters T¢, T,, and Threshold is left
to the application.

Node active time (T,) represents the duration of activity of the leader. Initially, it
sets to the expected node lifetime. The expected node lifetime is calculated according
to the following assumption: if a node functions while using a maximum of resources,
how much this latter will hold before the exhaustion of its battery? In reality, the real

value of T, depends on the network traffic.

Election message interval (T.) determines the maximum time a node remains in
the passive state. This parameter used to avoid node synchronization. It is chosen as
a random value between two constants. We leave the choice of these constants to the

application.

Threshold is the minimum time that allows the active node to go on ensuring the
packet routing during the election of a new leader. This can also avoid the connectivity

loss.

Node sleeping time (Ty) is equal to the duration of activity of the leader minus a
certain grace period T,. We note that if nodes wake up after T and the leader can
ensures its activity (i.e., T}, is greater than the Threshold), nodes adjust their T to the

remaining duration of activity of the leader minus grace period.

Grace period (T,) represents the sufficient amount of time to complete the process
of election of a new leader. This parameter ensures that nodes wake up before the
remaining energy of the leader reaches the Threshold, in order to avoid the connectivity

loss.
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5.4 Complexity analysis

We analyze the complexity of our protocol and CPA in terms of time and communi-
cation. The analysis concerns only the group forming phase because it significantly
affects the effectiveness of the protocol. Assume that n sensors are deployed into an

area of interest, and the average connectivity degree of nodes is m.

5.4.1 Time complexity

In the centralized version, CPA encode the partition by a symmetric n x n matrix which
gives the connectivity level of each node. The complexity of calculating this matrix
is O(n?). In the process of calculating merging utility value, the maximum number
of neighbors for each group is m. So, the complexity of the union and intersection
operations for each two groups is O(2m?). Then, the level of equivalence between
these two groups is measured and the complexity is O(2m). Further, to measure the
merging priority for all two completely adjacent groups is O(nm). It is also required
to calculate the ratio of energy in two groups to the total energy of the entire network.
The complexity to calculate the total energy is O(n). Therefore, the complexity to
determine all candidate groups is O(nm(2m? 4+ 2m)) 4+ O(n). In the process of sorting
merging priority for all candidate groups, the number of groups is uncertain in each
iteration and the maximum number is n, the complexity can be O(n). Thus, the
complexity of the merging phase in each iteration, is O(nm(2m? + 2m)) + O(2n).
Because the maximum number of iterations does not exceed n, the complexity becomes
O(n?m(2m? + 2m)) + O(2n?). Finally, the whole complexity of the centralized version
of CPA is O(n®*m(2m? + 2m)) + O(2n?) +0(n?).

In the distributed version of CPA, the complexity is calculated for each node. First,
each node calculates the merging utility value which consists to determine the union,
the intersection, the total energy. So, the complexity is O(2m? + n). Thereafter, the
level of equivalence between two groups is measured and the complexity is O(2m). To
measure the merging priority for all two completely adjacent groups is O(m), and the
complexity becomes O(m(2m? + n + 2m)). Further, because the number of groups is
uncertain in each iteration and it does not exceed m, the complexity is O(m). In order
to determine all candidate groups, the process of group merging is repeated several
iterations. The maximum number of iterations is m. Thus, the whole complexity
becomes O(m(m(2m? + n + 2m)) + O(m)) ~ O(m*).

In GECP, we only calculate the time complexity for each node because is a dis-
tributed scheme. First, the SDNList is calculated, and the complexity is O(m) because
the maximum number of neighbors for each node is m. Let’s assume that k& (0 < k < m),
the number of nodes having the same degree. In the case of the SDNList is not empty,
the node computes the SNList with each of its neighbors, in the SDNList, and deter-
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mines the EquivNList with the complexity of O(k3). Thus, the whole complexity of
the group forming phase of GECP is O(k?).

5.4.2 Communication complexity

For CPA, we only calculate the communication overhead of the distributed version.
After sensors deployment, each node records information from its neighbors, and the
complexity is O(1). In order to calculate the merging utility value, the energy total
is collected, and the communication overhead is O(2n). When the candidate groups
are selected, the head node send a MERGE_REQ message to the selected group. If
the contention succeeds, it receives a MERGE_ACK message (otherwise, it receives a
MERGE_NAK message). The head nodes of the two groups broadcast a HOLD_MSG to
the neighboring groups. After the merge is finished, they broadcast an UPDATE_MSG.
We node that, a neighbor node receiving an HOLD_MSG or an UPDATE_MSG, broad-
casts its new state to the neighboring nodes. So, There are five type of messages
exchanged during the merging process of each two groups, and the complexity is
O(4m + 7). The process of group merging is repeated several iterations. The max-
imum number of iterations is m, and the complexity is O(m(2n + 4m +7)). Therefore,
the communication complexity, for each node, is O(2nm + 4m? + 7m + 1). Knowing
that the number of nodes is n, the communication overhead of the distributed version
of CPA becomes O(2n%m + 4nm? + Tnm + n)).

Unlike CPA, in GECP, each node broadcasts one message to its neighbors. The
communication overhead of GECP is O(n) where n is the number of nodes in the

networks.

5.5 Performance evaluation

In order to evaluate the performance of our protocol, we implemented it in order to
perform simulations using Ns2 simulator. Our protocol is simulated using random
topologies with different densities. When we examine node density, we vary the number
of nodes from 20, 50, 100 and 200 while keeping a 20mx20m constant area. We define
node density, noted D, as the number of nodes per radio range, given by the following
equation [113]:

Tk R?xn

D= ———— 5.2
ey (5.2)

where R is the radio range; n the number of nodes; and x and y, the simulation area
width and length. Table 5.2 summarizes simulation parameters.

The performance evaluation of our solution consists of two parts: Group forming

phase and Sleep/wake scheduling phase.
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Table 5.2: Simulation parameters.

Topography 20m*20 m

Number of nodes 20, 50, 100, 200 nodes
Initial Energy 5 joule

Propagation model Two-Ray-Ground
Radio transmission range 5m

Transmit power 660mW

Receive power 395mW

Idle power 395mW

Sleep power 100mW

5.5.1 Group forming phase

In this phase, GECP is evaluated, in terms of number of groups formed and energy
consumed, during this phase. To compare the performance of our algorithm with that
of CPA, we implemented the distributed version of CPA and simulated it in the same

environment as our protocol.

Number of groups formed

We notice that during the simulation of CPA, using different topologies, nodes die
before ending the group forming phase. This is due to the high number of messages
exchanged for the collection of total energy of all nodes and messages exchanged to
merge nodes. Thus, the energy consumed during the grouping phase in CPA is not at
all negligible as the authors of the CPA mention it and justify it by the fact that this
phase runs once after network deployment.

For this reason and in order to compare the performance of our grouping nodes
mechanism and that of CPA, in terms of number of groups, the messages exchanged for
the total energy collection were neglected and only merging messages were considered
to complete the nodes merging process in CPA. Table 5.3 summarizes the results.

From the results, we note that the number of groups formed is important for both
the protocols because of nodes random deployment. We also observe that the number
of groups formed increases with the increasing of nodes density. Moreover, for CPA,
the number of groups increases with the connectivity degree mindeg. This is due to the
need for a large number of active nodes, at a given time, to ensure high connectivity.
On the other hand, we note that the number of groups formed in CPA is lower than
our protocol for densities D3 and D4. This can be justified by (1) the strong constraint
used by GECP to group similar nodes and requires that nodes must have exactly

the same neighbors to form a group, (2) both nodes density and random deployment
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Table 5.3: Number of groups formed in GECP and CPA under different node densities.

Node Density D1=3.92 D2=9.81 D3=19.63 D4=39.67
GECP 13 39 89 187
CPA (mindeg=1) 13 26 55 170
CPA (mindeg=2) 16 33 62 171
CPA (mindeg=3) 20 39 63 171
CPA (mindeg=4) 20 45 76 171

affect the number of groups formed and their size. However, with CPA, nodes in the
same group are not necessarily equivalent, which leads to network partitioning during
the scheduling phase (see Section 5.5.2). We can explain this case with the following
example: Consider the topology in Figure 5.3(a), each node calculates the utility value

for each neighbor given by the equation (5.3):

fij = k(1

’ NZ(AZ) ﬂNZ( ) ‘) +k2(w) (5 3)
| .

N Aj
| Na(A;) UNa(Ay) Eiotal

where No(A;) and Na(A;) are the set of neighboring groups completely adjacent with
groups A; and A;, respectively, g(A;) and g(A;) denote the energy in group A; and A,
respectively, Fioq is the total energy of all nodes in the network, and ki and ko are
two coefficients. If we take the connectivity degree mindeg = 1, we find that nodes a
and ¢ are equivalent, even nodes f and k. If nodes f and k merge first, the resulting
topology is that given in Figure 5.3(b). What can be observed in this topology is that
both node b and group {f,k} are arbitrarily adjacent. In the scheduling phase, the
choice of an active node in each group affects connectivity. If the node f is selected as
active node, connectivity is provided; but if the node k is chosen to represent its group,

a partitioning will appear in the network.

