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Abstract

A wireless sensor network (WSN) consists of several tiny battery-powered sensors
that can communicate with each other to monitor a Field of Interest (FoI). Coverage
is acknowledged as an important metric to measure the quality of service of WSNs.
It specifies how well a Fol is monitored by the WSN. Network connectivity is comple-
mentary to coverage and it indicates how well the sensory data can be communicated
by the sensors to the sink. This thesis studies coverage and connectivity problems in
WSNs with stochastic deployment of sensors and demonstrates their applications.
The main challenge in deployment of sensors is to make sure that a minimum
number of sensors are used to provide the desired level of coverage and connectivity
in the Fol. The first contribution of this thesis is to estimate the critical sensor density
required for the desired coverage ratio under border effects in WSNs. This work can
be used to accurately determine the sensors required in any convex polygon-shaped
Fol. In some applications of WSNs, the sensors cannot be deployed directly inside the
Fol to be monitored. For example, in canal water monitoring project, existing cov-
erage solutions cannot be used because, the sensors cannot be deployed on the water
surface. In the second contribution, we consider the sensors to be deployed uniformly
at random outside the Fol near the boundary and estimate the minimum number of
sensors required for desired level of coverage and connectivity. We also illustrate an
application of this work to develop a traffic information acquisition system. The third

contribution of this thesis is to consider a case when the sensors have only directional
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sensing capability and may have heterogeneity in terms of the sensing range, commu-
nication range, and/or probability of being alive. For such heterogeneous directional
WSNs, we derive probabilistic expressions for k-coverage and m-connectivity that are
used to optimize the cost of random deployment.

Minimising the energy consumed while ensuring the desired level of coverage of a
Fol is an important factor to be considered to extend the lifetime of WSNs because the
batteries may not be accessible for replacement. In the last contribution, we derive
an expression to determine the probability of a sensor, with a set of heterogeneous
neighbours, being redundant for the desired coverage ratio of the Fol. We propose a
distributed scheduling protocol to put the redundant sensors to sleep yet maintaining
the k-coverage of the Fol in three-dimensional heterogencous WSNs. We extend the
protocol for partial coverage in two-dimensional heterogeneous WSNs. The proposed
protocol is fully distributed and does not use any geographical information but, gath-
ers information only about the number of neighbours and their type with periodic

control messages.
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Chapter 1

Introduction

1.1 Overview

Wireless sensor networks (WSNs) have attracted a great deal of attention due to the
wide variety of their applications. A typical WSN consists of several tiny sensors
powered by batteries which can communicate with each other to monitor a Field
of Interest (Fol). WSNs monitoring a Fol are commonly found in applications like
battlefield surveillance, environment monitoring, health care, inventory tracking, in-
trusion detection, and fire detection. Some of these applications use a stochastic
deployment of sensors, where a large number of sensors are spread across the Fol in
a random fashion. Random deployment is favoured in situations where the Fol to be
monitored is hostile or inimical and this is also a popular assumption in theoretical
analysis [1]. In such a deployment, all the sensors may not have the same sensing
and/or communication ranges. The ranges of the different sensors might also become
unequal over the time due to battery drain and imperfect sensing conditions. Such
WSNs are frequently called heterogeneous WSNs (HWSNs) in the literature [1].

In any application of a WSN that involves monitoring a Fol, sensing coverage or
simply coverage is acknowledged as an important metric to measure the quality of

service (QoS) of the WSN. It specifies how well a Fol is monitored by the WSN.
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Any event that occurs in the Fol can be detected by a sensor if the location of the
event is within its sensing region [3]. Coverage can be classified into three categories:
target coverage, barrier coverage, and area coverage [4]. In this thesis, we focus on
area coverage, where the goal of WSNs is to deploy sensors in strategic ways, such
that an optimal area coverage is achieved according to the needs of the underlying
applications.

In certain applications of WSNs like intruder detection and tracking, it might be
necessary to detect every intruder by at least k sensors to improve the accuracy of
detection [5], where £k > 1. A Fol is said to be k-covered, if each point therein is
covered by at least k active sensors. In stochastic k-coverage, a point in the Fol is
said to be k-covered if it falls within the sensing regions of at least k sensors [6].
In some applications of WSNs like forest fire detection and weather forecasting, the
requirement of complete coverage of the Fol, may be too expensive or unnecessary.
For example, in summer season the entire forest area may need to be covered while in
the other seasons only part of the region may need to be covered [7]. When complete
coverage is not necessary, WSNs can be made energy-efficient by relaxing the quality
of coverage (QoC). Partial coverage refers to the relaxation in the QoC that requires
only a part of the Fol to be covered. Coverage ratio is a term used in the literature
to quantify the QoC. It is defined as the ratio of the area covered by the sensors to
the total area of the field. In terms of the coverage ratio, partial coverage requires
that the coverage ratio be no less than a pre-defined threshold (smaller than unity).

Network connectivity or simply connectivity is complementary to coverage and
it indicates how well the data gathered can be communicated by the sensors to the
sink. When a WSN is modeled as a graph with sensors as the vertices and the
communication link between two sensors as an edge, a connected WSN means that
the underlying graph is connected. A WSN is said to be m-connected if removal of any

(m-1) sensors does not render the underlying communication graph disconnected [8],
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where m > 1. As the sensors are low-cost devices with constrained resources, each
sensor has only limited communication range compared with the size of the Fol.
Multi-hop communication is used when a sensor cannot reach the sink directly.

