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Abstract

Many clustering algorithms have been proposed to improve energy efficiency of ad hoc
networks as this is one primary challenge in ad hoc networks. The design of these
clustering algorithms in sensor networks is different from that in mobile ad hoc networks

in accordance with their specific characteristics and application purposes.

A typical sensor network, which consists of stationary sensor nodes, usually has a data
sink because of the limitation on processing capability of sensor nodes. The data traffic of
the entire network is directional towards the sink. This directional traffic burdens the
nodes/clusters differently according to their distance to the sink. Most clustering
algorithms assign a similar number of nodes to each cluster to balance the burden of the
clusters without considering the directional data traffic. They thus fail to maximize

network lifetime,

This dissertation proposes two clustering algorithms. These consider the directional data
traffic in order to improve energy efficiency of homogeneous sensor networks with
identical sensor nodes and uniform node distribution. One algorithm is for sensor
networks with low to medium node density. The other is for sensor networks with high
node density. Both algorithms organize the clusters in such a way that the cluster load is
proportional to the cluster energy stored, thereby equalizing cluster lifetimes and
preventing premature node/cluster death. Furthermore, in a homogeneous sensor network
with low to medium node density, the clusterhead is maintained in the central area of the
cluster through re-clustering without ripple effect to save more energy. The simulation
results show that the proposed algorithms improve both the lifetime of the networks and

performance of data being delivered to the sink.

A typical mobile ad hoc network, which usually consists of moveable nodes, does not
have a data sink. Existing energy-efficient clustering algorithms maintain clusters by
periodically broadcasting control messages. In a typical mobile ad hoc network, a greater
speed of node usually needs more frequent broadcasting. To efficiently maintain the
clusters, the frequency of this periodic broadcasting needs to meet the requirement of the
potentially maximum speed of node. When the node speed is low, the unnecessary

broadcasting may waste significant energy. Furthermore, some clustering algorithms limit



the maximum cluster size to moderate the difference in cluster sizes. Unfortunately, the
cluster sizes in these algorithms still experience significant difference. The larger clusters
will have higher burdens. Some clustering algorithms restrict the cluster sizes between the
maximum and minimum limits. The energy required to maintain these clusters within the
maximum and minimum sizes is quite extensive, especially when the nodes are moving

quickly. Thus, energy efficiency is not optimized.

This dissertation proposes a clustering algorithm to improve energy efficiency for mobile
ad hoc networks by reducing unnecessary broadcasting and by adaptively balancing
cluster sizes. Control messages are broadcast adaptively in accordance with the
requirement of respective node speed. The unnecessary broadcasting is therefore reduced.
Furthermore, the cluster sizes are maintained adaptively in accordance with the node
speeds. When the speed is low, maintaining to a similar size is applicable because it better
balances power consumption among clusters. However, when the speed is high, the
difference in cluster sizes is more relaxed, freeing the network from frequent re-clustering.
The simulation results and analysis show that the control messages are broadcast
adaptively in accordance with the node speed, energy efficiency is improved and the first-

node lifetime of the network is extended.
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Glossary

50% availability lifetime for single-hop sensor networks: The period when the network

starts to work up to the time only 50% of the sensors remain alive.

BPC: BPC is the abbreviation of the algorithm proposed in Chapter 5, which balances
power consumption (BPC) throughout the homogeneous clustered sensor network with

high node density.

BRPC: BRPC is the abbreviation of the algorithm proposed in Chapter 4, which balances
and reduces power consumption (BRPC) in homogenous cluster sensor networks with low

to medium node density.

Clustered Ad Hoc Network: In a clustered ad hoc network, the nodes are grouped into
clusters according to some special rules. Typically, each cluster has a clusterhead (CH) to
act as a local controller or coordinator. Usually there are three types of nodes in a
clustered ad hoc network: member node, gateway node and CH. Both CHs and gateway

nodes form the backbone of the network with only CHs being essential.

Connectivity lifetime for multi-hop sensor networks: The period when the network

starts to work up to the time connectivity between the sink and the network is lost.

Data aggregation ratio, A: A data aggregation ratio of A:1 means that, for every ‘1’ unit
of that must be sent to the sink when no data aggregation is performed, only ‘A’ (which is
smaller than 1) units of data must be sent to the sink after local data aggregation is

performed.

First-node Lifetime: The period when the network starts to work up to the time any node

dies in the network.

LEACH_C_F: LEACH is the abbreviation of low-energy adaptive clustering hierarchy.
LEACH_C_F is the abbreviation of the algorithm that is used for comparison in Chapter 4.
LEACH_C_F combines both LEACH-C (centralized LEACH) and LEACH-F (LEACH

with fixed clusters).
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MSPB: MSPB is the abbreviation of the algorithm that is used for comparison in Chapter
6. MSPB limits the maximum size of the cluster and broadcasts control messages

periodically to maintain the clusters.

MSSAB: MSSAB is the abbreviation of the algorithm that is used for comparison in
Chapter 6. MSSAB limits the maximum size of the cluster, maximizes the service time of

the CHs and broadcasts control messages adaptively to maintain the clusters.

Network lifetime in sensor networks: Network lifetime is connectivity lifetime for

multi-hop sensor networks, and is availability lifetime for single-hop sensor networks.

RBBPC: RBBPC is the abbreviation of the proposed algorithm in Chapter 6. RBBPC

broadcasts control messages adaptively and balances cluster sizes adaptively.

Re-clustering with ripple effect: Re-clustering with ripple effect means that any re-
clustering process caused by CH rotation or cluster maintenance alters the cluster

topology over the whole network.

Round of data collection: A Round of data collection initiates the cluster set-up when the
clusters are organized and ends when the sink receives all data from the CHs. During this
procedure, some frames of data are delivered from the member nodes to the CH and on to

the data sink.

SSCA: SSCA is the abbreviation of the algorithm that is used for comparison in Chapter 5.
SSCA organizes clusters with similar sizes and allows only the CH to be active in each

cluster.

SSMR: SSMR is the abbreviation of the algorithm that is used for comparison in Chapter
4. SSMR organizes clusters with similar sizes and requires the CHs to relay data to the

sink over multi-hop routes.

Total delivered entire-network data: Data delivered to the sink from the entire network

where all sensors are alive up to first-node lifetime.

Total delivered network data: Data delivered to the sink from the network up to the

network lifetime.

Total delivered partial-network data: Data delivered to the sink from part of the

network where sensors are still alive after first-node lifetime.
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1 Introduction

1.1 Clustered ad hoc networks

1.1.1 Ad hoc networks

The past few years have witnessed the proliferation of devices such as intelligent sensors,
laptops, palm-tops and mobile phones. The need for easy and spontaneous
communications between such devices led to the development of a new class of wireless
networks without infrastructure. These networks, known as “ad hoc networks,” represent
complex distributed systems comprising wireless nodes in arbitrary and temporary
network topologies [1, 2]. Each device in an ad hoc network functions as a router to relay

data from other devices by multi-hop routes.

According to the purposes of application and the features of the nodes forming the
network, ad hoc networks can typically be divided into wireless sensor networks and

mobile ad hoc networks [3, 4].

1.1.2 Wireless Sensor networks (WSNs) and mobile ad hoc networks

(MANETS)

A typical WSN, as shown in Fig. 1-1, consists of small sensor nodes, which are usually
immovable after being deployed in the network, with sensing, data processing and
communication capabilities. These networks are usually deployed to accomplish particular
tasks, such as target-field imaging, intrusion detection, weather monitoring, disaster
management and ambient-condition detection [5]. The resource and capability of a typical
sensor node is extremely limited. The data that the sensors generate are therefore not
conclusive and a data sink is usually necessary in a typical WSN to collect data for further
analysis. These unique characteristics present many challenges for the development and
eventual application of ad hoc WSNs [6]. Furthermore, the extremely limited energy

supply of sensor nodes makes energy efficiency one of the primary challenges [7, 8].

A typical MANET is shown in Fig. 1-2. Differing from the application purpose of a WSN,
a MANET usually aims at enabling communication between the nodes in the network.

The nodes in a MANET can usually move freely and arbitrarily [9]. As with sensor nodes,

1



the wircless devices forming MANET- arc also usually battery supply-based so that
energy efficiency becomes one of the important challenges in MANETs. Unlike the
relative stable topology in a WSN formed by stationary nodes, the opology in a MANE'E
is more unstable because of the movement of devices, Therefore, the enerzy consumed by

topology maintenance ina MANET is considerable [ 10).
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As cxplained above that a WSN usually is formed by stationary nedes and has a data
sink/data sinks, whereas a MANET usually 1s formed by mobile nodes and has not any
data sink, during the wpology or routing protocel design, such questions as the direction

of data traffic and the stability of the network topology needs to be taken into account.



1.1.3 Clustered ad hoc networks

The absence of infrastructure makes it convenient to build an ad hoc network [3]. This
infrastructureless network, however, also brings many challenges to topology design.
Much research has been conducted and many topology structures have been proposed.
The existing structures can be typically classified into flat topology and hierarchical

clustering topology, as shown in Fig. 1-3.
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Figure 1-3. Topology structure of an ad hoc network.

An ad hoc network with a flat topology (Fig. 1-3(a)) is a peer-to-peer network. This
structure is simple yet makes the topology complicated, especially in a large ad hoc
network. Hierarchical clustering topology is therefore proposed. In a clustered ad hoc
network (Fig. 1-3(b)), the nodes are organized into different virtual groups. The nodes
geographically adjacent are allocated to the same cluster according to specified rules with
different behaviors for nodes included in a cluster from those excluded from the cluster
[11]. In a clustered ad hoc network, the nodes may be assigned a different status or
function, such as clusterhead (CH), gateway node, or member node. A CH normally
serves as a local controller or coordinator for its cluster, performing intra-cluster
transmission arrangements, cluster maintenance, data aggregations and data forwarding. A
gateway node is a non-CH node with inter-cluster links so it can access neighboring
clusters and forward information between clusters. Both CHs and gateway nodes form the
backbone of the network with only CHs being essential. A member node is a non-CH

node without any inter-cluster links [11, 12].



A hierarchical clustering topology provides at least five advantages over a flat topology.
First, it is more convenient especially in a WSN for a CH to aggregate data when it has
collected all data from its member nodes. This consequently decreases power consumption
by reducing the amount of data in inter-cluster communication [13, 14]. Secondly, in a
clustered ad hoc network, only the CHs and gateway nodes form a virtual backbone for
inter-cluster routing, thereby leading to a simpler backbone. The generation and spreading
of routing information can then be restricted in this set of nodes. This consequently
reduces the flooding to search for a backbone route [15]. Thirdly, a clustering topology
makes an ad hoc network more stable, especially in MANETS [16]. When a mobile node
changes its attaching cluster, only mobile nodes residing in the corresponding clusters
need to update the link information [17]. Thus, local changes need not be seen and
updated by the entire network, thereby greatly reducing information processed and stored
by each node. Fourthly, a clustering topology results in a better scalability of the network
[18]. This hierarchical topology structure makes it more convenient to set up the intra-
cluster cooperation as most nodes in the same cluster are usually deployed in a closer area
[18]. Finally, a clustering topology facilitates the spatial re-use of resources to increase the
system capacity, thereby resulting in higher energy efficiency [19]. With the non-
overlapping clustering topology, two clusters may deploy the same frequency or code set
if they are not neighboring clusters. Also, a cluster can better coordinate its transmission
events with the help of a CH residing in it. This can save many resources used for re-
transmission because the transmission collision is reduced [19]. Clustering topology

therefore represents a solution with great potential.
1.1.4 Routing protocols

Three typical routing protocol types for ad hoc networks have been proposed: the

proactive, the reactive and the hybrid.

Proactive and reactive routing protocols are usually applied in flat topology [20]. When a
node applies a proactive routing protocol to communicate with another node, such as in
[21, 22], it maintains the routing information of the entire network. When it is ready to
send data packets, the routing information to a destination node can be derived from its
routing table. The network topology may be changed because of node failure or movement,

which requires the routing information be updated by broadcasting control messages to



acquire new links between the nodes. Proactive protocols are efficient for ad hoc networks
with stable topology, such as WSNs formed by immovable nodes. However, to store the
routing information of the entire network needs large memory size, thereby limiting its
application in large sized WSNs. When a node applies a reactive protocol to communicate
with another node, such as in [23, 24], it first explores its cache. If the cached routing
information is not expired, it will send the data along this route. If there is no routing
information to the destination or the cached routing information has expired, it needs to
flood a route request to find an available route. Reactive protocols are more suitable for a
network with an unstable topology, such as a MANET. Serious flooding, however,

becomes a problem and challenge to control.

A hybrid routing protocol combines a proactive and a reactive routing protocol in a
network. This hybrid protocol, usually applied in a clustered ad hoc network, features less
routing table overhead than the proactive protocol and less flooding than the reactive
protocol [25]. Typically, in a clustered ad hoc network, intra-cluster communication uses
proactive routing protocol whereas inter-cluster communication applies reactive routing

protocol [11].
1.1.5 Energy saving for WSNs using clustering algorithms

As the energy supply for sensor nodes is extremely limited, it is essential to improve
energy efficiency or to optimize the lifetime for WSNs [26]. Clustering algorithms, as the
potentially most energy efficient organization, witnessed wide application in the past few
years [27] and numerous clustering algorithms have been proposed for energy saving. The
most recent clustering algorithms that can be accessed are investigated and classified into

six categories [12].

The first category aggregates the data that need to be sent to the sink. This aggregation can
be realized over each hop or at a CH. The amount of data is greatly reduced after

aggregation. Energy associated with data routing to the sink is therefore saved.

The second category balances the power consumption among the nodes by rotating the CH
role. A CH needs to collect data from its member nodes, aggregate the collected data and

then relay the aggregated data to the sink over a single-hop or a multi-hop route. A CH



therefore will have a much higher burden than a member node. Rotating the CH role

distributes this higher burden among the nodes and protects a CH from dying prematurely.

The third category balances the burden among clusters/CHs. The algorithms in this
category assign (approximately) the same number of nodes to each cluster/CH to balance

the burdens of the clusters/CHs, thereby preventing nodes from dying prematurely.

The fourth category reduces the total intra-cluster power consumption. Power
consumption of sending data from each member node to the CH is relative to the hop
distance in a single-hop cluster or number of hops in a multi-hop cluster. Selecting the
node in the central area of a cluster to be CH reduces the total distance/hops from the

member nodes to the CH, thereby saving energy of intra-cluster communication.

The fifth category optimizes the routes by combining different power-level hops. In a
sparse WSN with an uneven node distribution, the nodes are organized into clusters with
different power levels. Each node can find some routes towards the destination with
different combinations of power-level hops. Selecting the most energy-efficient route

reduces power consumption of routing data.

The sixth category reduces the power consumption of each communication link.
Assigning the minimum needed transmission power to each link reduces the total power

consumption of that route.
1.1.6 Energy saving for MANETS using clustering algorithms

Energy efficiency is a primary challenge in MANETs as well as in WSNs. To extend the
network lifetime, a clustering algorithm for MANETs needs to consider the cost of
maintaining the clusters. As with WSNs, the most recent clustering algorithms for

MANETs: are investigated and classified into four categories.

The first category distributes the higher burden of a CH among the nodes. Similar to the
CH in a clustered WSN which plays the role of local controller, a CH in a MANET
usually plays the role of coordinator. It needs to relay all data from its member nodes and
maintain the cluster. A CH therefore has a higher burden than a member node. Rotating

the CH role distributes this higher burden among the nodes.



The second category reduces the difference in burdens among clusters. The power
consumption is also relative to the cluster size. The nodes in a larger sized cluster
typically encounter a higher traffic burden, especially the CH. Limiting the maximum size
or limiting both the maximum and the minimum sizes of the cluster moderates the
difference in size, which reduces the difference in the traffic burden among the

nodes/clusters and thus better balances the power consumption.

The third category reduces the power consumption of maintaining the cluster. The free
and arbitrary node movement may frequently change the clusters. Reducing energy

consumed by cluster maintenance results in higher energy efficiency.

The fourth category locates the CH in the central area of the cluster to reduce the power
consumption of intra-cluster communication. This idea is similar to the one in WSNs. The

node movement, however, makes realization in MANETSs more difficult.

1.2 Weaknesses in existing energy-efficient clustering

algorithms

1.2.1 Clustering algorithms for WSNs

In a WSN, the data generated by sensor nodes are usually not conclusive and need to be
sent to the sink for further analysis, thereby making the data traffic directional towards the
sink. This directional traffic burdens the clusters differently according to their distance to
the sink. In a clustered WSN, in which the CHs send data to the sink over multi-hop routes,
the clusters nearer the sink will usually have higher burdens because they need to relay
more data from others. Most clustering algorithms assign (approximately) the same
number of nodes to each cluster, which means (approximately) the same energy store in
each cluster in a homogeneous WSN with identical nodes. Clusters with higher burdens
will die prematurely. The areas in which these sensors are deployed will be out of
coverage due to this premature node death, thereby degrading network performance.
Furthermore, this premature cluster death will not only increase power consumption but
also disconnect the sink and the network. When the clusters nearer the sink die
prematurely, the clusters that are farther away from the sink need longer transmission
range to reach the sink to avoid data loss, thereby increasing power consumption. The

width of the area that exhausts energy keeps increasing. When this width exceeds the
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maximum transmission range of the sensors, the data generated by other nodes that still
have residual energy can no longer be relayed to the sink. This residual energy is wasted.
Therefore, the directional data traffic not only degrades the network performance, but also
reduces the energy efficiency. Unfortunately, most existing energy-efficient clustering

algorithms for WSNs do not take directional data traffic into account.

By contrast, locating the CH in the central area of the cluster minimizes total distances
between the CH and the member nodes, thereby reducing the power consumption of intra-
cluster communication. However, most clustering algorithms maintain the CH in the
central area of the cluster by re-clustering the nodes with ripple effect. Re-clustering with
ripple effect means that any re-clustering process caused by rotation of CH or cluster
maintenance alters the cluster topology over the whole network. Therefore, ripple effect of
re-clustering makes the total amount of clustering-related exchange of messages for re-
clustering phase similar to that in the cluster formation phase [11]. The flooding caused by
the nodes being frequently re-clustering with ripple effect consumes significant energy

[14]. This fails to optimize energy efficiency.
1.2.2 Clustering algorithms for MANETS

The topology of a clustered MANET may be changed frequently due to node movement.
The application of the proactive routing protocol in intra-cluster communication requires
the routing information be updated. Most existing algorithms broadcast control messages
periodically to update this information. Typically, a higher speed of node will change the
topology more quickly, thereby requiring higher frequency of broadcasting. In order to
maintain the clusters and the routing information efficiently, the control messages need to
be broadcast periodically according to the requirement of the potentially maximum node
speed. The node speed may change from time to time. When it is low, the unnecessary

broadcasting wastes energy.

In a clustered MANET, it is difficult to maintain clusters with similar sizes. Limiting the
maximum size of cluster moderates the difference in cluster sizes, thereby alleviating the
difference in cluster burdens. However, the cluster may still experience significant
difference in sizes and thus in burdens, thereby resulting in some nodes dying prematurely.
Limiting the cluster size within a strict maximum and minimum range better balances

burdens among the clusters. The power consumption of maintaining these cluster sizes,
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especially when the speed of node is high, however, will consume significant energy. This

technique also fails to optimize energy efficiency.
1.3 Objectives

Energy efficiency is a primary challenge in ad hoc networks as is evident from the
previous sections. The main objective of this research is, therefore, to improve energy

efficiency of the entire network to maximize the network lifetime.
1.3.1 Clustered WSNs

As the directional data traffic towards the sink not only degrades network performance but
also reduces the energy efficiency of clustered WSNs, the first objective is to equalize
cluster lifetime of WSNs so as to actually balance the burden among the clusters. No node
or cluster will die prematurely, thereby improving both network performance and energy

efficiency.

Since maintaining the CH in the central area of the cluster by re-clustering with ripple
effect fails to optimize energy efficiency, the second objective is to maintain the CH in the
central area of the cluster as long as possible through re-clustering without ripple effect to

further improve energy efficiency.
1.3.2 Clustered MANETS

Periodic broadcasting of control messages to update intra-cluster routing information and
to maintain clusters causes unnecessary broadcasting in a MANET, which wastes energy.
The first objective in MANETS is to adapt the broadcasting in accordance with the node

speed to reduce unnecessary broadcasting.

The uneven cluster sizes burden the clusters differently, causing the clusters with higher
burdens to die prematurely. The second objective is to maintain and balance cluster sizes
adaptively in accordance with the node speed. The power consumption can then be better

balanced among clusters throughout the network.



1.4 Scope of research

This research focuses on energy conservation in clustered ad hoc networks. Other issues
like Quality of Service (QoS) and security are not covered in this project yet may be
investigated in future. Considering that the key features of a WSN and a MANET are

quite different, these two types of networks are treated separately.

In traditional wireless systems, node lifetime can be extended either by: increasing the
capacity of the battery; minimizing power consumption of the electronics; using efficient
coding and modulation methods; or by optimizing signal processing techniques or antenna
design [28]. Differing from traditional wireless systems, ad hoc networks do not have
associated infrastructure and each node, typically powered by batteries with limited
energy supply, acts as a router to relay data for others. When a node exhausts its available
energy, it ceases to function. This shutdown may potentially result in partitioning or

disconnecting the entire network.
1.4.1 Clustered WSNs

The major scope of this research is to improve energy efficiency throughout a
homogeneous WSN with identical nodes and uniform node distribution. During the design
and performance evaluation, only the power consumption that is relative to data
aggregation and communication is considered. Power consumption of other tasks, such as

sensing data, is beyond the scope of this research.

Furthermore, though some research has been conducted in WSNs with mobile sensor
nodes [29-31], this research only considers a WSN in which all sensors are immovable

after they are deployed.
1.4.2 Clustered MANETS

The major scope is to improve energy efficiency of the homogeneous clustered MANETSs
with identical nodes. During the design and performance evaluation, only the power
consumption that is relative to cluster maintenance and data communication is considered.
Power consumption of other tasks, such as re-sending data due to link failure, is beyond

this research.
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Other issues in clustered MANETS like limited bandwidth, variation in link and node

capabilities, low quality issues and network scalability [3, 32] are beyond the scope of this

research.
1.5 Contributions

Different to most previous research which improves energy efficiency for some special
links or routes between the source node and the destination node, this thesis mainly
contributes to improving energy efficiency of the entire network. In WSNs, it contributes
to both balancing power consumption throughout the network and improving energy
efficiency; in MANETS, it contributes to both reducing unnecessary broadcasting and

balancing power consumption throughout the network.
1.5.1 Clustered WSNs

First, a clustering algorithm, which requires the sink to participate in organizing the
clusters during the cluster formation when the network starts to work, is proposed to
equalize cluster lifetime and to maintain CH in the central area of the cluster. This
algorithm takes the directional data traffic towards the sink into account. The relationship
between the traffic, power consumption and energy store in a cluster is built. An effective
algorithm to equalize cluster lifetime is then proposed. Furthermore, by building the
relationship between the residual node energy in the central area and the cluster lifetime,
the service time as a CH of the nodes in the central area is maximized. The simulation
results show that the power consumption is well balanced throughout the network, the
energy efficiency is increased and the performance of delivering data to the sink is

improved with this proposed algorithm.

Secondly, a clustering algorithm which combines clustering and scheduling is proposed to
balance power consumption throughout network for homogeneous WSNs with high node
density. Simulation results show that this proposed algorithm improves both energy

efficiency of the network and performance of delivering data to the sink.
1.5.2 Clustered MANETSs

A clustering algorithm for MANETS is proposed to broadcast control messages and to

maintain the cluster size adaptively. First, it proposes a method to build up the relationship
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between the node speed and the rate that this speed changes the cluster topology. It then
proposes a method to determine the needed broadcasting frequency which can actually
meet the requirement of the respective node speed. The control messages are then
broadcast adaptively according to this requirement, thereby reducing the unnecessary
broadcasting. Secondly, the cluster size is maintained and balanced adaptively in
accordance with the node speed to balance power consumption through the network.
Simulation results and mathematical analysis show that the control messages are really
broadcast adaptively, energy efficiency is improved and the first-node lifetime of the

network is extended.
1.6 Thesis outline

This thesis is organized into seven chapters. Energy-efficient clustering algorithms for
WSNs and for MANETS are investigated in Chapter 2 and Chapter 3, respectively. The
organization of both chapters is similar. Following the classification of the algorithms, the
major features of each category are summarized and some representative algorithms are
described in detail in each category. The strengths and weaknesses of each category are

then analyzed through detailed examples.

The outline of Chapters 4, 5 and 6 is shown in Fig. 1-4. Chapter 4 proposes a clustering
algorithm to balance power consumption throughout the network and to improve energy
efficiency of WSNs with low to medium node density. The strategy of the algorithm is
first presented followed by the detailed design, in which the methods to equalize cluster
lifetime and to maintain the CH in the central area of the cluster are analyzed. To evaluate
the performance of the proposed algorithm, new parameters are defined and simulations
are conducted. Chapter 5 proposes an algorithm to balance power consumption throughout
the network with high node density by combining clustering and scheduling. The
organization of this Chapter is similar to Chapter 4. Chapter 6 proposes a clustering
algorithm for MANETs to reduce unnecessary broadcasting and to balance power
consumption throughout the network. The strategy of the design is first presented
followed by the detailed design, in which the methods to broadcast control messages and
to balance cluster sizes adaptively are analyzed. To evaluate the performance, a new

energy model is built and simulations and mathematical analysis are conducted.
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Clustering Algorithms for WSNs and
MANETS to Improve Energy Efficiency

!
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without ripple effect control messages
Chapter 4: WSNs with Chapter 5: WSNs Chapter 6:
Low to Medium Node Density with High Node Density MANETs

Figure 1-4. Outline of Chapters 4, 5 and 6.

Chapter 7 summarizes the contribution of the thesis, and discusses the foreseen

challenges of the algorithms.



2 Review of energy-efficient clustering algorithms for
WSNs

This chapter investigates existing energy-efficient clustering algorithms for WSNs.
Section 2.1 classifies the algorithms and describes some representatives for each category.

Section 2.2 analyzes these algorithms and addresses their weaknesses.
2.1 Energy-efficient clustering algorithms for WSNs

Energy efficiency is one of the primary challenges in WSNs. Clustering schemes strive to
reduce power consumption in order to prolong the network lifespan. This chapter

classifies the existing clustering algorithms into six categories [12], as shown in Table 2-1.

Table 2-1. Classification of energy-efficient clustering algorithms for WSNs.

Categories Objectives
Aggregating data To reduce the amount of data that need to be sent to
the sink
Rotating the role of CH To distribute the higher burden of a CH among the
nodes
Equalizing cluster size To balance the burden among the clusters

Locating CH in the central area of the cluster |To reduce the total power consumption of intra-cluster
communication

Assigning the lowest needed power to the To minimize the power consumption of each hop
nodes

Optimizing route using different power level |To select the route with the lowest energy to relay the
clusters data

As most existing energy-efficient clustering algorithms share the same energy model, this
chapter describes this model for further explanation. The energy dissipated in sending an
a-bit data message from a source node to a destination node can be typically expressed by

(2.1) [13, 33-37], with the definition of each parameter in Table 2-2.

E=E +E, =a><(e,+eamp><d”)+a><e, 2.1)
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Table 2-2. Definitions of the parameters of the energy model.

Parameters Definitions
E Total energy dissipated during the communication
Er Energy dissipated in the transmitter of the source node
Ex Energy dissipated in the receiver of the destination node
e Radio dissipation of the transmitter circuit
e, Radio dissipation of the receiver circuit
€amp Parameter of transmitter amplifier
d Transmission range of the hop
n Power attenuation (2<n<4)
a Data amount

2.1.1 Aggregating data

The basic operation in a WSN is the systematic collection of sensed data to be eventually
transmitted to a data sink for processing [7, 13]. The key challenge in such data gathering
is to conserve the sensor energy to maximize sensor lifetime and thus network lifetime
[38]. Data aggregation has emerged as a basic tenet in WSNs. The key idea is to aggregate
data from different sensors to eliminate redundant transmissions [39]. In a clustered WSN,
two typical methods to aggregate data are proposed: one is to require a CH to aggregate
data when it has collected all data from the member nodes before the inter-cluster
communication occurs [13, 34, 40, 41]; the other is to aggregate data over each passing

hop [35, 38].

Low-Energy Adaptive Clustering Hierarchy (LEACH) applies local data aggregation to
reduce global communication. This algorithm requires each CH to aggregate data
collected from member nodes before it sends them to the sink. During the data
communication process, a CH keeps its receiver ‘on’ to receive all the data from the
member nodes in the cluster. When all the data have been received, a CH performs signal
processing functions to aggregate the data into a single signal. For example, if the data are
audio or seismic signals, a CH can aggregate the individual signals to generate a

composite signal [13].

Unlike LEACH [13], Chen [35] proposes an algorithm to aggregate data over each hop.
This algorithm assumes that N nodes are randomly deployed in the network. Chen

proposes the concept of entropy to evaluate the relation of the data generated by one
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sensor and the other sensors. A higher value of entropy means more correlative data. The

information that is provided only by the sensor S; can be expressed by entropy (2.2):
H(S)-H(SNS.) (2.2)

where H(S) is the entropy of the total WSN and H(S m?i) is the entropy of the total

network excluding sensor S;. The coefficient ¢; is defined as the fraction of unique

information of sensor S; compared to H(S,) (2.3):

cizH(S)“H(SmS"),Oq,Q 2.3)
H(S))

This coefficient c¢; expresses the degree of correlation between a sensor and its
neighboring sensors. The data can then be aggregated in accordance with this coefficient
as they are relayed hop by hop. The data from two sensors have almost no correlation

when they are located far away from each other.

2.1.2 Rotating the role of CH

In a clustered WSN, a CH has a higher burden than that of member nodes. This higher
burden will consequently make it drain energy much more quickly than member nodes.
Rotating the CH role distributes this higher burden among the nodes, thereby preventing
the CH from dying prematurely [13, 34, 36, 40, 42-46].