Figure 5.3: CPA group merging process. (a) Initial partition. (b) First iteration.
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Energy consumed

Energy is an important factor for topology control protocol because it determines its
effectiveness. A minimum energy consumption is desirable during the group forming
so as not to influence the scheduling phase. Thus, the energy consumed during nodes
grouping phase must be negligible. Figure 5.4 shows the energy consumed, during the
group forming phase, by both GECP and CPA. It should be noted that the energy rate
consumed by CPA and shown in this figure corresponds only to the energy consumed,
after the exchange of merging messages between groups. In other words, we assume that
the energy consumed in the total energy collection, which is an important parameter in
the calculation of CPA utility values, is zero. The results show that energy consumption
increases by increasing the number of nodes for the both protocols. However, for GECP,
energy consumption is really negligible. Therefore, we can say that with our protocol,
in the worst case, even though the number of groups is equal to the number of nodes,
the energy consumed in the group forming phase does not affect the network lifetime.
Unlike what precedes, when running CPA, the obtained results show that the increase of
energy consumption rate is significant. This is what happens, especially, with densities
D3 and D4 where all nodes lose their energy during the merging process. So, GECP is

scalable with the network size while CPA is not.

100 GECP .
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Figure 5.4: Consumed energy VS node density.
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5.5.2 Sleep/wake scheduling phase

To see the effect of scheduling on the network lifetime, we first simulated the network
without using any scheduling mechanism. If no sleeping scheduling scheme is used, all
nodes keep active until death. We used the flooding as the routing protocol. In fact,

nodes periodically (every second) send a message to the sink node.

Network lifetime

The graphs in Figures 5.5, 5.6, 5.7 and 5.8 show the network lifetime, by monitoring
the fraction of nodes having a positive energy and the fraction of remaining energy for
the densities D1, D2, D3 and D4 respectively. The first thing we observe is that with
Flooding, 80% of nodes run out of energy at about 2400s for D1, 1700s for D2, 1100s
for D3 and 600s for D4. This is due to the fact that Flooding does nothing to conserve
energy and all nodes take part in the routing. By cons, we find that the use of a
topology control protocol, based on sleep-scheduling, with a routing protocol enhances
significantly the sensor network lifetime. For instance, we can observe from Figure 5.5
that when 80% of nodes run out of energy, the network lifetime is extended by 4 times
for GECP, 2.2 times for CPA(mindeg=2) and 1.95 ~ 2 times for CPA(mindeg=1).

Furthermore, we can clearly observe that the results of GECP are better than those
of CPA in terms of the number of survived nodes at each time, despite the high number
of active nodes produced by running GECP. This improvement is due to the scheduling

policy, used by our protocol, that minimizes the number of transitions.

Transition frequency

Figure 5.9 shows the number of transitions for both protocols GECP and CPA. We
can see that the number of transitions in CPA is much higher, compared with GECP,
especially for the density D2. This is due to important number of sleeping nodes and
the scheduling policy used by CPA which tries to ensure a load balancing among nodes
in same group. So, it changes the active node, periodically, to give a chance to other
nodes within the same group to become active which increases the transition frequency.
Figure 5.10 shows the number of sleeping nodes for densities D1 and D2 respectively.
From the figures, we can see the frequent switching between active and sleep modes

when the CPA approach is applied while GECP gives some stability in the network.
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Network connectivity

In this section, we examine the topology graphs that result from using GECP and
CPA in the case of D2 density. Figure 5.11(a) shows a topology graph when there
is no topology control protocol is employed. Figure 5.11(b) shows the corresponding
graph produced by GECP. We can see that there are more nodes selected to be active
than necessary which strengthens the connectivity degree. Figures 5.11(c), 5.11(d),
5.11(e) and 5.11(f) show the graphs obtained by CPA(mindeg=1), CPA(mindeg=2),
CPA (mindeg=3) and CPA (mindeg=4) respectively. From the graphs, we can see that
CPA(mindeg=1) and CPA (mindeg=2) select fewer active nodes, compared with GECP,
leading to more nodes that sleep and save energy. However, a loss of connectivity can
occur with CPA(mindeg=1), leading to network partitioning because nodes in the same

group are not equivalent as it is mentioned in Section 5.5.1.

Finally, from all these results, we can say that the effectiveness of a topology control
protocol in terms of network lifetime is influenced by two parameters: (1) the technique
used to nodes grouping, (2) the scheduling technique used for the active nodes election.
In the nodes grouping phase, the more energy consumed is negligible, the longer lifetime
is extended. In addition, the lower the number of active nodes, the more lifetime is
maximized. On the other hand, in the scheduling phase, the election frequency of active

nodes affects the energy consumed.
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5.6 Conclusion

In this chapter, we proposed a protocol that guarantees energy saving while providing
network connectivity. Our protocol called GECP exploits the sensor redundancy in
the same region by dividing the network into groups so that a connected backbone
can be maintained by keeping a necessary set of working nodes and turning off the
redundant ones. GECP has three advantages: connectivity guarantee, energy saving,

and algorithm efficiency. The simulation results show that : (1) the use of topology
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control protocol, based on sleep-scheduling, with a routing protocol extends the network
lifetime, (2) our solution outperforms existing group-based solutions in terms of energy
saving, network lifetime and connectivity guarantee. Finally, we can say that the
effectiveness of the protocol in terms of network lifetime is influenced by the technique
used to nodes grouping and the scheduling technique used for the active nodes election.

Despite the scheduling policy used by GECP provides some stability in the network
by minimizing the frequency of transitions between active and sleep modes, it does not
provide a load balancing between nodes in terms of energy. In addition, this scheduling
technique has the advantage of being the most conservative of energy but fails to be
fault tolerant. On the other hand, in GECP, the criterion used to group equivalent
nodes together is too strong which leads to high number of active nodes. So, it is
necessary to reduce the number of groups (hence, the number of active nodes) using
another constraint to identify node redundancy without increasing the communication

overhead.
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Chapter 6

RTCP: a Redundancy aware
Topology Control Protocol

6.1 Introduction

In Chapter 5, we discussed the design of a group-based topology control protocol GECP
that identify redundant nodes with a low communication overhead but it uses a strong
constraint to group equivalent nodes together which leads to high number of active
nodes. In addition, as we have stated in Chapter 3, several topology control algorithms,
using the scheduling technique, have been proposed for Ad Hoc and sensor networks.
They determine how many and which nodes should be allowed to sleep, with the purpose
to ensure connectivity. However, the number of the active nodes is not always the
minimum and sometimes the formed topology is not connected. Furthermore, a large
communication overhead will be produced during the search of the redundant nodes
which leads to large energy consumption. Consequently, it is desirable to design a new
protocol that reduces the number of active nodes while ensuring connectivity on the one
hand and without wasting the energy on the other hand. Nevertheless, there is a trade-
off between power consumption and connectivity. When we try to ensure connectivity,
nodes should exchange messages, which increase the communication overhead and,
therefore, the energy consumption.

Motivated by this, a new distributed Redundancy aware Topology Control Protocol
(RTCP) [121, 123, 126] is proposed in this chapter. RTCP shares a common purpose
among the sleep scheduling-based topology control protocols which is the energy con-
serving while ensuring connectivity, by selecting a subset of active nodes. It uses the
neighbor set as the communication redundancy metric, this allows RTCP to avoid any
assumptions about communication regularity. In addition, it identifies redundant nodes
and organizes them into groups with a low communication overhead. The redundant
nodes that satisfy some eligibility rules, can form group according to their redundancy
degrees, which leads to have a reduced number of groups without lose the network con-

nectivity. RTCP defines a Threshold of connectivity level which allows applications to
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parameter the desired connectivity degree in the reduced topology. On the other hand,
RTCP tries to reduce the number of active nodes in the scheduling phase by selecting
only a single node in each group.

In this chapter, we define, first, the communication redundancy metric and the
eligibility rules used by RTCP to select active nodes while maintaining the network
connectivity. Then, Section 6.3 gives a detailed description of the different phases of
the proposed protocol. In order to evaluate RTCP in terms of number of active nodes,
network lifetime and connectivity, a set of simulations are conducted and the results

are presented in Section 6.4.

6.2 Network model

The Network model we use is similar to that described in Chapter 5. We consider a
homogeneous wireless sensor network, consisting of one (or more) sink(s) and a high
number of sensor nodes, deployed over a large geographic area. Both the sink and the
sensor nodes are assumed to be static; and all nodes have the same radio communication
range. We assume that each node is assigned a unique identifier, NodelD. Before

describing the proposed protocol, we define additional important concepts.

Definition 6.1. (Union Neighbor List). The union neighbor list of two nodes u and
v, noted UNList(u,v), is the set of nodes that are neighbors to u or v, i.e., UNList(u,v)
= NList(u) — {v} J NList(v) — {u}.

Definition 6.2. (Non-Common Neighbor List). The non-common neighbor list
of two nodes u and v, noted Non-CNList(u,v), is the set of nodes that are not neighbors
to u or v, i.e., Non-CNList(u,v) = UNList(u,v) — SNList(u,v).