In stochastic deployment of WSNs, minimising the energy consumed while en-
suring the desired level of coverage of a Fol is an important factor to be considered
to extend the lifetime of the WSNs because the batteries may not be accessible for
replacement. On the other hand, from a cost perspective, it is often very impor-
tant to maintain the desired coverage and connectivity with a minimum number of
sensors. In this thesis, we focus on partial coverage, k-coverage, and m-connectivity
problems in stochastic deployment of heterogeneous sensors in two-dimensional (2D)
and three-dimensional (3D) Fol. By using the results in our work, one can effectively

design, deploy and operate a WSN in a cost-efficient and energy-efficient manner.

1.2 Motivation of the Research Work

WSNs are often deployed to monitor a Fol and sensory data should be reported to the
user whenever the need arises. The main challenge in stochastic deployment of WSNs
is to make sure that a minimum number of sensors are used to ensure the desired
coverage ratio of the Fol. The problem of estimating the critical sensor density (CSD)
for partial coverage is complicated when the border effects are considered [8]. Due
to the border effects, the sensors near the boundary of the Fol, cover a smaller area
than those located deep inside the Fol. This is because, a part of the sensing disc
of the sensors near the boundary might be outside the Fol (which is not of interest
in coverage) [9]. The literature on determining the critical sensor density (CSD) for
partial coverage assumes that the Fol is unbounded or toroidal in shape [10, 11, 12].
Although it is not a realistic assumption, it eliminates the border effects in analysis.
Since the entire sensing area of the sensors near the boundary may not be useful for

the coverage, the CSD estimated without the border effects is lower than the actual
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value.

In most of the cases the sensors are deployed directly in the Fol to be monitored.
However, in some applications, the sensors cannot be deployed directly inside the
Fol. For example, in canal water monitoring application [13], the sensors cannot
be deployed on the water surface. Similarly, there exist applications such as the
traffic information acquisition systems (TISs), where the sensors cannot be directly
deployed on the road to be monitored. Other examples where the sensors can only
be deployed outside the monitored region are: railway track monitoring system [14],
water transport monitoring system, and country border monitoring system [15]. In
applications where the sensors cannot be deployed directly in the Fol, the existing
literature to compute the number of sensors required to ensure the desired coverage
and connectivity is not useful.

Estimating the number of sensors required to ensure the desired coverage is use-
ful to optimize the cost of the stochastic deployment of WSNs. At the same time,
minimising the energy consumed while ensuring the QoC is another important issue
in WSNs because the batteries may not be accessible for replacement. A popular
technique used for energy-efficient coverage of the Fol is to identify if there are re-
dundant sensors and schedule them to sleep without compromising the QoC of the
Fol. Determining the probability of a sensor being redundant for the desired level
of coverage is complicated when the sensors are heterogeneous and no information
about the geographical location or relative position is available. Unfortunately, there
is no work in the literature on coverage-preserving scheduling protocols for heteroge-
neous WSNs that can work without the sensors using information about geographical

location or relative position.
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1.3 Contributions of the Thesis

In this thesis, we assume that the sensors are deployed uniformly at random inde-
pendent of each other. We derive probabilistic expressions for desired coverage and
connectivity that are used to optimize the cost of random deployment. We propose
a coverage-preserving scheduling protocol to put the redundant sensors to sleep. The
main contributions of the thesis are summarised by the following problems addressed:
Problem 1 (Partial coverage under border effects): What is the CSD required for
a desired coverage ratio in a convex polygon-shaped Fol, with the sensors deployed
uniformly at random by considering the border effects?

The literature on the estimation of the CSD for partial coverage considering the
border effects assumed that the Fol is in the shape of either a circle, a rectangle, or a
square, and the coverage ratio is derived only for that shape. In some practical appli-
cations such as, habitat monitoring, wildlife monitoring, and forest fire monitoring,
the Fol will not be in a regular shape.

We derive expression for the expected value of the effective sensing area of a
sensor that is useful for partial coverage of the Fol under border effects in WSNs. We
consider the exact geometry of the Fol and the probability of a sensor being located
anywhere in the Fol. We extend the analysis to derive the CSD required to maintain
the desired coverage ratio in a Fol with sensors distributed uniformly at random.
Problem 2 (k-coverage and connectivity with border deployment): How many sen-
sors are required to ensure that a Fol is k-covered by a connected WSN, when the
sensors are deployed uniformly at random outside the Fol near the boundary?

The literature on WSNs assumes that the sensors are deployed directly in the
Fol to be monitored. However, in some applications, the sensors cannot be deployed
directly inside the Fol.

We analyze k-coverage and connectivity of a Fol when the sensors are deployed

uniformly at random outside the Fol near the boundary. We determine the area of the
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sensing and communication regions of a sensor useful for k-coverage and connectivity
and calculate the minimum number of sensors required for the deployment. We also
demonstrate an application of the analysis in deployment of a traffic information
acquisition system based on WSNs.

Problem 3 (k-coverage and m-connectivity in 3D directional HWSNs): When a large
number of heterogeneous directional sensors are deployed uniformly at random in a
3D Fol, what is the expected value of the Fol that is k-covered and the expected value
of m-connectivity of the 3D HWSN?

Most of the literature on 3D WSNs assumed the omni-directional sensing model
where a sensor can perfectly sense within the sphere of a given radius centred at the
location of the sensor. Moreover, the literature on 3D WSNs assumed either that the
probability of a sensor being alive is unity or is constant for all the sensors.