LEACH employs the technique of randomly rotating CH role among all the nodes [13].
The operation of LEACH is organized in rounds where each round consists of a set-up
phase and a transmission phase. During the set-up phase, the nodes organize themselves
into clusters with one node serving as CH in each cluster. The decision to become a CH is
made locally within each node and a predetermined percentage of the nodes serving as CH
in each round. During the transmission phase, the CHs collect data from member nodes
within their respective clusters and apply data aggregation before forwarding them to the
data sink over a single-hop route. At the end of a given round, a new set of nodes with
higher residual energy become CHs for the subsequent round. The higher burden of a CH

is therefore distributed among the nodes. It has been shown that LEACH provides
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significant energy savings and prolongs network lifetime over clustering schemes with

fixed CHs.

Compared to LEACH [13], the algorithm by Liu [36] better balances power consumption
among the cluster by balancing the cluster sizes. The nodes in a WSN with identical nodes
have the capability of adjusting their transmission power. They therefore can determine
the number of neighboring nodes by adjusting their transmission range. If a node has too
many neighboring nodes, it will reduce its power to reduce its neighbors. Alternatively, if
neighboring nodes are lacking, it will increase its power to attract more. After the nodes
are connected with their neighbors, they will be grouped into clusters. The node with the
most residual energy in each cluster is selected to be CH of that cluster and to form the
backbone of the network. Because a CH drains energy quickly, its role is rotated. When a
CH period expires, the CH will become a member node and the node with maximum
residual energy in that cluster becomes CH for the consequent CH period. Figure 2-1 is
used to explain this algorithm. The neighboring relationship is first established according
to one hop distance range and the number of the neighboring nodes is controlled by
adjusting the transmission power of the node (Fig. 2-1(a)). Next, the nodes in the network
are partitioned into clusters and the node with the highest residual energy is selected as the
CH for that cluster (Fig. 2-1(b)). During each CH period, the node with the highest
residual energy in each cluster is selected as the new CH (Fig. 2-1(c)). The higher burden

of CH is therefore distributed among the nodes in the cluster.

Muruganathan [34] proposes a centralized clustering algorithm to better organize clusters.
Similar to LEACH, each round of data collection in this centralized algorithm also
consists of cluster set-up phase and data communication phase. During each set-up phase,
the nodes send their residual energy information to the data sink. On reception of the
energy information, the data sink calculates the average residual energy of the nodes and
chooses a set of nodes whose residual energy is above the average residual energy. After
this set is determined, the network is split into clusters, the number of which is

predetermined. The higher burden of CH is thus distributed among the nodes.
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Figure 2-1. Energy-efficient clustering protocol (Adopted from [36]).

2.1.3 Equalizing cluster sizes

Rotating the CH role balances power consumption among the nodes. Power consumption
can be further better balanced if the clusters have similar burdens. Many clustering
algorithms therefore assign (approximately) the same number of nodes to each cluster or

CH [34, 47-51].

During the cluster formation phase, base-station controlled dynamic clustering protocol
[34] by Muruganathan first selects the nodes with higher residual energy to be CHs and
then splits the network into clusters with similar size. After the CHs are determined, the
network is split into two sub-clusters, and these sub-clusters are further split into smaller
sub-clusters. The base station repeats the cluster splitting process until the desired number
of clusters is attained. The iterative cluster splitting algorithm ensures that the selected
CHs are uniformly placed throughout the network by maximizing the distance between
CHs in each splitting step. Furthermore, in order to evenly distribute the load among all
CHs, each cluster will have approximately the same number of sensor nodes so that the

cluster sizes are equalized.

Krishman [49] proposes ‘Rapid’ and ‘Persistent’ algorithms, as shown in Fig. 2-2, to

design the clusters with expected sizes.

18



In the ‘Rapid’ algorithim, a cluster size limit of 8 units (including the CH) is assigned 1o
each CH. The CH distribules (B-7) units among its neighbors. Fig, 2-2{(a) provides an
cxample when B equals six. In case the CH distributes a hond which is bevond the total
number of the reachable neighbors of the cormesponding node. the size of the cluster will
he less than expected. Figure 2-2(b) provides an example when Lhe cluster size is expected
(o be nine, However the CH assigns one node four units which in fact cannot find any
reachable node, resulting in a clusler sive of only siX. The *Rapid’ algorithm s improved
by the ‘Persislent” algonthm, which can acquire the cluster size as desired. In the
‘Persistent” algorithm, if the node is assigned more units of nodes that can be reached by
onc hop or more hops, it will send back thig information to the CH, In Fig. 2-2(h), the
node that is assigned four units vet cannot find any neighbors will send the residual three
units back to the CH, which will re-distribute these three units to other nedes and the
cluster size nine is suaranteed, as shown in Fig, 2-2(¢). Thus the cluster sizes can be

equalized.
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Figure 2-2. Rapid and Persistent algorithms (Adopted from |49,

2.1.4 Locating CH in the central area of the cluster

The total power consumption of a cluster is also relative to the location of the CH in ke

cluster. Sclecting a node in the central ares of a cluster as CH |13, 14, 35, 47] reduces the
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total power consumption of inlra-cluster communication. In a multi-hop cluster, in which
a member node may send data to the CH by 4 mulii-hop route, the total number of hops
between the member nodes and the CH is minimized, thereby saving encrey for relaying
data. In a single-hop cluster, in which all member nodes send data to the CH by a single-
hop route, the sum of squares of the distances between the member nodes and the CH 15

reduced, thereby reducing the power consumption of transmitting daa.

Chen [33] proposes an algorithm which minimizes the toral number of hops fom member
nodes to the CH. g, 2-3 shows his method 1o sclect CH. After the clusters are formed,
each node tn the ¢luster caleulates how many hops that it needs to aceess any other node
inn the cluster, The numbers in Fig, 2-3 mean the minimum number of hops needed by that
node to reach any other node within that cluster. The sensor with a number Lwo can reach
all other sensors within two hops, while 3 sensor with a nunber four requires as many as
four hops to reach all other sensors. After all the nodes acquire the information about their
respective mimimum number of hops to reach any other node, they will exchange s
information so that all nodes know the minimum number of hops of other nodes. The node
with (he smallest number is selected as the CH, thereby minimizing the total number of
hops between the member nodes and the CH. Yet the flooding caused by counting the
number of hops 1o others and by exchanging such information will consume significant

CTiCrgy.

Figure 2-3. Sensors with maximum hop number to any other sensor (Adapted from [35]).

Besides optimuzation of CH selection, Ghiasi [47] further considers optimizing the cluster

formation to minimize the sum of the squares of the distances between the member nodes
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and the CHs overall the network, Fig, 2-4 shows the optimization of the cluster formation.
Eight nodes are organized into two clusters. Each cluster has four nodes, Fig. 2-4 shows
twa pairs of clustering options ranied A-B and C-D. The sum of the squares of the
distances belween the member nodes and the CH in clusters A-B is smaller than that in
clusters C-D. According e {2.1) when #=2, cacrgy can be saved by the A-B partition, The
above minimization is subject to the constraint that the power consumplion of the CHs can

he maintaimed to be appreximately equal to each other.
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Figurc 2-4. Clustering rodes to reduce intra-cluster power consumption { Adopted from

|47]).
2.1.5 Assigning the lowest needed power to the nodes

The power consumption of cach link of the algorithm in this category is minimized by
assigning (i) to the member nodes or the CHs the lowest power necded for intra-cluster
communication, and (i) to the galeway nodes the lowest power needed for inter-cluster

COMmmuRication.

The algorithm e [52] assumes that the node has the capability of adjusting the
transmission power so lhat the lowest necessary power of each link can be assigned to
different nodes. It first brings together the cleoser nodes in the network to reduce the
transmission ranges, Then it assipns each node in the cluster with the lowest possible
transmission power while keeping the imtra-cluster connaction. The pair of nodes that have
the minimum dislance belween any two clusters are chosen ay gateway nodes. The
communicalien between the CHs 1s realized through these nodes. The last step is to assigt

the sateway nodes the lowest possible iransmission power 10 maintain (the connection of
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the backbone network. By assigning these minimum needed transmission powers (o the

nodes. the total power consumpiion of the route 1s reduced.
2.1.6 Optimizing routes by using different power level clusters

Most clustening algorithms assume & WSN with uniform node distribetion. The sensor
nodes, however, are not always unitormly dispersed in the network, Different areas in the
WSN may have diiferent node density, The nodes in one arca may access cach other by
using & low transmission power through muoluple hops. However, it the nodes in this area
want to access the nodes in another area., they may not find any other nodes 1o relay the
data so that they need a higher transmission power 10 access thal area, The nodes may
therefore be organized into clusters with different power levels. By optimizing the routes

consisting of different power levels, encrgy can be saved.

Kawadia [53] groups the nodes o difierent power level clusters, as shown in Fig, 2-5.
The highest power level (100mW}) 15 needed to connect alt the nodes in the entire network
through multiple hops. A tower power level (ImW or 10mW ) will form clusters for only
the nodes that are elose enough to be conneeted by nmunluple hops using this lower power
tevel. Each node may belong to different clusters of different power tevels so that scveral
Toules are possible by taking differcul combinations of these power leveis for each hop.
Each node along the voute finds the next hop using the lowest transmission power level
such that the destination 1s reachable under the condition that the remaining hops cannot
exceed this lowest ransmission power level. Energy is then saved by oplimizing these

rautes from sounrce (o destination.

2.2  Analysis of existing energy-efficient clustering algorithms

for WSNs

Though the existing clustering algorithms have improved energy elticicney for WSNs,

they still have some weaknesses as analyzed below,

The algorithms that aggregate data reduce the data that need to be sent, thereby reducing
encrgy of routing data to the sink. For a CH to aggregate data before it sends data to the
next hop or the sink, the CH needs some eapability to perform data aggregation, Requiring

cach node along the route 1o aggregate data may prescat higher energy ctficiency than just
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requiring a CIT 1o agarepale data as it may more efliciently aggregare the data. However,
this requires ¢ach node to evaluale the entropy (corrclation) with other nodes, which
demands the nodes to have more powerful processing capality.  Furthermore, this

process will also consume some cuergy.

1 m¥Y

liigure 2-3. Group the nodes nte different power level clusrers,

As the CHs have higher burdens than member nodes, fixing the CHs throughout the
lifetime makes these CHs die quickly, ending the useful lifetime of all nodes belonging to
those clusters |13]. Rotating the CH role distributes this higher burden among the nodes,
thereby preventing the CHs from dying prematrely. This CH rotation sigmbicantly

extends the lifettme [13].

‘The node in a larger sived cluster usually has higher burden than the onc in a smaller sized
cluster. If it is a member node, it needs higher transmission power lo reach the CH i a
single-hop cluster or more hops to reach the CH in a multi-hop cluster. If it is a CH, it
needs 1o recelve, aggregate and transmit more data, Balancing the burdens of the clusters
prevents the nodes wath higher burdens from dying prematurely. However, the existing
algorithms which assign (approximately’ the same number of nodes to the clusters or CHs
fail to optimizc the cocrgy cfficiency because they do not take the direcrional data tratfic

towards the sink into account. This problem is to be analyzed in detwl in Secnon 2.2.1.



Locating the CHs in the central area of the cluster reduces power consumption of intra-
cluster communication. However, most algorithms locate the CH in the central area of the
cluster by frequently re-clustering the nodes with ripple effect. The flooding caused by
this frequently re-clustering may consume significant energy [13], thereby failing to

optimize energy efficiency.

Assigning to each node the lowest needed power reduces the power consumption of each
link. With the location information of the nodes, the transmission power can be efficiently
assigned to each link. This algorithm can be applied in WSNs with the nodes being aware

of their location information and having the capability to adjust transmission power.

Organizing the nodes into clusters with different power levels in WSNs with uneven node
distribution not only improves energy efficiency by optimizing the different power lever
hops, but also increases network capacity. This algorithm, therefore, can be used for

energy saving in WSNs with uneven node distribution and limited bandwidth.

All the above algorithms improve energy efficiency of WSNs, though most of them have
limitations. Energy efficiency of WSNs, however, can be further improved if the
following two features are considered: the directional data traffic towards the data sink

and the different power consumption when the CH is located in different areas in a cluster.
2.2.1 Directional data traffic towards data sink

In a WSN, all data generated by the sensor nodes need to be sent to the sink for further
analysis, resulting in data traffic towards the sink. This directional data traffic burdens
nodes/clusters differently. The nodes/clusters with higher burdens in a WSN formed by
identical nodes will die prematurely [54, 55, 57, 58]. If a CH sends data to the sink over a
single-hop route, the clusters that are farther away from the sink will die earlier than other
clusters that are nearer the sink as they need higher transmission power to reach the sink.
If a CH sends data to the sink over a multi-hop route, the clusters that are nearer the sink
will die earlier than other clusters that are farther away from the sink as they need to relay
more data from other clusters. The premature node death takes some areas out of coverage,
thereby degrading the network performance. The one-dimensional linear WSN shown in

Fig. 2-6 is used to explain the impact of the directional data traffic towards the sink.
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Figure 2-6. One-dimensional linear WSN.

Five identical nodes are evenly distributed in the network with a distance of 60m between
two neighboring nodes. The initial energy of each node is 0.5]. The lifetime of the linear
network is measured by the number of rounds. During each round, each node sends a
packet of 50 bytes to the sink either by a single-hop route or by a multi-hop route. The
node is assumed to be dead when its residual node energy is lower than 0.01J. The energy
model described in (2.1) is used to evaluate the lifetime. As the value of e, greatly
affects the power consumption of sensor nodes and different e, values have been used in
some references [14, 34, 37], the author analyzes the power consumption below by using

different e,y values and sets n=2.
Single-hop route

Table 2-3 shows the lifetime of each node when it sends data to the sink over a single-hop
route. The node lifetime increases when the node gets closer to the sink. The node nearest
the sink has the longest lifetime which is about 22 times that of the node farthest away
from the sink when e;,,=100 pJ/b/mz. When e, increases, the nodes need more energy to

send data to the sink so that the node lifetime decreases.

Table 2-3. Node lifetime (rounds) (single hop).

Node €amp=100 pJ/b/m’ €amp=50 pJ/b/m* €amp=10 pJ/b/m’
1 2988 5327 14245
2 832 1591 6315
3 373 734 3726
4 211 419 1957
5 136 270 1290
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Multi-hop route

Table 2-4 shows the lifetime of each node when it sends data to the sink over a multi-hop
route. The nodes keep the transmission range of 60m when they are transmitting data. The
node lifetime decreases when the nodes get closer to the sink. The node farthest away
from the sink has the longest lifetime which is more than 25 times that of the node nearest
to the sink when eun,=100 pJ/b/mz. When e, increases, the nodes need more energy to

relay data to the sink so that the node lifetime decreases.

Table 2-4. Node lifetime (rounds) (multiple hops with the same transmission range).

Node €amp=100pJ/b/m’ €amp=30pJ/b/m’ €amp=10pJ/b/m’
1 545 908 1945
2 685 1145 2480
3 922 1551 3422
4 409 2402 5519
5 2988 5327 14254

However, keeping a transmission range of 60m cannot guarantee all data packets to be
delivered to the sink. When node 1 dies prematurely, no packet can be received by the
sink if node 2 still transmits data with a transmission range of 60m. To make sure that the
sink receives the data, when node 1 dies node 2 needs transmission range of 120m (at
least). This process is iterative and finally when node 4 dies, node 5 needs a transmission

range of 300m. The node lifetime in this scenario is shown in Table 2-5.

Table 2-5. Node lifetime (rounds) (multiple hops with necessary transmission ranges).

Node €amp=100 pJ/b/m’ €amp=50 pJ/b/m’ €amp=10 pJ/b/m’
1 545 908 1945
2 585 986 2230
3 629 1073 2578
4 686 1187 3078
5 790 1396 4088

When e,,,,=50 pl/b/m?, the first node dies at 270 rounds in the single-hop network (see

Table 3) whereas at 908 rounds in the multi-hop network (see Table 5). If it is assumed
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that the network dies when 50% of the areas in the network are out of coverage (as the
performance of the network is greatly degraded), the network dies at 734 rounds in the
single-hop system whereas at 1073 rounds in the multi-hop system. Sending data to the

sink over the multi-hop route extends the lifetime.

The results in Table 2-3 and Table 2-5 show that the lifetime of different nodes varies
according to their distance to the sink. If the lifetime of all nodes is equalized, no node
will die prematurely. Furthermore, as transmission range of the node is limited, it is
infeasible to require all nodes to send data to the sink over a single-hop route in a large
sized WSN. In Fig. 2-6, if the maximum transmission range of the nodes is limited within
150m, when node 2 dies, node 3 cannot reach the sink any longer when the nodes send
data to the sink over multiple hops, causing the connectivity between the network and the
sink to be lost. The residual energy in node 3, 4 and 5 is wasted. Therefore, in a WSN-
especially in a large sized WSN-equalizing node lifetime improves both energy efficiency

and network performance.

If each node in this linear system represents a cluster, as shown in Fig. 2-7, the lifetime of
the nodes (cluster) can be equalized by allocating energy to each node (cluster) in
accordance with its burden. In a clustered WSN, this can be realized by assigning different
numbers of nodes to each cluster in accordance with its burden. This also means that in a
homogeneous WSN with identical nodes and uniform node distribution, equalization of

the cluster lifetime will make the clusters with different sizes.

_________________

|< 60m i 60m ;L 60m i: 60m | 60hl i E
Data ! 1 2 3 4 5 5
Sink ! Cluster

Figure 2-7. Each node in the linear system represents a cluster.

Equalizing node lifetime by allocating energy to each node in accordance with its

burden

Using Y P to express the total power consumption of a node, which includes power

consumption of transmitting (P,,), receiving (P,,) and relaying (P,.4y) data in this case, and
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Eininiar 10 express the initial energy of that node, to equalize node lifetime, (2.4) must be

observed, in which const means a constant.

Einiiial _ Einirial —
= = const (24)
YP B +P.+F

relay

The system in Fig. 2-6 has five nodes with each node has 0.5 J energy. Its total energy is
thus 2.5]. Table 2-6 shows the equalized lifetime of each node and the allocated energy to

each node in the multi-hop system.

As previously defined that the network dies when 50% of nodes run out of energy, when
€amp=50 pl/b/m?, compared to single-hop system and multi-hop system which allocate each
node the same energy, equalizing the node lifetime increases the network lifetime by

about 111% and 45%, respectively.

Table 2-6. Equalized node lifetime (rounds) and re-allocated energy ().

Node €amy=100 pJ/b/m’ amy=50 pJ/b/m? eamy=10 pl/b/m?
Lifetime | Allocated Energy | Lifetime | Allocated Energy | Lifetime | Allocated Energy
1 929 0.8459 1564 0.8545 3452 0.8799
2 926 0.6729 1559 0.6772 3441 0.6899
3 922 0.5000 1551 0.5000 3422 0.5000
4 912 0.3271 1533 0.3227 3379 0.3100
5 883 0.1541 1474 0.1456 3201 0.1201
Related work

Some existing clustering algorithms also take the directional data traffic into account and

design clusters to make them have similar lifetime.

Ye [40] improves LEACH [13] by assigning fewer nodes to the CHs farther away from
the sink so that this higher burden is compensated. Unfortunately, to send the data to the
sink over a long single hop is infeasible or not energy efficient, especially in a large sized

WSN.

Muruganathan [34] requires the CH to send data to the sink over a multi-hop route. This

algorithm organizes clusters with similar sizes. By randomly selecting a CH along the
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route from the source to the sink o send the data to the sink using a single-hop route, the
higher burdens of the elusters nearer the sink are alleviated, However, this algonthm
requires the nodes 10 have high encush transmission power s that any CH along the route
can reach the sink using a single-hop route, which limits its application in large sized

WENs.

The directional data rafiic towards the sink is alse accommadated in [37] by using a
chessboard configuration for heterogencous WSks formed by different sensor nodes. ‘The
network 18 separated mto clusters {grids} as shown in Fig, 2-8. Each gnid has a supemode
(CH) whicii has more initial energy than the member nodes. Within each grid, a member
node nearer the CH will have 1 higher burden than the one farther away {rom the CH since
it needs to relay more data from other member nodes, The chessboard configuration
separates the network hifetime into two peniods. In the first period, it schedules the CHs in
the grids with darker (lighler) shade 1o be active. After these CHs run out of cnergy, the
first period expires. The CHs in the grids willl lighter (darker) shade are active when the
sccomd perind initiates. The nodes which are closer to the CH with higher burden in the
first period are {aither away (rom the CH 1n the second period, therehy distributing the
higher burden. This algorithim is suitable for heterogenecus WSNs which have some more

powerful nodes than others 1o be CHs,

Figure 2-8. Chessboard conflizuration (Adapted form [37]).

Different to the stable nodes and the data sink in |34, 37, 40], Ma [59] and Lin |60
consider using mobile CHs or a mobile sink to balance the power consumption of the
nodes. The nodes which are nearer the CHs or the sink at one time may be farther away

from them at the next stage, thercby distributing the higher burden.
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2.2.2 Power consumption and location of CH

The directional data tallic burdens the noedes/clusters differently. The selection of CH
also alfects the power conswmption of the network. As previously stated. power
consimption can be diminished by locating the CH in the central area of the cluster, This

subsection uses exmmples to analyze it in more detail.
Intra-cluster communication

Fig. 2-9 shows a cinster with 20 bodes distributed within an area of 60mx6tm. Each node
15 allowed to be CH and others are member nodes, When any node becomes CH. each
member node will send a packet with 30 bytes to it. The total dessipated energy of inlra-
cluster communication £ which only considers sending, receiving and aggregating

torsl

data, is expressed in (2.5),
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Figure 2-9, Cluster to analyze power consumption when different node beconies CH.
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ax{N~-I)xe, is the energy consumed by receiving dute and ax N e, is the cnergy

dissipated by apgregating data.

The total dissipated energy when different nodes become CH is shown in Fig, 2-10, It can
be seen that when node 8, 10, 12, or 13 as shown o Fig. 2-9 becomes Cl1, the total energy
dissipation of the cluster is lower than that when other node like 1, 2, 19 or 20, which is at

the edge of the cluster, becomes the CLL

Total dissipated energy of the cluster when difTerent nodes become CH
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Figure 2-10. Tonal dissipated energy of intra-cluster communication when different nodes

beenme CH.

[t can therefore be determined that cnergy is saved by locating the CH in the central arca
of the cluster. However, the improvement necds to be further evaluated according to

different e, values.
Inter-cluster communication

The linear cluster, as shown in Fig. 2-11, is used to analyze inler-cluster communication.
CH-A 1s sending an g-bit daly wessage to its neighboring CH, CH-B. 'I'wo scenarios are

compared: CH-B 15 at center of the linear cluster or it is at anywhere in the linear cluster.

The energy of sending the message (10 the next hop when CH-B 15 at the centre of the

linear cluster with the hop distance of (r4+m/2) is {2.6):
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Figure 2-11. A linear cluster to unalyze energy dissipated in inter-cluster communication.

The cxpected dissipated encrgy of sending this message 1o the next hop when CH-B 13

randomly located 1o the linear closter is (2.7}
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Locating the CH-B al the centre of the lincar cluster saves energy over randomly located

the CH-B m the linear cluster by (2.8):
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Thus power consumption ol inter-clusier communication 15 alse reduced by locating the

CH in the central area ol the closter,
Related work

Some clustering algorithms have considered maintaming the CH in the central area of the

cluster, such as in [[4, 33]. However, this maintenance 15 realized by [requently re-
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clustering the nodes with ripple effect. The flooding caused by this frequent re-clustering
with ripple effect may consume more energy than the improvement achieved by
maintaining the CH in the central area of the cluster [14], thereby failing to optimize the
energy efficiency. On the other hand, if the CH can be maintained in the central area of the

cluster by re-clustering the nodes without ripple effect, energy efficiency can be improved.
2.3 Summary

Existing energy-efficient clustering algorithms for WSNs have been investigated in this
chapter. These algorithms are classified into: aggregating data, rotating the role of CH,
equalizing cluster sizes, locating CH in the central area of the cluster, assigning the lowest
needed power to the nodes and optimizing routes using different power level clusters. The
key features of each category were summarized and some representative algorithms were
described in detail. The strengths and weaknesses of each were analyzed thereafter. The
important feature of directional data traffic towards the data sink in WSNs was
emphasized. Energy can be saved by equalizing cluster lifetime in WSNs. The relationship
between power consumption of the intra- and inter-cluster communication and the
location of CH was also discussed. Energy can be saved by maintaining the CH in the
central area of the cluster through re-clustering without the ripple effect. These two issues

will be taken into account in the proposed clustering algorithm in Chapter 4.
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3 Review of energy-efficient clustering algorithms for
MANETSs

This chapter investigates existing energy-efficient clustering algorithms for MANETS.
Section 3.1 classifies the algorithms and describes some representatives for each category.

Section 3.2 analyzes these algorithms and summarizes their strengths and weaknesses.

3.1 Energy-efficient clustering algorithms for MANETSs

Mobile nodes in a MANET normally depend on battery power during operation. The
energy limitation therefore poses a severe challenge for network performance [12, 61, 62].
A MANET should strive to improve energy efficiency in order to prolong the network
lifespan. This chapter classifies the existing energy-efficient clustering algorithms for

MANET:s into four categories, as described in Table 3-1.

Table 3-1. Classification of energy-efficient clustering algorithms for MANETS.

Categories Objective

Rotating the CH role To distribute the higher burden of the CH among the nodes to
better balance power consumption

Limiting cluster size To alleviate the difference in burden caused by unbalanced
cluster sizes

Reducing power consumption of | To more efficiently maintain the clusters to reduce power
cluster maintenance consumption of cluster maintenance

Locating CH in the central area | To reduce the power consumption of intra-cluster
of cluster communication

3.1.1 Rotating the CH role

As with the CH in WSNs, a CH in MANETS is more likely to die first. The lack of mobile
nodes due to energy depletion may cause network partition and communication
interruption [63]. Hence, it is important to balance power consumption among mobile

nodes to avoid premature node failure.

The movement of the nodes in a MANET already makes the topology unstable. The

frequent rotation of CH role will further exacerbate the stability of the cluster and thus the
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network, though it distributes the higher burden of CH among the nodes. Furthermore, the
flooding triggered by exchanging node information when the rotation occurs also
consumes some energy. To achieve the tradeoff between the stability of the network and
the balance of the power consumption among the nodes, many algorithms prolong the
service time of a CH by defining some special rules [64-71]. The rotation process is

triggered only when the conditions of these rules are met.

The mobility- and energy- aware clustering algorithm [64] by Xu selects CHs and rotates
the role of CH according to the mobility attributes and the energy attribute. The mobility
attribute is the sum of the neighboring time between the node and each of its current
neighbors. If a node has a large number of neighbors and it has been with these neighbors
for a long time, this attribute will have a large value, which indicates that it is a stable
node in the mobility sense. Energy attribute means the residual node energy. A higher
value of energy attribute means a more stable node with respect to energy. When the roles
of the nodes are determined, the information relating to the node ID, the mobility attribute
and the energy attribute is tabled and updated. The member node keeps the ID of the
respective CH and the CH keeps the IDs of the respective member nodes. When no such
information is found, which means that a CH cannot find any member node and a member
node cannot find any CH, re-clustering is triggered. The node with a relatively higher
mobility attribute and higher energy attribute in its area will be selected to be CH. When
the connectivity among the nodes is set, each node will sort its neighbors according to the
mobility attribute. Those that are lower than the threshold will not be considered for
further CH selection. The node with the highest residual energy among the nodes with
higher mobility attribute than the threshold will be a potential CH. The higher burden of a

CH is therefore distributed among the nodes.

The weighted clustering algorithm by Chatterjee [65] also defines some conditions for
selecting CHs and rotating their roles. Unlike the algorithm by Xu [64], which only
considers the node speed and residual node energy, the weighted clustering algorithm
defines four parameters, named A,, D,, M, and P, to select CHs and to rotate their roles. It
uses A,, the degree-difference of the node v, to measure the number of neighboring nodes
of v; uses D, the sum of the distances between node v and all its neighbors, to measure the
energy efficiency in intra-cluster communication; uses M,, the average speed of node v, to

measure the stability of v; and uses P,, the period that node v serves as CH, to measure the

35



stability of the cluster. The values of A,, D,, M, and P, are kept updated. Combining these
four parameters, the equation to select CHs and to rotate their roles can be determined, as

shown in (3.1):

W, =wA +w,D +w.M +w,P a1

where W, is the combined weight, w;, w2, ws and wy are the weighting factors of A,, D,,
M,, and P, respectively. The node with the lowest value of W, in its local area is selected
to be CH. The factors of these four parameters are adjustable according to different
application purposes and requirements. In a network that needs to maintain the cluster
sizes within exact values, w;A, may play an important role. In a network that needs to
maximize the network lifespan, w,D, is a major concern. In a network that needs stable
CHs, wsM, needs to be carefully considered. In a network that needs stable clusters to
reduce the frequency of CH rotation, w4P, is crucial. The CH election algorithm is
invoked at the very beginning of cluster formation or when the current CHs are not able to
cover all mobile nodes. The CHs are therefore rotated and the higher burdens of CHs are

distributed.

The algorithm by Amis [66] assigns each mobile node a variable virtual ID (VID). The
value of VID is set as its ID number when the network begins to work. The mobile node
with the highest ID in its local area becomes CH. The time period that a CH serves a
cluster (CH period) is limited. When this period expires, a CH resets its VID to O and it
becomes a member node. If two CHs move into the reachable range with each other, the
one with the lower VID becomes a member node. Each member node keeps a circular
queue for its VID and shifts the VID value by one every CH period in one direction.
Therefore, when a CH resigns, a member node with the largest VID value in the
neighborhood can resume the CH function and the higher burden of a CH is distributed

among the nodes.