Definition 6.3. (Redundancy Degree). The redundancy degree of two nodes u and

v, noted RedDegree(u,v), describes quantitatively to what degree, neighbors of node v
_ |SNList(u,v)|

can be reached by node u. Formally, RedDegree(u,v) = TN List(uo)|

Definition 6.4. (Threshold of Connectivity Level). The Threshold of connectivity
level, noted T, is the neighbors set that a node needs to cover before it can be eligible to
Sleep. This value is related to the probability of having a connected network; the higher
the value of T, the harder to enter the Sleep mode, and the higher the probability

that the network is connected.

Definition 6.5. (Equivalent Neighbor List). The equivalent neighbor list of node
u, noted EquivNList(u), is the set of equivalent neighbors providing required commu-
nication redundancy with u. Formally, v € EquivNList(u), if the following formula is
satisfied:

RedDegree(u,v) #0 and RedDegree(u,v) * 100 >= T;% (6.1)
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Definition 6.6. (Group). The group of node u , noted Group(u), is the set of nodes

that are equivalent to u satisfying the following eligibility rules.

Eligibility Rule 1(ER1): An equivalent node v should be a neighbor to all u’s
group members,i.e.,
Group(u) C NList(v).

Eligibility Rule 2(ER2): There exist at least two shared neighbors with different
redundancy degrees between all nodes in Group(u) and v. Formally,
3w, w € NList(v) N NList(Group(u)) / RedDegree(u,w) # RedDegree(u,w’).

Eligibility Rule 3(ER3): All non-common neighbors between all nodes in Group(u)
and v are reachable by at least two shared neighbors. Formally,
vV w € Non-CNList(Group(u),v) / |NList(w) N NList(v) N NList(Group(u))| >2.

Definition 6.7. (Non-Common Member List). The non-common member list of
two nodes u and v, noted Non-CMList(u,v), is the set of nodes that are members in

u’s group and not members in v’s group.

6.3 RTCP approach

In this section, a distributed and localized topology control protocol, Redundancy aware
Topology Control Protocol (RTCP), is presented. Like other topology control protocols,
RTCP works in three phases: Neighbor Discovery Phase, Group Forming Phase and
Leaders Election Phase. In the first phase, each node will discover its neighbors. In the
second one, the network is divided into groups so that nodes within the same group are
equivalent for routing, no matter which node is selected from each group. In the third
phase, only one node in each group is required to be active to ensure data forwarding,

while other nodes turn off their radio.

6.3.1 Neighbor Discovery phase

Initially, each node will discover its neighbors, by exploiting beacon messages, ex-
changed between sensor nodes that contain the transmitting node identifier NodelID. In

this way, each node builds its neighbor list NList.

6.3.2 Group Forming phase

In this phase, the energy dissipated during the group forming must be negligible in order
not to affect the leaders election phase and network lifetime. This can be achieved by

minimizing the number of exchanged messages, i.e., communication overhead. That is
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the reason why we use, only, the Neighbor List as the basis in defining and measuring
communication redundancy and equivalence, which is the key concept in our solution.
Once the neighbor lists NList are determined, the process of group forming can

begin and takes place in two rounds.

First Round

In this round, each node determines the redundant neighbors and tries to form a group
with them so that the connectivity is still ensured.

At the beginning, each node broadcasts a discovery message, containing its identifier
NodelD and its neighbor list NList. As RTCP is a distributed scheme, this process
enables each node to acquire the 2-hop neighbors’ information which would be enough
to perform subsequent steps.

Each node, receiving this message, locally computes the Redundancy Degree with
each of its neighbors.

Thereafter, each node independently calculates its equivalent neighbor list EquivN-
List. Two nodes are equivalent and they can be in the same group, if their Redundancy
Degree is greater than a certain Threshold of connectivity level T, (the value of Ty
will be discussed in Section 6.3.2). However, this condition is necessary to determine
the equivalence between nodes but is not sufficient to group nodes together so that the
network connectivity is still preserved.

Let’s take the example of nodes 6 and 9, in the topology shown in Figure 6.1(a).
Their neighbor lists, redundancy degrees, lists of equivalent neighbors are given in Table
6.1. If we assume that the T, value is 80%, nodes 3, 6 and 10 are equivalent and form
a group. For their side, nodes 9 and 11 form a group too. The resulting topology is
given in Figure 6.1(b), from which we note that the connectivity is still ensured. By
cons, if we suppose that the T,; value is 70%, node 9 finds that node 7 is equivalent
and can be in the same group. Figure 6.1(c) shows the resulting topology, in this case,
with a connectivity loss (considering the adjacency concept).

In order to ensure the network connectivity in the final topology, we define ad-
ditional eligibility conditions. Two nodes u and v are equivalent if they satisfy the
formula (6.1) and the three eligibility rules, ER1, ER2 and ER3. Formally,

Group(u) = {v € EquivN List(u)/v € ER1 N ER2N ER3} (6.2)

The first eligibility rule allows coordination between members of the same group,
during the election of an active node. The others eligibility rules avoid a connectivity
loss in the topology, formed by active nodes, selected in the leaders election phase.

Indeed, each node tries to find those which cover a set of its neighbors when it enters

sleep mode so that this set of common neighbors is still reachable by a member of its
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Figure 6.1: (a) The initial network topology (Topol) represented by a communication
graph. (b) The resulting topology when T, = 80% with connectivity guarantee. (c)
The resulting topology when T,.; = 70% with connectivity loss.

Table 6.1: 6’s and 9’s neighboring tables and their equivalent neighbor lists for Topol.

Nodeb
Node | Neighbor List Redundancy Degree
2 {1,3,4,5,6,8, 10} 3 =33.33%
3 {2,5,6,9, 10, 11} 5 =83.33%
5 {1,2,3,4,6,8, 10} 3 =33.33%
7 ] {6,9,10,11} 3 =50%
9 {3,6, 7,10, 11} 3 = 66.66%
10 |{2,3,5,6,7,09, 11} 1 =100%
11 | {3,6,7,9,10} 5 = 66.66%
EquivN List(6) when T, = 80% or Ty, = 70% ‘ {3, 10} ‘
Node9
Node | Neighbor List Redundancy Degree
3 {2,5,6,9, 10, 11} 3 =50%
6 {2,3,5,7,9, 10,11} 2 =66.66%
7 ] {6,9,10,11} 3 =75%
10 |4{2,3,5,6,7,9,11} 2 =66.66%
11 |{3,6,7,9,10} 1 =100%
‘ EquivN List(9) when T, = 80% ‘ {11} ‘
| BquivN List(9) when Ty = 70% | {11, 7} \

group. However, the other neighbors which are not covered by some members (non-
common neighbors) must be always reachable by some common neighbors. The third
eligibility rule ensures that non-common neighbors are reachable by at least one active
shared neighbor when the others go to sleep mode. Since our protocol is distributed and
localized, each node can form a group with its neighbors (even the shared neighbors)
that have no knowledge of other groups, formed in the neighborhood. If the shared

neighbors have the same redundancy degree, the probability that these nodes form a
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group is much higher and they can be seen as one node. When these nodes enter a sleep
mode, a loss of connectivity can occur, hence the usefulness of the second eligibility

rule.

Once the list of equivalent neighbors is established, each node should filter this list
to determine its group members, in order to keep only equivalent neighbors, satisfying
the eligibility rules. To select group members, each node sorts all equivalent neighbors
in descending order, according to their redundancy degrees. Thereafter, it takes node
by node in sorted order, it checks whether adding this node, as group member, does
not violate the three eligibility rules. An equivalent node could be a group member if
(1) it is neighbor to all group members, (2) there exist at least two shared neighbors,
with different redundancy degrees between this node and all group members, and (3)
all non-common neighbors between this node and all group members are reachable by

at least two of their shared neighbors.

The first round of the group forming process is given by Algorithm 6.3.2.

To better illustrate the first round of the group forming process, let’s back to the

previous example in which we discuss the two cases: T,; = 80% and T,; = 70%.

Case 1: T, = 80%
First, the redundancy degrees and the equivalent lists are calculated by each node.
The equivalent neighbor list of node 6 is formed by nodes 10 and 3, sorted according
to their redundancy degrees. Node 6 adds node 10, first, to its group as a member
because they have an equivalence of 100%. However, for node 3, it must verify the
eligibility rules because they have a redundancy degree of 83.33%. It finds that (1)
node 3 is neighbor to both 6 and 10, (2) the shared neighbor list, between node 3
and the group {6,10}, which is {2,5,9, 11}, satisfies the second eligibility rule, and (3)
all non-common neighbors between node 3 and the group {6,10}, which are {7}, are
reachable by the two common neighbors 9 and 11. So, node 3 can be added, to the
group of node 6, as new member. By cons, the equivalent neighbor list of node 9 is

formed by only node 11 which becomes a member in the group of node 9.
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Algorithm 2 : Round 1 of Group Forming Phase
Group(u) := {u};
// Find equivalent neighbors
EquivN List(u) == {};
for all v € NList(u) do
Find shared neighbor list SN List(u,v);
Find union neighbor list UN List(u,v);

SN List(u,v)| |
RedDegree(u,v) := %7

if (RedDegree(u,v) # 0)and(RedDegree(u,v) > T,;) then

: EquivN List(u) := EquivN List(u) U {v};

10: end if;

11: end for;

12: Sort the EquivN List(u) in descending order according to the RedDegree;
13: // Find the group members