In this problem, we consider a case when the sensors have only directional sensing
capability and may have heterogeneity in terms of the sensing range, communica-
tion range, and/or probability of being alive. For such 3D heterogeneous directional
WSN5s, we derive the expected value of the k-coverage of the 3D Fol. We also estimate
the expected value of m-connectivity in a 3D HWSN which can determine the com-
munication range and the liveness fraction required to create an m-connected HWSN.
Finally, we demonstrate an application of the analysis to compute the number of sen-
sors of each type required to ensure the desired k-coverage ratio and m-connectivity
probability while optimising the network cost.

Problem 4 (Scheduling protocol for k-coverage in 3D HWSNs): How to determine
the redundancy of a sensor for k-coverage of the 3D Fol without any information
about the geographical location/relative position of 3D HWSNs?

The literature on coverage-preserving scheduling protocols in 3D WSNs consid-
ers the coverage problem in homogeneous WSNs using location information. The

assumption of homogeneity is usually hard to maintain in large scale WSNs.
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We derive an expression to determine the probability of a sensor, with a set
of neighbours of different types, being redundant for a desired coverage level. We
propose a distributed scheduling protocol to put the redundant sensors to sleep yet
maintaining the desired level of coverage in the 3D Fol. This protocol does not require
the sensor to have any information about its geographical location/relative position
to discover its redundancy.

Problem 5 (Scheduling protocol for partial coverage in 2D HWSNs): When a large
number of heterogeneous sensors are deployed uniformly at random in a 2D Fol, how
to determine the redundancy of a sensor for partial coverage of the Fol?

The literature on coverage-preserving scheduling protocols in 2D WSNs considers
the coverage problem in homogeneous WSNs. No existing work considers the partial
coverage problem in 2D heterogeneous WSNs without location information.

We propose a probabilistic approach to determine the redundancy of sensors while
satisfying partial coverage requirements in a HWSN. We derive an expression to eval-
uate the expected redundancy degree of a sensor and use it to determine if a sensor is
redundant for a desired coverage ratio of the Fol. We propose a scheduling protocol
to identify all the redundant sensors and schedule them to sleep while ensuring the
QoC. The protocol is completely distributed, does not use any geographical informa-
tion, and uses only the information gathered about the neighbours with a few control

messages.

1.4 Organisation of the Thesis

The rest of the thesis is organised as follows: In next chapter, we present the state-
of-the-art work with respect to the coverage and connectivity problems in WSNs.
In Chapter 3, we estimate the critical sensor density required for partial coverage
under border effects in WSNs. We calculate the number of sensors required for a

desired level of coverage and connectivity when the sensors are deployed uniformly
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at random outside the Fol near the boundary and illustrate an application of this
work for traffic monitoring in Chapter 4. We derive probabilistic expressions for k-
coverage and m-connectivity in 3D heterogeneous directional WSNs in Chapter 5. In
Chapter 6, we derive an expression to determine the probability of a sensor, with a
set of neighbours of different types, being redundant for k-coverage of a 3D Fol, and
propose a distributed protocol to schedule the redundant sensors to sleep to prolong
the lifetime of 3D HWSNs. In Chapter 7, we propose a scheduling protocol to identify
all the redundant sensors and schedule them to sleep while satisfying partial coverage
requirements in a 2D HWSN. Finally, the thesis ends with conclusions and discussion

in Chapter 8.
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Chapter 2

Background

In the chapter, we describe the generic components that form a WSN. We start
by a brief review of the WSN operating systems, simulators, and testbeds. The
remainder of this chapter contains the state-of-the-art work with respect to coverage

and connectivity problems in WSNs.

2.1 Wireless Sensor Networks Hardware Systems

The main components of the physical architecture of a sensor can be classified into
four major units: processing, storage, communication, and sensing. Table 2.1 lists
out the main components of the architecture of some sensors [16].

e Processing unit: A processing unit in a sensor interacts with the components and
executes the software. Sensors in WSNs have several types of processors based on
their tasks, such as, microprocessors and/or microcontrollers, low power digital signal
processors, communication processors, and application specific integrated circuits for
certain special tasks.

e Storage unit: The current sensors have relatively small and low cost storage units.
They most often consist of synchronous dynamic random access memory (SDRAM),

electrically erasable programmable read-only memory (EEPROM), static random-
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access memory (SRAM), and non-volatile (flash) memory.

e Communication and sensing units: The communication paradigms often as-
sociated with the current generations of WSNs are multi-hop communication. The
literature in WSNs illustrates that the multi-hop communication can significantly
reduce the energy consumption in large scale WSNs. Sensors in WSNs consist of

sensing units, which interact with the physical world around the sensor.

Sensor Main components

Tmote e Processing unit: 8MHz Texas Instruments MSP430 microcontroller
e Storage unit: 10k RAM and 48k Flash

e Communication unit: 250kbps 2.4GHz IEEE 802.15.4 Chipcon
Wireless Transceiver

e Sensing unit: Integrated Humidity, Temperature, and Light sensors
BTnode e Processing unit: Atmel ATmegal28L(AVR RISC 8 MHz @ 8 MIPS)
e Storage unit: 180 Kbyte SRAM, 128 Kbyte Flash ROM, 4 Kbyte
EEPROM

e Communication unit: Chipcon CC1000 operating in ISM Band
433-915 MHz

e Sensing unit: UART, SPI, 12C, GPIO, ADC, Clock, Timer, LEDs
Standard Molex

CSIRO Fleck | e Processing unit: Atmegal28L, SMHz

e Storage unit: 512K external memory

e Communication unit: Nordic 903

e Sensing unit: Temperature, Light, Screw terminal for 4X digital i/o
and 2X analog