The selection and rotation of CHs in the vote-based clustering algorithm [67] by Li are
realized by considering the number of neighboring nodes and the residual node energy.
Each node calculates its own vote that is the weighted sum of its normalized number of
neighbors and its normalized residual energy. The node with the highest vote over its

neighbors will be periodically selected as CH.
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3.1.2 Balancing power consumption among CHs or clusters

A data sink is unnecessary for a typical MANET. MANETs consequently do not have the
feature of directional data traffic towards the sink. In a clustered MANET, organizing the
nodes into clusters with similar sizes actually balances power consumption among the
clusters. However, the movement of the nodes may change the size of the cluster and thus
the cluster load. To alleviate the difference in loads, some clustering algorithms limit the
maximum size of the cluster [72]. When the cluster size reaches the limited value, no node
is allowed to join. Some not only limit the maximum size, but also restrict the minimum
size of the cluster [73-76]. When the cluster size exceeds the pre-defined maximum value
or is smaller than the pre-defined minimum value, a re-clustering procedure is invoked.
Some algorithms balance the burdens among the CHs by taking the residual energy of the
CH into account [77, 78]. The number of nodes assigned to each CH is determined by the

residual energy of the CH.

Ohta [73] proposes an algorithm to maintain multi-hop clusters based on load-balancing
clustering. This algorithm sets upper (U) and lower (L) bounds on the number of member
nodes that a CH can manage. When the number of member nodes in a cluster is less than
L, the merge mechanism is invoked. The cluster tries to find a neighboring cluster to
satisfy the requirement that the sum of the number of member nodes in these two clusters
be less than U. If this sum value for all neighboring clusters is larger than U, it tries to find
a cluster to minimize the sum value. When two clusters merge, the CH with more member
nodes becomes CH and the other CH becomes a member node. When the number of
member nodes in a cluster exceeds U, the division mechanism is triggered. The cluster
will be separated into two clusters having similar sizes. The difference in the loads among

the clusters is therefore alleviated.

Chiasserini [77] proposes an algorithm to balance traffic loads of clusters and to regulate
the transmission power of CHs to evenly drain energy from the CHs. This algorithm
assumes a centralized network and a CH can dynamically adjust its cluster size through
power control. In this algorithm, after the clusters are formed and the CHs are selected, the
new values of residual energy of CHs are calculated and updated. If the difference in the

residual energy of two successive updates exceeds the threshold, the network will perform
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a re-clustering process. A different number of nodes will be assigned to each CH

according to their residual energy to better balance the loads among the clusters and CHs.
3.1.3 Reducing power consumption of cluster maintenance

To maintain the clusters in a clustered MANET, some extra messages to update the links
between nodes are necessary. The frequently changed network topology results in frequent
cluster topology updates, thereby drastically increasing the control messages for cluster
maintenance. These behaviors may consume a large portion of the network bandwidth,
drain significant energy of the node and override the scalability and performance of the
network [11, 71]. It is therefore important to reduce the cost of maintaining the clusters for
energy saving considerations. Some clustering algorithms reduce the frequency of rotating
the role of CH by extending the service time of the CH [72] or by selecting the relatively
stable nodes to be CHs [79-81]. Some reduce the flooding or control messages (control
overhead) [19, 70, 82-84] caused by routing discovery or cluster maintenance. Some sense
the mobility of the nodes so that the clusters can be adaptively maintained to reduce the

unnecessary message exchanges [72, 85-87].
1. Extending the service time of the CH

Gavalas [72] proposes an algorithm which adds a handover penalty coefficient to a CH
during the CH rotation to allow a node to serve as CH for a longer period. This algorithm
rotates the CH role according to the CH competence (CHC) (3.2):

CHC = (clxd +c2xb)—p (32)

where ¢ and ¢2 are weighted coefficients and c/+c2=1, d is the number of neighbors, b is
the residual energy of the node and p is the handover penalty coefficient. The CHC value
of a node is kept updated, and the node with the lowest CHC value in its local area is
selected as CH when CH rotation occurs. However, to improve the stability of the cluster,
different penalty coefficients are allocated to the nodes. The value of zero is assigned to a
member node whereas a positive integer value is assigned to a CH. Therefore, the CHs
have the advantage in the consequent CH competition. Furthermore, re-selection of the
CH only happens when the residual energy of the CH is lower than the threshold or when

the topology of the network is dramatically modified [72]. This algorithm extends the
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service time of a CH and thus reduces the message exchanges caused by CH rotation. The

selected CHs, however, may drain energy quickly and die prematurely.

The algorithm in [79] selects the most stable node in its area as CH to improve the
stability of the cluster, so that the CH can stay in the cluster for a longer time. This
algorithm reduces the amount of re-clustering caused by the absence of the CH. In this
algorithm, a willingness factor (W) is adopted as a metric to elect CHs. W describes the
respective mobility of a node and the relative mobility of a group of nodes, which are
jointly represented by a stability factor S and the number of relatively stable nodes M. W
can be expressed as a function of S and M, W=f{S, M). A larger value of W means a more
relatively stable node. The node with the largest W in its local area is selected as CH. The
value of W is kept updated. The selection of a new CH will be invoked only when its W
value is lower than the threshold or two CHs move into the reachable range. The node
with the highest W value will be the new CH in its local area. This algorithm reduces the

frequency of re-clustering nodes, thus improving energy efficiency.

The algorithm by Basu [80] also selects the nodes with relatively low speeds to be the
CHs during cluster formation when the network starts to work. The selection of CHs is a
local activity so that a CH is determined by its neighbors and itself. The local speed of a
mobile node is determined by calculating the variance of the speed of the node relative to
each of its neighbors. A node with a higher variance value indicates it is a relatively more
mobile node than its neighbors. Consequently, a node with lowest variance value in its
neighborhoods becomes CH. The cluster maintenance phase is invoked when two CHs
move into the reachable range or any node cannot access any CH. To reduce unnecessary
re-clustering caused by the CH selection, such as when two CHs incidentally pass by each
other during a short period, a threshold of time period is set. If the reachable time of two
CHs is greater than the threshold, one CH will give up its role and become a member node.
Otherwise, both will keep their roles. This algorithm also improves the stability of the

clusters, therefore reducing the cost of maintaining the clusters.
2. Reducing flooding or control messages (control overhead)

Flooding in ad hoc networks is usually used to find a feasible route to a destination or to
advertise routing information {82]. Clustering control messages are used to exchange the

information of each link during the cluster maintenance and to build a virtual backbone or
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infrastructure [11]. Energy can therefore be saved by reducing flooding or control

messages [19, 70, 82-84].

The adaptive clustering algorithm proposed by Lin [70] considers reducing the control
messages during cluster organization. In this algorithm, every node maintains its own ID
and the IDs of its neighbors within one hop. Each node that declares itself as CH will set
its own ID as its cluster ID (CID). Initially, a mobile node with the lowest ID in its local
area becomes CH. The CID information includes a node’s ID and the CID. If the node’s
ID is the same as its CID, then the CID information is a CH claim. Otherwise, it is just a
claim of a member node. If a node gets CID information from a neighbor, it compares it
with its own CID. If its own CID is unspecified or larger than the ID that it receives, it
will join this node as a member node. This process continues till all mobile nodes access
any cluster. This mechanism promises small control messages for cluster formation

because each mobile node broadcasts only one CID message [11].

Passive clustering [82, 83] needs no dedicated protocol-specific control messages to form
the clusters [11]. The nodes in this algorithm have four states: initial, CH, gateway node,
and member node. When the network starts to work, all the mobile nodes are set in initial
state. Only a node with initial state has the chance to be a potential CH. When a potential
CH with initial state is ready to send out a message, it will include the claim as CH in its
messages. When its neighboring nodes receive this message, two scenarios will happen: if
a neighboring node only receives one claim from the CH, it will become a member node
and join this CH; if a neighboring node receives more than one claim from the CHs, it will
then become a gateway node. Because this algorithm does not broadcast any control
message to maintain the clusters, each node needs to update its own cluster status by
keeping a timer. When a member node does not receive any packet from its CH for a
given period, its status reverts to initial [11, 82]. Besides, in passive clustering, only the
CHs and gateway nodes forward the flooding packets, which dramatically reduces the
number of flooding packets. However, this clustering algorithm may generate many
gateway nodes. To reduce the unnecessary gateway nodes, it allows a node to become a
gateway node only when it observes a criterion of axNC+p>NG, where o is the
coefficient which is properly chosen based on the desired degree of gateway redundancy,
that means if more gateway nodes are expected, a will be decreased; f is the factor of

gateway-node redundancy; NC is the number of CHs, and NG is the number of the
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gateway nodes. Passive clustering performs cluster formation and cluster maintenance
when the mobile nodes have data to send. It therefore completely eliminates the control

messages (control overhead) for clustering [11, 82, 83].
3. Sensing mobility of nodes

Mobility is a prominent characteristic of MANETs, and is also a main factor that causes
topology change and route invalidation. It is therefore important to take the mobility into
account in cluster construction to form a stable cluster [11]. This stable cluster reduces the
cost of cluster maintenance. Mobility-sensitive clustering indicates that the cluster
architecture is determined by the mobility behaviors of mobile nodes. Therefore, the re-

affiliation and re-clustering rate can be naturally decreased [11].

Gavalas [72] proposes a clustering algorithm to broadcast the control messages adaptively.
When the node speed is low, the broadcasting period is prolonged. Otherwise, it is
shortened. The unnecessary broadcasting when the node speed is low is then decreased,

thereby resulting in higher energy efficiency.

McDonald [85] proposes a distributed (o, ) cluster framework to adjust the cluster sizes
adaptively according to the node speed. The (a, #) criteria is that, every node in a cluster
has a path to every other node, that will be available over a specified interval of time ¢
with a probability larger than a, regardless of the hop distance between them. In the (a, 1)
cluster framework, when a source node enters the network it should find a cluster to join.
The source node can join the cluster if the destination is reachable via an (o, f) path.
According to the speeds of the nodes, the size of the clusters in the (a, t) cluster
framework can be adaptively adjusted. If the speeds are low, (a, t) clustering provides an
infrastructure that is more proactive and clusters with large size are needed. However, on-
demand routing will dominate when the speeds of the nodes become high. Cluster sizes
will then be diminished. Unfortunately, if the node speed changes frequently between low
and high, this framework may be busy adjusting the cluster sizes, thereby making it

inefficient [11].

The algorithm by An [86] groups the nodes with similar mobility characteristics into
clusters, as shown in Fig. 3-1, thereby making cluster maintenance easier. A node named n

in this algorithm will periodically disseminate its own velocity information to its
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neighboring nodes. Upon reception of this velocity information, a neighboring node called
m calculates its relative velocity between itself and node n respectively. Defining Sm as
the set that includes node m and all the nodes from which node m receives mobility
information, the node that has a value lower than the threshold and has the lowest ID is
selected as a tentative CH. If two tentative CHs move into the area that can reach each
other, these two clusters will be merged. However, this mergence is subject to the
limitation of the maximum size. When a node p in cluster Ci moves into a cluster Cj, if the
CH of cluster Cj has a lower mobility value than the threshold, node p will request to join
cluster Cj. The procedure of cluster organization improves the stability of the cluster,

thereby decreasing the power consumption of cluster maintenance.
6% 3
node

cluster

node velocny vector

Figure 3-1. Mobility-based clustering protocol (Adopted from [86]).

Sivavakeesar [81] proposes an algorithm to manage the mobility of the nodes through a
prediction-based clustering approach. In this approach, each mobile node can anticipate
the availability of its neighbors through a mobility prediction algorithm called (p, 1, d)-
model, where p is the probability that one node, which has the distance d from the center
of the cluster it belongs to, stays within the cluster for some specific time period . In the
(p, t, d)-model, each node is supposed to have complete location information of the center
of the virtual cluster, which is a circular area. If greater accuracy of mobility prediction is
required, each virtual cluster can be further split into a number of equal sub-clusters. A
node generates the strings of virtual-cluster identifiers and maintains its mobility database
at a specific time to predict future movement. Each CH knows the predicted mobility

patterns of its member nodes. The mobility management functions will then be performed
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in a proactive manner with low cost. This algorithm improves the stability of the cluster,

thereby also reducing power consumption of cluster maintenance.
3.1.4 Reducing power consumption of intra-cluster communication

Similar to WSNs, the CH selection in MANETSs is also related to the total power
consumption of the cluster. Locating the CH in the central area of the cluster reduces the
power consumption of intra-cluster communication. However, the realization has more

challenges in a MANET than that in a WSN because of the movement of node.

The algorithm in [88] aims at minimizing the power consumption of data communication
summed by all CH-member node pairs. Single-phase clustering and double-phase

clustering are proposed.

In the single-phase clustering, initially every CH pages at the same maximum power level
and the member node will join the CH from which the highest power was received, which
is assumed to be the nearest CH. It therefore reduces the power consumption of data
communication between the CH and the member node. Since a CH can only serve a
limited number of member nodes, it first allocates channels for member nodes that only
receive a single signal from itself. If there are still some channels available after allocation,
they will be allocated to member nodes that receive more than one signal in the order of
the power level of the signal received from the CH. The member nodes that receive more
than one signal try to communicate with the nearest CH. The communication cost of each

pair of CH and member node is possibly minimized, thereby improving energy efficiency.

To further lower the call-drop rate, double-phase clustering adds a channel re-allocation
phase on the basis of single-phase clustering. Each CH, with free channels after its first-
round allocation, re-allocates these channels to the member nodes which did not receive a
channel in the first round in its range. The channel allocation procedure also follows the
strength of the received signal. Though this algorithm is reported to save energy for
MANETs, the allocating process may consume significant energy for both CH and
member nodes. Furthermore, no detailed method to select CHs and to maintain the clusters

is provided [11].
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3.2 Analysis of existing energy-efficient clustering algorithms
for MANETS

Rotating the CH role in MANETS distributes the higher burden of the CH among the
nodes. The way to rotate the CH role in clustered MANETS, however, becomes a
challenge, because this rotation exacerbates the stability of the clusters, which are already
changed frequently by the movement of the nodes. Therefore, in a MANET, the tradeoff
between the cluster stability and the balance of power consumption needs to be achieved.
Many clustering algorithms though improve the stability of the cluster and thus the
network by prolonging the service time of CH. This means that the CHs in the network
will drain energy quickly and die prematurely. Therefore, besides the need to improve the
stability of the cluster, the distribution of the higher burden of CH also needs to be

carefully considered.

Balancing power consumption among the clusters or CHs prevents premature node death
in MANETs. Limiting the maximum size of the cluster may still make the clusters
experience significant difference in sizes. Limiting both the maximum and the minimum
sizes of the clusters better balances the burdens among the clusters. However, maintaining
the cluster sizes within a strictly limited range is quite expensive in a highly mobile
MANET. If the cluster sizes can be adaptively balanced according to the node speed,

energy efficiency of maintaining the clusters and cluster sizes can be optimized.

In a MANET, significant energy is consumed in maintaining the clusters. Extending the
service time of a CH reduces the message exchanges for re-selecting the CHs. However,
the node that serves as CH drains energy rapidly and will die prematurely. Selecting a
relatively stable node as CH improves the stability of a cluster. However, the capability of
estimating the speed of node requires more powerful nodes and this algorithm is also not
suitable for the networks with frequent speed ‘burst’. Forming and maintaining the
clusters only when the nodes have data to send dramatically reduces the control messages
for cluster organization and maintenance. However, for a network with ‘bursty’ traffic, the
cluster structure is difficult to maintain and cannot be guaranteed to be able to serve
upper-layer routing or data forwarding [11]. Adaptively adjusting cluster sizes to make the
network more proactive or reactive according to the speeds improves the efficiency of the

routing protocol. However it may not be suitable for the network in which the node speed
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changes frequently, because these frequent changes in speed will make the network busy

with re-clustering and alternating routing protocols.

Locating the CH in the central area of cluster reduces power consumption of intra-cluster
communication. This algorithm proposes an effective method to determine the distance
between a member node and a CH by evaluating the strength of the signal that this

member node receives from the CH.

These existing clustering algorithms have prolonged the lifespan of MANETS. The energy
efficiency of the network can be further improved if the unnecessary broadcasting to

maintain the clusters is reduced and the burdens of the clusters are balanced adaptively.
3.2.1 Unnecessary broadcasting in a clustered MANET

In a typical clustering algorithm, intra-cluster communication usually uses a proactive
routing protocol whereas inter-cluster communication usually applies a reactive protocol.
In a single-hop cluster, in which any member node sends data to the CH by only one hop,
a member node may need higher transmission power to access the CH as the nodes are
usually distributed sparsely in a MANET [11], thereby reducing the energy efficiency. A
multi-hop cluster is a more energy efficient organization, especially in a MANET with
large size, as it usually requires large sized clusters. Some multi-hop clustering algorithms,
such as K-clustering algorithms [89-95], have been proposed. A K-clustering algorithm
defines the cluster size in such a way that any node within the cluster can access any

others within K hops [89].

Each member node in a multi-hop cluster maintains a routing table for intra-cluster
communication. Movement of the node may change cluster and routing information,
thereby making maintaining cluster and intra-cluster routing information necessary. A
typical method used in most clustering algorithms is to broadcast control messages
periodically to update the link information. However, in a realistic MANET, the node
speed may change from time to time. Typically, when the speed is higher, the clusters will
be changed more frequently. Therefore, a clustered MANET with higher node speed needs
more frequent broadcasting. To maintain the clusters efficiently in a MANET, the control
messages need to be broadcast to meet the requirement of the potentially maximum node

speed. When the node speed is low, the unnecessary broadcasting wastes energy.
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Adaptively broadcasting the contrel messages in accordance with the node speed can
reduce the unnecessary broadcasting and will result in higher energy efficiency. The
following provides an example to show the difference in power consumption of adaptive

and periodic broadeasting.

Il 15 assumed that a cluster has 15 nodes, ingluding the CH, as shown in Fig, 3-2. The node
at the centre of the cluster is the CH. The size of the control message is 25 hytes. The
requited [rapsmission range is assigned to each member nede according to its distanee to
the CH. It is assumed that the frequency of the adaptive broadeasting is proporiional (o the
node speed and the comtre] messages are broadeast every 100ms when the nodes are
mewing at 20m/s. Ten levels of speed are set from 2mds to 20m/s. Each level inereases by
2m/s over the former ome. The nwdes move al the speed ol each level for 10s, The

parameters of power consumption are the same as those in [ 13, 14, 341,
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Figure 3-2, Cluster o measure power consumption of periodic and adaptive broadeasting.

The total consumed energy by adaptive and periodic broadeasting within 100s s shown in
Fig. 3-3. The adaptive hroadcasting saves by as much as 30% cnergy over the periodic

broadeasting.
Related work

Gavalas [72| has proposed an algerithm to broadeast control messages adaptively.
However, this algorithim only broadeasts the control messages arbitrarily and ne evidence
can be tound that the adaptive broadcasting actually meets (the requirement of maintaining
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the cluster at each respective node speed. Secondly, the selected CHs in this algorithm will
dic prematurely as they need to serve as long as possibie. Thirdly, no evidence is found in
the simulation results to indicate that this alponthm improves energy efficiency.
Thercfore, a method which assures that the broadeasting actually meets the requirement of

each respective speed and improves cnergy efficiency of the network 1s necessary,

A
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Total consumed energy {J)

]
Meriodic broadcasting Aduptive broudcusting

Figure 3-3. Total power consumption of adaptive and periodic hroadcasting,
3.2.2 Difterent burdens among clusters

Though halancing (he cluster sizes in a MANET is far more difficull than im a WSN,
equalizing the cluster sizes balances the power consumption among the nodes/clusiers,
thereby preventing premature node death. The following provides an cxample for

comparison of the wal power consumption of two ¢lusters with different sizes.

It is assumed that there are two clusters wiath different sizes, as shown in Fig, 3-4. The
larper sized one has 20 nodes and the smaller sized one has 5 nodes, both mcluding the
CH. To make them comparable, it is assumed that buth CHs are at the cenire of the cluster
and each member node has one timeslot to send data to the CH during each CH period.
The packet size that the member nodes send to the CH is 500 bytes. Three items are
compared: (i) the total encrgy consumed by inlra-cluster communication (including the
cnergy consumed by the member nodes to send data to the CH and the energy consumed
by the CH to receive the data from the member nodes); (ii) the total energy consumed by
the CH (including the energy consumed by receiving data from the member nodes and the
cacrgy consumed by relaving the received data to the next hop) and (i) the total energy

consumed by the ciuster {including the enerey consumed by the member nodes 10 send
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data to the CH and the energy consumed by the CH to receive these data and to relay them

te the next hop).
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Figure 3-4. Clusters with different sizes for comparison of power consumption.

The consumed energy of different itlems is shown in Fig. 3-5. In a homogeneous MANET
with identical nodes, the energy stored in the larger sized cluster is four times that of the
smaller sized one. All compoenents of cnergy consumed in the larger sized cluster arc more
than four times that of the smaller sized one. If these two clusters are in the same network,
the nodes in the larzer sized cluster will die carlier than the nodes in the smaller sized
cluster, Fquahizing cluster sizes will balance the burdens of the clusters, therchy

preventing premaiure node death.
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Figure 3-5. Total power consumptions of the clusters with different sizes.




It can be seen that the nodes in a smaller sized cluster have lower burden than those in a
larger sized one. This, however, is not to say that a smaller sized cluster organization is
always more energy efficient than a larger sized cluster organization. When the cluster
sizes are smaller, more CHs will be selected and more clusters will be formed. These
additional CHs will complicate the network backbone, thereby increasing the flooding in
inter-cluster communication and thus the power consumption. Therefore, the cluster sizes
also need to be subject to the balance between the power consumption and the backbone

complexity.
Related work

Some algorithm has considered alleviating the difference in cluster sizes by limiting the
maximum cluster size, such as in [72]. Some has considered limiting both maximum size
and minimum sizes, such as in [73-76]. Some has considered balancing the burdens
among the CHs by taking the residual energy of the CH into account, such as in [77, 78].
All algorithms, however, fail to optimize the energy efficiency as previously analyzed at
the beginning of Section 3.2. On the other hand, adaptively maintaining cluster sizes
further improves energy efficiency of the network. When the node speed is low, the
clusters will be limited and maintained within a more strict range. Otherwise, more
variance in cluster sizes is allowed, thereby releasing the network from frequent re-

clustering when the nodes are moving quickly.
3.3 Summary

Existing energy-efficient clustering algorithms for MANETSs have been investigated in
this chapter. The algorithms were classified into: rotating the role of CH, balancing power
consumption among CHs or clusters, reducing power consumption of cluster maintenance
and reducing power consumption of intra-cluster communication. The general features of
each category were summarized and some representative algorithms were described in
detail. The strengths and weaknesses were analyzed. The issues of unnecessary
broadcasting of control messages and unbalanced power consumption among clusters
were then addressed to further improve the energy efficiency of MANETS. These two

issues will be taken into account in the proposed clustering algorithm in Chapter 6.
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4 Balancing and reducing power consumption (BRPC)

in homogeneous clustered WSNs

4.1 Strategies to improve energy efficiency in clustered WSNs

Chapter 2 analyzed existing energy-efficient clustering algorithms for WSNs and
concluded that a new clustering algorithm is necessary. Such an algorithm needs to
balance power consumption throughout the network and maintain each CH in the central

area of the cluster by re-clustering without the resultant ripple effect.

Typically, a clustering algorithm can be distributed or centralized. In a distributed
clustered WSN, the nodes self-configure themselves into clusters without the global
information of the network. In a centralized clustering algorithm, the data sink is required
to participate in creating the clusters and managing the clustered network. Most clustering
algorithms set the expected number of clusters and cluster sizes before the WSN starts to
work. In a distributed clustering algorithm, however, the pre-set number of clusters and
the cluster sizes are not guaranteed, because each node makes autonomous decisions and
lacks the global information, thereby making cluster organization with optimal energy
efficiency impractical [14]. On the other hand, the sink in the network usually has
sufficient resources to administer the network. Requiring the sink to participate in
managing the WSN helps to efficiently organize the nodes into clusters with expected
cluster numbers and cluster sizes [14, 34, 96, 97], which is important to balance the power
consumption throughout the network. This chapter therefore proposes a distributed
clustering algorithm yet centralized to start the cluster organization when the network

starts to work to better organize clusters.

Many clustering algorithms divide the network lifetime into rounds [14, 34, 37, 40, 42].
Each round begins with a set-up phase when the clusters are organized, followed by a
steady state phase where several frames of data are transferred from the nodes to the CH
and on to the data sink [14]. During the cluster organization, the clusters will be formed,
the CHs will be selected and a TDMA scheduling scheme will be built for each CH. To
form the clusters, the nodes need to exchange the information. The typical total number of

clustering-related messages exchanged during the cluster formation is O(nV), in which V
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is the total number of nodes in the network and n is a constant coefficient which is
different from algorithm to algorithm [11]. To reduce the total power consumption of
intra-cluster communication between member nodes and CH and also to minimize inter-
cluster interference, most existing algorithms re-cluster the nodes during each round with
resultant ripple effect. This frequent re-clustering with resultant ripple effect may consume
more energy than the improvement it achieves by optimizing the CH selection at each
round [14]. On the other hand, a fixed cluster only needs to exchange the information
within the cluster when re-clustering occurs. Therefore, in such a clustered network, there
is no resultant ripple effect when re-clustering occurs, thereby resulting in higher energy
efficiency. Furthermore, this fixed cluster makes it feasible to equalize cluster lifetime by
making the cluster size proportional to the power consumption of the cluster. However,
the fixed nature of the clustering algorithm may limit its realistic application [14]. To
make the fixed clustering algorithm more relevant, when new nodes join or original nodes
leave the network (which can be detected when information exchange occurs during each

round), re-clustering with resultant ripple effect will take place.

The proposed algorithm serves to balance power consumption throughout the network and
to improve energy efficiency. This algorithm therefore can lead to expectations of network
lifetime. Typically there are three types of lifespan that have been achieved for a clustered

WSN, as shown in Fig. 4-1 (a, b and c).

Network lifetime
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Figure 4-1. Lifetimes of different clustering algorithms.
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In Fig. 4-1, curves (a) and (b) show the lifetime of the network in which the CHs send data
to the sink over single-hop routes. The clusters in a network with lifetime of (a) are
designed with similar sizes, such as LEACH [13, 14], whereas with lifetime of (b) are
designed in such a way that their power consumptions are balanced so that all nodes have
similar lifetime, such as EECS [40]. However, sending data to the sink over a single-hop
route is not energy efficient and requiring all nodes to access the sink over a single-hop
route is infeasible, especially in a network with large size. Curves (c) and (d) show the
lifetime of the network in which the CHs send data to the sink over multi-hop routes.
Curve (c) shows the lifetime of the network in which the clusters are designed with similar
sizes, such as EECP [36]. This chapter proposes an algorithm to achieve the network
lifespan as shown in curve (d), which further balances power consumption throughout the

network and improves energy efficiency of the network.
4.2 Proposed clustering algorithm-BRPC

This subsection presents the proposed clustering algorithm in detail. It first introduces the
network and energy models and then describes the cluster organization and data
communication phases. Following this is the analysis of the methods to equalize cluster
lifetime and maintain the CH in the central area of the cluster by re-clustering without the

ripple effect.
4.2.1 Network model and energy model

A data sink in a WSN has sufficient resources, such as memory, processing capability and
energy. It therefore is capable of performing cluster organization [34]. As energy
efficiency is a major challenge in WSNs, the data sink is located near the network so that

the power consumption of sending data to the sink is reduced.

The energy-limited identical sensor nodes, which have the capacity to vary transmission
power, are uniformly distributed in the network. Some existing clustering algorithms [14,
34, 40, 42] assume that all nodes can reach the sink over a single-hop route, which can be
witnessed from their simulation results, This, however, is not the actual situation in
realistic application, especially in a large sized WSN. BRPC, therefore, assumes that the
maximum transmission range of the nodes is limited and only some nodes, which are

nearer the sink, can reach the sink over a single-hop route. However, to achieve higher
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energy efficiency, these nodes can use a multi-hop route to send data to the sink if this

multi-hop route is more energy efficient than the single-hop one.

The sensor nodes are aware of their two-dimensional location information. With this
information, the nodes can be geographically grouped into clusters with the expected sizes
and shapes. The location information can be achieved by global positioning system (GPS)
technology. However, if GPS technology is not supported and the relative node positions
can be determined before the nodes are deployed into the network; virtual location
information of the nodes is also applicable. This virtual location information of the nodes
can be acquired by setting the data sink as the origin (0, 0) of the (x, y) coordinate system.
The virtual/GPS location information does not need to be updated, as the nodes are stable
after they are deployed in the network. The virtual location coordinates can also be
acquired without the pre-set topology information before the nodes are deployed into the

network, the relative detailed methods can be found in [98, 99].

A sensor node can be a member node or a CH. A member node senses data from the
environment and then transmits the data to its CH. Besides generating data itself, a CH
needs to collect all data from the member nodes, and then aggregate these collected data

and relay them to the sink.

Typically, a sensor node has three components of power consumption: data generation,
data processing and data communication [14, 34]. Considering that the main purpose of
this research is to design an energy efficient clustering algorithm, only the power
consumption relating to data aggregation and data communication is considered. The
energy model is similar to the models in [14, 34, 36, 37, 40, 42], which is described in

(4.1). The meaning of each parameter in (4.1) can be found at Table 2 in Section 2.1.

P=PT+PR=(€, +€ampd")xa+erxa
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The power attenuation n depends on the distance between the transmitter and receiver. For
short distances, the propagation loss is modeled as inversely proportional to &%, while for
long distances this loss is modeled as inversely proportional to d* [14, 36]. In BRPC, the

similar parameters applied in [14, 34, 36, 37, 40, 42] are used: for distance d < dcrossover
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(Where derossover=87m), €amp = 10pJ/bit/m?; for distance d > derossovers €amp = 0.0013pI/bit/m*;
and e;=e,=50 nJ/bit. More detailed information about the parameters like transmitter

height, receiver height and carrier frequency can be referred to [14].
4.2.2 Cluster organization phase

The cluster organization phase needs to form clusters, select CHs and determine a TDMA

scheduling scheme for each CH.

Typically, there are two types of clusters: single-hop clusters and multi-hop clusters. A
single-hop cluster means that any node in the cluster reaches the CH by a single-hop route
whereas a multi-hop cluster means that some nodes in the cluster need to use a multi-hop
route to reach the CH. For energy saving consideration, BRPC needs to select a more

energy efficient cluster organization.
1. Single hop clusters or multi-hop clusters

The results of the examples in Section 2.2.1 show that a multi-hop route is more energy
efficient than a long single-hop route in a linear network system in which the distance
between any neighboring nodes is 60m. However, a cluster in a WSN does not necessarily
need to be so big. This subsection therefore discusses a method to select a more energy
efficient cluster organization by using the model shown in Fig. 4-2.