14: for all v € EquivN List(u) do

15: if (RedDegree(u,v) == 1) then

© ®

16: // They have the same neighbors

17: Group(u) := Group(u) U {v};

18: else

19: if v is neighbor to all w € Group(u) then

20: Find the SN List(v, Group(u));

21: Find the number NB of shared neighbors in SN List(v, Group(u)) with
different degrees;

22: if NB > 2 then

23: Find the Non — CN List(v, Group(u));

24: if (all & € Non — C'N List(v, Group(u)) are reachable by at least 2

nodes (I,m) € SN List(v, Group(u))) then

25: Group(u) := Group(u) U {v};

26: end if;

27: end if;

28: end if;

29: end if;

30: end for;

Case 2: T, = 70%
In this case, unlike to node 9, no change can occur for node 6. The equivalent neighbor
list of node 9 is formed by nodes 11 and 7, sorted according to their redundancy degrees.
Node 9 adds node 11, first, to its group as a member because they have an equivalence
of 100%. By cons, for node 7, it checks the eligibility rules. It finds that (1) node 7 is
neighbor to both 9 and 11, (2) the shared neighbor list between node 7 and the group
{9,11}, which is {6,10}, does not satisfy the second eligibility rule, because nodes 6 and
10 have the same degree. So, node 7 can not be added, to the group of node 9, as new
member because the eligibility rules are not satisfied. While node 7, on the other side,

can add node 9 as member to its group since the three eligibility rules are satisfied.
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Table 6.2: List of groups formed after the first round for Topol.

T, = 80% T, =T70%
Node | Group members || Node | Group members

1 | {1,4,8} 1 | {1,4,8)
2 {2, 5} 2 {2, 5}
3 {3, 6, 10} 3 {3, 6, 10}
4 {1, 4, 8} 4 {1, 4, 8}
5 {2, 5} 5 {2, 5}
6 {3, 6, 10} 6 {3, 6, 10}
7 {7} 7 {7, 9}
8 {1, 4, 8} 8 {1, 4, 8}
9 {9, 11} 9 {9, 11}
10 {3, 6, 10} 10 {3, 6, 10}
11 {9, 11} 11 {9, 11}

From this example, we can see clearly the importance of the second eligibility rule.
Indeed, without this latter, node 9 adds node 7 to its group since the third eligibility

rule is satisfied, which leads to a connectivity loss as shown in Figure 6.1(c).

Table 6.2 shows the list of groups, formed by each node, after the first round for the
two cases. From the table, we can see that node 9 is member of two groups which is
not allowed in the final grouping because only one active node is elected in each group.
Hence, the necessity to exchange the group lists for an eventual (possible) update in

the second round.

In order to show the importance of the third eligibility rule, let’s take the example,
illustrated in Figure 6.2(a).

redundancy degrees, and a list of equivalent neighbors are given in Table 6.3. In the

If we consider node 5, for example, its neighbor list,

case of a T, value of 60%, node 5 adds node 6, first, to its group as a member because
they have an equivalence of 100%. By cons, for node 7, it checks the eligibility rules. It
results that (1) node 7 is neighbor to both 5 and 6, (2) the shared neighbor list between
node 7 and the group {5,6}, which is {3,8}, satisfies the second eligibility rule, (3) all
non-common neighbors between node 7 and the group {5,6} which are {4,9}, are not
reachable by two common neighbors. Since the third eligibility rule is not satisfied,
node 5 can not add node 7 to its group as a member. However, without this eligibility
rule, node 7 can be added to the group {5,6}, which leads to a connectivity loss in the
final grouping. Table 6.4 shows the list of groups formed, by each node, after the first
round for Topo2 when T,; = 60%.
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Figure 6.2: (a) The initial network topology (Topo2). (b) The network topology after
the group forming phase when T,; = 60% with connectivity guarantee.

Table 6.3: 5’s neighboring table and its equivalent neighbor list for Topo2.

Nodeb

Node | Neighbor List Redundancy Degree

3 {1,2,4,5,6,7} % = 42.85%

4 {1, 2, 3,5, 6} 2 =2857%

6 {3,4,5,7,8,9} 1 =100%

7 {3, 5, 6, 8} % = 60%

8 {5,6,7,9, 10} 3 =50%

9 {5, 6, 8, 10} 2 =33.33%
EquivN List(5) when T, = 60% ‘ {6, 7} ‘

Table 6.4: List of groups formed after the first round for Topo2.

T. = 60%

Node | Group members

—_

{1, 2}

{1, 2}

{3, 4}

{3, 4}

{5, 6}

{5, 6}

{7, 5}

{8, 9}

QOO0 || O =W N

{8, 9}

—_
o

{10}
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Second Round

In the second round of the group forming phase, nodes exchange the information about
their group in order to get the final grouping. Indeed, at the end of the first round,
a node can be member of different groups. This is not allowed in the final grouping.
So, a node must be member of only one group. Group members should be mutually
selected and all members should have the same group members. This is the purpose of

the second round. This later takes place as follows:

e Each node broadcasts an update message, containing its NodelD and the list of

its group members noted Group.

e Once all update messages are received by each node, nodes begin updating their
group lists based on the group lists received in update messages. The updating
process is performed only if the group members do not have the same view about
their groups, i.e., they do not have the same members in their groups. In case
they have, some members must be deleted.

In order to implement such an updating process, we should specify two points:
firstly, which member could be removed from the group?, secondly, who performs
this deletion? The updating process is given in Algorithm 6.3.2 and it consists of
two steps:

Step 1: Each node first checks, if it is listed, as a member, in its members’ group
lists. If not, it proceeds to remove members of which it is not member of their
group lists. At the end of this step, all group members are mutually chosen but
their group lists may still be different.

Step 2: Each node checks, then, if there are members who are not common to
all members of its group. In this case, it determines the non-common member
list Non-CMList with each group member. If the Non-CMList is not empty, the
member is added to deleted member list DMList. The later is sorted in ascending
order, according to the number of non-common members (i.e., —Non-CMList—).
Thereafter, if DM List is not empty, it removes the member having the most non-
common members (the last member in DMList). If there are several members
with the same number of non-common members, the node removes the member
with the lowest NodelD. Step 2 is repeated until all members obtain the same

group lists.

e At the end of groups updating process, the nodes having modified their group lists
send an update message to their group members. Exchanging update messages

is necessary to update the group lists after deleting some members.

e Upon receiving the update message, each node only checks if it is still member

in its members’ group lists. If not, it removes the members of which it is not
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member of their group lists.

Algorithm 3 : Round 2 of Group Forming Phase: Updating process

1: for all v € Group(u) do

T S S e S e

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

if (u & Group(v)) then
Group(u) := Group(u) — {v};
end if;

end for;

//Find the member list having non-common members DM List;
DM List(u) == {};

Finish := False;

repeat

for all v € Group(u) do
if (v # u) then
Find the non-common member list Non—C M List(Group(u), Group(v));
if (Non — CM List(Group(u), Group(v))! = 0)) then
DM List(u) := DM List(u) |J{v};
NB — NCM := |Non — CM List(Group(u), Group(v)|;
Sort the DM List(u) in ascending order according to the number of
non-common members NB — NCM,;
end if;
end if;
end for;
if (DM List(u)! = () then
Find the last element k € DM List(u)
if (3l € DM List(u) with the same NB — NCM as k) then
Choose [ having the lowest Nodel D

k=1
end if;
Group(u) := Group(u) — {k};
else
Finish := True;
end if;

30: until (Finish == True);

Let’s return to the previous examples. At the end of the first round, each node

broadcasts an update message. For Topol (Figure 6.1), in the case of T, = 80%, no

node executes the updating process. The fact that, all nodes have the same group views

as their group members. However, with T,; = 70%, some nodes are members of several

groups; it is the case of node 9. Once node 7, receives the different update messages

from its neighbors, it finds that it has not been chosen, as a member, by node 9. In this

case, node 7 removes node 9 from its group list; and on this action, the group forming

phase ends. Figure 6.1 (b) shows the final grouping in the two cases Ty = 80% and

T, = 70%. For Topo2 (Figure 6.2), node 7 removes node 5 from its group because it

is not listed in node 5’s group. The resulting topology is given in Figure 6.2(b) from

which we can see that the connectivity is still ensured.
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Threshold of connectivity level T,

In this section, we discuss the choice of the T,; value. The application can fix the value
of T,;. The higher the value of T,; gets, the higher the number of active nodes which
provide some redundancy in transmitted data. This is known as spatial redundancy.
Spatial redundancy means the possibility to obtain information for a specific location,
from different sources [25]. This type of redundancy is commonly used to provide fault
tolerance, to improve the reliability of the measurement data and to increase the level
of information security. For example, when a disaster happens, sensor nodes, located
near survivors, may detect them and forward the detected survivors’ information to the
sink(s) for analysis. The duplicated information increases accuracy and helps making
the right decisions in these critical situations. However, for some applications, like
environmental monitoring and disaster prevention by monitoring disaster prone areas,
this redundancy leads to an energy waste. So, with the purpose of monitoring these
critical areas, as long as possible, the number of active nodes must be minimized, in
order to conserve sensors energy without sacrificing connectivity. This can be achieved

by selecting a small value of T,.