EYES e Processing unit: MSP 430F149 (5 MHz @ 16 Bit)

e Storage unit: 60 Kbytes of program memory and 4 Kbyte EEPROM
e Communication unit: RFM TR1001 hybrid radio transceiver

e Sensing unit: Compass, accelerometer, temperature sensor, light
sensor, pressure sensor

MicaZ e Processing unit: ATMEGA 128

e Storage unit: 4K RAM 128K Flash

e Communication unit: 802.15.4/ZigBee compliant RF transceiver
e Sensing unit: Large expansion connector

Telos e Processing unit: Motorola HCS08

e Storage unit: 4K RAM

e Communication unit: 250kbps 2.4GHz IEEE 802.15.4

e Sensing unit: Large expansion connector

Table 2.1 Main components of the architecture of some sensors.
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2.2 Wireless Sensor Networks Operating Systems

One major challenge in a WSN is to produce low cost and tiny sensors. For net-
work protocols to operate, an operating system that implements the protocols runs
on every sensor. Operating systems for sensors in WSNs are typically lighter than
general-purpose operating systems. A WSN has severe resource constraints in terms
of processing power, memory size and energy. The operating system in WSNs must
efficiently manage the constrained resources while providing a programming inter-
face. In the sensor network research community, several operating systems have been
developed, with each offering a different solution for the fundamental problems. In
this section, we elaborate on the state-of-the-art WSNs operating systems.

e TinyOS: TinyOS is an open-source operating system designed for low-power and
low-cost WSN devices. TinyOS is based on an event-driven programming model.
TinyOS programs are composed of event handlers and tasks with run-to-completion
semantics. When an external event occurs, such as an incoming data packet or a sen-
sor reading, TinyOS signals the appropriate event handler to handle the event [17].
e LiteOS: LiteOS is an open source, interactive, and UNIX-like operating system
designed for WSN devices. It runs on the following platforms: Windows XP /Vista/7,
MicaZ as target board, and MIB510/MIB520 as programming boards [18].

e Contiki: Contiki is an open source operating system for networked and memory-
constrained systems with a particular focus on low-power WSNs [19].

Table 2.2 illustrates a comparison between TinyOS, LiteOS, and Contiki.

2.3 Wireless Sensor Networks Simulators

A WSN simulator consists of various modules namely events, sensor, protocols, and
applications. Each category is represented by an interface that defines its methods

and events generated and consumed. There are many different possible platforms for
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Feature TInyOS LiteOS Contiki

Publication 2000 2008 2004

Language Support nesC LiteC++ C

Event Based Pro- | Yes Yes Yes

gramming

Multi-Threading Yes Yes Yes

Platform Support Mica, Mica2, MicaZ, | MicaZ, Tmote, TelosB, ESB,
TelosB, Tmote, IRIS, | IRIS, AVR | AVR MCU, MSP430
Tinynode, Eyes MCU MCU

Simulator TOSSIM, Power | Through Cooja, MSPSim, Net-
Tossim AVRORA | sim

Table 2.2 A comparison between TinyOS, LiteOS, and Contiki oper-

ating system.
simulation and testing of routing protocols for WSNs. In this section, we elaborate
on the state-of-the-art WSNs simulators.
e INS-2: NS-2 is a discrete event simulator targeted at networking research [20].
NS-2 began as a variant of the REAL network simulator in 1989 and has evolved
substantially over the past few years. It has an object-oriented design which allows
for straightforward creation and use of the new protocols. The key features of NS-2
in WSNs include sensor channels, battery models, lightweight protocol stacks, hybrid
simulation support, and scenario generation tools.
e TOSSIM: TOSSIM is a discrete event simulator for TinyOS WSNs, which was
developed at UC Berkeley [21]. TOSSIM captures the behavior and interactions of
networks not on the packet level but at network bit granularity. TOSSIM is designed
specifically for TinyOS applications to be run on MICA Motes. TOSSIM simulates
entire TinyOS applications. It works by replacing components with simulation im-
plementations.
e GLoMoSim: Global Mobile Information System Simulator (GloMoSim) is a scal-
able simulation environment for large wireless and wired communication networks [22].

The node aggregation technique is introduced into GloMoSim to give significant bene-
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fits to the simulation performance. In GloMoSim, each node represents a geographical
area of the simulation. Hence the network nodes which a particular entity represents

are determined by the physical position of the nodes.

2.4 Wireless Sensor Networks Testbeds

In this section, we elaborate on the state-of-the-art WSNs testbeds.

e WISBED: The WISEBED is a large-scale heterogeneous WSN testbed [23]. It is a
joint effort of Kuropean Universities and Research Institutes. It facilitates end users
and application through a variety of interfaces and unified algorithmic and software
environment. WISEBED follows a hierarchical multi-hop architecture that consists
sensors, gateways, portal server, and overlay network. The operating systems sup-
ported by WISEBED are Contiki and TinyOS. The WISEBED testbed provides a
C++ library.

e SensLAB: SensLAB is a large-scale WSN testbed with a total of 1000 sensors
deployed in France [24]. The main goal of SensLAB is to offer an accurate and effi-
cient scientific tool to help in the design and development of large scale WSNs. The
operating systems supported by SensLAB are Contiki and TinyOS. The SensLAB
testbed provides a C++ library.