S o
Transmit

o d -
a- O 4’——'2’:'/9 Receive and Relay
3 -

-~ aZ
I

Figure 4-2. A multi-hop route vs. a single hop route.
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A source node (S), which is supposed to be a member node, sends an a-bit data message to
a destination node (D), which is supposed to be the CH of S, either by a single-hop or by a
multi-hop route, as shown in Fig. 4-2. The number of hops in this multi-hop route is
referred to as m. The distance of the single hop is d, the distance of the i hop in the
multi-hop route is d;. The angle between the i hop in the multi-hop route and the single-
hop route is a;. Referring to the energy model in (4.1), the total energy dissipated in
transmitting and receiving data of the single-hop route is shown in (4.2), and that of the

multi-hop route in (4.3). The relationship of d, d;, and «; is described in (4.4).

Eqcie :ax(e, +eampd")+a><er 4.2)

E,..=mxaxe, +Z(a><(e, + € Xdi" )) 4.3)

m

* * * * *

d, *cosoy +d,*cosa, +d, *cosa, +d, *cosq, +---+d, *cosa,

= de *cosa, =d (4.4)
m

To simplify the analysis, it is assumed that the distance of each hop d; is the same and the
average «; is 30° (This value, however, is not a constant during the realistic application or
simulation as the route that a node uses to relay data will be changed from time to time). §
sends a packet of 500 bytes to D. The total energy consumed by routing data from § to D

using different number of hops is shown in Fig. 4-3.

The bold curve in Fig. 4-3 shows the minimum-energy route to relay the packet from § to
D. When d is smaller than 100m, a single-hop route is more energy efficient than any
multi-hop route. When d increases, the multi-hop routes become more energy efficient.
For example, when d is between 180m and 280m, a route with 3 hops is the most energy

efficient one to relay the data.

The analysis in some existing clustering algorithms shows that the energy efficiency of the
network can be optimized when 4% or 5% of the nodes become CHs [14, 40, 42, 43]. In a
typical clustered WSN, the longest distance from a member node to the CH is usually

limited within 100m [7, 14], which means that a single-hop route is more energy efficient
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than a multi-hop route {refer 10 Fig, 4-3). BRPC therefore determines o select a single-

hap cluster orgamzation.
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Figure 4-3. Totai energy of rowing data by different number of hops.

Below is an example which compares the total energy dissipated in intra-cluster
communication i a single-hop cluster 1© a mult-hop one. The cluster shown in Fig. 4-4

has 20 nodes, which are distributed withio an area of GUmx6CHm.
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Pigure 4-4. A cluster used to illustrate the total energy dissipated in a single-hop cluster

and in a muiti-hop cluster,




The node at the centre of the cluster is the CH for both single-hop and multi-hop scenarios.
The CH collects the data packets, each of which is 500 bytes, from all member nodes. In a
multi-hop scenario, it is assumed that when the distance between a member node and the
CH is greater than 30m, a multi-hop route will be used. The total energy dissipated in
intra-cluster communication is 9.69mJ in the multi-hop cluster whereas it is 8.10mJ in the
single-hop cluster. Therefore, in such a cluster, a single-hop cluster organization is more

energy efficient than a multi-hop one.
2. Clustering the nodes

The whole process of cluster organization is shown in Fig. 4-5. When the network starts to
work, each sensor node needs to send its GPS/virtual location information to the sink.
These information packets are quite small and the location information does not need to be
updated. Therefore the energy consumed by sending these small packets to the sink is

negligible and each node can send it to the sink over any multi-hop route.

On reception of the location information, the sink divides the network into geographically-
based clusters, with the pre-set number of clusters and cluster sizes. The pre-set cluster
sizes serve to balance power consumption throughout the network, which will be analyzed
in detail in Section 4.2.4. The area that defines the cluster is based on the coordinates of
the nodes: Cluster_i (min(x;), min(y;), max(x;), max(y;)), where i is the ID of the cluster,
min(x;) and min(y;) are the minimum x and y coordinates of the cluster respectively, and
max(x;) and max(y;) are the maximum x and y coordinates of the cluster respectively. After
determining the cluster partitions, the sink broadcasts the partition information to the
network. This partition information includes the cluster ID, location information of the
cluster and the number of nodes in each cluster. If the sink has sufficient power to reach
every node in the network, this information can be sent to the nodes by a single-hop route.
If the network size is large and the sink has not enough power to reach every node by a
single-hop route, this partition information will be relayed to each node by a multi-hop
route. To avoid any loop, only the nodes that have a longer distance to the sink can relay
the information from its neighboring nodes. The node’s distance to the sink can be easily

acquired from the location information.

On reception of the partition information, each node needs to compare its own location

information with the one it receives from the sink to determine which cluster it belongs to.
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For example, a cluster is defined as Cluster_8 (50, 50, 100, 100), a node with the location
of (75, 75) can determine that it belongs to Cluster_8 and its cluster ID is 8. When each
node knows its cluster ID, the partition phase is finished. Now the nodes in the same

cluster need to reorganize each other.

Dletwork starts to work ]

l

Sensors send GPS/virtual location information to the sink by multi-hop routes

}

On reception of the location information, the nodes are geographically
grouped into clusters, with pre-set number of clusters and cluster sizes

]

Sink broadcasts the partition information to the nodes by single hop or multi-hop route, including the
location information of the cluster, cluster ID and the number of nodes in each cluster

I A source node broadcasts its own information (cluster ID, residual energy, location information) to its neighboring nodes

l

» A neighboring node compares the cluster IDs from the sink and from the source node

Are they the same?

Is the number of node IDs in the node the
same as the defined cluster size by the sink?

The neighboring node keeps the information and relays
it to its own neighboring nodes

A

The node with the highest residual energy broadcasts itself as a CH together with a TDMA schedule J

Each node confirms this CH announcement and TDMA schedule i

l

Data communication phase initiates I

Figure 4-5. Flow chart of cluster organization phase of BRPC.

A node named S broadcasts a message, including its cluster ID, location information and
residual energy, to its neighboring nodes. On reception of this message, a neighboring
node D compares its own cluster ID to the one from S. If these two cluster IDs are
different, D discards the message and so determines that it is not a cluster-mate of S. If

they are the same, a relationship between S and D is established as cluster-mates. D then
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picks up this message and stores it. D continues to relay this message to its own
neighboring nodes. This process will be repeated until all nodes receive the information of
the others in the same cluster. The process is complete and no longer needs to be repeated
when the number of the nodes in the cluster is the same as the one from the partition
information that the sink sends to each node. A CH can be selected once all nodes in a

cluster recognize each other.
3. Selecting CHs

Many existing clustering algorithms select those nodes which have more residual energy
as CHs [14, 34, 40, 42]. They then require other nodes to join the CHs as member nodes in
order to form the clusters. These algorithms, however, cannot guarantee the balance of the
loads among the clusters as they cannot guarantee the cluster size, which is important to
equalize cluster lifetime. BRPC, therefore, organizes the clusters before the CH selection.
This ensures that the energy stored in the cluster can be proportional to the power

consumption of the cluster.

Similar to most existing clustering algorithms, BRPC selects CHs and rotates their roles
according to the residual node energy. However, to improve energy efficiency, the CHs
are located in the central area of the cluster as long as possible. The cluster lifetime is
separated into two periods: the first period (periodl) only selects the node with the
maximum residual energy in the central area of the cluster as CH. The nodes in the central
area will run out of energy rapidly. When the residual energy of any node in the central
area reaches a threshold, which is adaptive and can be pre-set, period] expires and the
second period (period2) begins. The node with the highest residual energy in the whole
cluster will be selected as CH. As the CH role is rotated frequently in periodl, the higher
burden of the CH is well distributed among the nodes. This means that, when the residual
energy of any node in the central area drops below the threshold, the residual energy of all
the other nodes should be at roughly the same value, i.e. just above the threshold. The
details of how to optimize the service time of CHs in the central area of the cluster and the

relationship between periodl and period2 are to be analyzed in detail in Section 4.2.4.

The selection of CHs in the first round or the rotation of CH thereafter in BRPC is quite
simple. During the cluster formation when the network starts to work or when each round

initiates thereafter, all nodes broadcast the cluster ID, node ID and residual energy
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information to the nodes in the same cluster to exchange the information. All information
received will be tabled and updated in each node. Should all nodes have identical energy
(i.e. when the network starts to work) in the cluster, the node nearest the center of the
cluster becomes CH. The node with the highest residual energy in the central area during

periodl or in the entire cluster area during period2 becomes CH for the next round.

After the clusters have been formed and CHs have been selected, each CH needs to set up
a TDMA schedule and transmit this schedule, which also includes the cluster ID and node
ID, to the member nodes. This TDMA schedule allows each node to send data to the CH
during its own timeslot. Besides, it also ensures that there are no collisions among data
messages and allows the radio components of each member node to be turned off at all
times except during their transmission time. This minimizes the energy dissipation of the
individual sensors [14]. The number of timeslots is determined by the number of the nodes
in the clusters. The information of the number of nodes in each cluster is obtained during
the cluster formation phase. After the TDMA schedule is known by all nodes in the cluster,

the cluster organization phase is complete and the data communication phase can start.
4.2.3 Data communication phase

The flow chart of the data communication phase is shown in Fig. 4-6. Similar to [14, 34,
40, 42], the lifetime of the network in BRPC is divided into rounds. Each round initiates
with a set-up phase in which clustering/re-clustering occurs. This phase is followed by a
data communication phase which is separated into frames, as shown in Fig. 4-7. Each
clustering organization needs to select CHs and build TDMA schedules. Besides this, the
first round when the network starts to work also needs to organize nodes into clusters.
Each member node sends its packet to the CH once per frame during its allocated
transmission slot. The number of frames of each CH is determined by the number of the

nodes which vary from cluster to cluster.

When the member nodes send data to the CH, each member node uses power control so
that the needed minimum power can be applied to reduce energy dissipation. This needed
power to reach the CH can be acquired by the location information and (4.1). Furthermore,
the radio components of each member node are turned off until its own allocated
transmission slot. Besides energy savings, the application of a TDMA schedule is also an

efficient way to use the limited bandwidth, thereby reducing the latency [14].
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}

L Data communication phase starts I
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Data communication phase *

Receive data from
member nodes {

9

Sleep to wait for
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A
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Aggregate data

A 4

Transmit

data to CH

Broadcast route request towards the sink

3

Receive the routing information

Compare the minimum residual node energy among the routes

A

Send aggregated data to the sink using the route with the maximum value

Sleep to wait for
the consequent round

Figure 4-6. Flow chart of data communication of BRPC.

After the CH has collected all data from the member nodes, it performs a data aggregation

process to aggregate the data in a ratio of A:1. This means that for every ‘1’ unit of data

that must be sent to the sink when no data aggregation is performed, only ‘A’ (which is

smaller than 1) units must be sent to the sink after aggregation is performed.
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Adter upgregating the data, the CH relays the apgrepated data to the sink over a mulli-hop
roule. Much research has been conducied to select an energy-efficient route to relay the
data. Typically, a shortest route |100-105]1 or 2 mimmum-energy route [106-F17] 15 used
[118]. A shortes! route means thal the route has o minimum number of hops from a source
node 1o a destination among all valid ronles, A minimum-energy route means that the
route needs minimum energy to relay data from a source node 10 a destination among all
valid routes, Both of these two lypes of routes save cnergy of routing data, The route
selected 10 relay the data, however, may be used frequently and the nodes in the route will.
therefore, drain energy rapidly. To prevent the nodes {rom dying prematurely which may
discommect the network and degrade the network performance, the power consumption
nceds to be belter balanced among the nedes [57, 119, 120, 121]. BRFC, \herefore, sclects

the route buased on residual node energy consideration.

At each round, different nodes become CHs, with the result that the cached backbone
routing information needs to be updated in the new CH for cach round. Fach time a CH iy
ready to send the aggregated data to the sink, it broadeasts a routing request. To avoid any
loop and to reduce the flooding, it ouly allows the CHs nearer the sink (which can be
determined from the cluster 113, a lower cluster 1T means a eluster nearer the sink) w0 relay
this request. When the sink is reached, the routing information is sent back to the source
CH, which usually receives more (han one valid route. The source CH then selects a route
based on residual node energy. The minimum residual energy of the CH in the route is sct
as a comparalive parameter, The route with the maximum value is selected 10 relay the
data. This selection exempts the CHs with lower residual energy from relaying data and
better balances power consumpion among the CHs and roules [96, 97, 119]. A more

detailed example is shown in Iig. 4-8. The source CH called CHS may {ind some routes to
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reach the sink. 'To mect the requirement of route selection in BRPC, the one consisting of
(CHS-1-4-7-5ink} will be selected to relay the data.

4.2.4 Equalizing cluster liletime

4 7
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Energ}':ES%_’_'_ ,,,,,, N 92 T
i \ . . @sink
B SO s Pguc; 10 /
! sse ® 16%
¢
;,,/'2
]
CHS \
3 o
[, ] >
w5 Tat% 9 %

Figure 4-8, Selecting route bascd on residual node encrgy consideralion,

Most existing clustering algorithis organize clusters with similar size without considering
the directional data traffic towards the sink, thereby failing to optimize energy efficiency.
BRPC (herctore aims at equalizing cluster lifetime by taking directional data traffic ino
account, BRPC organizes clusters in such a way that their sizes are proportional to their
respective total power consumption. The total energy stored (¥ Eqyur) 10 any cluster /
divided by its total power consumption (3 P} is the hfespan of the cluster, 11 (4.5) can

be observed. in which const means constant, the cluster lifetimes are equalized.

2 Ecyes
i :
z ﬂ.’.!a.ﬂ:é.l'

I

= CoMst (4,5)

This subsection details the method to equalize the cluster lifetime. Following the analysis
of the relationship between the cluster sive and the directional data traffic towards the sink,
the nter-cluster connectivity and routing rule in BRPC are addressed. The relationship

hetween the data traffic and the cluster sizes is then invesiigated to equalize the cluster

lifetime,




1. Cluster size and directional data traffic

Directional data traffic requires the clusters neur the sink to relay more data in a WSN,
where the CHs send data o the sink over multi-hop routes. From this point, the clusters
ncarer the sink need o be farger, so that the higher total cncrgy in the clusier commpensates
for the higher burdens of the CHs. However, the increase in cluster size will accordingly
mnerease the total power consumption of the intra-cluster communication, as move member
nodes need to send data to the CH [54]. This subsection detcrmines to ingecase or decrcase
the cluster size when it is closer Lo the sink by discussing the relationship between the

cluster size and the directional data waffic,

T 1% assumed thai there are two clusters, as shown in Fig, 4-9, named A and & with o1 and

n nodes {including the CH) respectively, Each node in both clusters has initial energy of
E.:ﬂl'r.:m'-

The CH of cluster M (CHM) receives i units of data from other CHs, After collecting all
data from 11s member nodes, CHM performs dauty ageregation in the ratio of 421 and then
relays the aggregated data and the data from other CHs (o CAN. CHN also carries out the
same process: (1) Receiving the data [rom CHM, (i) collecting data from its member

nodes, (1i1) ageregating the collected data and (iv) relaying the aggregated data and the

data fraom CHM 1o the next hop.
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Figure 4-9. Cluster size and directional data traffic,
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To simplify the analysis without losing generality, it is assumed that:

(1) A node needs P,., power to receive data;
(i) A member node needs P,,, power to transmit data to the CH;
(iit) A CH needs P,g, power to aggregate data; and

(iv) A CH needs P4 power to transmit aggregated data to next hop.

To equalize the cluster lifetimes of M and N, (4.6), (4.7), and (4.8) must be observed.

m*E. n*E.

initial __ initial

>.P, 2P 4.6)

rea tra rea

S P =i*P,, +(m-D)*(P, +P,)+m* P, +(m*A+)*P,,

4.7)

D P =(m*A+D)*P,, +(n—-1)*(P,

rea

o TP )+n*P  +((m+n)*A+i)*P,

™A (4.8)

where ZP,,, and Z P, are the total power consumption of clusters M and N, respectively.

Without loss of generality, it is further assumed m=135, P,ea:50><10'9 (W), P,,a=75><10'9 (W)
(transmission power for S0m hop distance), Pj4=1 14x10”° (W) (transmission power for
80m hop distance), and Pagg=5x10'9 (W), (4.9) can be acquired from (4.6)-(4.8). The
relationship between the data amount i that CHM receives from outside, data aggregation

rate A and the cluster size n according to (4.9) are shown in Figs. 4-10 and 4-11.

P= 36900* A +125*n—1875
(n—15)*164

(4.9)

Fig. 4-10 (when n<m) shows that the lifetimes of cluster M and N can be equalized only
when the received amount of data i by CHM is less than zero, which obviously is
impossible. Fig. 4-11 (when n>m) shows that when N has a larger size than M, the lifetime
of M and N can be equalized when such amount of data i have been received by CHM
from other clusters at different values of 4. Therefore, it can be concluded that to equalize
the cluster lifetimes as the clusters get closer to the sink, more nodes need to be assigned

to the clusters that are nearer the sink.
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2. Iuter-cluster connectivity and routing rules

It is impoertant to gouarantee the connectivity belween the CHs as all CHs reed to relay the
aggregated data 1o the sink. This conncctivity is relative fo the transmission range of the
nades. As the transmission range of the node 15 variable within the maximum (ransmission
range, the selected runsmission range among CHs may vary 10 ensure a certain degree of

conneclivity ard to control interfercnce [42].

To reduce the interference from other clusters, It s suggested that the minimuam possible

power level 1o reach a destinanion is used [30]. As the route that every CH applies 1o relay
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data 1s always directional towards the sink, BRPC only allows the neighhoring CHs nearer
the sink to relay the message of routing request, thereby reducing the flooding during the

inter-cluster routing discovery and resulling in a more “direct’ route to the sink,

The cluster sizex increase when the clusiers are closcr to the sink. This size increment,
however, needs to be subject to the limitanion of the maximum transmission range of the
scnsor nodes. Otherwise, some dala may be lost during the data communication phase. To
syarantes the conmeclivily between clusters, a CH at least needs to find one CH within its
maximum transmission range. This guestion has also been addressed w Geographical
Adaptive Fidelity {GAF) [122]. The nodes in GAF are virtually organized inlo square
grids with the size of rxr. In each grid only one node is active. To guarantee the

connectivity between the grids. the inter-cluster transmission range & = (1++/5)x r needs to

be assigned 1o the active nodes, Unlike the square gnds in GAL, the grids in BRPC are
rectangular, The maximum transmission range of the nodes i1s referred to as Ko To
guarantee that each CH can find at least one neighboring CH which is nearer the sink, the

cluster size should be subject to this Ry

It is assumed that there are four neighboring clusters. as shown in Fig. 4-12. The clusiers
are named according to their sides, L.e. a cluster with sides @; and & is designated ab,.
Clusters @by, appb; ey are the neighboring clusters of cluster a,..8,., that are nearcr the
sink (judged from the cluster D). To guarantee the inter-cluster connectivity between he

CHs in this proposed algorithm, (4,107 must be observed.

R, >min(fb,  +(a +a Ve, o b, bV \fle, +a, ¥ b +b)) @10

AN A

3. Data traffic and cluster size

It 15 now known that to equalize cluster litetimes, the cluster size needs to increase the
¢loser it is to the sink. This subsection {urther discusses the method to equalize the cluster

lifetime. The clustered WSN. as shown in Fig. 4- 13, 15 used to cxplain this method.
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In Scction 4.2.2, it has been described thal the nodes in BRPC are geographically

orgapized mmte rectangular clusters by the sink ay: Cluster_f Gmun{xh, min(y), maxix),

max(y,}). Many clustering algorithms assume clusters with circular shape, Circular

clusters as shown in Fig, 4-14, unfortunately, either canneot cover the entire network ([Fig.

4-14a)) or are averlapped by cach other in covering the enlire network (Fig. 4-14(b)).




The identical sensors are uniformly distributed in the network with a node density of ny.
The expected number of nodes n Lhe cluster a5, 15 therelore np<axh;, Fach node has
initial energy Egwm. To simplify the analvsis, it is assumed that each cluster selects the
node al the centre of the clusler to be CH. The transmission ranges of intra-cluster

communication and inter-cluster conununicalion of cluster g, are r; and K respectively.

{a) Some aress are nol eavergd (b} Clusters are overlappd

Figure 4-14. Circular clusters in a WS,

The power consumption of a typical cluster £, . consists of three components as shown

in (4.11);

P(_.'J'r,r_l.'re‘r = H'rz.'m—c.'uﬂgr iz PAgg -+ ﬁﬂ!ﬁr—{‘n’&ﬁﬁ.’r 40
where
I F:.Hrm atipsiei 1S lhe HrCr COIIS'I.U'HP[IGTI al mtra-clustet commucalion,

il. P, is the power consumption of the CH 1o aggregate the collected data; and

. P,

Trter— ol wiier

relative to the data tralfic.

is the power consumption of the inter-cluster communication. which is

It is assumed that each node gencrates an a-bit data message and the parameter of

transniitter altenualion a is 2. Then, for cluster aby, £ ... and £, can be further
expressed by (4.12) and (4.13) respectively, in which e, is the radio dissipation of

argresating data,
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TR
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where (g, xb, xn, —=1)xaxe is the power consunption of the CH when it is receiving

data from the member nodes and « = Z‘(ﬂ 2 xrﬁ') 15 the power consumption of the

apxl e --]

member nodes when they are {ransmitting data to the CH.

P

Apy :ar' ij ani Xeﬁgg {413

Unlike the power comsumption of inira-cluster communication P, and ol

Ieiva cliesrer

aggregaling data £, . which are only related to the respective cluster itsell, the power

consumption of inter-cluster communicanon £ 15 telated 1o the data (rafiic.

Tafes clumer

[t has been stated that the data traffic is directional towards the sink and only the
neighboring clusters nearer the sink can relay the route reguests during the backbone
outing discovery phase. The following outlines the analysis of the data traffic in

neighboring clusters.

It is assumed that there are four neighboring clusters. as shown in Fig, 4-15 When the CH
in cluster @; ¢b; ; is ready to transmit the ageregaled data, it flovds a route tequest towards
the sink and only the CHs of the neighboring clusters ey, adng, and a; by will relay this
request. This process will be itcrated until the sink is reached and the rowting information
15 sent back o the CH of cluster a5, 1o simplify the analysis. it is assumed that the
probability of a neighboring CH nearer the sink of cluster 4.6, to relay the request is f,
This probability, however, is a dynamic parameler [or realistic application or during the

simulation. The total data of the CH in cluster afy ( Daia, , ) that need 1o be relayed 1s
separated into the data that the CH receives from others ( Riab j]) and the data tha the

CH transmits to the next hop {T(a:.h_, 1), as shown in (4.14).

Data,, =Tl(ab )+ Riab} {4.14)

The total dara traffic that the CH in cluster eb; receives from its neighboring cluster 1s

shown n Table 4-1.
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Figure 4-13, Different data traffic in neighboring clusters.
Table 4-1, The possible data ratfic to cluster ab;.
Souree CH Probahility of the data traffic sent to ab;
CH in o (CH g 00) Fftx A+ (either by one hop of By o hops)
CHgjy A by one hop)
CHiog f1 iby one hop) |
GH sy ]
Frou Table 8, (4. 15) and (4. 16) can he acguired:
Rlaby=Tla, b, )x F+Tiah xf
+1(a, b, )< B+ 2xT(a b, )% ) (4.15)
- Z Z(f_;‘+j—rn—n]xamaﬂ)<‘f"”"m i
thri=Li s 1
Ttab)=Axa xh xn,xa+Rlab )=
{4.16]

=Axa xbh Kn, Ka+ Z Z{(.{'+ Jom—mixa a x g

[mzi=1)1m= =10

The total power consomption of the CH A

Terter—clundier

in cluster @b to receive dala

Riahb,)xe, and to transmit data T(al.bj.}x[er +e xRI}z) 15 then determined by (4.17).

Eoil
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Hm'nr cluster = R(quj x‘E.r + Tlah;] x(er 1) e‘mq xj%‘,i2 ) (4.1 ?_1
The total power consumption of cluster b, shown in (4.11) can therefore be obtained.

The 1otal initial energy store in cluster ah is (4, 18):

EC‘I’H.‘-’MJ‘ = ﬁf X b_,l x ”.'.2' x E:}lfrf'u.l' (4 18)

By acquiring (4.19), the cluster lifetimes are equalized.

o
_; e CORsr 4.1

Clavter

4.2.5 Reducing power consumption by maintaining CHs in central area

of a cluster

Some existing clustering algorithms bhave maintained the CH in the central area of a
cluster by re-clustering nodes with resullant nipple effect. This maintenance, unfortunately,
fails to optimize the energy efficiency of the network, as stated in Section 2.2.2. This
subsection therefore discusses the process o save energy by maintaining a Cll in the

central area of a cluster through re-elustering without resultant ripple effect.

Ay slated in Section 4.2.2, the cluster lifetime in BRPC is separated mto two periods.
During periodl, only the nodes in the central area of the cluster will be considered for CH
selection during each round. When any node o the central arca has residual energy lower
than the threshold, period! expires and perfod2 initiates. All nodes in the eluster
participate in competing to be the CH according to the residual node energy, This
threshold, however, needs o be optimized. If' it is too large, the nodes in the central area
of the cluster cannot serve as CH long cnough, thereby failing 10 maximize energy
efficiency. IF it is too small, the nodes n the cenwral area will die prematurely during

period2, thereby dezrading the network performance.
1. Optimizing the service time of the CL1 in the eentral arca of cluster

A cluster shown in Fig. 4-16 is used o discuss the optimization of the service time of the

CH in the central area of the cluster. The cluster with size of mxn receives ¢ units ol dala
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from ather clusters. The nodes are uniformly distributed in the cluster with a node densily
of sy and cach nede gencerates an e-bit data message. The data are ageregated into a ratio
af 1. Therefore, the data amount that the CII wansmits t© the next hop is
(i+axmxnxng=4). The intra-cluster communication range is & and the inter-clusicr
communication range is £, The central area is defined by the radius of r and other areas
are defined as outside area. The mitial energy of each node is Euuee and Lhe energy

threshold of period? 15 Eyennon

hutside
area

Fruteeatn b 4

Figure 4-16, Two periods of the cluster lifetime,

It has heen staled that the value of Eoeso should be optimized to maximize the service
time of the CH when it is in the ceniral area. This optimum value means that all the nodes

in the cluster will almost use up energy simultanecusly,

The components of different power consumptions are defined in (4.2()-(4.25) with the

definition of 2ach item shown in Table 4-2.

The tital power consumption of the clusicr £ is

{lnwter

=ixe, i taxmxnxn, xi}x{e.. +e ><,£1""__]J+ﬂt><(Jrn:n:n>~<nrF —1)

RiTLH

P

Clusrer

{4.20)

73

x(er (=3 wef” )+a X{mxaxn, —lyxe +axmrnxn, KE

The total power consumption of the CH £, is:




P, =iXe +(i+axmxnxn, x/l)x(e, +€amp><D")+

(4.21)
ax(mxnxn, —1)Xe, +axXmxnxn,xe, .
Table 4-2. Meaning of each item in power-consumption components.
Items Definitions
Plusier Total power consumption of the cluster
Pcy Total power consumption of the CH
P(central)l Total power consumption of the central area in period! when
the CH is in this area
P(central)2 Total power consumption of the central area in period2 when
the CH is not in this area
P(outside )l Total power consumption of outside area in period! when the
CH is not in this area
P(outside)2 Total power consumption of the outside area in period2 when
the CH is in this area
ixe, Power consumption of the CH when receiving data from other

clusters

( i+axmxnxndx/1)><(e,+ea,,,p><D2 ) |Power consumption of the CH when transmitting data to the

next hop

ax(mxnxng-1)x( e,+ea,,,pxa’2 ) Power consumption of the member nodes when transmitting
data to the CH

ax(wxr’ xXng-1 )><(e,+e,,,,1,,><d2 ) Power consumption of the member nodes in the central area

when transmitting data to the CH

ax{mxnxng1)xe, Power consumption of the CH when receiving data from
member nodes

AXMXAXNGXE4gq Power consumption of the CH when aggregating data

The total power consumption of the central area with radius of r in periodl when the CH

is in this area P(central)l is:

P(central)l =ixe, +(i+axmxnxn, x/l)x(e, + €, xD)" +a><(f:><r2 Xn, —1)><
(4.22)
(e, +eamp><d")+a><(m><n><nd —DXe, +axmXnxn, xe,,

The total power consumption of the central area with radius of r in period2 when the CH

is NOT in this area P(central)?2 is:
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P(central)2 = ax (ﬂ'X r’xn, - 1)>< (et + €omp Xd") (4.23)

The total power consumption of the outside area in period! when the CH is in the central

area P(outside)l is:

P(outside)l = a x ((m Xn—mxr’ )x n, — l)x (e, +e,, Xd" ) (4.24)

The total power consumption of the outside area in period2 when the CH is NOT in the

central area P(outside)2 is:

P(outside)2 =ixe, +(i+axmXnxn, x/l)x(e, + €, xD”)+
ax(mxnxn, —l)xer+a><((m><n—ﬂ'><r2)><nd —1)><(e, +€am,,><d") (4.25)

+axmxnxn, Xe,,

It has been stated that when periodl expires, the minimum residual node energy in central

area of the cluster is Ejyesnora. Periodl can then be expressed by (4.26).

2
X" Xny X(Ey i = Epresnots) (4.26)
P(central)l

Periodl =

The lifetime of the nodes in the central area in period2, which is referred to as

Period2(central), is described in (4.27).