6.3.3 Leaders Election phase

The goal of topology control is to exploit the nodes redundancy to conserve their energy
while maintaining network connectivity. In fact, it determines the equivalent nodes and
allows those that are redundant to go into sleep mode to conserve their energy. To this
end, a sleep-wakeup cycle or sleep scheduling is defined between nodes.

Once the group forming phase is completed, every group starts the sleep/wake
scheduling stage. In order to save energy, only one node in each group is required to
be active while others turn off their radio. RTCP uses a load balancing strategy for
selecting active nodes which we call ”Round Robin Scheduling”. This strategy allows
nodes to periodically represent their group. In other words, the active nodes must be
changed periodically to let other nodes become active and represent the group. The
objective behind this technique is to keep all nodes alive as long as possible.

The scheduling technique uses the energy level of nodes as an election criterion.
Priority is given to the node with a higher energy level to represent the group and
become the leader. In case where multiple nodes have the same energy level, the
node identity is used as a second criterion. A leader node remains active for a period
of activity T,, calculated according to its estimated lifetime 7TL (Time To Live).
The TTL value is an estimate of the node lifetime if it works using a maximum of
resources (computing, transmitting and receiving). The other group members go in
energy conservation mode (sleep mode) during a sleep period, noted Ts. The value
of T is calculated according to the leader’s activity period so that T, = T,. After

the expiry of T§, nodes wake up and trigger the election process of a new leader. In
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Receive election msg
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Figure 6.3: RTCP state diagram transitions

order to give nodes the possibility to work periodically and ensure routing data for
several periods, the value of T,, must be less than or equal to half of the TTL. Formally,
T, =TTL/p so that p > 1 and p represents the number of periods of a node activity.

In RTCP, the nodes are in one of the three following states: passive, active and
sleep. The state transitions diagram is given in Figure 6.3. Initially, all nodes start in
passive state. In this state, each node sets a timer T, and broadcasts FElection message,
containing the NodelID and TTL, to its group members. On receipt of this message,
each member compares its energy level with the transmitters’ energy level (expressed
as TTL). In case where at least one transmitter has a higher priority, a node goes
directly to the sleep state and sets a timer T, according to the maximum value of the
received TTL. Otherwise, the node remains in the passive state for a period T,. After
the expiration of this period, the node enters the active state and provides routing
and/or data collection for an activity period T,. After the expiry of T, nodes enter
the passive state again and trigger the election process of the new leader. The same
process is repeated for each round until the energy of nodes reaches a certain threshold.

In this case, the node remains active until the exhaustion of its battery.

6.3.4 RTCP complexity analysis

We analyze the complexity of our protocol in terms of communication and time. The
analysis concerns only the group forming phase because it significantly affects the pro-
tocol effectiveness. Let’s assume that n sensors are deployed into an area of interest,

and the average connectivity degree of nodes is m.

6.3.5 Communication complexity

In RTCP, each node broadcasts a discovery message to acquire the 2-hop neighbors’
information. After determining the group members, each node broadcasts an update
message to exchange information about their groups, and to perform the updating

process. At the end of groups updating process, the nodes having modified their group
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lists, send an update message to their group members. Let’s assume that & (0 < k& < n),
the number of nodes having modified their groups. Knowing that the number of nodes
is n, the communication overhead of RTCP is O(2n + k) ~ O(n) .

6.3.6 Time complexity

In RTCP, any computation is, mainly, based on calculating intersection and union.
Before presenting the RTCP complexity, we first present, in general, the complexity of
the intersection and union of two sets.

Let’s assume S and Sy, two sets of sizes n; and neo, respectively. The complex-
ity of 51 NSy or S; U Sy, depends on the initial representation of S7 and S;. Two

representations are possible:

e [f they are represented by vectors, where each cell contains an element of the set,

the complexity is O(nina).
e If they are represented as bit vectors, the complexity is therefore O(ny) or O(nz).

Lest’s assume that node v is running RTCP algorithms.

In the first round of the group forming phase, node v calculates its equivalent
neighbor list EquivNList with a complexity of O(m?) if we use the first representation
or O(nm) with the second representation. The FquivNList size is not known because
it depends on the Ty;’s value but it does not exceed m. The complexity of sorting this
list is ©(mlogm), using a merge sort.

Once the EquivNList is sorted, node v should filter this list to determine its group
members, in order to keep only equivalent neighbors satisfying the eligibility rules. If
we assume that all predecessor nodes, of the last node m in the FquivNList, satisfy the
three eligibility rules (they become group members), the complexity of checking for the

m*" node, the eligibility rule:
e R1is O(m?) with the first representation or is O(n) with the second.
e R2 is O(km?) with the first representation or is O(kn) with the second.
e R3 is O(km?) with the first representation or is O(kn) with the second.

where k = |N List(v) N N List(1) N .......... N NList(m)l;ie., 0 <k <m.

So, the complexity to check the three eligibility rules, for all nodes in FquivNList, un-
der the assumption that all nodes in EquivNList become v’s group members, is O(km?)
with the first representation or is O(knm), with the second one which represents the
time complexity of Algorithm 6.3.2.

In the second round, node v checks if there are members who are not common to
all members of its group in order to determine DMList. Let’s assume that [ is the

average cardinality of v’s group, i.e., [ = |Group(v)|. So, the complexity, in this case,
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is O(I?) with the first representation or is O(In) with the second one, where 1 < [ < m.
The DMList size is not known but it does not exceeds (I — 1). Once the DMList
is established, and if the DMList is not empty, node v removes the member, having
the most non-common members. The complexity to remove the adequate member is
O((l = 1)). The process is repeated until the DMList becomes empty. The maximum
number of iterations is r where 0 < r < [. So, the time complexity of Algorithm 2 is
O(rl3) with the first representation or is O(rin) with the second one.

Finally, the time complexity of RTCP is O(km?) with the first representation or is
O(knm) with the second one.

6.4 Performance evaluation

In this Section, we evaluate the performance of the proposed protocol RT'CP, using Ns2
simulator. RTCP is simulated, using random topologies with different densities. When
we examine node density, we vary the number of nodes from 20, 50, 100 and 200 while
keeping a 20mx20m constant area.

Table 6.5 summarizes the simulation parameters. The performance evaluation of
our solution consists of two parts: Group forming phase and Leaders election phase.

To show the effectiveness of RTCP, we first evaluated it, in terms of number of
groups formed and energy consumed, during the groups forming phase. After that, it
is evaluated in terms of network lifetime and connectivity when running the sleep /wake-
up scheduling phase. To compare the performance of our algorithm with that of GECP,
GAF and CPA, we implemented GAF and the distributed version of CPA and simulated

them in the same environment.

Table 6.5: Simulation parameters.

Topography 20m*20 m

Number of nodes 20, 50, 100, 200 nodes
Initial Energy 5 joule

Propagation model Two-Ray-Ground

Radio transmission range 5m

Transmit power 660mW

Receive power 395mW

Idle power 395mW

Sleep power 100mW

T 90%, 80%, 70%, 60%, 50%

P 4
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Table 6.6: Number of groups formed in RTCP, GAF and CPA under different node
densities,

Node Density D1=3.92 D2=9.81 D3=19.63 D4=39.67
RTCP(T.; = 90%) 13 39 89 186
RTCP(T, = 80%) 13 39 86 174
RTCP(T., = 70%) 13 38 81 128
RTCP(T., = 60%) 13 37 65 96
RTCP(T. = 50%) 13 31 52 78
GECP 13 39 89 187
CPA (mindeg=1) 13 26 55 170
CPA (mindeg=2) 16 33 62 171
CPA (mindeg=3) 20 39 63 171
CPA (mindeg=4) 20 45 76 171
GAF 81 81 81 81

6.4.1 Number of groups formed

Table 6.6 summarizes the results after running the group forming phase for different
node densities.

From the results, the first thing we can see is the number of groups (grids), formed by
GAF which is the same for all densities; i.e., some grids are empty. Indeed, GAF divides
the network into static grids with the same size, using the location information provided
by GPS. GECP gives the same number of groups as RTCP when the value of T is
90%. On the other side, RTCP and CPA form groups dynamically, using connectivity
information. We note that the number of groups formed for both the protocols increases
with the connectivity degree mindeg for CPA; and with the Threshold of connectivity
level T,; for RTCP. This is due to the need for a large number of active nodes, at a given
time, to ensure high connectivity. Moreover, with CPA, the number of groups increases
with increasing node density because nodes lose their energy during the merging process
which leads to stop it. By cons, with RTCP, the number of groups formed is greater
than that of CPA for some values of Ty; but it is fewer than CPA’s for small values of
T;. This is due to the need for more active nodes to provide some data redundancy,
required by applications.

So, we can conclude that (1) GAF works better for high node densities, (2) GECP
and CPA is suitable for low densities, and (3) RTCP gives acceptable results (the best

results for some values of T;;) regardless of node density.