e INDRIYA: INDRIYA is a three-dimensional WSN deployed across three floors of
the School of Computing at the National University of Singapore [25]. The testbed
facilitates research in WSN programming environments, communication protocols,
system design, and applications. It provides a public, permanent framework for de-
velopment and testing of sensor network protocols and applications. The testbed
comprises of 139 TelosB sensor. At present, more than 50% of the sensors include
following sensing units: Passive and active infrared, accelerometer, magnetometer,
light, temperature, and acoustic. Sensors run the TinyOS operating system and are

programmed in the NesC programming language.
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2.5 Coverage and Connectivity problems

2.5.1 Type of Coverage

Based on the subjects to be covered by a WSN, coverage can be classified into three
categories: area coverage, point coverage, and barrier coverage [26].

e Area coverage: The objective of the area coverage is to monitor the Fol by a set
of deployed active sensors. Fig. 2.1 illustrates an example of a random deployment of

sensors to cover a given Fol, where disk represents the sensing range of a sensor.

Figure 2.1 TIlustration of the area coverage in the Fol.

e Target Coverage: Target coverage which is also known as point coverage, is to
cover only a finite set of targets in the Fol. Fig. 2.2 shows an example of target
coverage, where sensors si, sp, and s3 are monitoring targets Ty, Ts, T3, Ty, and
Ty. Target coverage is useful in surveillance environment data collections where fixed
points or locations are required to be monitored.

e Barrier coverage: The main objective of barrier coverage concerns with construct-
ing a barrier for intrusion detection. If any intrusion takes place along the barrier,
then sensors can detect the intrusion. Barrier coverage is illustrated in Figure 2.3.
On the basis of efficiency, barrier coverage is divided as strong barrier coverage and

weak barrier coverage. Weak barrier coverage can only guarantee to detect intruders
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Figure 2.2 Illustration of the target coverage in the Fol.
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(a) Strong barrier coverage (b) Weak barrier coverage

Figure 2.3 [Illustration of the barrier coverage in the Fol.

2.5.2 Coverage and Connectivity Problems

Several different coverage formulaions arise naturally in many domains. The Art
Gallery Problem determining the number of sensors necessary to cover an art gallery
room such that every point in the gallery is seen by at least one sensor. The Art
Gallery problem was solved optimally in 2D and 3D [27]. The coverage in WSNs
is trying to answer how well the Fol is covered. Reference [4] provides a survey on
sensor coverage techniques and algorithms in WSNs.

Maximum lifetime coverage protocols have naturally attracted a great deal of at-
tention because the batteries may not be accessible for replacement. The maximum

lifetime coverage problem can be defined as follows: Given a WSN and a Fol, find
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a set of sensors that provides the desired level of coverage and the time duration for
the set of sensors to be active, such that to mazimize the network lifetime. Many
solutions have been proposed for enhancing the lifetime of 3D WSNs and 2D WSNs.
Most of the existing work focus on a mechanism to organize the sensors into a number
of scheduling subsets such that each subset can provide the desired level of coverage
in order for enhancing network lifetime. The work in [2] derives the necessary con-
ditions to determine if a sensor is redundant. The work in [28, 29] identified if there
are redundant sensors for complete coverage of the Fol. Though the work in [6] con-
siders the heterogeneity of sensors for the coverage and connectivity problem. In [30],
the authors propose a Coverage Connectivity Protocol (CCP) that guarantees both
connectivity and coverage when the communication range of a sensor is at least twice
its sensing range. Chapter 6 and Chapter 7 briefly discuss previous work on coverage
preserving scheduling protocols in 3D WSNs and 2D WSNs, respectivey.

A low cost WSN has attracted a great deal of attention in the environment moni-
toring due to potentially large economic impacts. The low cost coverage and connec-
tivity problem can be defined as follows: Given a WSN and a Fol, estimate the CSD
that provides the desired level of coverage and connectivity. Zhang and Hou in [10]
analysed the CSD required to cover a Fol when the sensors are deployed following a
Poisson point process. In [11], the authors derived the sensor density for a square-
shaped Fol with the sensors deployed following a Poisson point process, a uniform
distribution, and a grid deployment. The authors in [12] derived an upper bound for
the lifetime of a large scale WSN with a dense deployment. Lazos and Poovendran
in [1] formulated the stochastic coverage problem in heterogeneous WSNs as a set
intersection problem. The authors in [31] estimated critical transmitting and sensing
ranges for desired coverage and connectivity in 3D homogeneous WSNs. Ammari
and Das in [6] proposed the Reuleaux tetrahedron model to characterize k-coverage

of a 3D Fol and investigated the minimum sensor density required when the sensors
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are deployed following a uniform distribution. Recently the work in [32] studied the
fundamental properties of 3D MANETS: link probability, node degree, and network
coverage. Chapter 3 briefly discusses previous work on partial coverage. Chapter 5
reviews the work in the literature that addresses k-coverage and m-connectivity prob-

lems in WSNs.
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Chapter 3

Critical Sensor Density for Partial

Coverage under Border Effects in

WSNs

3.1 Introduction

Coverage is one of the fundamental requirement in almost all WSN applications. A
Fol is said to be completely covered if each point in the Fol lies in the sensing region
of at least one active sensor. In certain applications like forest fire detection and
weather forecasting, complete coverage may be expensive or unnecessary. Other real-
life situation is an indoor navigation or location system, where selected regions are
covered [33]. The problem of partial coverage refers to a relaxation in the desired QoC
that requires only a part of the Fol to be covered. Coverage ratio, which is defined
as the ratio of the area covered by the WSN to the total area of the field, is typically
used to measure the QoC [8]. Typically, the partial coverage problem requires that
the coverage ratio be no less than a pre-defined threshold. Note that, if the desired
coverage ratio is unity, then the partial coverage problem degenerates to the complete

coverage problem. In this work, we estimate the CSD required to achieve a desired

TH-1301_10610101 19



coverage ratio in a Fol with a stochastic deployment of sensors.