2
TXT XNy XEy ol

Period 2(central) = (4.27)
P(central )2
Period2 can be expressed by (4.28).
— 2 — / ]
Period? = (m XH—TTXF )x ny, XE, .., — Periodl X P(outside)l (4.28)
P(outside)?2

To make the nodes in the central area and the outside area of the cluster have the same

lifetime, (4.29) must be observed.
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Period 2(central ) = Period 2 =

X Xn,XE, , . (m Xn—mxr )X ny X E, ... — Period1x P(outside )l (4.29)
P(central)2 P(outside)?2

It is assumed that a=1(bit), m=n=50, n,=0.01 (node/mz), 2=0.2, Eininia=2 (J), d=75(m) and
D=120(m). Equation (4.30) can then be derived from (4.29), in which mI, nl, m2 and n2
are expressed by (4.31), (4.32), (4.33) and (4.34), respectively.

ml m2
m._me (4.30)
nl  n2
ml=nxr’xn,xE, . =314x107xr*xE, ., . (4.31)
nl= P(central)2 =3.33625x107° xr* —1.0625%x10™’ (4.32)

m2=(mxn-axr)xn,xE,.  — Period1x P(outside)l = 50-6.28x107 x r* —
1.6014%x107 x r* =2.095165x 107 x r* = (8.007x 107 x r* +1.0475825 10" X r* )X E,, o0
i%36.9568x107* +2.81659x107® +3.33625x10° x r*

(4.33)

n2 = P(outside)2 = 36.9568 x10™* xi +5.47284 x 107 - 3.33625x 107 x r* (4.4)

Equation (4.35) can be derived from (4.30), in which m3, m4, n3 and n4 are expressed by
(4.36), (4.37), (4.38) and (4.39) respectively.

3-md
nixm2=n2xml=E, ="M (435)
n3—n4

m3=50-6.28%x10"xr* (4.36)

1.6014%x1077 x r* =2.095165x107"" x r*

mé = - — — ——— 4.37)
1%36.9568 %107 +2.81659x107° +3.33625x107° x r
3= (36.9568x107® xi +5.47284x 10 —3.33625x 10 x r*)x 3.14x 102 x r* 438)
3.33625x107° x r* —1.0625x107’ '
8.007x107® x r* +1.0475825x107"" x r*
4.39)

n4 = - = o3 90 2
[ X36.9568x107° +2.81659 %107 +3.33625%x107 x r
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‘The result of (4.35) 1s shown in Fig, 4-17. This means that for a cluster with the size ol
S0mx30m and with 2J imieial energy in cach node, the nodes in the network will die
simultancously when the condition of Fig. 4-17 1s satisfied. The relationship between the
radius # of the central arca and Eupeone has now been built and the nodes in the central
ared can serve as CH [or as long as possible.

When r=15
7= —— = =

El!l'arrrkm’d'
e

0.1 .

ll-iquhqpm_u__’-

ﬂﬂ 20 +t i & Finp 124

Dhrtar o awe prd roce fved frome omdside, 1
Figure 4-17, Relationship between £pregney and £ when =15

2. Power consumptiion of intra- and inter-cluster communication

This subsection discusses the improvement gained by maintaining the CHs in the central
area of the cluster, The malhemalical model is shown in Fig. 4-18, Cluster M and N are
ncighboring clusters with size of a;xf and ayx#b respectively. The CH in M (CHM) is
supposed (o be at the centre of the clusier. The coordinates of CHAM are ({a;+a2)/2, O). 1t is
assumed that CHN is the next hop of CHM, The radius of the central area in cluster N is R,

Other arcas in cluster N are referred to as outside areas.

The lifetime of cluster N is separated into two periods. Period! only selects the nodes n
the ¢central area of the cluster 1o be a CH. When any node reaches Eyeapan. period] expires
and perfod2 commences. Because the CH role is rotated frequently, the higher burden of
the CH is therefore well distributed among the nodes. When the residual energy of any
node in the central area m pericd! reaches Eyrpos almost all nodes in the central arca

will have similar residual energy as Eoonag. Therefore, the nodes in the outside arca have



more residual energy than those in the central area and thus have a greater chance to be

CH during period2.

]

Clester M |

i fapFa, W20

G0 N

PN L

X

Outside
area

Figure 4- |R. Mathemanical model of mtra- and inter-cluster communication.

This means that during perodi, the power consumption of intra-cluster is reduced.
However, this power consumphtion is increased in period2. One can therefore imagine that
BRPC does not save power consumption of intra-cluster communication significantly.
Also, from Fig, 4-18, 1t cun be scen that, the power consumption of locating the CH n the
outside wrea of the cluster s similar when it is randomly located in the whole cluster. This
mecans that, BRPC only amproves encrgy cfficiency of inter-clustering communication

during periodi. The lollowing discusses this improvement,

The power consumption of the communication between CHM and CHN is only affected
by the distance af the hop. To simplify the analysis, the following equations only discuss
the decrease in the expected square of the distance between these two CHs, During
periodl, the CH is located in the central arca of cluster N, (4,40} can then be obtained.

When CHN is located in the ceniral area of the cluster, the expected square of the distance

of this hop hetween CHM and CHN E(d et} is shown in (441

Syt el {4.40)
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T 2 2
[/R-—x' _a ta, )
E{x [[x 5 j +y ]dy

ZRZ
2

E(d 2cerllrul) -

. ] (4.41)
- (f (R“ sin” rcos’ +£4—(a1 +a,)’ sin’ t+R?sin4 t—R(a, +a,)sin’ tcosr}dt)/(%sz

. R’ . R o . - T
:(R4 fﬂsm' rcos’ tdt+7(aI +a,)’ f”smz tdt+—§— f”sm4 tdt - R’(a, +a2)f1§m tcostdt]/(Esz

4 2 4 2 2
= —R—IZ'+R—(a1 +aﬂ)2ﬂ-+0+.R_;z- /(ERZJ:(ZRA +£R2(a] +a7)2)/(£R2):_R_+M
8 8 ) 8 2 4 8 . 2 2 4

The traditional method rotates the CH role according to the residual node energy of the
node so that the CH will be randomly located in the cluster. When the CH is located in the

cluster randomly, the expected square of the distance of this hop between CHM and CHN

E(d*vandom) is shown in (4.42):

a2/l 2
fi g[[%} oo

E(dzrandom)= 2 b
a,2 (4.42)
2
_ b3a2+ba23+ba2(al+a2)2 / aogJ:£+£+(a,+az)z
24 24 8 “2) 12 12 4

The decrease in the expected square of the distance by maintaining the CHN in the central
area of the cluster is then (4.43):
P a’ R

Edzran om) — E dztemra =t ———— (443)
(@ rion) = (o) =502 72

4.3 Performance evaluation

To evaluate the performance of BRPC, two existing clustering algorithms are used for
comparison. One combines LEACH_C and LEACH_F [14]. It applies LEACH_C to
acquire better cluster organization and applies LEACH_F to rotate the role of the CH
through re-clustering without ripple effect to achieve higher energy efficiency. This
algorithm is referred to as LEACH_C_F. The other clustering algorithm groups the nodes

into clusters with similar sizes. The clusters are fixed and the CHs send data to the sink
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over a multi-hop route, which is similar to [36]. This algorithm is referred to as Similar

Size with Multi-hop Routes (SSMR).
4.3.1 Simulation scenario

Two hundred identical sensor nodes are uniformly distributed within an area of
200mx100m, with the data sink located 10m away from the network. Each node has 5J
initial energy. The maximum transmission range of the node is limited within 140m.
Within this limitation, the node can vary its transmission range. The energy dissipation of
aggregating data, eag,, is Snl/bit/signal [14]. The data size is fixed at 500 bytes, including
the packet overhead. The operation of the algorithms is broken up into rounds, where each
round begins with set-up phase, followed by a communication phase when data transfers
to the data sink occur. The number of frames assigned to each cluster is based on the

cluster size.
4.3.2 Assessments requirement
1. First-node lifetime and network lifetime

The network lifetime has traditionally been measured up to when any node dies (first-node
lifetime). This measurement provides a standard to evaluate how power consumption is
balanced throughout the network. Network lifetime has also been measured to the time
when all nodes have died (last-node lifetime). However, although the connectivity
between the network and the data sink is usually not always lost after the first-node
lifetime, it usually has been lost long before all nodes have died [54]. Besides measuring
the first-node lifetime, this simulation also defines network lifetime to evaluate the
algorithms. In BRPC and SSMR, network lifetime means the time up to loss of the
connectivity between the network and the sink (connectivity lifetime). In LEACH_C_F,
network lifetime means up to only 50% of nodes remain live (50% availability lifetime).
This is because unlike the CHs in BRPC and SSMR, which relay data to the sink over
multi-hop routes, the CHs in LEACH_C_F transmit data to the sink over single-hop routes
so that it is assumed that all nodes in LEACH_C_F can access the data sink. This means
that the nodes in LEACH_C_F do not have the limitation of maximum transmission range
(140m). This 50% is determined by the maximum transmission range of the node and the

network size.
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2. Total remaining energy at different lifetimes

The measurement of the total remaining energy at first-node lifetime and network lifetime
evaluates the balance of power consumption throughout the network and the energy

efficiency of the network.
3. Distribution of average residual node energy at network lifetime

The distribution of the residual node energy is an important parameter in measuring the
balance of power consumption throughout the network. If it is well balanced, all nodes
will have low residual energy at network lifetime. Otherwise, some nodes will have high

residual energy.
4. Data packets delivered to the sink

The number of packets that are delivered to the sink is measured to estimate the
effectiveness of delivering data packets. Two types of data packets are defined. The first
one is the entire-network data, which are delivered to the sink from the entire network
where all sensors are alive. The second one is the partial-network data, which are
delivered to the sink from part of the network where sensors are still alive after first-node
lifetime. Adding the entire-network data and the partial-network data are the network data

that are delivered to the sink up to network lifetime.
5. Energy of delivering each aggregated data packet to the sink

Dividing the total consumed energy by the total number of data packets that the sink
receives up to the first-node lifetime is the actual energy of delivering each aggregated
data packet, as measured by most traditional clustering algorithms. Besides measuring the
actual energy of delivering each aggregated packet, this simulation also evaluates the
energy of delivering each aggregated packet by dividing the total initial energy by the
total number of the data packets that the sink receives up to network lifetime. The reason
behind this is that, though the network still has some residual energy at network lifetime,

this energy cannot be used any longer and is wasted.
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6. Details of live nodes up to network lifetime

The directional data traffic towards the sink makes some clusters die prematurely in
SSMR and LEACH_C_F. If the power consumption is balanced throughout the network in
BRPC, the lifetimes of the clusters will be the same or quite similar. The measurement of
the live nodes up to network lifetime shows how the nodes die at different rounds. This

measurement provides more information on the performance of the algorithms.
7. Details of fraction of energy not yet used up to network lifetime

The measurement of the fraction of energy not yet used up to network lifetime shows how
energy is consumed at different rounds. This measurement also provides the comparison
of energy efficiency in delivering the packets. The rate that the network consumes energy
may change after first-node lifetime in LEACH_C_F and SSMR. In LEACH_C_F, this
rate will become smaller when some nodes die. However, in SSMR this rate is relative to
both the number of dead clusters and the increment in power to reach the sink. This higher
power is needed to guarantee the data being delivered to the sink. In BRPC, the cluster
lifetime is separated into two periods, as described in Section 4.2.5. Periodl maintains the
CH in the central area of the cluster and has higher energy efficiency than that in Period?2.

All information is expected to be reflected in this measurement.
8. Details of aggregated data packets delivered to the sink up to network lifetime

This measurement shows the total number of aggregated data packets that are delivered to
the sink at different number of rounds. The rate of receiving packets may change after
first-node lifetime in all algorithms, as the dead clusters will no longer deliver the data to
the sink. However, this rate hardly changes in BRPC, as virtually no node will die

prematurely before the network lifetime.
9. Impact of transmitter-amplifier parameter, e,

Some examples in Section 2.2.1 show that the increment in transmitter-amplifier
parameter, eqn,, exacerbates the impact of directional data traffic. Evaluating the
performance of the algorithms at different e, values not only assesses the effect of egmp
on the directional data traffic but is also helpful to realistic application, as different

reflected in different literature and applications [14, 37].
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4.3.3 Simulation Results

1. First nade lifetime and network lifetime

It has been stated in Section 4.2.4 that a cluster has three components of power
consumption. For the first two, the power consunption of intra-cluster communication and
aggregaling data is only relative to the respective cluster. For the third component. the
power consumption of inter-cluster communication is relative to the directional data
traffic. The dala aggregating rate 2 greatly affects the data traffic in inter-cluster
communication. When =0, no data will be velayed (o the sink so that no inter-cluster
conumunication will occur. Of course. 10 Unpact of directional data traffic exists. When
A=1, no data aggregation will be performed and the impact of directional data traffic will
become maximum. Therefore when % increases. the improvement of BRPC is expected 1o

he more significant.

The first-node lifetime of different algorithms, as shown in Fig, 4-19, decreases as A
increases. When & increases, more data need 1o be sent to the sink, thereby increasing
power cotsumption of inter-cluster communication and shorening the lifetime. When
+=0.1, the lirst-node lifetime in LEACH_C_F, 55MR and BRPC is 3874, 5544 and 8150
rounds respectively, BRPC shows a 47% Improvement and a | 10% improvement over
S5MR and TLEACH_C_F respectively, When 2=08, (he ratio between the first-node
tifetime of LEACH C_F, SSMR and BRPC becomes 1:1.69:4.98. The improvement is

mare sigmificant than the one when #=0.1. which 1s 1:1.47:2.10,

9["]“ !__.._..... Sy IS

--#:-§SMR  —e—BRPC  ~ a— LEACH CF

P
M| )

First-node lifetime
{Rounds of data collection)

0 -
0.1 0.2 0.3 0.4 0.5 0.6 0.7 18

Data aggregation rale,

Figure 4-19. First-node lifetime at different duta aggregation rate, A,



Fig. 4-19 also shows that SSMR presents longer first node lifetime than LEACH_C_F.
This is becanse that the multi-hop routes used to send dala to the sink in SSMR is more
energy cfficient than the single-hop routes in LEACH_C_F, Furthermore, this result also

shows thal the multi-hop routes can better endure the impact of the dircetional data tralfic.

After the first-node hifetime, though some areas are oul of coverage dug Lo the premature
node death, the network 1s still sending data to the sink. The network lifetimes of these
three algorithms are shown in Figo 4220 When #=0.1, the ratio between the network
liletime of LEACH C F. S5MR and BRPC is 1: 0.96: .03, When 2=(.8 Lhis ratio
becomes 1:0L7%: 1.70. This result again shows that when 2 increases, the improvement of

BRPC becomes more significant,
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Figure 4-20. Network liletime at dilterent data aggregation rate. 1.

The first-node lifeume in SSMR 15 longer than in LEACH_C_F yet the conncchivity
lifetime reverses {refer to Fig. 4-19 and Fig, 4-200. In LEACH_C_F, (he farthest cluster
dies carlier than other clusters as 1t necds higher ltansmission power to reach the sink than
others, The impact of the directional data traffic becomes smaller thercafter as other
c¢lusters need shorter transmission ranges o reach the sink. In SSMR, the cluster nearest
the sink dies earlier, Its neighboring clusters, which still have residual cnergy and arc
farther away from the sink, need to increase transpussion power to reach the sink to avoid
any data loss, thereby nereasing the power consumption, Therefore, the impact of
directional dara traftic becomes more serious to SSMR than ¢ EEACH _C _F after first-
node lifetime, making S5MR have a longer first-node lifelime yel a shorler nerwork

lifetime compared to LEACH_C_F.
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Fig. 4-21 compares the first-node lifetime and network lifetime of cach algorithm as a
fraction of the network lifetime of BRPC. I can be seen that the first-node lifetime and the
network lifetime of BRPC is quite similar as the ratio between them is almost 100%.
BRFC actually balances power consumption throughout the network. Furthermore, BRPC
presents longer first-node lifetime and network lifetime than LEACH_C_IF and SSMR,

This improvement becomes more sigificant as A increases,

Fraction of other [fetimes out of network lifetime of BRPC

1005 3 * B R — '
Bin l
¥ a0n " |
= T T
£+ .
0% | - N e R
E S R - L GE ENPTCR TS A= e *
W | Bl N T %
ﬂf\.’c . 1 n S — 1 sy
{1 n.2 L) .k ns fi.a .7 LR ]
Data aggregation rate, &
< ope c SEAM First-mode e binwe c-m- - BRPC First-oode lifetime s LEACH O F First-nocke Bifutime
—— S5ME_Metwork life lime —a— BRPC_Neimork lifel ime ——d— LEACH_C_F_Meiwork hifetinme

FFigure 4-21. Fraction of other lifetimes out of network lifetime of BRPC.

It can also be scen from Fig. 4-21 that, the difference between the (irst-node lifetime and
the network hifetime in LEACH_C_F s greater than in S5MR. This result again shows

that & multi-hop route receives less impact from the directional data trallic.
2. Total remaining energy al dilferent lifetimes

The total remaining energy at first-node Lifetime is shown in Fig. 4-22. A lower remaining
energy means belter balance of power consumplion throughowt the network. BRPC
balances power consumption much better than LEACH_C_F and SSMR as it prescnts
much lower remaining energy. When 2=0.1. BRPC only remains 92I energy in the
network, whereas LEACH_C_F and S5MR remain 46171 and 3881 energy respectively.
This improvement becomes more significant when A=0.8, at which LEACH_C_F, SSMR
and BRPC have 645, 6511 and 1011 energy remained respectively. This is because when
#=01.8, the dircctional data tralfic makes the first node die much earlier than when 2=0.1 in

LEACH C_F and SSMR. Some researchers deline that the network dies when any node
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runs out of energy [36]. The assumplion hebind this is that when any node dies, the
network  perfonmance 15 deleriorated.  From this  definition, BRPC  presents an

improvement by more than 2 times compared to LEAC H C IFand S5ME when A=0.8.

Remaining energy at the first-node lifetime
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Figure 4-22, Remaining energy at the first-node lifetime,

The remaining energy at network lifetime is shown in Fig. 4-23. This remaining energy is
also referred to as wasted energy, This is because after the network lifetime, this
remaining encrgy cannot be used by the network any longer. BRPC has much less
remaining cnergy than LEACH C F and S5MR, Comparing Fig. 4-22 with Fig. 4-23, it
can be seen that at firsl-node lifetime. SSMR has less remaining energy than
LEACH_C_F whereas it inverses al network lifetime. This is because more energy is
consumed after the (rst-node lifetime 10 LEACH_C_IF than in SSMR. The performance of
LEACH _C_F and S8SMR will be {urther discussed by evalualing the total delivered data

packets and energy in delivenng each data packet.
3. Distribution of average residual node energy at network lifetime

The distribution of the remaining node energy at network lifetime when =004 is shown in
Fig. 4-24, It can be seen that afmoest 70 and 20% of the nodes in BRPC have residual
gneray helow 105 and helow 2088, respectively. However, in LEACH_C_F and S5MER,
more nodes bave stgnificant energy feft. In LEACH_C_F, about 50% of nodes have mare

than 40% energy left. In S5MR, more than 50% nodes have more than 305 ecocrgy left.
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This means that the power consumption is much better halanced in BRPC than in

LEACH C Fand S5ME.
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Figure 4-23. Fraction of energy remaining and wasted at network Lifetime,
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Figure 4-24, Distribution of residual node energy al network lifetime,
4. Data packets delivered 1 the sink

The total number of aggregated data packets delivered to the sink up to network lifetime 18
shown in Fig. 4-25. BRPC displays the best performance of delivering data packets. When
7. increascs, the size of the aggregated data packet becomes gecater. Encrgy of delivering
each packet in inter-cluster communication increases so that the total aggregated data
packets delivered to the sink decreases. When & = 0.1, LEACH_C_I, 55MR and BRPC

deliver 353406, 59016 and 65270 aggregated data packets respectively with the ratio

L



hetween them of 11.07:1.18, When 2 = (0.8, this ratio becomes 1.07:1:1.84 and the

improvement of BRPC is more significant than when % = 0.1,

Total delivered netwuerk data (up ta network Bfetime)
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Figure 4-23. Number of ageresated network data delivered to the sink.

From Fig. 4-23, it can be seen that TEACH_C_F delivers a similar number of aggregated
packets as SSME up to nelwerk lifetime, This, however, does not necessarily mean that
the performance of delivering data packets is similar in LEACH_C_F as in SSMR, as they
send dilferent number of partial-network data packets and entire-nelwaork data packels Lo

the sink.

Fig. 4-26 presents the fraction of tatal delivered partial-network data out of total delivered
network data. Among these three aslegorithms, BRPC perfooms much betler than
LEACH_C_F and §8MR. This fraclion in BEPC is extremely small, which means that
almost all data packets that BRPC delivers o the sink are [rom the entire network,
However, 1t 15 guite signilicant in LEACTL C_F and S5MR, especially in LEACIL C F.
When 2=04, 61%, 35% and ()% packets delivered to the sink in LEACH C_F, S5MR and
BRPC arc from the partial network, respectively. Though LEACH_C_F almost Jelivers
the same number of network data Lo the sink as S5ME up to network lifetime, as shown in
Fig. 4-25, the higher fraction of the partial-network data that it delivers to the sink

presents a poorer performance of delivering data compared to that of S5ME.
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Figure 4-26. Fraction of delivered partial-network data out of network data.

The number of entire-network data packets delivered to the sink before the first-noede
lifetime 15 shown i g, 4-27. BRPC delivers much more entire-network data to the sink
than LEACH C F and SSMR. When =04, LEACH_C_F, 55ME and BRPC deliver
10216, 16800 and 42064 packels respectively, 1.e. BRPC delivers data packets by 4.(2
tmes and 2.50 umes compared 1o LEACH_C_F and SSMR, respectively, Given a
network that needs high quality of service which requires the information from the entire
network, BRPC is significant for realistic application.
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Figure 4-27, Total delivered entire-network data up to first-node hifetime.
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5. Energy needed for delivering each packet to the sink

As described in Scetion 4.3.2, two types of energy needed to deliver each aggregated
pracket o the sink are defined. The first one is used 1o measure the actual energy of
delivering each entire-network data packet by dividing the total energy consumed with the
total packets that the nelwork delivers (o the sink up to the {irst-nede lifetime, The second
one considers that the residual energy cannect be used any longer after the network lifetime.
and is deflined by dividing the total initial nelwork energy with the total nerwork data

packets that the network delivers ta the sink up to network lifetime.

The energy to deliver each entire-network data packet to the sink 15 shown in Fig. 4-28,
‘The necded energy increases according o data aggregation rate, &, LEACH_C_F needs
more energy o deliver each data packet as it uses a single-hop route o transmit the data to
the sink. BRPC necds less energy of delivering cach data than SS5MR, though the
improvement is not significant, especially when % is low. This is becanse, when 7 1s small,
the improvement of SSMR in inter-cluster communicalion becomes less significant (refer

to Section 4.2.5), thercby making them with similar energy cfficiency.
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Figurc 4-28. Energy of delivering each entire-netwark data packet.

The average energy to deliver network data up to nelwork lifetime is shown in Fig. 4-29.
BRPC shows higher encrgy efficiency than LEACH_C_F and SSMR. This improvement
becomes more significant when % increases. When =01, LEACH C_F, SSMR. and

BRPC need 0.018], 0.017] and 0015 energy respectively o deliver each aggregated
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packet to the sink with the ratio between them of 1.2:1.13: 1, which becomes 1.73:1.84:1
when 2=08. LEACH_C_I and S5MR preseot similar needed energy of delivering each

network packet. However, 8SMR delivers more entire-nelwork data packets (refer to Fig.

4-27) so that it performs better than LEACH_C |
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Figure 4-249. Linergy of delivering each packel,

6. Details of live nodes up to network lifetime

The number of nodes thar live up to network lifetime is shown in Fig. 4-30 when 2=0.6
and Fig. 4-31 when 2=0.2,

No. of alive nodes up to netwaork Betime when i=ik.6 '
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Figure 4-3(). Nuniber of live nodes up to network lifetime when #=0. 6,

91



Mo, of alive nodes op to network Efetine thJ;[LZ_

2{"} v ........_._____!: = P —
2
1

180 | - = %

Mo, of alive nodes
[
[
—)
£
md'“"'"""i

._
.
=
|
|
|
|
|
|
|
|
|
iHéile b1 WH H

--=-SSMR 4 BRPC —+-LEACH C_¥

- -

[ =] [

=1 =1
1
|

R

I

L

it 20 Ak AT LA

Mo, of rounds of data collection

Figure 4-31. Number of live nodes up w network lifetime when 2=02.

Both figures show that BRPC has a longer first-node lifetime and network lifetinie than
LEACH_C_F and SSMR. The improvements become more significant when 2=0.6 than
when =002, These two figures also show that, by rotating the CH role, the higher power
consumption of CHs 15 well distributed among the nodes in the cluster in all algorithms, as
almost all nodes in a cluster die simultaneously, BRPC lurther balances power
consumption among the clusters as almost all nodes in the network die simultancously.
The expected lifetime of a clustered network as described in the strategy in Section 4.1 15
therefore realized by BRPC design. On the other hand, the directional data waffic makes

the clusters in LEACH_€_F and SSMR have significant differcnce in their litetimes.
7. Details of fraction of energy nof vet used up 1o network litetime

The fraction of energy not yet used up to nelwork fifetime is shown Fig. 4-32 when 2=0.6
and Fig, 4-33 when 2=0.2. The curve of this fraction terminates al the neiwork lifetime of
cach respective algorithm, This residual energy cannot be used any longer so is referred to
as wasted cnergy. It can be seen that BRPC has smaller {raction of energy not yet used at

network lifetime. Therelore, BRPC performs better in using the network energy than do
I.LEACH_C_F und SSMR.

The comparison of the fraction at the same number of the rounds belore the first-node
lifetime of all algornthms shows the energy efliciency ol the network. For example, at 800
rounds when A=0.6, this fraclion is 67%, B0% and B83% in LEACH C_F, 55MR and
BRPC respectively, which means thal BRPC consumes less energy than LEACH_C_Fand
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SSMR. BRPC thercfore shows higher encrgy efficiency than other two algorithms by

mantunng the CH in the central arca of the cluster.
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Figure 4-32. Fraction of energy not vet uscd up to netwirk [ifetime when =016,
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Figure 4-33, Fraction of crergy thal not yet used up to network lifetime when A=0.2.

The absulute value of the slope of the fraction curve shows the cnergy efficiency of (he
network, A sharp curve meusns a lower energy clticiency of the algorithm. In a network

with steady power consumption, the slope of the curve will be a constant. However, this

slope is changed at different numbers of rounds n all algorithms.




BRPC separates the cluster lifetime into two periods. Period] has higher energy efficiency
than does period2. The energy efficiency of period2 therefore decreases and the absolute

value of the slope becomes higher.

In SSMR, the cluster that is nearest the sink dies first. The premature cluster death reduces
the power consumption as no energy is consumed any longer in this cluster. However,
after such a cluster dies, other clusters that still have residual energy need to increase their
transmission power to reach the sink, thereby increasing the power consumption. When
only one cluster dies, the decrease in power consumption caused by premature cluster
death is less significant than the increase in power consumption caused by the
transmission power increase in other clusters, so that the absolute value of the slope of the
fraction curve decreases. When more clusters die, the absolute value of the slope of the
fraction curve increases as the decrease in power consumption caused by premature

cluster death becomes more significant.

In LEACH_C_F, this absolute value of slope decreases after the first-node lifetime. When
the clusters die prematurely, they will no longer consume energy. Therefore, less overall

energy is consumed.
8. Details of packets delivered to the sink up to network lifetime

The total packets delivered to the sink at different rounds up to network lifetime are

shown in Fig. 4-34 when A=0.6 and Fig. 4-35 when A=0.2.

BRPC delivers more packets than LEACH_C_F and SSMR. The rate of delivering packets
(the slope of the curve in the figure) in BRPC is almost a constant. These rates in
LEACH_C_F and SSMR, however, decrease after their first-node lifetime, because the
prematurely dead clusters cannot deliver data to the sink any longer. Though
LEACH_C_F and SSMR deliver similar network data up to network lifetime, the rate of
delivering packets in LEACH_C_F becomes slower than SSMR after some specific
number of rounds. This result again shows that LEACH_C_F delivers more partial-

network data then SSMR.
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Figure 4-34. Total delivered network data up o WSN hfetime when 2=0.6.
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Figure 4-35. Total delivered netwark data up to WSN hifetime when 3=0.2.

9. Impacts of trapsmitter-amplifier parameter, €.,

This subscetion investigates the impacts of transmilter-amplifier parameter, €q,,, when
3=0.4. The first-node hiletime, the network lifetime, and aggregated data packets delivered

to the sink are selected to assess this impact.

The first-node lifetime of all alegorithms deercases when e, increases, as shown in Fig. 4-
36. BRPC shows longer lirst-node lifetime than LEACH C_F and SSMR. The impact of
€amps however, s difterent for LEACH_C_F and 5SMR. When ¢,,=1 Dp,m-:ib“rnz, the first-
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node |ifetime in LEACH_C_F is longer than in S8MR whereuas when i 2 :'rﬂpjfhiu‘mz,

It reverses,
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Figure 4-36. Fist-node lifetime at different €, values when 2=0.4.

The improvement in network hfettme by BRPC s not significant as shown in Fig. 4-37.
When egme= IEF[)thitfﬂlz, BRPC has even a shorter network lifetime than LEACH _C_F. It
huys been discussed in Section 4.2.2 that a two-hop route IS more energy elficient when the
distance between the source and the destination exceeds 100m. To achieve energy saving
by separating a route of one hop into two hops, this disiance between source and
destination becomes longer when €g,,=1 lfJ[_LlfthL.I’m2 than a greater €,,,. Therefore, a single
hop route is more cnergy efficient than a multi-hop roule in most scenarios of this
simulation when ea,,”,:lﬂ[ﬂfbilfmz. When the network size increases, BRPC will present
higher energy efficiency than LEACH_C_F. Furthermore, the longer network lifetime
does not necessarily mean that LEACH_C_F performs better than BRPC as sone areas in

LEACH_C_F are out of coverage earlier due to the premature cluster death.

The difference between the first-node lifetime and the network lifetime in these three
algorithms 1s shown in Fig. 4-38, The difference in BRPC is extremely small whereas in
LEACH_C_F and SSMR ts quite significant. This means that many aggrepated data
packets delivered 1o the sink in LEACH_C_F and 5SMR arc from the partial network.

thereby degrading network performance.

96



T

oy %
5000 N

bt

RV

SNetwork lifetime
{ Hounds of data callectinn}

2imy

Tk

{' L e T
n 40 B 121} 160 2o

Transmitter-simplifier parameter, e,..,{p.].l"bil."lqz} -

Figure 4-37. Network lifetime at dillerent e,m, values when a=(;4.