6.4.2 Energy consumed in groups forming phase

Figure 6.4 shows the energy consumed, during the group forming phase, by RTCP,

GAF and CPA. The results show that energy consumption increases by increasing the
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number of nodes for each protocol. However, GAF and GECP consume less energy
than the other protocols because GAF uses the node position to associate each node
to a grid while in GECP node need to exchange only their neighboring lists. By cons,
RTCP and CPA consume more energy than GAF and GECP; they exchange messages
to ensure connectivity in the final topology. Although, the consumed energy is really
negligible for RTCP, compared with that of CPA. Therefore, we can say that with
GAF, GECP and RTCP, in the worst case, even though the number of groups is equal
to the number of nodes, the energy consumed in the group forming phase does not
affect the network lifetime. Unlike what precedes, when running CPA, the obtained
results, show that the increase of energy consumption rate is significant. This is what
happens, especially, with densities D3 and D4 where all nodes lose their energy without
ending the merging process. So, GAF, GECP and RTCP are scalable with the network
size while CPA is not.

6.4.3 Network lifetime

Figures 6.5, 6.10 and 6.11 show the fraction of survived nodes versus time for node
densities D1, D3 and D4 respectively. For better readability of the results concerning
the density D2, we preferred to present the results of RT'CP, with the different values
of T,;, in separate figures. So, Figures 6.6, 6.7, 6.8 and 6.9 show the fraction of survived
nodes versus time for node densities D2 when, the T,,’s value is 50%, 60%, 70% and
80%8&90%, respectively.

The first thing we observe is that with Flooding, all nodes run out of energy, at
about the same time. This is due to the fact that Flooding does nothing to conserve
energy and all nodes take part in the routing. By cons, we find that the use of a topology
control protocol, based on sleep-scheduling, jointly with a routing protocol enhances
significantly the sensor network lifetime; especially when the number of active nodes is
reduced. Indeed, the network lifetime is decreased when the value of T, is increased
for RTCP as well as that of mindeg for CPA. This is due to the large number of active
nodes participating in the collected data transmission, which increases the number of
exchanged messages, influencing thereby on the network lifetime. Therefore, GAF gives
better results than CPA and so does RT'CP for some values of T,;. This is due to the
fact that RTCP and CPA allow applications to parameterize the connectivity degree
while GAF does not; the degree is static. In addition, despite the high number of active
nodes selected by GECP, it outperforms the other protocols, except RTCP(Tcl = 50%),
when the density is low (D1 and D2). On the other hand, when the density is high (D3
and D4), GAF and RTCP gives better results than GECP. Furthermore, we can clearly
observe that the RTCP results are better than those of CPA, in terms of the number
of survived nodes at each time. This improvement is due to (1) the reduced number of

active nodes, and (2) the really negligible energy consumed in the first phase.
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Figure 6.5: Fraction of survived nodes VS time for Node density D1.
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Figure 6.6: Fraction of survived nodes VS time for Node density D2 when T,; = 50%.
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Figure 6.7: Fraction of survived nodes VS time for Node density D2 when T; = 60%.

—+— Flooding
—e— CPA{mindeg=1)
—a— CPA(mindeg=2)
—»— CPA[mindeg=3)
CPA(mindeg=4)
—»— RTCP(Tcl=70%)
—r— GAF
GECP

0.4 4

Fraction of Survived Nodes

0.2 4

0.0

T T T T T
0 1000 2000 3000 4000 5000 6000

Time/sec

Figure 6.8: Fraction of survived nodes VS time for Node density D2 when T, = 70%.
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Figure 6.9: Fraction of survived nodes VS time for Node density D2 when T, = 80%
and T,; = 90%.
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Figure 6.11: Fraction of survived nodes VS time for Node density D4.

6.4.4 Network connectivity

In this section, we examine the topology graphs that result from using RTCP, GECP,
GAF and CPA in the case of D2 density. Figure 6.12, 6.13, 6.15 and 6.14 show the
corresponding graph, produced by RTCP, GECP, GAF and CPA, respectively. From
the graphs, we can see that there are more nodes, selected to be active with GECP and
when the value of T; and mindeg are high for RTCP and CPA, respectively. In addition,
we can see that the connectivity is ensured when running GECP, GAF and RTCP with
different values of T,;, while a connectivity loss can occur with CPA (mindeg=1), leading

to network partitioning.

6.5 Conclusion

In this chapter, we proposed a protocol, called RTCP, that ensures energy saving, while
providing network connectivity. The group forming approach, used by RTCP, organizes
nodes into groups with a low communication overhead. The redundant nodes, that sat-
isfy some eligibility rules, can form groups according to their redundancy degrees. This
leads to having a reduced number of groups without losing network connectivity. RTCP
defines a Threshold of connectivity level which allows applications to parameterize the
desired connectivity degree in the reduced topology. Moreover, it uses a load balancing
technique that ensures fairness among nodes of the same group. The simulation results
show that our solution outperforms some existing solutions, in terms of energy saving,

network lifetime and connectivity guarantee. However, RTCP uses the node redun-
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dancy degree as criterion to group redundant nodes together with respect to Threshold
of connectivity level T,;. Finding the exact value of T,; which gives the minimum num-
ber of groups, is difficult when nodes do not have the same redundancy degree. To deal

with this, we propose an enhancement to RTCP in the next chapter.
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for node density D2.
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Chapter 7

Enhanced Redundancy aware

Topology Control Protocol
(ERTCP)

7.1 Introduction

In the previous chapter, a Redundancy aware Topology Control Protocol (RTCP) was
presented. As we have seen, RTCP outperforms some other existing algorithms, in
terms of energy conservation, network lifetime and connectivity guarantee. This is due
to the fact that, in RTCP, nodes use only the 2-hop neighbors’ information to locally
compute the Redundancy Degree with each of their neighbors. In order to avoid a loss
of connectivity, RTCP controls a node to belong to a group, applying three eligibility
rules. Moreover, it defines a Threshold of connectivity level which allows applications
to parameterize the desired connectivity degree in the reduced topology. Nevertheless,
the value of T, fixed by the application, affects the number of groups formed. The
smallest the value of T, the fewer the groups formed. Finding the exact value of T
which gives the minimum number of groups, is difficult when nodes do not have the
same redundancy degree. To overcome this limitation, we propose, in this chapter,
ERTCP: an Enhanced Redundancy aware Topology Control Protocol [125].

Thus, this chapter is devoted to present the improvement of RTCP that allows to
each sensor node to determine dynamically the value of the Threshold of connectivity
level T,;. Indeed, each node should find the minimum value of T; that provides a
connected network. So, ERTCP works the same way as RT'CP, except it uses a different

metric to determine the equivalent nodes.

7.2 Definition

The Network model and the most important concepts we use are similar to those
described in Chapter 6, except the following definition of Equivalent Neighbor List.
Indeed, ERTCP did not need to use the Threshold of connectivity level T, to select
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the equivalent neighbors.

Definition 7.1. (Equivalent Neighbor List). The equivalent neighbor list of node
u, noted EquivNList(u), is the set of equivalent neighbors providing required commu-
nication redundancy with u. Formally, v € EquivNList(u), if the following formula is
satisfied:

RedDegree(u,v) >0 (7.1)

7.3 Enhanced Redundancy aware Topology Control Pro-
tocol

In this section, we give the design details of ERTCP. Like other topology control proto-
cols, ERTCP is divided into two phases, the Redundant nodes identification phase and

the Active nodes election phase.

7.3.1 Redundant nodes identification phase

Once the neighbor lists NList are determined, the identification process of redundant
nodes can start. The redundant nodes identification phase of ERT'CP is similar to that
of RTCP, except in the process of determining the equivalent neighbors. It works in

two rounds which are described as follows:

First Round

At the beginning, each node broadcasts a discovery message, containing its identifier
NodelD and its neighbor list NList. As ERTCP is a distributed scheme, this process
enables each node to acquire the 2-hop neighbors’ information which would be enough

to perform subsequent steps.

Each node, receiving this message, locally computes the Redundancy Degree with
each of its neighbors. Thereafter, each node independently calculates its equivalent
neighbor list FquivNList. Two nodes are equivalent and can be in the same group,
if their Redundancy Degree is greater than zero; i.e., they have at least one shared
neighbor. However, this condition is necessary to determine the equivalence between
nodes but is not sufficient to group nodes together so that the network connectivity is
still preserved. In order to ensure the network connectivity in the final topology, we
define additional eligibility conditions. Two nodes u and v are equivalent if they satisfy
the equation (7.1) and the three eligibility rules, ER1, ER2 and ER3 given previously
in Definition 6.6.

The first round of the group forming process is given by Algorithm 7.3.1.
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Algorithm 4 : Round 1 of Redundant nodes identification phase

1:

30:
31:
32:

Group(u):={u};
// Find equivalent neighbors
EquivNList(u):={};
for all ve NList(u) do
Find shared neighbor list SNList(u,v);
Find union neighbor list UNList(u,v);

RedDegree(u,v):= %,

if (RedDegree(u,v) > 0) then
EquivNList(u):= EquivNList(u) U {v};

end if;

: end for;

: Sort the EquivNList(u) in descending order according to the RedDegree;
: // Find the group members

: for all v € EquivNList(u) do

if (RedDegree(u,v)== 1) then
/ They have the same neighbors
Group(u) := Group(u) U {v};
else
if v is neighbor to all w € Group(u) then
Find the SNList(v,Group(u));
Find the number NB of shared neighbors in SNList(v,Group(u)) with different

degrees;
if NB > 2 then
Find the Non-CNList(v,Group(u));
for all k € Non-CNList(v,Group(u)) do
if k is reachable by 1 and m € SNList(v,Group(u)) then
Group(u) := Group(u) U {v};
end if;
end for;
end if;
end if;
end if;
end for;
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Illustration

To better illustrate the first round, we present an example scenario depicted in Figure
7.1. Let’s take the example of nodes 6, 7, and 9 in the topology shown in Figure
7.1(a). Their neighbor lists, redundancy degrees, lists of equivalent neighbors are given
in Table 7.1.