The problem of estimating the CSD is complicated when the border effects are
considered [8, 34]. Due to the border effects, the sensors near the boundary of the
Fol, cover a smaller area than those located deep inside the Fol. This is because, a part
of the sensing disc of the sensors near the boundary might be outside the Fol (which
is not of interest in coverage) [9]. When the sensor density is estimated by neglecting
the border effects, it would be lower than the exact value due to the assumption that
the entire sensing area of a sensor is useful for the coverage. We introduce the term
effective sensing area to indicate the area of the sensing disc inside the Fol, which is
equal to the entire sensing area for those sensors deep inside the Fol.

The literature on the estimation of the CSD for coverage considering the border
effects assumed that the Fol is in the shape of either a circle, a rectangle, or a
square, and the coverage ratio is derived only for that shape. In some practical
applications such as, habitat monitoring [35], wildlife monitoring [36], and forest fire
monitoring [37], the Fol will not be in a regular shape. A Fol is said to be irreqular
convex-shaped Fol if the sides of the Fol are not all the same length or interior angles
of the vertices of the Fol do not all have the same measure. Parts (a) and (b) of

Fig 3.1 illustrate regular and irregular convex-shaped Fols, respectively.

(a) Regular Fol (b) Irregular Fol

Figure 3.1 Illustration of a convex polygon shaped Fol with 6 vertices.

In this chapter, we address the problem: what is the CSD required for a desired

coverage ratio in a convexr polygon-shaped Fol, with the sensors deployed uniformly
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at random by considering the border effects? We consider the exact geometry of the
Fol and the probability of a sensor being located anywhere in the Fol to estimate the
expected value of the effective sensing area of a sensor (that is useful for coverage).
We extend the analysis to derive the CSD required to maintain the desired coverage
ratio in a Fol with sensors distributed uniformly at random. Through numerical
evaluation and simulation we validate the analysis and demonstrate the significance
of border effects and the geometry of the Fol on the estimation of the sensor density.

The rest of the chapter is organised as follows: In the next section, we briefly
discuss the literature on the estimation of sensor density for a desired coverage and
present the motivation for this work. In Section 3.3, we derive the expected value
of the effective sensing area of a sensor at random considering the border effects. In
Section 3.4, we extend the analysis to estimate the CSD for a desired coverage ratio.
Section 3.5 presents the numerical results that validate and demonstrate the impact

of border effects on CSD. We conclude the chapter in Section 3.6.

3.2 Related Work

The coverage problem in WSNs has been addressed widely in the past and surveyed
comprehensively in [4]. In this section, we review significant contributions in the lit-
erature on the estimation of the CSD for coverage both with and without considering
the border effects.

Zhang and Hou in [10] analysed the sensor density required to cover a square-
shaped Fol when the sensors are deployed following a Poisson point process. The
analysis is subsequently used to derive an upper-bound for the lifetime of a WSN.
The same authors in [11] derived the sensor density for a square-shaped Fol with the
sensors deployed following a Poisson point process, a uniform distribution, and a grid
deployment. It was concluded that the grid deployment requires the lowest density

of sensors than any random deployment. The authors in [12] also derived an upper
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bound for the lifetime of a large scale WSN with a dense deployment. The work
done in [10, 11, 12], avoided the border effects by modelling the Fol as a torus. In a
toroidal field, the sensors near one edge are assumed to also cover the region near the
opposite edge of the Fol. Due to this assumption, the entire sensing area of a sensor
is useful for coverage and hence, the estimated sensor density will be lower than that
done with the border effects. Since it is not realistic to assume a toroidal Fol, some
work in the literature considered the impact of border effects on the coverage ratio
and the sensor density.

Lazos and Poovendran in [1] formulated the stochastic coverage problem (coverage
under random deployment) in heterogeneous WSNs as a set intersection problem. The
authors used results from integral geometry to derive the coverage ratio in a bounded
Fol with any distribution of sensors. They also derived the number of sensors and
the sensing range required for a desired coverage ratio. However, the analysis only
considers the perimeter and the area of the Fol and not the exact geometry of the
Fol. Since two regions with same area or perimeter might require different number
of sensors based on their shape, ignoring the actual shape does not ensure that the
sensor density is minimal.

In [9], the expected coverage ratio is derived for stochastic deployment in a
rectangular-shaped Fol. The expected coverage by a sensor was estimated from the
area of intersection between the sensing disk (of circular shape) and the rectangular
strips of the boundary region. Though it is the closest one to our approach, it is only
applicable for a rectangular region. Our analysis is applicable for any convex polygon
shape. The authors in [38] derived the coverage ratio for a given sensing range and the
density of sensors. They assumed that the sensors are deployed following a Poisson
point process or a uniform point process in a bounded square or circular region. Jin
et al. in [8] studied the density required for both coverage and connectivity of WSNs

with border effects and proposed a location-independent routing algorithm. However,
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the sensors were assumed to be uniformly deployed in a circular-shaped Fol. Wang et.
al. in [39] also studied the sensor density for complete information coverage of a Fol
with stochastic deployment. The authors derived an upper bound for the probability
of an arbitrary point in the field not being information covered.