000 [ oo -— L~
—¢-LEACH C_F --=-SSMR —*—BRPC |

)

SO

4000

Jinum

Network lifetime
{ Rounds of data collection)

204

JLLLIY

i - £ Y e
U 4 &0 1 14} 2

Transmitter-amplitier parameter, €gop {pthiUm1]|

Figure 4-38. Dilference between the first-node lifetime and network lifetimes when A=0.4,

The total amounl of network data delivered to the sink is shown in Fig. 4-39, BRPC
delivers more network data than LEACH_C_F amd SSMRE when e, = SDPL'"biU"llll.
When eamp = H}p_lfhitfrnzﬁ however, LEACH_C_F performs better in delivering network
data than BRPC. which 15 consistent with the network lifetime (sec Fig, 4-37). However,
most data of BRPC are [rom the entire network whereas quite significant data of
LEACH_C_F and SSMR are from lhe partial nelwork, as shown in Fig. 4-40. From this
point, BRPC still performs better thal LEACH_C_E. From Fig. 4-40, 55MR perlorms
better in sustaining the increase of e, than does LEACH_C_F. This is because when egm,
increases, @ multi-hop route s more likely to have higher energy elliciency than a single-

hop route.
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Figure 4-40. Iraction of entire-network data out of network data.

4.3.4 Inferences from the results
From the simulution results, the tollowing inferences can be achieved:

The characteristic ol directionul data traffic towards the data sink in WSNs degrades the
encrgy efficiency greatly, as well as the network performance because it results in
premature node death, Clustering algorithm design by raking this characteristic into

account greatly improves energy efficiency and network performance of WSNs,

Optimizing the CH selection by taking into account the location of the nodes in the cluster

improves energy efticiency of WSNs.




The improvement by BRPC becomes more significant when the data aggregation rate or
the transmitter-amplifier parameter increases. BRPC is therefore more suitable for the
application in which the data that the sensor generated have low correlation or the nodes

have high transmitter-amplifier parameter.
4.4 Summary and discussions

4.4.1 Summary

A clustering algorithm, BRPC, for WSNs has been proposed in this chapter. This BRPC
contributes to balancing power consumption throughout the network by considering the
directional data traffic towards the sink. It also improves energy efficiency by maintaining

the CH in the central area of the cluster through re-clustering without the ripple effect.

The simulation results show that BRPC not only extends the lifetime of a WSN, but also
improves the network performance. First-node lifetime and network lifetime have been
used to evaluate the performance of energy efficiency of the algorithms. BRPC improves
first-node lifetime significantly, as it avoids premature node death by balancing power
consumption throughout the network. BRPC also improves network lifetime so that the
network can run for a longer period. Entire-network data and partial-network data are used
to evaluate performance of delivering data. BRPC delivers more entire-network data than
do the comparative algorithms. This improvement is significant for realistic applications,
which require high quality of service and need the information from the entire network.
Besides delivering more entire-network data, BRPC also delivers more network data up to

network lifetime. Therefore, it improves both energy efficiency and network performance.

However, similar to the algorithms in [13, 34, 40, 42, 43], the simulation was conducted
by implementing BRPC into MATLAB and it only evaluated the energy related issues.
Other issues like link quality, quality of service, security were not evaluated. Further
research will improve the design of the algorithm and conduct more comprehensive

performance evaluation.
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4.4.2 Discussions
1. Extension to WSNs with different nodes and uneven node distribution

BRPC assumes a homogeneous WSN with the identical sensors uniformly distributed
within the network. During a real-life application, however, the sensor nodes in a network

may not be the same and they may not be uniformly distributed in the network.

This is to discuss the extension of the algorithm to WSNs with different sensor nodes and
uneven node distribution. When such a network starts to work, the sensors send the
location and energy information to the sink, which will then have an energy density map
and a node density map of the network. In the assumption of BRPC, both the node density

n, and the energy density n are constants so that energy E in a cluster can be

energy cluster

expressed by (4.44), in which § is the cluster area.

cluster

= Scluster X nd X nenergy (4.44)

cluster

In a network with different nodes and uneven node distribution, the node density a(n,,)

and the energy density 6(n,,,,.,) become functions of the location. The energy E,,, can
be expressed by (4.45).
Ecluster = ‘[a(nd ) X 5(nenergy )dS (4.45)

The total power consumption of a cluster P in a homogeneous WSN with uniform

cluster

node distribution can be expressed by (4.46):

Pclusrer = I)Intra—cluster + P Agg + Plnter—cluster
— n
=ax (Scluxter X nd - 1) X (er + et + eampd )+ ax (Scluster X nd ) X eAgg (4.46)

+ixe, +(Axax(S Xnd)+i)><(e,+eampD")

cluster

The meaning of each parameter in (4.46) can be found in Section 4.2.4.
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This total power consumption of a cluster P, in a WSN with uneven node distribution

luster

can be expressed by (4.47):

P

cluster

=P +P, +P

Intra—cluster Agg Inter—cluster

=ax(e, +e, +e,,d")x( L a(n,)dS —1)+axxe,,, x La(nd )dS (447

+iXe, +(/1><a><(La(nd)dS)+i)><(e, +eampD")

Replacing (4.44) by (4.45) as the energy in a cluster and replacing (4.46) by (4.47) as the
total power consumption of the cluster; the proposed clustering algorithm, BRPC, can be

extended to WSNs with different nodes and uneven node distribution.
2. Extension to WSNs with high node density

In BRPC, it is assumed that all nodes need to transmit data to the CH during each round.
Sometimes, however, the node density in the network is high and one area may be
overlapped by several nodes. Therefore, not all nodes need to generate and send data to
the CH during each round. A clustering algorithm for such networks with high node

density is to be presented in Chapter 5.
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S Balancing power consumption (BPC) by joint
clustering and scheduling in high-node-density

homogeneous WSNs

5.1 Strategies to improve energy efficiency in high-node-

density clustered WSNs

Chapter 4 proposed BRPC to balance power consumption and to improve energy
efficiency for clustered WSNs. BRPC requires that each node sends its data to the
respective CH during each round of data collection. However, in a WSN with high node

density, it is unnecessary to require all nodes to send data to the CH during each round.

In a WSN with high node density, an area that could, almost, be monitored by only one
node may in fact have several sensor nodes, as shown in Fig. 5-1. It is therefore
unnecessary to require that all nodes in this area be active at any given time [97, 119, 123].
Furthermore, having all these nodes in continuously active could be disadvantageous. First,
though the data generated by these nodes can be locally aggregated before being sent to
the sink, the source node may still waste significant energy in transmitting these data to
the next hop. Secondly, the large number of nodes participating in relaying data makes the
network topology more complicated. This complicated topology increases flooding in a
network that uses a reactive routing protocol or overhead in a network that uses a reactive
routing protocol. Thirdly, the resultant high-density data traffic increases the collisions

and congestion, thereby increasing loss of data packets.

For energy efficiency to be improved in such a WSN with high node density, only some
nodes are allowed to actively monitor the network and to relay data for others. Others,
meanwhile, are put into a sleep state with negligible power consumption [124].
Scheduling schemes have been proposed for this purpose. However, the purpose of most
traditional scheduling schemes is to reduce power consumption of the nodes when they
are in an idle state or to avoid collisions when some nodes want to use the same channel

simultaneously.
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Figure 5-1. The colored cluster (area)1s covered by 5 duplicale nodes,

The traditional scheduling algorithms have two disadvantages. First. the active nodes may
nit cover the entire network, as the nodes usually become active randomly. Secondly,
these algonthms usually do not consider the dircctional data traffic in WSNs, thereby

resulting in the nodes nearer the sink dying prematurely as they need to relay more data.

Jont elustering and scheduling in such a network has some advanlages. First, in a W3SN
with high node density, the nodes can be clustered in such a way that one active node in a
cluster can almost cover the entire cluster. This means Lhat almost the entire network will
he covered by the active nodes. This active node is referved Lo as the CLH of that cluster to
make 1t consistent with Chapter 4. Secondly, 1n traditional scheduling schemes, each node
in the network can be active randomly when it is ready (o send data, making balance of
power consumption throughow the network infeasible. However, by joint clustering and
scheduling, it is possible to altocate the energy (o each cluster in accordance with iis

burden, making the balance of power consumption throughout the entire network easible.

BRPC in Chapter 4 contrnibuted to balancing power consumption thiroughout the network
and [urther improving energy elficiency by maintaining the CHs in the central area of the
cluster. As stated, however, the aclive node in a cluster in a high-node-density WSN may
not cover the entire cluster, If the clusier lifetime in such a netwaork s also separated into
two periods and (he CH is mainlained in the central arga of the cluster as BRPC (refer to
Section 4.2.2 and Secction 4,2.5), some edge area of the cluster may he out of coverage

within the whole period?. Thus, to guarantee that the area that 1s not covered in this round
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be monitored in the following rounds, the CHs are required to be rotated within the entire

cluster.

This chapter therefore proposes an algorithm which joins clustering and scheduling to
balance power consumption (BPC) throughout the network for clustered WSNs with high
node density. In such a network, only the CH monitors the cluster, while other nodes are
in sleep mode. The nodes are clustered in such a way that the energy store in the cluster is
proportional to its power consumption. The cluster lifetimes are then equalized.
Furthermore, BPC rotates the role of CH frequently according to the residual energy of the
node to better balance power consumption among the nodes in the clusters and to make

the cluster be better covered.

Following the investigation of the existing scheduling algorithms, the proposed algorithm,
BPC, is described. The performance of BPC is then evaluated by comparison with the

other existing algorithms.
5.2 Review of the existing scheduling schemes

This subsection first investigates the existing scheduling algorithms. Following this

investigation, the analysis of these algorithms is provided.
5.2.1 Investigation into existing scheduling algorithms

Typically, the proposed scheduling schemes can be classified into two major categories:
energy saving schemes of the Medium Access Control layer (MAC schemes), and the

topology-configuration scheduling schemes [119, 124, 125].
1. MAC schemes

MAC schemes for WSNs can be further divided into contention-based MAC schemes and

non-contention-based MAC schemes [125].

Power Aware Multi-Access protocol with Signaling (PAMAS) [126] has a two-channel

architecture. It allows a node to sleep to avoid over-hearing a packet intended for a
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different destination or to avoid interfering with another node’s reception as it is not

transmitting. However, PAMAS ignores the issue of idle listening.

Sensor-MAC [127, 128] is a single-channel protocol. It applies a simple scheduling
scheme to allow neighbors to sleep for long periods and to synchronize activation.
However the nodes in Sensor-MAC need sleep schedules to be synchronized with those of
surrounding neighbors. This is realized by their schedules being periodically broadcast.
This periodic broadcasting increases flooding. Based on the communication of neighbors,
T-MAC [129] improves Sensor-MAC by adjusting the length of time that sensors are

awake between sleep intervals.

More recently, Chowdhury [130] has proposed a CMAC scheme to allow for listening to
and replying controlling messages even when the reception of a data packet is in progress

at a sensor node. This saves more energy.

The contention-based MAC schemes improve energy efficiency of WSNs. However, the
power consumption of collision, over-hearing, and idle listening in these schemes is still
significant. TDMA protocols have been therefore proposed to improve energy efficiency.
Preamble-based TDMA protocols are collision-free by scheduling each node when it

should be active and sleep.

TRaffic-Adaptive Medium Access protocol (TRAMA) [131] employs a traffic distributed
election scheme that selects receivers based on schedules announced by transmitters. The
nodes in the network will periodically awake to exchange broadcasts and to learn their
two-hop neighborhood. Based on this acquired knowledge, the nodes will periodically
reserve future slots for backlogged traffic. A hash-based priority scheme is then used so
that only one node in a two-hop neighborhood will transmit in a given slot. Miller [132]
improves TRAMA by scheduling long-lived, end-to-end, and periodic flows instead of
scheduling recently received packets based on hop by hop. Furthermore, this scheme does
not need to maintain consistent two-hop neighborhood information, which therefore
results in a simpler scheduling algorithm. Energy and rate based MAC protocol [133] is
similar to TRAMA. This protocol divides a network into TDMA groups based on the

neighborhood information. Using the critical energy of a node and the traffic flow rates of
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its neighbors, it can adaptively allocate the appropriate timeslot to each node to balance

power consumption.

In Sichitiu’s scheme [134], the nodes maintain a table of times when they should wake up
to send and to receive data. When a sender intends to schedule a new flow on a link and if
no data transmission is sensed in that slot, it will send an RSETUP packet. If the RSETUP
packet is received successfully by the receiver, an ACK will be sent back to the sender
and the slot is scheduled. If no ACK is sent back to the sender, the sender needs to re-send

in a different slot.
2. Topology-configuration scheduling schemes

Geographical Adaptive Fidelity (GAF) algorithm [122] uses geographical information to
prolong the lifetime of the network. The main idea of GAF is to partition the network into
virtual square clusters. The clusters are structured such that any two nodes within
neighboring clusters can communicate with each other. Energy is saved by scheduling
only one node to be active in any cluster and by placing the others in its cluster into a
sleep state. The algorithm by Koushanfar [135] forms a backbone for the network. Only
the nodes in the backbone are active while other nodes are put into a sleep state. The
nodes take turns to form part of the backbone to distribute power consumption. Different
from GAF and Koushanfar’s algorithm, the nodes in Adaptive Self-Configuring WSNs
Topologies (ASCENT) [136] decide to become active based on both neighborhood links
and the observed data loss rates. This provides the network with the ability to trade energy
consumption for communication reliability. Similar to ASCENT, SPAN [137] adaptively
elects active nodes according to the number of neighbors, but SPAN also considers the
residual energy of the node. The node in SPAN takes the responsibility for making an
independent decision as to whether it should become active or not. This decision is based
on its residual energy and its benefit to the neighboring nodes of having their
communication bridged. The active and the sleeping nodes will periodically check their

states to decide whether they should take a new role: sleeping or becoming active.

Xu [138] proposes two distributed algorithms to manage the channels of the nodes: the

Basic Energy-Conserving Algorithm (BECA) and the Adaptive Fidelity Energy-
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Conserving Algorithm (AFLCA). The basic idea of BECA (5 (0 put the nodes inlo sleep
state when they are not participating in sending, forwarding, or receiving data. BECA
defines three possible states for a node n ferms of s radio compenents: sleeping.
iistening, and active. us shown in Fig, 5-2. Buch node has an initial sleep period of time 7.
However, during this sleep period. if the node has data to send, it will become active. It it
does not have data to send, 11 will change to a listening state afler the sleep period Ts. The
hstening period will be 71 If it has data to send during this peried, it will change 1o an
active state. If not, it will return to a sicep state after 1. The active period is defined as Fa.
When a node becomes active, 1 11 does not send or receive data after To, 1t will return to
the sleep state, AVLECA is built on BECA but it adjusts the sleep Gme of a node based on

node density.
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Figure 3-2, Basic eneray-conserving algorithm (Adapted from [ 138]).

Sparsc Topology and Energy Management (STLM) [139] has a two-channel architecture.
The primary channel 15 for sending data and the secondary one is for awaking the nodes.
Lnersy saving is achieved by keeping the data radio components sleep until
communication is desired, When a node necds to send a packel, it pages the next node In
the routing path. This node then turns on ts main radio so that it can receive the packet. A
node with data 1o send begins wansmitting continuously on the wake up channel long
enough o guarantee that all neighbors receive the wake up signal. RATE-EST [140] is
similar (0 STEM, but it achieves greater energy saving by periodically listening on the

primary channel and buffering packets.
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5.2.2 Analysis of the existing scheduling algorithms
Analysis of the existing algorithms

The existing scheduling algorithms allow the nodes in the network to sleep with negligible
power consumption when they do not have data to send or relay. This saves significant
energy in the network. As stated in Section 5.1, however, these algorithms may fail to
optimize energy efficiency as the directional data traffic is not considered. Furthermore,
the active nodes in the network may not cover the entire network. An algorithm that
combines clustering and scheduling techniques is expected to addresses these two issues

effectively.
Related work

GAF [122] combines the clustering and scheduling techniques to improve energy
efficiency. GAF, however, is proposed for MANETS so that the directional data traffic
towards the sink is not taken into account. It therefore fails to optimize energy efficiency

in WSNs.

Deng [123, 141] proposes an algorithm which applies a scheduling scheme into a
clustered WSN. This algorithm organizes the nodes into one-hop clusters. It considers that
the nodes that are further away from the CH will have higher burden as they need higher
transmission power to reach the CH. By scheduling these nodes into sleep state more
frequently than others, this higher burden can be compensated, therefore equalizing the
node lifetime in the same cluster. However, Deng’s algorithm only balances power
consumption among the nodes in the cluster and fails to balance power consumption

throughout the network.
5.3 Proposed clustering algorithm-BPC

5.3.1 Network model and energy model

The network model in this chapter is similar to the one in Chapter 4 except that the model
in this chapter caters for a high density of nodes. Energy-constrained identical sensors

with limited transmission power are uniformly distributed in a WSN. These sensors are
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aware of their location information, so that they can be geographically grouped into
clusters by the sink which has sufficient resources and is located near the network. Each
cluster only requires the CH to be active. The role of active CHs is rotated among the

nodes in the cluster.

The energy model of BPC is the same as BRPC in Chapter 4 (Section 4.2.1), which is
shown in (4.1), and the following parameter values are applied: for distance d<d,rossover
(where  dirossover=87m), ea,,,,,=10pJ/bit/m2 and n=2; for distance d>d;rossovers

ea,,,,,=0.0013pJ/bit/m4 and n=4; and e,=e,=50 nl/bit.
5.3.2 Cluster organization and contention-based scheduling algorithm

The organization of clusters is described here and summarized in Fig. 5-3. Similar to
BRPC in Chapter 4, BPC is distributed yet centralized at start-up to better form the
clusters. The clusters are fixed, yet re-clustering (with resultant ripple effect) will take
place when original nodes leave or new nodes join the network. The network lifetime is
divided into rounds and each round is divided into a set-up phase and a data

communication phase.

When the network commences, the sink collects the location information of the nodes and
then divides the network into geographically-based clusters using a centralized scheme.
The clusters are organized in such a way that the burden of each cluster is relative to its
energy store to make the clusters have similar lifetimes. This is analyzed in detail in
Section 5.3.4. After determining the cluster divisions, the sink broadcasts the division
information, which includes location information, cluster ID and the number of nodes in

each cluster, to each node.

On reception of the division information from the sink, a node can determine which
cluster it belongs to. Through exchange of the information of the cluster ID that each node
receives from the sink, the relationship of cluster-mates of the nodes in the same cluster is
developed. Thus, each node can maintain the information of all nodes in the same cluster.
The next step is to elect a CH in each cluster to monitor that cluster and to relay data from

other clusters. The selection of the CH is based on the residual node energy. However,
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should the network commence when all nodes have the same residual energy, the node at

the centre of the cluster is selected to be CH.

Network initiates

Sensors send location information to the sinkl

On reception of the location information, the nodes
are geographically grouped into clusters with pre-determined
number and number of member nodes.

I

Sink broadcasts the clustering information to the nodes. This information
includes the location information, cluster ID, the number of
nodes in the cluster, and the number of frames for each CH

l

A node broadcasts its own information (cluster ID, residual
energy, location information) to its neighboring nodes

l

| Neighboring nodes compare the cluster ID

Is the one it receives from its neighbor the
same as the one it gets from the sink?

Discard the broadcast message

Is the number of nodes in the cluster the
same as the one received from the sink?

Keep the information and relay
to its own neighboring nodes

The node with the highest residual energy announces
itself to be CH. On reception of this announcement,
other nodes turn off their radio components.

‘ Data communication phase initiates |

Figure 5-3. Flow chart of cluster organization of BPC.

The scheduling scheme used for the competition of being a CH is contention-based. To
reduce the flooding caused by exchanging residual energy information, only the CH will
broadcast its residual energy information to the member nodes when each round expires.
This is because, only the CH consumes energy during each round (other nodes are in sleep
state with negligible power consumption) and thus only its residual energy information
needs to be updated. Each time residual energy information is updated; the node with the

highest residual energy becomes a CH for the next round. The sink assigns the CHs a
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number of franes. This number is pre-set according to the requivement of the network. 1 a
network needs high quality of service and needs all information carried by (he entire
network, the active CH needs o be rotated frequently, This fregquent rotation, however,
May consunie some energy, increases topology overhead and flooding in routing
discovery., Adjusting the rotation period, the tradeoll between the (oS and the power

comsumption can be achieved,

The TDMA scheduling scheme in BRPC (proposed in Chaprer 43 for each CH, as shown
in Iig. 3-4, allows cach member nodes to send data to the CH in their own frames {refer to

Seciion 4,230,

TDM A scheme Tor each CIT o allow the member nodes to send data in BRPC

—_— —-_—

Frame 1 | Frame 2 Frame 3 | Frumed E Framen
] WL T Ty - o - — -
_wm“ Sleep Slewps  Slep Sleep

Shoey send i Sleep Sleep i o Bleap

Sleepr Slewp ﬁimnla 1 Sl

Slevp Slep Sleep .‘;mm

Sleep Sleep . Shep Sleep

Figure 5-4. TDMA scheme for the CHs in BRPC (Proposed in Chaptier 4).

The scheduling schenie of BPC is shown in Fig. 5-5. At each round, the node with the
highest residual energy in the cluster becomes the CH. After the CH is determined, the
nunber of frames s assigned to each CH. A CH s allowed to send a data packet within

cach {rame,
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Scheduling scheme Tor the gluster Lo rotate Lhe role as a CH
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Figure 3-3. Scheduling scheme for BPC.

5.3.3 Data communication phase

The whole process of the data communication phase ol BPC is shown in Fig. 3-6. When
the number of frames 15 assigned 10 each CH, the CH can send data o the sink, BRPC
requites a CH to aggresate the data from the member nodes before it sends the data o the
sink (refer to Section 4.2.3). This is because the data from the member nodes correlate and
thus the data aggregation process can greatly reduce the amount of data and thus power
consumption of relaying them. The data generated by each CH In BPC, however, are from
different clusters, which have virtually small/no comrelation [35]. The data aggregation
process cannol significantly reduce the data amount, BPC therefore does nol require the
CHs to aggregate data over hop by hop as done in previous rescarch [35) The routing
discovery process in BPC is similar to that in BRPC, when a CH acguires the ronting

information, it selects the routes hascd on the comsideration of resudeal node energy.
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Cluster is set up after network initiates

}

Data communication phase initiates and a
CH is ready to send data to the sink

CH broadcasts route request towards the sink

Only one route is available?

Get the minimum residual energy of the node in each
route and select the one with the highest value

A A

The data are relayed to the sink along this route

Have the number of the frames
reached the pre-defined limit?

The CH broadcasts its residual energy to the nodes in the cluster

}

The node with the highest residual
energy becomes the CH for the successive round

Figure 5-6. Flow chart of data communication phase of BPC.

5.3.4 Equalizing cluster lifetime

This subsection discusses equalizing cluster lifetime using the model shown in Fig. 5-7.
This model has been used to explain equalization of cluster lifetimes in BRPC. The

explanation of the parameters can be found in Section 4.2.4.

The clusters are named according to their geographic positions. The identical sensors with
the initial energy of E..u are uniformly distributed in the network which has a node
density of n,. To simplify the analysis, it is assumed that each cluster selects the node at

the centre of the cluster to be CH. For cluster a;b;, the transmission range of d;; is assigned.
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This transmission range, however, 15 adjustable in both realistic applications and

simulations.
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Figure 5-7. WSN to explain cluster-lifetime equalization i BPC.
To equalize the cluster lifeumes, (5.1} must be observed.

£ fender! (I ’}

> P+ P

(£} 15 the total energy store in cluster g6, and ZF{E(:' ) and ZE_,(:'} are

== CORST 313

where £

dinald
respectively the total CH power consuniption of receiving and transmitting data in cluster

{7 ,'nf?J.-,

There are four neighboring clusiers ax shown in Fig, 3-8. Each CH generates an a-bit data
message. It is assumed that the probability of 4 neighboring CH nearer the sink of cluster

ai.by.g to relay the route request is 5. The total data of the CH in cluster aidy { Data, , } that
need to be relaved is separated inte the duta that the CH receives from others I{R{al,bj}]
and the data that the CH transnuits te the next hop (?'{ar.bj} J, 48 shown in (3.2). The

explanation of the parameters can be found in Section 4.2 4,
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Figure 5-8. Different data eraffic in neighboring clusters i BPC,
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The power consumption of Lhe CH in cluster af,; s therelore determined in (5.3},

P = R(an‘b_f ) # E?‘r' = T(aibJ) X (,F.r * eam_rr x ‘I?.‘_.‘2 ) (3.3}

lad s

The lolal initisl energy slore of cluster ab; 1s (5.6):
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By acquiring (5.7}, the cluster lilelimes are equalized.
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5.4 Pertormance evaluation

To evaluate the performance of BPC lor WSNs with high node density, a traditional
clustering algarithon, which organizes clusters with similar sizes, such as i [14, 34, 36,
42], and sends data to the sink over multi-hop routes, such as in [34, 36]. 15 used for
comparison, To render these (wo algorithms comparable, the scheduling algonithm being
implemented makes only the CH in the selected traditional clustering algorithm active.
This algorithm, which is now similar to GAF, is referred to as Same Size with only CH

Active (S5CA)
5.4.1 Simulation scenario

Homogencous seusor nodes, 400 in todal, are wniformly distributed within an arca of
100m=50m. with the data sink located o away from the network, as shown in Fig. 53-9.
Each node has 2J) initial cnergy wilh a maximum transmission range of 7Om. The
operation of bath algorithms 1s breken up into rownds. Each round assigns 20 frames o a
CH and a CH sends a 500 byies packet to the sink over a multi-hop route during each

frame. The nodes are organized into 8 clusters.

hii]
4k
Clusler 2 Cluster 4 Clusler £ Cluster &
30
20
Cluster | Cluster 3 Clhuster 5 Cluster 7
(1]
‘ﬂl L . = iz = i
Nata siukﬂlﬂ 35 all L] {811]

0.0

Figure 5-9. Simulation Scenario of BPC,
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5.4.2 Assessments requirement

The performance cvaluation for BRPC {refer to Section 4.3) only measured the first-node
lifetime and the network lifeime. Besides measuring these two lifetimes, the perlormance
evaluation of BPC provides more details about the residual node energy at different stages,

as shown in Fig. 5-10.

| Sintulabion starts

L: Betore tirst-node lifetine in both algorichms

| 2 At fivst-nede lifetime of SSCA First-node lifetime

E JH”#
3, After fivst-nnde lifetime of $5CA -7 3
3. AL connoctivigy Tifctinte of 5504 Connectivity lifetime
toifode Lifetime & _ONTTT SSCA

e

Connectiviey HfEtime
BrC A At [rs-node hfetime ol both algorithoes
&1 At conpectivity lifetime of hoth algoriiims

Fieure 3-10. Comparisons o be made at different stages.

The network lifetinie is separated inlo four stages:

i, before the [irst-node difetime (the definition of first-node lifetime can be found in
Section 4.3.2% of both algonithms,

. art the first first-nede lifetime encountered in either algorithm (possibly SSCA ),
ni. afrer this (irst-node jifetime and,

iv. at the [irst connectivity lifetime (the definition of connectivity fifetime can be found
in Section 4.3.2) encountered in either algorithm {possibly S5CAJ,

The first stage (i) shows how much average energy remains in every node in different
clusters. A similar average cnergy means a good balance of power consumption, The

secomd  stage (i) 19 expected at the first-lifetime off SSCA. BPC balances power
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consumption throughout the network so that it is reasonable to expect that BPC has longer
first-node lifetime than that of SSCA. After the first-node lifetime, the nodes with residual
energy in SSCA keep relaying data to the sink. The third stage (iii) compares the average
residual node energy to show how energy is consumed in the clusters that still have
remaining energy. The fourth stage (iv) is expected at the connectivity lifetime of SSCA,

as BPC should have a longer connectivity lifetime than does the SSCA.

The above four stages compare the average residual energy at the same number of rounds.
The first-node lifetime and connectivity lifetime in BPC and SSCA, however, are different.
It is therefore necessary to compare the respective lifetimes and the average residual node

energy at their respective lifetimes in BPC and SSCA.

Besides the comparison of the residual energy at different stages, the following four
components are also evaluated to more comprehensively assess the algorithms: (1) the
number of live nodes up to connectivity lifetime, (2) the distribution of residual node
energy at the connectivity lifetime, (3) the amount of energy remaining in the network up
to connectivity lifetime, and (4) the data packets delivered to the sink up to connectivity

lifetime.
5.4.3 Simulation results

Fig. 5-11 shows the average residual node energy at 900 rounds. Up to 900 rounds, SSCA
consumes 157J energy whereas BPC consumes 153] energy. The consumed energy is
similar. However, as SSCA assigns similar number of nodes to each cluster without the
consideration of the directional data traffic, the cluster that is nearest the sink needs to
relay more data from others and will drain energy at a more rapid rate. BPC, on the other
hand, allocates the number of the nodes to each cluster according to the burden of the
respective cluster. The clusters in BPC therefore drain energy at a similar rate, which is

obvious from Fig. 5-11.

Fig. 5-12 shows the comparison at 1072 rounds, which is the first-node lifetime of SSCA.
Up to 1072 rounds, SSCA consumes 187J energy whereas BPC consumes 181J energy.
When any node dies in cluster 1 (refer to Fig. 5-9) in SSCA, other clusters still have much

energy left. The directional data traffic in the WSN makes cluster 1 die much earlier than
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the arhers. However, the average residual enevgy in BPC is aimost the same, BPC thus

presents a far belter badance 10 power consumption than does SSCA,

Average mesidial pode energy at 96 Rounds

Residual node energy (J)

mBpc  Ossca |

Figure 5-11. Average residual node energy at 900 Rounds in BPC and SSCA.
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Figure 5-12. Average residual node caergy at 1072 Rounds in BPC and SSCA.