The equivalent neighbor list of node 9 is formed by nodes {11,7,6,10,3}, sorted
according to their redundancy degrees. Node 9 adds node 11, first, to its group, as
a member, because they have an equivalence of 100%, i.e., they have the same set
of neighbors. By cons, for the other equivalent nodes, it checks the eligibility rules.
It takes node 7, first, it finds that (1) node 7 is neighbor to both 9 and 11, (2) the
shared neighbor list between node 7 and the group {9,11} which is {6,10} does not
satisfy the second eligibility rule, because nodes 6 and 10 have the same degree. So,
node 7 can not be added to 9’s group as new member. While node 7, for its side, can
add node 9 as member to its group since the three eligibility rules are satisfied. From
this example, we can see clearly the importance of the second eligibility rule. Indeed,
without this letter, node 9 adds node 7 to its group since the third eligibility rule is
satisfied, which leads to a loss of connectivity. After that, node 9 checks if it can add
node 6 as member. In this case, the three eligibility rules are satisfied (1) node 6 is
neighbor to both nodes 9 and 11, (2) nodes in the shared neighbor list between node
6 and the group {9,11} which is {7,3,10}, have different redundancy degrees, and (3)
all non-common neighbors between node 6 and the group {9,11} which are {2,5}, are
reachable by two common neighbors. So, node 6 can be added as member to 9’s group.
It is not the case for node 10 because the third eligibility rule is not satisfied. The same
process is repeated with all nodes in the equivalent list. The group lists of nodes 6, 7
and 9 are given in Table 7.1. From the table, we can see that a node can be member
of several groups; it is the case of nodes 6 and 9. This grouping is not allowed because,
in the sleep/wake scheduling phase, only one active node is elected in each group and
a node can not be, at the same time, in active and sleep mode. Hence the necessity to

exchange the group lists for a possible update in the second round.

Second Round

The second round of the redundant nodes identification phase, in ERTCP, works in
the same manner of that of RTCP, already described in Section 6.3.2. In this round,
nodes exchange the information about their group in order to get the final grouping.
Indeed, at the end of the first round, a node can be member of different groups. This
is not allowed in the final grouping. So, a node must be member of only one group.
Group members should be mutually selected and all members should have the same
group members.

Let’s go back to the previous example. At the end of the first round, each node
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Figure 7.1: (a) The initial network topology represented by a communication graph.
(b) The resulting topology, after round 2, with connectivity guarantee.

Table 7.1: 6’s, 7’s and 9’s, neighboring tables and their equivalent neighbor lists.

Nodeb
Node | Neighbor List Redundancy Degree

2 {1, 3,4, 5, 6, 8, 10} 3 =33.33%

3 {2,5,6,9, 10, 11} 5 =83.33%

5 {1, 2,3, 4,6, 8, 10} 3 =33.33%

7 {6, 9, 10,11} 3 =50%

9 {3,6, 7,10, 11} 2 = 66.66%

10 |4{2,3,5,6,7,9,11} 1 = 100%

11 | {3,6,7,9, 10} 2 = 66.66%

| EquivN List(6) | {1039,11,725} |
| Group(6) \ {6,10,3} |
NodeT7
Node | Neighbor List Redundancy Degree

6 {2,3,5,7,9, 10,11} 3 =50%

9 {3,6,7, 10, 11} 3 =175%

10 |{2,3,56,7,9, 11} 3 =50%

11 | {3,6,7,9, 10} 3 =175%
EquivN List(7) {9,11,6,10}
Group(7) {7,9}

Node9
Node | Neighbor List Redundancy Degree

3 {2,5,6,9,10, 11} 3 =50%

6 {2,3,5,7,9, 10,11} 2 =66.66%

7 | {6,9,10,11} 3 =75%

10 |{2,3,5,6,7,09, 11} 2= 66.66%

11 | {3,6,7,9, 10} 1 = 100%

| EquivN List(9) {11,6,103,7} |
‘ Group(9) {9,11,6} ‘
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broadcasts an update message. Once nodes 7 and 9, receive the different update mes-
sages from their neighbors, they find that they have not been chosen, as a member, by
node 9 and 6 respectively. In this case, node 7 removes node 9 from its group list and
node 9 do the same thing with node 6. The resulting topology is given in Figure 7.1(b)

from which we can see that the connectivity is still ensured.

7.3.2 Active nodes election phase

Once the identification of equivalent nodes is completed and the groups are formed,
every group starts the stage of sleep/wake scheduling to elect its leader which remain
active for a period of time. In order to save energy, only one node in each group
is required to be active while others go to sleep mode. ERTCP uses the same load
balancing strategy, used by RTCP, for selecting active nodes, that ensures fairness

among nodes of the same group.

Figure 7.2 shows the application of the load balancing strategy, used in ERTCP, for
three equivalent nodes. Initially, each node sets a timer T, and broadcasts an election
message. In this example, Nodes remains active for T period because it has the highest
priority while Node; and Nodes enters a sleep state for a Ty period. After T timers
of Node; or/and Nodey expire, they wake up, enter the passive state again and trigger
the election process of the new leader. In addition, Nodeg enters also the passive state,
after T, period, and participates to the election of the new leader. The same process is
repeated for each round until the nodes’ batteries depletion. We note that if the energy
of an active node reaches a certain threshold, it does not participate in the election

process and remains active until the exhausting of its battery.

o | T T R T
o, | 7 R R R R e
o | 7 T 7 O O
Time
. Passive state . Active state . Sleep state

Figure 7.2: The round robin strategy used by ERTCP in the active node election phase.

7.4 Performance evaluation

The performance of ERTCP is evaluated using Ns2 simulator. Our protocol is simu-
lated, using the same random topologies with different densities as previously defined

in Chapter 5 and Chapter 6. Table 7.2 summarizes the simulation parameters.
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Table 7.2: Simulation parameters.

Topography 20m*20 m

Number of nodes 20, 50, 100, 200 nodes
Initial Energy 5 joule

Propagation model Two-Ray-Ground
Radio transmission range 5m

Transmit power 660mW

Receive power 395mW

Idle power 395mW

Sleep power 100mW

7.4.1 Number of groups formed

Table 7.3 summarizes the results after running the redundant node identification phase
for the protocols

From the results, the first thing we can see is the number of groups (grids), formed
by GAF, which is the same for all densities; i.e., some grids are empty. Indeed, GAF
divides the network into static grids with the same size, using the location information
provided by GPS. By cons, ERTCP, RTCP, CPA and GECP form groups dynamically
using connectivity information. On the other hand, we note that the number of groups
formed by ERTCP is less than that of RCTP, CPA, GAF and GECP. GECP gives
more groups than the other protocols which is due to the strong constraint used to
group nodes together. The number of groups formed for RTCP and CPA increases,
respectively, with the Threshold of connectivity level T; and the connectivity degree
mindeg. This is due to the need for a large number of active nodes, at a given time,
to ensure high connectivity. Moreover, with CPA, the number of groups increases with
increasing nodes density because nodes lose their energy during the merging process
which leads to stop it. By cons, with RTCP, the number of groups formed is greater
than that of CPA. This is due to the need for more active nodes to provide some data
redundancy required by applications when the value of T,; is high.

So, we can conclude that (1) GAF works better for high node densities, (2) CPA
and GECP are suitable for low densities, (3) RTCP gives acceptable results (the results
depend on the values of T;;), and (4) ERTCP gives the best results regardless of node
density.

7.4.2 Energy consumed in the redundant nodes identification phase

Figure 7.3 shows the energy consumed, during the group forming phase, by the imple-
mented protocols ERTCP, RTCP, GECP, CPA and GAF. The results show that energy
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Table 7.3: Number of groups formed in ERTCP, RTCP, CPA, GAF and GECP under
different node densities.

Node Density D1=3.92 D2=9.81 D3=19.63 D4=39.67
ERTCP 13 29 43 76
RTCP (T = 80%) 13 39 86 174
RTCP(T,; = 50%) 13 31 52 78
GECP 13 39 89 187
CPA (mindeg=1) 13 26 55 170
CPA (mindeg=2) 16 33 62 171
CPA (mindeg=3) 20 39 63 171
CPA (mindeg=4) 20 45 76 171
GAF 81 81 81 81

consumption increases by increasing the number of nodes for all protocols. However,
GAF and GECP consume less energy than the other protocols. Indeed, GAF uses the
node position to associate each node to a grid and GECP uses only the neighbor lists
exchanged initially. By cons, ERTCP, RTCP and CPA consume more energy than
GAF and GECP; they exchange messages to ensure connectivity in the final topology.
Although, the consumed energy is really negligible for ERTCP and RTCP, compared
with that of CPA. Therefore, we can say that with ERTCP, RTCP, GAF and GECP,
in the worst case, even though the number of groups is equal to the number of nodes,
the energy consumed in the group forming phase does not affect the network lifetime.
Unlike what precedes, when running CPA, the obtained results, show that the increase
of energy consumption rate is significant. This is what happens, especially, with densi-
ties D3 and D4 where all nodes lose their energy without ending the merging process.
So, ERTCP, RTCP, GECP and GAF are scalable with the network size while CPA is

not.