Motivation: Most of the literature except [1] assumed that the Fol is in the
shape of either a circle, a rectangle, or a square, and the coverage ratio is derived
only for that shape. In some practical applications such as, habitat monitoring [35],
wildlife monitoring [36], and forest fire monitoring [37], the Fol will not be in a regular
shape. Similarly, we believe that the exact shape of the Fol should be considered, and
not just the perimeter or area to get a tighter estimate of the CSD with the border
effects. These limitations in the literature motivate us to determine the CSD for an
expected coverage ratio of a convex polygon shaped Fol considering the border effects.
Since we derive the expected coverage ratio of a bounded convex polygon shaped Fol,
the results are also applicable to any other regular shape (for e.g., circle, ellipse, or
rectangle). Incidentally, we demonstrate the significance of border effects for a low
density deployment of sensors with a large sensing range. Though, we assume that
the sensors are uniformly deployed, our analysis can be applied for any other spatial
distribution with a well-known density function. We also discuss how our analysis

can be applied to an irregular convex region and non-disc sensing model.

3.3 Estimation of the Effective Sensing Area

In this section, we choose a sensor at random from a convex polygon shaped Fol, and
compute the expected value of its effective sensing area. Obviously if a sensor lies
deep inside the region, its entire sensing region contributes to the coverage. But, if
a sensor lies near the boundary, its effective sensing area is smaller than the total
sensing area. We estimate the expected value of the effective sensing area of a sensor

in the boundary region. We consider the exact geometry of the boundary region,
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whose width is equal to the sensing range of the sensor, to estimate the effective
sensing area.

We assume that the sensors are deployed uniformly at random, independent of
each other, in a convex polygon-shaped Fol. Such a deployment is justified when a
large number of sensors are air-dropped in a hostile environment. This is a common
assumption in the literature, both for theoretical analysis [40, 41] and in real appli-
cations [42]. We assume the binary disc sensing model [8] in which a sensor located
at a point s, can only sense perfectly within a circular region of radius S centred at
s, denoted by A(s,S). Any event that occurs outside A(s, S) cannot be detected by
the sensor at s. The area covered by a sensor at s, which is also its sensing area, is
simply the area of A(s,S), denoted by [|A(s,S)| = mS%. Due to the border effects,
the sensors near the boundary can only cover an area smaller than their sensing area.

Consider a convex polygon-shaped Fol W illustrated in Fig. 3.2(a). As shown
in the figure, the polygon has six vertices vy, vy, ..., vs, with the length of the edge
(g, vg41) denoted by l. The angles at the vertices are denoted by 6y, 0, ..., 05. Let
us formally define the effective sensing region of a sensor as the region of intersection
between its sensing disc and the Fol, i.e., A(s,S) N W. Obviously, the area of this
region depends on the position of the sensor. When the sensor is located deep inside
VU, indicated as the center region C' in Fig. 3.2(b), the effective sensing region is the
disc A(s, S) itself. However, if the sensor is at the point s € D shown in Fig. 3.2(c),
which is within a distance of S from the edges of the Fol, its entire sensing region
does not contribute to the coverage. It is easy to infer that the boundary region D, is
simply a strip of width S, where S is the sensing range of the sensors. The boundary
region is the shaded region in Fig. 3.2(c). If a sensor lies at a distance greater than
S from the edge, which means that it lies in the region C, its entire sensing area
contributes to the coverage. Otherwise, part of its sensing region lies outside the Fol

and border effects must be considered to account for its reduced contribution to the
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coverage area.

() (d)

Figure 3.2 Illustration of a convex polygon shaped Fol ¥ with 6 ver-
tices.

3.3.1 Area of the Fol and the boundary region

From Figs. 3.2(b) and 3.2(c), it can be observed that any polygon can be divided into
two disjoint regions: a boundary region D of width S, and the remaining center region
C. First, we determine the areas of these two regions in terms of the coordinates of
the vertices, angles at the vertices, and lengths of the edges of the polygon. The area

of a convex polygon ¥ with n vertices illustrated in Fig. 3.2(a) is given by
n—1 1 1
”‘II” = ; (gxky(k—i—l)modn - §yk33(k+1)mod n) > (31)

where (2, yx) are the coordinates of the vertices vy, of the polygon for all 0 < k <
n—1.

As illustrated in Fig. 3.2(d), the boundary region D of a 6-vertex polygon can be
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partitioned into six trapezoids. For any arbitrary polygon on n vertices, given the
lengths of the edges and the angles at the vertices, the area of the boundary region
D can be computed from the sum of the areas of the n trapezoids. Based on simple

results from geometry, the area of the boundary region D can be expressed as

n—1
s S 5
1Dl k§::02< k tan (0 /2) tan(e(k+1)modn/2)> 2

where [ is the length of an edge (vg, vg11), Ok is the angle at vg, and S is the width

of the boundary region (also the sensing range of sensors).