After cluster 1 10 85CA dics, the CH in cluster 2 or cluster 3 {refer 10 Fig. 5-9} nceds o
inerease transmission power Lo reach the sink, resulting in higher burden carried by these
clusters, which makes them drain energy more rapidly. Fig, 5-13 shaws the average
residual node energy at 1750 rounds. Lip to 1750 rounds, SSCA consumes 3177 energy
whereas BPC conswmes 292! enerpgy, The difference in consumed energy between SSCA
and BPC is 23} whercas this difference is only 61 al 1072 rounds. Though no energy is

consumed in cluster 1 after it dies prematurely in SS5CA. the increase of power
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comsumption caused by the higher transmission power in cluster 2 or cluster 3 is more

significant. S5CA therefore presents a ligher rale of consuming energy after cluster 1 dies.
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Figure 5-13. Average residual node energy at 1750 Rounds in BPC and 55CA4,

Fig. 3-14 shows the average residual node energy at 2295 rounds, winch s the
connectivity lifetime of SSCA. Up to 2208 rounds, SSCA consumes 389] energy whereas
BPC consumes 383) energy. The difference in consumed energy between S5CA and BPC.
which 1s 6] at 2298 rounds, becomes smaller than the one at 1750 rounds, which is 23).
This 1s because as more clusters die, the decrease of power consumption due 1o the
premature cluster death is more significant lhan he increase caused by the higher power
needed to reach the sink. ‘The divectional data tralfic makes S5C4 waste more than 3%

cnergy. At the conmectivity lifetime of SSCA, BPC still has 1J energy left in each node.
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Figure 5-14. Average residual node energy at 2295 Rounds in BPC and 55CA.
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Fig. 5-15 compares the residual nude energy in BPC and 35CA at their respective [irsl-
node lifetime. ‘The first-node lifetime in SSCA s only 1072 rounds whereas it is 4682
rounds i BPC, which 1s a 4.37 limes improvement. At the first-node lifetime, SSCA
consumes only 187) energy whereas BPC consumes 780J energy, The low total residual
encrgy of the network means the power consumption is well balanced. BPC performs far

hetter in balancing power consumption throughout the network that does SSCA,
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Figure 5-15. Average residual node energy at first-node hifetime of BPC and S5CA,

Fig. 53-16 compares the residual node energy in BPC and SSCA at their respective
connectivity lifetimes, The connectivity lifetime in SSCA is unly 2288 rounds whereas it
is 4736 rounds in BPC. Up to connectivity hictime, S5CA consumes 389] energy whercas
BPC consumes 789) energy. The wasted energy in SSCA and BPC is therefore 4111 and

11 respectively, BPC performs far better In using the energy than does 55CA,

The difference between the first-node lifetime and the connectivity lifetime in SSCA is
1226 rounds, which is even lenger than its (lrst-node litetime (1072 rounds). This means
that. though the connectivity lifetime is as long as 2298 rounds in 55CA, some closters arc
out of coverage after 1072 rounds (Nirst-node lifetime). [t has been stated that each clusier
is supposed o be (almost) covered by unly one active node. When any node dies in the
network, almost all nodes in that cluster are dying as the power consumption of the active
node {CI) 15 well balanced. This means that the entire cluster will not be monilored any
longer. thus degrading the netwuork performance. This dittercoce in BPC is only 34 rounds.
Compared 1o the first-node lifetime (4682 rpunds), this difference is negligible, BPC
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therefore not only balances power consumplion of the network but also improves network

performance as well by preventing some arcas from being prematurely out of coverage.
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Figure 5-16. Average residual node energy al connectivity liferime of BPC and S5CA.

Fig, 5-17 shows the total number of live nodes up to connectivity lifetime. In SSCA. the
nodes in the same cluster die almosl simultaneously. This is because the CH role is rotated
frequent]y and the power consumption of the node is well balanced wilhin the clusters.
This balance however is only acquired within the cluster, not the cutire network, as it does
nol consider the directional data traffic. After the clusier nearesl the sink dies, the
connectivity between the nerwork aud the sink is stll maintained as other clusters can snll
relay data to the sink using a longer transmission range within the maximum limit, The
connectivity between the sink and the network is lost when the distance belween the sink
and 1ts nearest clusler which still has energy cxceeds the maximum transmission range of
the nodes. In BPC, however, the clusters die almost simultaneously because the power

consumption is well balanced throughout the network.

The distribution of the residual node enerey at connectivity lifelime in 55CA and BPC is
preseited in Fig. 5-18. All nodes in BPC have less than 3% energy left. However, in
SSCA, many nodes have a good proportion of residual energy: about 13% of nodes have
50 energy left and about 504% of nodes have more than 75% energy left. The wasted

residual energy in SSCA is therefore quite significant. This means that the balance of
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power consimption among the nodes in typical WSNs 15 actually important for increasing

WSN lifetime |37].
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Figure 5-17. Number of live nades op to the connectivity lifetime.
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Figure 3-18, Distnbution of residoal node energy at conneclivity iletime.

Fig. 3-19 shows the energy not vet used up to connectivily lifelime. This plor illustrates
that before the first-node lifetime, the energy elficiency is quite similar in S5CA and BPC
as they almost consume the same amount of energy al the same number of rounds. After
its first-node lifetime, BPC consumes energy more slowly than does S5CA as some nodes
in SSCA need higher power Lo reach the sink. As more clusters die in S5CA, however,
BPC consumes encrigy more quickly than does SSCA. This 18 because that the decicase in

power consumplion of SSCA caused by the smaller number of nodes that are consuming
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energy becomes more significant than the increase in power consumpnon cased by the
higher power needed to reach the sink, thus decreasing the rare of consuming enerpy, Fig,
5-19 alsa shows that, al connectivity lifetime, S5CA consumes less than 50% energy
whereas BPC consumes almost all energy in the nelwork, This remaining enerpy at
conmeclivity hfetime cannot be used by the nerwork any longer and is wasted. BPC

Ltherefore presents an abvious improvement conpared to SSCA.
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Figure 5-19. Energy not yet used up to connectivity lifetinie.

Fig. 5-20) shows the total mumber of data packets delivered to the sink up (o connectivity
litetime. This illustrates the effectiveness of BPC in delivering data. Up to conneclivily
lifetime, SSCA only delivers 337240 packets whereas BPC delivers 737040 packets to the
sink. BPC oftfers improvements in data delivery by 124.3% over S5CA. Among hese
network data, 99.0% aned 30.9% packets are delivered to the sink hefore the first-node
lifetime, which are from (he enlire network, 1o BPC and SSCA respectively. BPC not only

improves the energy efficiency but also the network performance.
5.4.4 Inferences from the result
Fram the simulation results, the following inferences can be achieved:

The charactenistic of directional data traffic towards the data sink in WSNs with high node
densily degrades the energy efficiency greatly, as well as the performance because it

results in premature node death. By taking nto account this characteristic when designing
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algorithm which combining clustering and scheduling, the energy efficiency of the
network can be dramatically improved, as well as the network performance because it
both prevents the premature node death and makes the coverage of the cntire network

more reliahle.
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Figure 5-20. Number of packets delivercd to the sink.
5.5 Summary and discussions

5.5.1 Summary

An algorithm, which combines ¢lustering and scheduling 1o balance power consumplion
throughout a homogencous WSN with high node density, has been proposcd in this
chapter. ‘This algorithm only requires the CH in each cluster to be active to monitor that
cluster and to relay data for others. By frequently rotating the CH role, the burden of
monitoring the cluster and relaying data for others is balanced and the cluster coverage is
puarantced. By designing the clusters in such a way that (he energy storc in the cluster is
proporional 1o its power consumption, cluster lifetimes are cqualized. The simulation

results show that this algorithm improves both energy efficiency and network performince.
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5.5.2 Discussions

The design of the algorithm and the conducted performance evaluation only focus on
energy efficiency. Other issues like link failure, data re-transmission, and network security

are not taken into account.

Furthermore, similar to some clustering algorithms [30, 122], the data packets are forced
to be relayed by the neighboring CHs during the simulation. The selection of the route,
though having better balanced power consumption throughout the network, may not be the

most energy efficient one.

Further work will improve BPC design by considering more issues as motioned. It will
also consider further improvement in energy efficiency by selecting backbone routes

based on the consideration of total needed energy of the routes.
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6 Reducing unnecessary broadcasting and balancing

power consumption (RBBPC) in clustered MANETs

6.1 Strategies to improve energy efficiency in clustered

MANETsSs

Chapter 3 analyzed existing energy-efficient clustering algorithms for MANETSs and
concluded that a clustering algorithm which reduces unnecessary broadcasting and

balances power consumption throughout the network is necessary.

Unlike WSNs which function to collect data for certain special tasks, a typical MANET is
usually applied to enable communications between the nodes in the network. Therefore, in
a MANET, no data sink is necessary and thus no data traffic is directed towards a sink.
This means that the data traffic in a MANET is usually more uniform than that in a WSN.
Equalizing cluster sizes in a MANET can actually balance power consumption among the
clusters. Unfortunately, the free and arbitrary movement of the nodes brings more
challenges to maintenance of the clusters and cluster sizes, and associated energy

efficiency of the network.

In a clustered MANET, the clusters may frequently be changed by the movement of the
nodes. It is therefore necessary to maintain the clusters. A typical traditional clustering
algorithm broadcasts control messages to periodically update the links or the node states.
Each CH maintains a list of IDs of the member nodes in the cluster. This periodic updating
detects the changes in the cluster by receiving the responses of the broadcast control
messages from the member nodes. The cluster information can therefore be updated.
Typically, in a MANET with higher node speed, the clusters are changed more frequently.
Thus, to maintain these clusters, more frequent broadcasting is required. Periodic
broadcasting therefore needs to meet the requirement of the potentially highest node speed
in a MANET. The negative outcome of this is that when the nodes are moving with lower
speed, the unnecessary broadcasting wastes network energy. Adaptive broadcasting
according to the requirement of the node speed helps to reduce unnecessary broadcasting
when the node speed is lower. To broadcast control messages adaptively, the speeds of the
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nodes need to be determined. Most clustering algorithms use GPS technology or
calculations to predict the movement or to acquire the speed information. These

algorithms thus draw on extra support or more powerful nodes in the network [142-146).

This chapter proposes an efficient method to assess the node speed and the broadcasting
frequency that this speed needs. Gavalas also proposes an algorithm to broadcast control
messages adaptively [72]. The adaptive broadcasting frequency in his algorithm, however,
is determined arbitrarily. Therefore, this adaptive broadcasting frequency may exceed or
may not satisfy the required frequency of the node speed. The proposed algorithm RBBPC
builds the relationship between the speed and the rate that this speed changes the topology.
This rate can be assessed by measuring the number of re-clusterings in a clustered
MANET within a limited interval when some nodes are moving at this speed. The
necessary broadcasting frequency of each speed can then be determined and the control

messages can be broadcast adaptively according to the requirement of the speed.

Different to a WSN, a typical MANET usually has relatively lower node density [11]. A
CH in a clustered MANET is more likely to die. This occurs especially in algorithms that
extend the service time of CHs to improve cluster stability [72]. The lack of mobile nodes
due to energy depletion may cause network partition and communication interruption [11,
63]. Hence, it is important to balance power consumption among mobile nodes to avoid

premature node failure, especially in networks with low node density [103].

Similar to the CHs in a clustered WSN, rotating the CH role in a clustered MANET also
distributes the higher burden of the CHs among the mobile nodes. Besides the rotation of
CH, equalizing cluster sizes in a MANET further balances power consumption among the
CHs and the clusters. As the nodes move freely and arbitrarily, however, this size balance
has more challenges. When the speed is low, maintaining the cluster sizes within a limited
range is feasible. When the speed is high, the movement of nodes may change the clusters
and cluster sizes more frequently. A limited range of cluster sizes will lead to frequent re-
clustering, thereby increasing the power consumption of maintaining the clusters and
cluster sizes. RBBPC, therefore, adaptively balances the cluster sizes according to the

node speed. When the speed is higher, the clusters are allowed to have a greater difference
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in sizes. Otherwise, a more limited range of cluster sizes will be applied to better balance

power consumption throughout the network [147].
6.2 Proposed clustering algorithm-RBBPC

6.2.1 Network model and energy model

Energy-limited identical mobile nodes are distributed randomly in the network. Each node
has a unique ID number. The nodes can move freely in a linear pattern. Each node is
aware of its residual energy information yet is not aware of the location information. Each
node has two levels of transmission ranges. The shorter one is for intra-cluster

communication whereas the greater one is for inter-cluster communication.

The nodes are grouped into multi-hop clusters with a CH in each cluster acting as co-
ordinator. Intra-cluster communication applies a proactive routing protocol whereas inter-
cluster communication uses a reactive protocol. The clusters and the intra-cluster routing

information are maintained by control messages being broadcast adaptively.

Each node can be either a member node or a CH. It is assumed that each node has two

levels of power consumption. One is P,

member

for a member node and the other is P, for a

CH when it has only one member node. The power consumption of a member node is
linear with time, whereas the power consumption of a CH within a certain interval is
relative to (i) the time it serves the cluster, (ii) the ratio between the transmission range of
intra-cluster communication and the transmission range of inter-cluster communication
and (iii) the number of the member nodes that it serves. Within a limited interval T, the
total consumed energy E of a node is determined by (6.1), the definition of each

parameter is shown in Table 6-1.

member m

E=T XPembeera+Z(PCHxniXka7;) (6.1)

in which:

129



T = Tmember + ZT; (6.2)

Table 6-1. Definitions of each parameter of power consumption.

Parameters Definitions
Torember The total time being a member node
k, The coefficient of member node relative to the node speed
n; The number of the member nodes in the cluster at i CH period
ky The coefficient of CH relative to the node speed
T; The length of the service time of the CH at i CH period

6.2.2 Size-balancing cluster organization

RBBPC aims at improving energy efficiency and balancing power consumption of
MANETS by maintaining an effective network topology, which adapts to node mobility.
This distributed RBBPC uses a mobility-sensitive model to dynamically organize the
nodes into clusters in such a way that (i) the topology can be more responsive and optimal
when speeds are low and more efficient when they are high and (ii) the cluster sizes can

be balanced adaptively according to the node speed.

When a network starts to work, one of the nodes has a certain probability of becoming a
CH. This probability is a pre-determined parameter depending on factors such as the size
of the network, the extent of spacing between the nodes in the network and the required
backbone complexity. The self-selected CHs broadcast their CH announcements to others

immediately.

A node that receives a CH announcement forwards it to all its one-hop away neighbors.
The announcement has a field called the cluster radius field, which specifies the number of
hops to which the announcement packet can be forwarded. On reception of this packet, a
node that is not a self-selected CH responds this announcement to confirm that it is joining
this CH as a member node. This node will then not respond to any subsequent CH

announcement. The node then decreases the radius field by one and forwards the CH
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announcement to all its one-hop away neighbors if the value in the radius field is not zero.
The radius value is another pre-determined parameter that specifies the maximum number
of hops a node in the network can have from its CH. This process will be repeated until all

nodes are clustered. It can be seen that the communication complexity of clustering in

RBBPC is quite low.

The formed clusters, however, may have different sizes. The next stage is to balance the
sizes of the clusters. It is assumed that U is the upper bound and L is the lower bound of
the cluster size in RBBPC. These U and L are adaptive in accordance with the node speed.
When the speed is low, they will be similar. Otherwise, more difference is allowed. The
CH of each cluster needs to determine whether the number of member nodes in the cluster
is in the L and U limitations. If it is, no further process will be performed. If it is not, the

process of size maintenance will be invoked.

Ohta’s algorithm [74] proposes an algorithm which also limits the cluster sizes within the
U and L bounds to balance loads among the clusters. This algorithm performs a merge
mechanism if the cluster size is smaller than L or a division mechanism if the cluster size
is greater than U. L and U are not adaptive. However, with these two size maintenance
mechanisms, the clusters in this algorithm still experience significant size difference.
RBBPC not only proposes to balance cluster sizes adaptively, but also proposes a simpler

mechanism.

When a CH, named S/, finds that it does not have enough nodes, it will announce this
information to its neighboring CHs. When a neighboring CH receives this information, it
will reply to S7 with the number of nodes in its own cluster. In case S/ receives more than
one response, it will pick the one that has the most number of member nodes and send a
message requiring this CH to forward it a member node. On reception of this request, the
CH allows the member nodes to receive the announcement from S/. The member node
that receives this announcement and needs the highest number of hops to access its current
CH is allowed to join S/. This process will be repeated if necessary until the cluster size is
within the limited range. However, the repetition usually only happens during the cluster

formation phase when the network starts to work. Because the control messages are
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broadcast adaptively according to the requirement of each speed, any change in the cluster

will be detected immediately.

When a CH, named S2, finds that it has too many nodes in the cluster, it will not announce
this information to other CHs. Yet it allows the member node that needs the highest
number of hops to access it to leave this cluster. This member node will then receive the
control message from other CHs and join the CH that has the fewest number of nodes as a
new member node. This process will be repeated if necessary until the cluster size is in the
limited range. However, as with the process of size maintenance when the CH has too few
nodes, this repetition also usually only happens during the cluster formation phase when

the network starts to work.

It can be seen that the re-clustering triggered by size maintenance does not have a

resultant ripple effect, thus further improving energy efficiency.
6.2.3 Data communication

During the data communication phase, when a source node is ready to send data to a
destination node, two scenarios may occur depending on whether the destination is in the

same cluster as the source node or not.

If the destination node is in the same cluster as the source node, intra-cluster
communication occurs. As intra-cluster communication applies proactive routing protocol
and each node holds the routing information of the whole cluster, a node can explore the
routing information to the destination from its routing table. RBBPC considers balancing
power consumption throughout the network so that a route formed by the nodes with
higher residual energy is selected to relay the data, the process of routing selection is

similar to that in BRPC (refer to Section 4.2.3).

If the destination node is not in the same cluster as the source node, inter-cluster
communication occurs. Inter-cluster communication uses a reactive routing protocol.
Should the source CH find more than one valid route, it will then select the route based on
the consideration of residual node energy, which is the same as the routing selection in the

intra-cluster communication.
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During the inter-cluster communication, once a source CH determines the route to the
destination CH, it will cache this routing information. This cached routing information is
to be valid for a limited interval. This limited interval is referred to as a timer. Most
traditional algorithms set this timer to be a constant. To make sure that the cached routing
information is always valid; the timer needs to be short. This means that each time inter-
cluster communication occurs, the cached routing information is usually supposed to be
no longer available (though in fact it may still be available, especially when the nodes are
moving at low speed), thereby requiring the CHs to frequently re-initiate the routing
discovery process. This repeated routing discovery process causes considerable flooding

which consumes significant energy.

In a realistic application, the node speed may change from time to time. When the speed is
low, the cached routing information will be valid for a longer time, making repeated
routing discovery unnecessary. RBBPC therefore, again, builds an adaptive timer to
reduce the unnecessary flooding caused by backbone routing discovery. When the speed is
high, the timer is short; otherwise it will be longer. Similar to the adaptive broadcasting
frequency, the timer is also relative to the node speed. The relationship between the timer

T

timer

and the broadcasting period 7, is built as (6.3), in which K is the ratio

roadcasting

between the transmission ranges of inter- and intra-cluster communication.

T

timer

=KXT,

broadcasting

6.3)

6.2.4 Cluster maintenance

In a clustered MANET, the CH is responsible for maintaining local membership and
global topology information [11, 148]. During the cluster maintenance, the following

issues need to be considered: intra-cluster routing information and cluster topology.

The nodes in a MANET can move freely and arbitrarily. When they leave the original
cluster or join a new cluster, the intra-cluster routing information and the topology of the
original cluster are changed. The proactive routing protocol for intra-cluster
communication requires updating of the link to guarantee the availability of the tabled

routing information in the nodes. This link is updated by broadcasting control messages
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and by receiving the responses of these messages from the member nodes. Unlike the
periodic broadcasting in the traditional clustering algorithms, the broadcasting in RBBPC
adapts to meet the minimum requirement of each node speed. (The issue of how to
broadcast control messages adaptively is to be discussed in Section 6.2.5.). When the
corresponding replies arrive at the initial CH, the CH updates the intra-cluster routing

information and broadcasts it to its member nodes.

If a CH does not receive a reply from the member node the ID of which is previously in its
list, it assumes that this member node has left the cluster and will remove its ID from the
list. If a member node does not receive the control message from its CH within a limited
interval, it assumes that it has already left its original cluster. It will then receive the
control messages from other CHs and join the CH which has the fewest number of
member nodes. If a CH can not get any response of the control messages from its member
nodes, it can then determine that it (the CH) has left the cluster. To avoid the
disappearance of the cluster, the CH will keep its role and to request the neighboring CHs

to donate their member nodes.
6.2.5 Adaptively broadcasting control messages

Adaptive broadcasting according to the requirement of the node speed reduces
unnecessary broadcasting. This adaptive broadcasting, however, needs the speed
information of the nodes. A simple yet effective method to evaluate the node speed is

necessary.
1. Node speed and the rate this speed changes the cluster topology

RBBPC proposes a method, which does not need location information or powerful
computational capability of nodes to assess the speeds of the nodes. It first builds the
relationship between the speed and the rate that each speed changes the cluster topology.
The rate can be determined by measuring the number of re-clusterings that occur within a
limiter interval when a number of nodes are moving at a specific speed in the network.
According to this relationship, the required broadcasting frequency of each speed can be
determined. Using this relationship, the node speed can also be determined by accounting

the number of re-clustering within a limited interval.
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Gavalas also [72] proposes a similar method to assess the node speed using the
information of topology changes. His method, however, did not establish the relationship
between the speed and the rate that this speed changes the topology of the cluster. Without
this relationship, the control messages can still be broadcast adaptively according to the
cluster-topology changes. However, the broadcasting frequency may exceed or may not
satisfy the required frequency for maintaining the clusters. If the broadcasting frequency
exceeds the required one, the broadcasting will waste energy. Otherwise, it cannot
maintain the clusters or update intra-cluster information efficiently, thereby increasing the

rate of data loss when the member nodes use this stale routing information.

The CH in each cluster holds the ID information of all nodes in the cluster. Each time the
CH broadcasts control messages, it may detect ID changes in the cluster from the
responses it received from the member nodes. Each time ID changes are detected, re-
clustering occurs. If the broadcasting period is a constant, these changes may become
more significant when the node speed increases. Therefore, changing the speeds of the
nodes and then measuring the number of re-clusterings when some nodes are moving
within a limited interval can build the relationship between the speed and the rate this

speed changes the cluster topology.

It is assumed that when the nodes are moving at different speeds within the same limited

interval T, the expected number of re-clusterings within each unit of time E (Timesre_c)
are linear with the speeds S, and the number of nodes that are moving at this speed N,, as

shown in (6.4), where k_ is the coefficient of this linear relationship.
E(fimes,,_ )=k x> (N,S,) (6.4)

For example, the E (Times,e_c) when 4 nodes are moving at 6m/s within 8s is the same as

the E (Times,e_() when 3 nodes are moving at 8m/s within 8s.
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2. Broadcasting control messages adaptively

After the relationship between the node speed and rate that this speed changes the cluster
topology is established, the next step is to determine the broadcasting period for each node
speed. This is important in order to meet the requirement of each node speed, as stated that

both too high frequency and too low frequency of the broadcasting have disadvantages.

From (6.2), the expected number of re-clusterings E(Times,,_ ) within T, when N, nodes

re—c

are moving at S, within 7', can be described as (6.5):

E(Times

re—c

)=k XTXD NS, (6.5)

Expected average node speed E(S) can be determined by (6.6), in which F, is the
average number of nodes that are moving at different speeds and k, is the coefficient of

the relative node speed:

E(S):M (6.6)
k,xN,

Expected broadcasting period E(7,,) can then be determined by (6.7):

T
E)= E(Times,, ,)
2XN x]—V—,.x;

Cluster

Niop (6.7)

where 2 means each node leaving the original cluster and joining another one triggers two

re-clustering processes, N is the number of the clusters, -1\—/j is the average number of

Cluster
nodes that are moving in each cluster. Re-clustering only occurs when a node leaves or
joins a cluster, however, for a multi-hop cluster, the intra-cluster routing information may
be changed even when the nodes are moving within the cluster. Therefore, a coefficient of

1/N,,, is needed for the efficient updating of the intra-cluster routing information.
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An example of how to determine the broadcasting period according to the speeds is shown
in Table 6-2. Assuming that there are two two-hop clusters in a clustered MANET and 10
nodes are moving at the same speed which increases from 2m/s to 20m/s. During the
phase of setting the relationship between the speed and the rate that this speed changes the
cluster topology, the number of re-clusterings is to be detected of each speed within 30
successive broadcasts. Each of which is sent out every second. As assumed, the expected
number of re-clusterings is linear with the time interval, the node speed and the number of
nodes that are moving (refer to Section 6.5). The expected time when the first re-
clustering occurs can then be obtained. Effective broadcasting is expected to detect some
changes in the cluster. However, these changes should be minimized to guarantee that the
intra-cluster routing information is updated on time to avoid any data loss. The control
message therefore needs to be sent out when the first re-clustering is expected to occur, as

shown in the final row of the table.

Table 6-2. Example of determining the broadcasting Period.

Node speeds (m/s) 2 4 6 8 10 12 14 | 16 18 20
Re-clustering (times) 301 60 | 90 120 150 180 [ 210 | 240 | 270 | 300
Number of nodes that are| 5 5 5 5 5 5 5 5 5 5
Time interval (s) 30| 30 | 30 30 30 30 30 ) 30 | 30 30
Number of hops of the cluster 2 2 2 2 2 2 2 2 2 2
Expected first re-clustering (s) 10} 5 5/2 | 10/3 2 5/3 | 10/7] 5/4 | 10/9 1
Expected broadcasting period | 10| 5 5/2 | 10/3 2 5/3 {10/7} 5/4 | 10/9 1

6.2.6 Balancing power consumption throughout the network

Many algorithms have been proposed to improve energy efficiency for MANETs by
reducing energy consumed in routing data. To maximize lifetime of the network, however,
the power consumption needs to be balanced throughout the network, thereby preventing
premature node death and thus the premature network disconnection [37]. RBBPC applies
two methods to balance power consumption throughout the network. The first one

distributes the higher burden of the CH among the nodes by rotating the CH role: a
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method that has been used in many existing clustering algorithms. The second balances

power consumption among the clusters by balancing cluster sizes adaptively [120, 147].
1. Distributing the higher burden of CH among nodes

The CH needs to be rotated as it has a higher burden than member nodes. When a CH
decides to give up its role, it will broadcast a dismissal control message to its member
nodes. On reception of this announcement, the member nodes within the cluster exchange
the residual energy information. The one with the highest residual energy becomes a CH
and announces itself as a CH for next CH period together with the ID list of the member
nodes that it received from the previous CH. Only the nodes in the ID list will respond to
this announcement and the routing information is updated when the CH receives all
responses from its member nodes. Thus the higher burdens of CHs are distributed among
the nodes. However, to reduce the destruction of stability caused by CH rotation; the
service time of the CH is suitably extended. This suitable extension means that, before any
node dies, each node in the network can get at least one chance to become a CH. It can be
seen that, the re-clustering triggered by CH rotation in RBBPC is completed without

resultant ripple effect, thereby saving more energy.

During the cluster organization (Section 6.2.2), the CH is in the central area of the cluster,
thus power consumption of intra-cluster communication is reduced. However, during the
rotation of the CH, any node in the cluster has the chance of becoming CH according to its
residual energy. This means that the node that becomes the CH in the consequent periods
is not necessary in the central area of the cluster. Maintaining the CH at the central area by
re-clustering with ripple effect improves energy efficiency of intra-cluster communication.
However, the energy consumed by the flooding caused by re-clustering with ripple effect
is quite considerable [11, 14]. Furthermore, re-clustering with ripple effect will further
reduce the stability of the network. RBBPC thus rotates the CH role according to residual

node energy without considering the node location in the cluster.
2. Adaptively balancing cluster sizes

Rotation of the CH role distributes the higher burden of CH among the nodes. Balance

between cluster sizes further reduces the difference in burdens between the CHs and
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between the clusters. To prevent premature energy depletion of the cluster with higher
burden and in turn maximize its lifetime, the difference in size of clusters needs to be
minimized. The existing methods, either by limiting the maximum cluster size or by
strictly limiting the maximum and minimum cluster sizes, have limitations (refer to
Section 3.2.2). Adaptively maintaining the cluster size better balances power consumption,

thus further improves energy efficiency of the network.

It is assumed that the difference in U (upper bound) and L (lower bound) is 7. Equation

(6.8) explains the difference in cluster sizes S, according to the node speed M, .

When the speed is low, the cluster size may not be changed frequently and therefore it is

worth equalizing the cluster size, thus 77 will be a lower value. When the speed is high, to

maintain the cluster sizes within a strict range needs frequent re-clustering. This frequent
re-clustering will further reduce the stability of the cluster and consume more energy.

Therefore, when the node speed increases, 7 will be greater, thereby liberating the

network from frequent re-clustering.

S :U—L:ﬂocM (6.8)

diff speed

6.3 Performance evaluation

This subsection evaluates the performance of RBBPC, which broadcasts control messages
and balances cluster sizes adaptively. Two existing clustering algorithms are used for
comparison. The first limits the maximum cluster sizes and broadcasts control messages
periodically, which is similar to the highest degree algorithm and the lowest ID algorithm
in [71]. This algorithm is referred to as Maximum Sizes with Periodic Broadcasting
(MSPB). The other algorithm limits maximum cluster sizes, maximizes service time of the
CH and broadcasts control messages adaptively, which is similar to the algorithm in [72].
This algorithm is referred to as Maximum Sizes and maximum CH Service time with

Adaptive Broadcasting (MSSAB).

In a WSN, the nodes have the same destination and are stable, thereby making it feasible
to evaluate the first-node lifetime and the network lifetime. The measurement of the
lifetimes in a MANET, however, differs from those in a WSN. First, as the data sink is the
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same destination of all sensor nodes, it is therefore quite clear where all data need to be
relayed, making it possible to measure the power consumption of relaying data. In a
MANET, however, the nodes can communicate with each other freely, thereby making it
difficult to determine the destination. The selection of the destination nodes greatly affects
the power consumption of the communication. The power consumption of the
communication between the nodes in two clusters which are far away from each other will
be considerably higher than the power consumption of the communication between the
nodes in the same cluster. It is therefore meaningless to measure the power consumption
of communication in such a scenario. Secondly, in a clustered WSN in which the CHs
send data to the sink using multi-hop routes, the loss of connectivity between the network
and the sink is usually caused by the (premature) node death (refer to Section 4.3.2 and
Section 5.4.2). In a MANET, the free and arbitrary movement of the nodes may also cause
the nodes to become disconnected from each other. It is therefore difficult to determine
whether this disconnection is caused by the movement of the nodes or by the premature
energy failure, thereby making the measurement of the connectivity lifetime meaningless.