7.4.3 Network lifetime

Figures 7.4, 7.5, 7.6, and 7.7 show the fraction of survived nodes versus time for the
densities D1, D2, D3, and D4 respectively.

The first thing we observe is that with Flooding, all nodes run out of energy at about
the same time. This is due to the fact that Flooding does nothing to conserve energy
and all nodes take part in the routing. By cons, we find that the use of a topology
control protocol, based on sleep-scheduling, jointly with a routing protocol enhances
significantly the sensor network lifetime; especially when the number of active nodes is
reduced. Indeed, the network lifetime is decreased when the value of T is increased
for RTCP and when the value of mindeg is increased for CPA. This is due to the large

number of active nodes participating in collected data transmission, which increases the
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Figure 7.7: Fraction of survived nodes VS time for Density D4.

number of exchanged messages, influencing thereby on the network lifetime. Therefore,
GAF gives better results than CPA and RTCP. This is due to the fact that RTCP and
CPA allow applications to parameterize the connectivity degree while GAF does not;
the degree is static. On the other hand, the results show that, GECP performs better
than RTCP, CPA and GAF(for D1 and D2) despite the high number of active nodes
produced by running GECP. This is due to the scheduling policy, used by our protocol,

that minimizes the number of transitions.

Furthermore, we can clearly observe that the results of ERTCP are better than
those of RTCP, CPA, GAF and GECP in terms of the number of survived nodes at
each time. This improvement is due to (1) the reduced number of active nodes, and

(2) the energy consumed in the groups forming phase which is really negligible.

7.4.4 Network connectivity

In this section, we examine the topology graphs that result from using ERTCP and
RTCP in the case of D2 density. Figure 7.8 shows the corresponding graphs. From the
graphs, we can see that there are more nodes selected to be active when the value of
T, is high for RTCP. In addition, we can note that the connectivity is ensured when
running ERTCP and RTCP (with the different values of T;.)
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Figure 7.8: The network graphs of no Topology Control, ERTCP and RTCP algorithms
at 65s for D2.
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7.5 Conclusion

In this chapter, we addressed the energy saving problem using topology control based
on duty cycling. A distributed topology control protocol is proposed that guarantees
energy saving while providing network connectivity. Our protocol, called ERTCP ex-
ploits the sensor redundancy in the same region to reduce the number of active nodes
while ensuring a connected backbone. The network connectivity is preserved using a
new mechanism to identify the communication node redundancy controlled by some eli-
gibility rules. The group forming approach used by ERTCP organizes redundant nodes
into groups with a low communication overhead. Moreover, it uses a load balancing
technique that ensures fairness among nodes of the same group. The simulation results
confirm the superior performance of the proposed protocol with respect to connectivity
and energy efficiency. Furthermore, the network lifetime is extended when ERTCP is

used jointly with routing protocol.



130 7. Enhanced Redundancy aware Topology Control Protocol (ERTCP)




Chapter 8

Conclusion

In this thesis, we have dealt with one of the critical issues in wireless sensor networks,
which is Energy Saving. After giving some important concepts, we reviewed the main
existing energy management approaches for WSN, classified them and discussed their
objectives. Besides energy saving, other requirements and QoS metrics can be en-
sured when using energy conservation approaches. Duty cycling approach, especially
Topology Control, is the most important energy saving mechanism which meets several
objectives. Indeed, topology control plays an important role in saving energy (and
hence prolonging network lifetime), improving spatial reuse (and hence increase net-
work capacity), reducing radio interference (and hence mitigating MAC contention),

ensuring network coverage and connectivity, among others [129].

Among the existing topology control mechanisms, we focused on topology control
based on duty cycling, which allows some redundant nodes to sleep and conserve their
energy. Since most energy is spent for radio communications, an effective approach for
energy conservation is scheduling sleep intervals for redundant nodes, while the other
nodes stay active to provide continuous service. Thus, connectivity can be maintained

with much fewer routing nodes and more energy saving.

Several topology control algorithms, using the scheduling technique, have been pro-
posed for wireless ad hoc and sensor networks. We presented and described the most
representative existing sleep-scheduling algorithms and classified them into four cate-
gories: Flat protocols, Grid-based protocols, Cluster-based protocols and Group-based
protocols. Thereafter, we discussed and summarized the key features, objectives, major
assumptions of the reviewed sleep scheduling-based topology control protocols. More-
over, the category of each protocol was identified and advantages and limitations have
been included. Among the existing categories, we focused on Grid-based and Group-
based topology control protocols.

We found that grid-based topology control protocols have an attractive feature
that is related to the communication cost and the energy efficiency of determining the

redundant nodes. Indeed, they do not incur a high communication overhead during the
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grid forming phase, as grids can be built statically once the communication range is
known. For this, we proposed a new grid-based algorithm, called GTC: a Geographical
Topology Control protocol, that benefits from the advantages of the existing grid-based
algorithms to identify redundant nodes. GTC uses a new scheduling strategy which
reduces the number of transitions between active and sleep states in order to minimize
the transition energy and ensure the network longevity. It also minimizes the frequency
of active nodes election and allows some stability in the topology that avoids a loss of
connectivity. The proposed protocol is characterized by: (1) a reduced number of
messages, (2) a low frequency of leaders’ election, (3) a minimum number of state
transitions, and (4) a connectivity gain by introducing the grace period. Simulation
results showed that GTC displays better performance in terms of network lifetime, data

delivery, scalability, and message overhead.

However, the proposed protocol requires the availability of location information
provided by GPS, which is sometimes impossible to acquire. This limitation moti-
vates us to define a new mechanism to group nodes dynamically without using any
localization system. Thus, our second contribution investigates the group-based topol-
ogy control category, since it uses only neighborhood information to group redundant
nodes together. In this direction, a Group-based Energy-Conserving Protocol (GECP)
is proposed and presented in this thesis. GECP exploits the sensor redundancy in the
same region by dividing the network into groups so that a connected backbone can
be maintained by keeping only one active node in each group and turning off the re-
dundant ones. It identifies redundant nodes, organizes them into groups with a low
communication overhead. It uses the same scheduling strategy as GTC which aims to
minimize the number of transitions between active and sleep states and, hence, extend
the network lifetime. The simulation results showed that our solution outperforms ex-
isting group-based solutions in terms of energy saving, network lifetime and connectivity
guarantee. Nevertheless, the proposed group-based protocol uses too strong criterion
to group equivalent nodes together which leads to high number of active nodes. So, it
is necessary to reduce the number of groups (hence, the number of active nodes) using
another constraint to identify node redundancy without increasing the communication

overhead.

Our third contribution consists on the proposition of another group-based proto-
col, called RTCP: Redundancy aware Topology Control Protocol, that ensures energy
saving, while providing network connectivity. The group forming approach, used by
RTCP, organizes nodes into groups with a low communication overhead. The redundant
nodes, that satisfy some eligibility rules, can form groups according to their redundancy
degrees. This leads to having a reduced number of groups without a network connec-
tivity loss. RTCP defines a Threshold of connectivity level which allows applications

to parameterize the desired connectivity degree in the reduced topology. Moreover, it
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uses a load balancing technique that ensures fairness among nodes of the same group.
The simulation results showed that our solution outperforms some existing solutions, in
terms of energy saving, network lifetime and connectivity guarantee. However, RT'CP
uses the node redundancy degree as criterion to group redundant nodes together with
respect to Threshold of connectivity level T,;. Finding the exact value of T, which
gives the minimum number of groups, is difficult when nodes do not have the same
redundancy degree. To deal with this, we proposed ERTCP, an Enhanced Redundancy
aware Topology Control Protocol. In ERTCP, the network connectivity is preserved
using a new mechanism to identify the communication node redundancy controlled by
some eligibility rules. The simulation results confirmed the superior performance of the
proposed protocol with respect to connectivity and energy efficiency. Furthermore, the
network lifetime is extended due to the low number of active nodes compared to other
protocols.

We plan to extend our work in two directions. First, in order to achieve high
energy-efficiency, it is necessary to take power control and sleep scheduling jointly into
account. The use of the power control mechanism on the reducing topology can enhance
considerably the network lifetime which, hence, leads to increase the network capacity.
Second, as the deployment of nodes is randomly generated, the groups formed by any
topology control protocol are heterogeneous in terms of the number of redundant nodes
(group size). In other words, these protocols cannot ensure that every group consists
of the same number of nodes and they can generate singletons groups with a single
node. Thus, during data forwarding, nodes in groups with fewer nodes, especially
singleton groups, are lost first due to the early depletion of their batteries which results
in a loss of connectivity or a network partitioning. So, routing protocols used for data
dissemination, should take into consideration, the heterogeneity of the groups forming
the topology. In this direction, we plan to propose a cross layer solution to balance
the energy consumption of nodes, especially singleton nodes, in order to prolong the

network lifetime and prevent loss of connectivity.
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