This performance evaluation therefore only assesses the first-node lifetime of the network.

The main application of a WSN is usually to collect data from the network [14]. It is
therefore reasonable to request the network to send the necessary data, which cover
(almost) all the information about the network to the sink, during each round. The main
application of a MANET, however, is to enable communication between the nodes [3].
Besides the challenge in determining the destination, it is also difficult to decide how
many nodes are sending data. The issue becomes that in a MANET it is almost impossible

to determine how many nodes are sending data and to which nodes.

The performance evaluation is therefore conducted by combining the simulation and
mathematical analysis, as shown in Fig 6-1. It first uses simulation to build the
relationship between the speed and the rate this speed changes the cluster topology (Step
1). Using this relationship, the necessary control messages can be broadcast adaptively
according to each speed (Step 2). The next step builds the relationship of the power
consumptions between the algorithms by mathematical analysis, which uses the results

from Steps 1 and 2 (Step 3). The first node lifetime is then determined (Step 4) based on
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the relationship of the power consumption from Step 3 and the energy model of the

network (refer to Section 6.2.1).

6.3.1

Step 1: Simulation to build the relationship between
the node speed and the rate
this speed changes the cluster topology

T

Step 2: Simulation to evaluate whether the control
messages are broadcast adaptively according to
the node speed by using the results in Step 1

l

Mathematical
analysis
(Section 6.3.2)

Step 3. Mathematical analysis to build the relationship
of the power consumption between the algorithms by
using the results in Steps 1 and 2

l

Step 4. Simulation to evaluate the first-node lifetime
of the algorithms by combining the results from Step 3
and the proposed energy model in Section 6.2.1

Simulation
(Section 6.3.1)

Figure 6-1. Steps of the conducted performance evaluation.

Simulation

1. Simulation scenario

Nodes, 100 in total, are uniformly distributed within an area of 1000mx1000m. Each node

has 100 units of initial energy and has two transmission ranges: one is 200m for intra-

cluster communication and the other is 400m for inter-cluster communication. The nodes,

which are moving from 2-20m/s, are expected to be organized into 10 clusters. The

control messages are broadcast according to the speeds of the nodes adaptively in RBBPC

and MSSAB. Whilst this broadcasting in MSPB is periodic and is in accordance with the

requirement of 20m/s, as has been stated that the periodic broadcasting needs to meet the

requirement of the potentially maximum node speed (refer to Section 6.1)

141



2. Assessment requirement
Rate that each speed changes the cluster topology

The measurement of re-clustering builds the relationship between the node speed and the
rate this speed changes the cluster topology. The number of re-clusterings within a limited

interval when some nodes are moving at different speed will be measured.
Adaptive broadcasting

With the relationship built between the node speed and the rate that this speed changes the
cluster topology, the broadcasting period of each node speed can be determined. This
measurement of the broadcasting is to evaluate whether the control messages are actually
broadcast adaptively or not in RBBPC and MSSAB. The maximum broadcasting
frequency in RBBPC and MSSAB is to be the same as the periodic broadcasting in MSPB

when the nodes are moving at 20m/s.
First-node lifetime

The measurement of the first-node lifetime compares the energy efficiency of the
algorithms. RBBPC improves energy efficiency and further balances power consumption
throughout the network so that it is expected to have longer first-node lifetime than that of
MSPB and MSSAB. Though it broadcasts control messages adaptively, MSSAB does not
distribute the higher burden of the CH among the nodes. The CHs in MSSAB will
therefore die quickly.

3. Simulation results
Rate that each speed changes the cluster topology

Fig. 6-2 shows the results of the rate that each speed changes the cluster topology when 20
nodes are moving at the same speed, which increases from 2m/s to 20m/s. It shows that

the total number of re-clusterings within 80 seconds is almost linear with the node speed.

In a realistic application, the nodes may move at different speeds, the expected total

number of re-clusterings within a limited interval can be assessed according to (6.4). For
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example, when 10 nodes are moving at 6m/s, 15 nodes are moving at 8m/s and 6 nodes are
moving 10m/s respectively within 40 seconds, the total number of re-clusterings

((10x6+15x8+6x10)x40) /(20x10x80)) x235=141 (times) can be expected.

Total number of re-clusterings within 80s vs. Speed of node

450

300 -

150

Total number of re
clusterings (Times)

2 5 8 11 14 17 20
Speed of node (m/s)

Figure 6-2. Rate that each respective node speed changes the cluster topology.

Adaptive broadcasting

When the relationship between the speed and the rate that this speed changes the cluster
topology is built, the broadcasting frequency of each speed can be determined. The control
messages can then be broadcast adaptively. The broadcasting frequency when all nodes
are moving at the same speed is shown in Fig. 6-3 and when only 60 nodes are moving at

the same speed is shown in Fig. 6-4.

It can be seen that, as expected, the control messages are broadcast adaptively. The
frequency of the broadcasting increases linearly with the node speed, which is consistent
with the rate that each speed changes the cluster topology (refer to Fig. 6-2). When 100
nodes are moving at 2m/s, according to (6.7), the E(T,,) is about 8s and thus the frequency
is about 0.125 (times/second), which is quite similar to the result in Fig. 6-4. However,
traditional periodic broadcasting needs to meet the requirement of maintaining the clusters
when the nodes are moving at 20m/s. The unnecessary broadcasting, when the node speed
is lower, is significantly reduced in RBBPC. RBBPC, therefore, improves energy
efficiency compared to MSPB.
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Figure 6-4. Broadeasting frequency when 60 nodcs are moving.

Sutilar to the breadeasting {requency when 100 nodes are moving, the control messages
are also broadeast adaptively according to the requirement of each speed when 60 nodes

are moving at the same speed, as shown o Fig, 6-4,

Different broudeasting frequencies have been adopied in some references, Gavalas set the
frequency of the periodic broadeasting of the algorithm, that is used for comparison with

his adaplive broadeasting algorithm [72], as 200 times/second when nodes arc moving
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with speeds of (-15m/s. IFrom this sunulation, this high frequency of broadcasting is

UIINECessary.
First-node litetime

The first-node lifetime of RBBPC, M5PB and M5SADB are shown in IFig. 6-3 with low
traffic densily and Fig. 6-6 wilh high tralffic densily.
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Figure 6-5. l'irst-nede lifetime of clustered MANET with low traffic density.
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Figure 6-6. First-node lifetime of clustered MANET with high traffic density.

Fig, 6-53 shows lhe first-node lifetime when the waffic density is low (refer 1o Section
6.3.2). Low lraffic density is defined as when each node only sends out one packet each

100s. When the nodes are moving at 2mus in RBBPC. 1t 15 assumed thal the power
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consumption of a member node is 0.1 units and of a CH is one unit (when the CH has one
member node). When the nodes are moving faster, the power consumption of broadcasting,
cluster maintenance, cluster size maintenance and inter-cluster routing discovery in
RBBPC increases, the lifetime of the network therefore decreases. [Note that the specific

increase in the power consumption when the nodes move faster can be found in Section

6.3.2 (Fig. 6-8)].

RBBPC has a longer first node lifetime than MSPB and MSSAB. When the speed is 2m/s,
the ratio of lifetime between RBBPC, MSPB and MSSAB is 1: 0.1: 0.80. This
improvement becomes less significant when the speed increases. When the speed of the
nodes is 10m/s, this ratio becomes 1:0.11: 0.90 and when the speed of the nodes is 20m/s,
RBBPC presents similar lifetime as MSPB. This is because the reduction in unnecessary

broadcasting becomes less significant when the nodes are moving faster.

Though the control messages in MSPB are broadcast periodically, its lifetime also
decreases according to the node speed. This is because when the node speed increases, the
power consumption of updating intra-cluster routing information in MSPB increases. Thus,

first-node lifetime decreases accordingly.

The first-node lifetime of MSSAB is quite interesting. It is expected to decrease according
to the node speed, because when the nodes are moving faster, the power consumption of
broadcasting, cluster maintenance and inter-cluster routing discovery increases. However,
this phenomenon is barely presented in the results. This is because as the nodes move
faster, they leave the original cluster and join other clusters more frequently. The greater
speed can cause a cluster of greater size to reduce and a cluster of smaller size to increase
in size in the next period. This improved balance in power consumption to a certain extent
compensates the increase in power consumption caused by higher speed. MSSAB shows a
far shorter first-node lifetime than do RBBPC and MSPB. This is because it maximizes
the service time of the selected CHs. The CH rotation only occurs when any selected CH

exhausts the energy.

Fig 6-6 shows the first-node lifetime when the traffic density is high (refer to Section

6.3.2). Low traffic density is defined as when each node sends out four packets each 100s.
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When the nodes are moving at 2m/s in RBBPC, it is assumed that the power consumption
of a member node is 0.1 units and of a CH is one unit (when the CH has one member
node). Similar to the scenario of low traffic density, when the nodes move faster, the
power consumption of the network increases. [Note that the specific increase in the power
consumption when the nodes move faster can be found in Section 6.3.2 (Fig. 6-9)]. The
improvement of RBBPC is less significant than that when the network has low traffic
density. This is because, in a network with high traffic density, the power consumption of
sending data packets becomes more significant and plays a major role in consuming

energy, making the energy saved by reducing unnecessary broadcasting less significant.

The result of MSSAB is also quite interesting. It even increases slightly as nodes move
faster. This is because the better balance in power consumption caused by nodes moving
with higher speeds as stated becomes more significant than the increase in power

consumption caused by higher speed.

In a realistic application, the nodes in a MANET usually do not consistently send data and
usually move at a low speed. Therefore, the improvement of about 25% by RBBPC can be

expected. If the data traffic becomes lower, more significant improvement is possible.
6.3.2 Mathematical analysis of power consumption

As stated, it is difficult to determine the power consumption of the nodes and of the
network. This section therefore builds the relationship of power consumption between the
algorithms by using mathematical analysis. This analysis uses the results from the
simulations in Steps 1 and 2. The analysis results will be used to evaluate the first-node

lifetime in Step 4 (refer to Fig. 6-1).

It is assumed that the total consumed energy E,_ , in a clustered MANET within a limited

total
interval T is separated into five parts, as shown in (6.9) with the definition of each part

described in Table 6-3.

+ E

Etotal = Ereclu—re broadcasting + Eupdateroutz’ng + Esizebalance + Er—dis + Ed-comm (6.9)
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The expected average power consumption P is then (6.10):

P=E,,IT (6.10)
Table 6-3. Definitions of the items in total power consumption.
Items Definitions
Erecture Energy consumed by clustering organization with ripple effect when the

network starts to work

E broadcasting

Energy consumed by broadcasting to detect the changes of the nodes and the
routes in the clusters

Eupdaterouling

Energy consumed by broadcasting the wupdated intra-cluster routing
information to the member nodes when re-clustering occurs

Esi:ebalance

Energy consumed by balancing cluster sizes when the cluster sizes are not in
the limited range

E, s Energy consumed by  searching a backbone route for inter-cluster
communication
Ey comm Energy consumed by delivering data packets from the source nodes to the

destination nodes

The model shown in Fig. 6-7 is used for analysis. It is assumed that there are M nodes in

the network, which are organized into N clusters. The size of the control message that is

used for maintaining the clusters or inter-cluster routing discovery is a. The size of the

data packet that a source node sends to a destination node is A.

CHA ©

. Cluster A~ -~ < Cluster B

- ~

\ CHB

! ®

Figure 6-7. Model to analyze the power consumption of the network.
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When the network starts to work, it needs to organize the nodes into clusters. It is assumed
that the energy consumed by broadcasting each control message is Ecopmess (including the
CH sends out the message and the member node responds to this message). Then the
energy consumed by this clustering phase with resultant ripple effect is (6.11), in which k/
is the coefficient of clustering communication complexity - how many rounds of message

exchanges that the network needs to organize the clusters - of RBBPC:

E =klxXMXE 6.11)

reclu—re conmess

After the clusters are formed, the network needs to maintain the clusters by broadcasting

control message adaptively. The broadcasting frequency f,, s, 10 this clustered

MANET is (6.12), in which k2 is a coefficient according to the node speed, which

increases when the nodes are moving faster, and f,,, e 15 the broadcasting frequency

of the lowest node speed.

fbmadcasting = k2 X fl()westspeed (6.12)

Within interval 7, the energy consumed by broadcasting control messages is then (6.13):

E =T XK2X fpesispecs X E XM (6.13)

broadcasting conmess

Nodes leaving or joining the cluster are detected by the broadcasting control messages and
the responses of these messages from the member nodes. When the CH finds that re-
clustering occurs, it needs to broadcast the updated intra-cluster routing information to the
member nodes. The size of this routing information is k3xa (k3 is a coefficient, which is
relative to the number of nodes that the CH serves), because this message includes the
routing information of the whole cluster so that its size is greater than that of the control
message. The member nodes will confirm this reception. It is supposed that re-clustering
occurs P times when the nodes are moving at the lowest speed. The energy consumed by
updating intra-cluster routing information within interval T is (6.14):

=k2XPXE xk3 (6.14)

updaterouting conmess
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Sometimes, the cluster size will not be in the limited range which is pre-determined
according to the node speed. The cluster size then needs to be adjusted. In RBBPC, the
control messages are sent out adaptively to actually meet the requirements of different
node speeds. Any changes of the cluster topology will be found out immediately, and only
those that have sizes larger or smaller than the limitation will send node to or request node
from other clusters. The communication complexity is therefore much less than that of the
cluster organization phase when the network just starts to work. Thus no ripple effect
occurs during the cluster maintenance phase. It is assumed that L times of size balance
occur within this interval 7. Then the energy consumed by balancing cluster size is (6.15),
in which k4 is the coefficient of the communication complexity — how many information

exchanges occur when size balance happens.

E =LXk4xE

sizebalance conmess (6 1 5)

RBBPC sets the relationship between the timer of the cached inter-cluster routing
information and the period of broadcasting as (6.3). Wang assumes a relationship between
broadcasting and timer as Tiimer=3XThroadcasing [149]. RBBPC considers a more realistic
application and determines the coefficient to be the ratio between the transmission range

of intra-cluster communication R

membernode

and of inter-cluster communication R, as
shown in (6.16), in which f, is the frequency that the cached backbone routing

information needs to be updated.

‘ :Lx]’ R
tmer R

— " “membernode
broadcasting = ]Ctimer - X fbroadcasling (6.16)

RCH

membernode

The energy of sending routing request £ to the next hop is (6.17), in which k5 is a

coefficient of power attenuation (refer to (4.1) in Section 4.2.1) in the energy model, of

the ratio between the intra-cluster and inter-cluster communication ranges.

kS
R
Eroure = (Ri“] X Econmesx 6.17)

membernode
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It is assumed that the total number of hops of routing discovery is k6. The energy

consumed by inter-cluster routing discovery E,_, can be described as (6.18):

r—dis

E

r—dis

ks
R, bernod R
= T —mememote X k2 X flawestspeed Xk6X = X Ecanmess (6.18)

CH membernode

During interval 7, each node in the network sends g packets to a destination node, the size
of each packet is A. The distance between the CH of the source node and the CH of the
destination node is k7 hops. The member node needs k8 hops to access the CH. Then the

energy consumed in delivering these packets is (6.19):

E

d—comm conmess

k5
+k7><(——£c—”——} xéxE (6.19)

conmess
a

=M xgXx 2><k8><éE
a

membernode

Therefore, the total consumed energy within interval T can be determined (6.20):

+E _ +FE =

sizebalance r—dis d—-comm

E . =FE +E +E +E
kIXM XE + T XE2X fipnestspeca XE XM +

reclu—re broadcasting updaterouting

conmess conmess

k2XPXE Xk3+ LxXk4XE +

conmess conmess

(6.20)

kS
R
b d <
T x —membernode ~ [ ¢ f/owesrspeed XkOX| —CH X E conmess T

CH membernode
A R, ) A
CH
qux 2Xk8x_Econmess+k7x(~———j X—XEconmesx
a membernode a

The values assigned to the parameters are shown in Table 6-4, in which P and fproadcasting

are from Steps 1 and 2.

Fig. 6-8 shows the results of power consumption of these three algorithms when each node
sends out one packet within 100s. When the node speed is low, the improvement of
RBBPC is more obvious. This is because that the unnecessary broadcasting to maintain
the clusters and the unnecessary flooding to discover the inter-cluster route are reduced
significantly. At 20m/s, however, the power consumption in RBBPC is slightly higher

151



than that of the MSPB. This is because at 20m/s, the broadcasting frequencies of RBBPC

and MSPB are the same. However, RBBPC needs extra power consumption to balance the

cluster size and thus more energy is needed.

Table 6-4. Values assigned to the parameters.

T M N Ecanmess a A Rmembernodes
100 (s) 100 10 0.005 (unit) 25 bytes 250 bytes 200 (m)
Reu ki k2 k3 k4 k5 k6
400 (m) 2 1-10 5 15 3 25
k7 k8 P Siowesispeed q L
5 1.5 250 0.125 (at 2m/s) 1,4 10
Eéch Vnodeﬁsends out onerbacrkeis &ithin 100s R
= 4
E —&—RBBPC -+~ MSSAB - = - MSPB |
g 33 e =Y
-3 g~ —® T e
g —— - "//4
= 3 - - - - /
) : i oad
: 2.5 | e gl
SR e ;
&, B
2 5 8 11 14 17 20

~ Speed of node (m/s)

Figure 6-8. Power consumption when each node sends out one packet.

Fig. 6-9 shows the power consumption of these three algorithms when each node sends

out four packets within 100s. It can be seen that the improvement of RBBPC is less

significant compared to that when each node sends out one packet. This is because the

power consumption of data communication plays a major role so that the improvement

achieved by reducing unnecessary broadcasting becomes less significant.

Both Fig. 6-8 and Fig. 6-9 show that RBBPC and MSSAB have similar power

consumption. This is because, similar to RBBPC, MSSAB also broadcasts control

message adaptively. However, this similar result does not necessarily illustrate that
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RBBPC and MSSAB have similar first-node lifetimes. Unlike MSSAB, RBBPC
distributes the higher burden of the CH among the nodes and furthermore balances power

consumption throughout the network. RBBPC thus has a much longer lifetime than does

MSSAB (refer to Section 6.3.1).

Each node sends out four packets within 100s

/ | —¢—RBBPC -+ - MSSAB _’_MSPBJi:

Power consumption(unit)

85 | ‘
2 5 8 11 14 17 20
Speed of node (m/s) -

Figure 6-9.Power consumption when each node sends out four packets.

6.3.3 Inferences from the result
From the simulation results, the following inferences can be achieved:

The periodic broadcasting to maintain the network topology wastes energy of clustered
MANETSs. Broadcasting the control messages according to the node speeds reduces
unnecessary broadcasting, thus improving energy efficiency. The improvement achieved

becomes more significant when the nodes are moving at a low speed.

The movement of the nodes changes the cluster sizes from time to time, which alleviates

the difference in cluster size, especially when the nodes are moving at a high speed.
6.4 Summary and discussions

6.4.1 Summary

An algorithm named RBBPC has been proposed in this chapter. This RBBPC broadcasts

control messages adaptively according to various speeds, thereby reducing unnecessary
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broadcasting and improving energy efficiency of the network. Furthermore, it achieves the
balance of cluster sizes adaptively according to the speed, thereby further balancing power
consumption throughout the network. The performance evaluation by NS2 shows that (i)
the control messages are really broadcast adaptively, (ii) energy efficiency is improved

and (ii1) the first-node lifetime is extended.

However, the proposed algorithm RBBPC and the performance evaluation only focus on
energy related issues. Other questions like QoS, security, and data loss rate are beyond
this research. Further work in improving the design can be undertaken by considering

more related questions and by conducting more comprehensive performance evaluations.
6.4.2 Discussions

RBBPC has exempted energy-hungry CHs from relaying data. However, during the
simulation, it is assumed that the selection of backbone route in RBBPC, MSPB and
MSSAB, when inter-cluster communication occurs, is the same. Further research can be

conducted to evaluate the routing performance of the inter-cluster communication.
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7 Conclusion and future work

The emergence of ad hoc networks enables communication between wireless nodes by
multi-hop routes more conveniently without any infrastructure. This technique, however,
also has many challenges due to the infrastructureless topology structure, such as routing
protocols, security, QoS, network scalability, energy efficiency and real-world

implementation [150-158].

This thesis investigates energy efficiency in ad hoc networks. More specifically, it
contributes to improving energy efficiency in clustered ad hoc networks, which is

potentially one of the most promising topology structures for further application.
7.1 Summary of contributions

This dissertation addresses energy efficiency as one of the primary challenges in ad hoc
networks. As WSNs and MANETSs have different characteristics and different nodes, this
dissertation treats these two types of networks separately. Based on the investigation of
existing clustering algorithms for energy saving, different clustering algorithms have been
proposed for WSNs and MANETSs. The following summarizes the key contributions of

this dissertation.
7.1.1 Clustering algorithm for WSNs (Chapters 4 and 5)
1. Balancing power consumption throughout the network in BRPC (Chapter 4)

The main contribution of the proposed clustering algorithm is to balance power
consumption throughout the network. This is empirical work in the improvement of the
energy efficiency by consideration of the directional data traffic towards the sink in a
clustered homogeneous WSN in which the CHs send data to the sink over a multi-hop
route. It builds the relationship between the data traffic and the power consumption so that
the clusters are organized in such a way that their energy store is proportional to their
respective power consumption. The cluster lifetimes are therefore equalized, thereby

preventing premature node death caused by directional traffic. The simulation results
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show that this equalization not only improves the energy efficiency but also improves the

performance of delivering data to the sink significantly.
2. Maintaining the CH in the central area of the cluster in BRPC (Chapter 4)

Some traditional clustering algorithms consider reducing power consumption of intra-
cluster communication by locating a CH in the central area of the cluster. This localization
is usually realized by re-clustering the nodes with ripple effect, but this fails to optimize
energy efficiency. By contrast, the proposed algorithm realizes this localization by re-
clustering without ripple effect. Furthermore, it maximizes the service time of the CH in

the central area of the cluster and thus further improves energy efficiency.
3. Joint clustering and scheduling to balance power consumption in BPC (Chapter 5)

This dissertation also presents an algorithm to improve power consumption for WSNs
with high node density. By joint clustering and scheduling, the power consumption is
balanced throughout the network and the network is better covered. The simulation results
show that both the energy efficiency and the performance of delivering data to the sink are

significantly improved with the proposed BPC.
4. Centralized and distributed clustering algorithms (Chapters 4 and 5)

This dissertation considers a more realistic scenario in which the sink usually has
sufficient resources and is the actual destination for all nodes in the network. The
proposed algorithms therefore make better use the resources of the sink and combine the
merits of centralized and distributed features. The proposed algorithms are distributed yet
they are centralized to start cluster organization. This combined action makes equalizing

cluster lifetime feasible and thus improves energy efficiency.
5. New methods to evaluate clustering algorithms (Chapters 4 and 5)

Most existing algorithms are evaluated by the use of a lifetime definition of (i) when any
node dies (first-node lifetime) and/or (ii) when all nodes die (last-node lifetime). However,
although the connectivity between the network and the data sink is usually not always lost

after the first-node lifetime, it usually has been lost long before all nodes have died. This
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dissertation considers a more realistic scenario. First, it uses the first-node lifetime to
measure the effective balance of power consumption throughout the network. Secondly, it
uses a new method referred to as the connectivity lifetime to measure the period of the

network life.

Besides the measurement of the lifetimes, it also defines the entire-network data (which
are delivered to the sink before the first-node lifetime) and the partial-network data (which
are delivered to the sink after the first-node lifetime). This is donc to more reasonably

evaluate the performance of the clustering algorithms on delivering data to the sink.
7.1.2 Clustering algorithm for MANETSs (Chapter 6)
1. Adaptive broadcasting according to speeds

In a MANET, the traditional clustering algorithms broadcast control messages
periodically to maintain the cluster. Typically, a higher node speed needs a higher
broadcasting frequency. Therefore, this periodic broadcasting needs to meet the
requirement of the potentially highest node speed to efficiently maintain the clusters.
When the speed is low, the unnecessary broadcasting wastes network energy. The
proposed algorithm RBBPC therefore broadcasts the control messages adaptively
according to the node speeds. This reduces unnecessary broadcasting and results in higher
energy efficiency. Furthermore, it optimizes the broadcasting frequency to make it
actually meet the requirement of each speed. This optimized broadcasting frequency both

improves energy efficiency and reduces the data loss rate.
2. Adaptive cluster-size balance according to speeds

Power consumption of the cluster, especially of the CH, is affected by the cluster size.
Balancing cluster sizes equalizes power consumption among the clusters and CHs.
However, if the cluster sizes are limited within a strict range, the frequent re-clustering
triggered by the requirement of size maintenance will consume significant energy, thus
defeating the advantage of balance in sizes. The proposed algorithm balances cluster sizes
adaptively according to the node speed. When the speed is high, a more relaxed size range

is applied whereas when it is low, a stricter size range becomes effective. This adaptive
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limitation makes the algorithm more suitable for the mobile environment and is more

energy efficient.
3. New method to evaluate the clustering algorithm

This dissertation also proposes a new method to evaluate the first-node lifetime of a
clustered MANET. There appears to be no literature or record of the first-node lifetime
being evaluated in such a way. A WSN usually has stationary nodes and has a data sink.
The first-node lifetime of a WSN can therefore be evaluated by all nodes sending data to
the sink. However, a MANET does not have a sink and is formed by mobile nodes. Each
node in a MANET can communicate with others freely. It is therefore difficult to
determine how many nodes are sending data and to which destination nodes. This
dissertation builds the relationship of the power consumption between the algorithms by

mathematical analysis to make measurement of first-node lifetime easier.
7.2 Discussion and foreseen challenges

Although the simulation results show that all proposed clustering algorithm have
(significantly) improved the energy efficiency of the network and thus extended lifetime,
some future work is still necessary. This subsection summarizes some of the challenges

foreseen.
7.2.1 Clustering algorithm for WSNs

The proposed BRPC in Chapter 4 assumes homogeneous WSNs with identical sensor
nodes and with uniform node distribution. Sometimes, however, different nodes are
uniformly distributed in a WSN. Though the discussion in Section 4.4.2 indicates that
BRPC is also applicable in such a network, more detailed analysis and the extension of the
algorithm can be conducted in future. Furthermore, some recent research shows the
interest in WSNs in which the nodes can move freely [29-31]. Such a network combines
the key challenges in WSNs and MANETs, which makes balancing power consumption
and maintaining CH in the central area more challenging. Future extension of the

algorithm may also consider such networks.
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The proposed BPC in Chapter 5 is for homogeneous WSNs with higher node density. In
this algorithm, as concluded in Section 5.5.2, the data are forced to be relayed by
neighboring CHs nearer the sink. This forced relaying makes that the selected route may
not be the most energy efficient one, thought the main objective of BPC to balance power
consumption throughout the network is realized (refer to Section 4.3.3), future work can
focus on achieving further improvement in energy efficiency by optimizing the route

selection.

In a WSN, there are numerous issues that need to be taken into account. The proposed
BRPC and BPC, however, only focus on energy efficiency. The conducted simulations
also only evaluate the performance of energy related issues, such as different lifetimes and
different data packets that the network delivers to the sink. Other challenges of sudden
link failure, data re-transmission, QoS and security need to be further explored to make

the proposed algorithm be more suitable for realistic application.

7.2.2 Clustering algorithm for MANETS

The proposed RBBPC for MANETSs in Chapter 6 shows higher energy efficiency than
those of some traditional algorithms from the simulation results and the mathematical
analysis. The improvement of RBBPC for MANETSs with low data traffic is significant.
Though the low data traffic is the more realistic outcome as the nodes in the network
usually do not keep sending data to others, some MANETs may experience busy data
traffic. The simulation results and analysis show that the improvement of RBBPC for such
a network is not significant. In a MANET with busy data traffic, most energy is consumed
in routing data. Further work can be therefore conducted to optimize the route that is

selected to relay data by considering the total energy of the route.

Similar to the proposed algorithms BRPC and BPC for WSNs, the proposed RBBPC for
MANETs is based on energy efficiency consideration. The conducted simulations and
analysis also only evaluate the performance of energy related issues, such as the power
consumption in networks with different traffic density and the first-node lifetime. The

issues like security, delay, network scalability and hidden-terminal are beyond the scope
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of this dissertation and will be taken into account in further research to make the proposed

algorithm be more suitable for realistic application.
7.2.3 Implementation of the proposed algorithms

Only the simulations have been conducted so far during this research. The implementation

of the proposed algorithms for WSNs and MANETSs will be considered in future.

The algorithms BRPC and BPC for WSNs require the nodes to be aware of their location
information. The implementation of these algorithms requires that the node to be
supported by GPS technology or that each node can be carefully arranged before they are
deployed into the network. The latter means that each node can get the relative location
information so that the distance of the neighboring nodes can be easily acquired. The
methods to acquire node location information in [98, 99], however, will be considered to
incorporated into the proposed algorithms. Furthermore, the assumption made for BRPC
and BPC that each node can adjust its transmission power in accordance with the
necessary power for each hop may somehow be ahead of the realistic situation. However,
many sensor nodes today may have several power levels. The power level which is most
similar to yet higher than the necessary one can be selected in that case. This selection not
only improves energy efficiency, but also avoids data loss caused by short of transmission

range.

The algorithm RBBPC for MANETS only requires the nodes to have two power levels.
Many mobile terminals today have more than one power level, making the implementation

of RBBPC into MANETS quite convenient.

Besides the requirements of the hardware, other issues such as how to optimize the
number of clusters in the network also need to be considered when such proposed
algorithms are being implemented. This optimization is relative to both the transmission

power of the nodes and the energy efficiency of the networks in WSNs or MANETs.
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