3.3.2 Definition of the effective sensing area

Let ¢ denote the event that a sensor picked at random is located in the region C'
and d denote the event that it is located in the region D. As mentioned earlier, the
expected value of the sensing area of a sensor in C', denoted by E[P], is simply equal
to mS%. Let E[B] be the expected value of the sensing area of a sensor in the region
D. Since the sensor lies either in C' or D, the expected value of the effective sensing

area of a sensor in the Fol, denoted by E[®], can be expressed as

E[®] =P(c) x E[P] + P(d) x E[B),

_(_den DI
—<ch + HDH>E[P] i (HCH +1D ) 2

(%]~ |D}})=S? + |D|| BB
< 7] ’ (3:3)

where ||R|| denotes the area of a region R. The areas ||V|| and ||D|| are defined
by Eq. 3.1 and Eq. 3.2, respectively. In the rest of this section, we derive E[B] by
evaluating the area of intersection between the sensing disc of a sensor and different

segments of the boundary region.
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3.3.3 Effective sensing area near boundary

It can be observed from Fig 3.2(c) that, the effective sensing area of a sensor in the
boundary strip (useful for coverage) is the area of intersection between its sensing disc
and the boundary strip. As shown in Fig. 3.3, we divide the boundary region into n
disjoint regions, denoted by Dy, Dy, ..., D,,_1, such that || D|| = S_r—, || Ds||. This is
done to simplify the calculation of the area of intersection between the sensing disc
and the boundary region.

Let d;, denote the event that the sensor lies in the region Dy, 0 < k < n—1. Let By
be the effective sensing region of a sensor in the region Dy. That is, By = A(s, S)NVY,
when s € Dy. Since the sensor could be located anywhere in D, with the probability
of a sensor being in Dy given by P(dy), the expected value of the effective sensing

area of a sensor in the region D can be expressed as

E[B] =P(dy) x E[By] + ---+ P(d,—1) X E[Bp-1],

[ Dn 1]l

[ Dol|
T xE[Bo]+'--+W

where || Dy|| is the area of Dy and E[By] is the expected value of the effective sensing

area of a sensor in Dy.

v DFS
Dy \

L

— s Ds \

D \

~—> Do f o

\

-« %0 >« b

2
Figure 3.3 Illustration of the boundary region D of a 6-vertex polyg-
onal Fol being divided into six disjoint regions.

Eq. 3.4 shows that E[B] depends on E[By] which in turn depends on the area of

intersection between the sensing disc and the boundary region. It can be observed
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from the geometry of the regions Dy, k =0, 1,...,5 that E[By] depends on the angle
at the vertices 0 < 6, < mw. For a given angle 0, that characterizes the shape of
the region Dy, and the location of the sensor, the effective sensing region Bj can be
determined. Different values of the angle 6, lead to different cases in evaluating E[By]
as explained below:
Case 1: 6, <m/2: We consider the case when the sensor lies in one of the regions
Dy, for which the angle at the vertex is less than or equal to a right angle. The shape
of the effective sensing region of the sensor depends on its position. To determine
various regions of intersection possible, we partition one region Dy, (for example D;)
into four disjoint regions: Dy 1, Dya, Dys, and Dy 4, such that ||Dg|| = 2?21 || Dr. 51|
as illustrated in Fig. 3.4(b) which are also shown separately in Figs. 3.4(b1)-(b4).
Figs. 3.4(al)-(a4) illustrate the four possible regions (shown as shaded regions) where
a sensor could be located that give rise to different shapes of the effective sensing
region. It may be noted that these are the only possible locations for the sensor. For
example, Fig. 3.4(al) shows the case when a sensor is within a distance of S from v.
As shown in Fig. 3.4(cl), the effective sensing region in this case is a union of the
triangle Aspovy, the triangle Asvgp;, and the sector 5p1ps. Similarly, Figs. 3.4(a2)-
(ad) illustrate the cases where a sensor could be at various other points in the region
Dy. The effective sensing regions for these cases are shown in Figs. 3.4(c2)-(c4).
Figs. 3.4(b1)-(b4) explicitly show the regions Dy ;, j = 1,2,3,4, where the sensor
could be located.

For different locations of a sensor in Dy ;, illustrated in Fig. 3.4(b0), let By ; =
A(s,S) MW denote the effective sensing regions, illustrated in Figs. 3.4(c1)-(c4). Let
di; denote the event that a sensor is in the region Dy ;. The expected value of the

effective sensing area can be expressed as
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E[Bk] :P(dkz,l) X E[Bkjl] + -+ P(dk74) X E[BkA]a

_ [ Drall [ D4l
| Dyl [ Dkl

X E[Bga] +---+ X E[Bya]. (3.5)

In the rest of this section, we evaluate E[By | for 1 < j < 4 by estimating the
effective sensing areas.
Case 1.1: E[By,] : As illustrated in Fig. 3.4(al), this case occurs when the sensor is
located within a distance of S from the vertex of Dj. It can be seen that the sensing
disc intersects the edges of the Fol at points p; and py. From Fig. 3.4(cl), it may be
observed that the effective sensing region when the sensor is at s, is the union of the

Aspyvy, the Asuvpy, and the 5pips so that the effective sensing area is simply,
FEY = || Aspug|| + || Asvrpr || + |spipz]| - (3.6)

Eq. 3.6 gives the effective sensing area of a sensor located at (z,y). But, we need
to consider all the possible locations for a sensor in the region Dy ;. As shown in
Fig. 3.4(b1), Dy consists of two parts which can be formally defined as
{(z,y) | 0< 2z <a, 0<y <atanbp} U {(z, y) [ ar <z < by, 0 <y < V52— a2},
where a, = Scos@, and b, = S are the x coordinates of points a and b, respectively
and 6 is the angle at v,. After determining the (z,y) coordinates for the region
Dy 1, the expected value of the effective sensing area when a sensor lies in Dy, can

be obtained by simply integrating Eq. 3.6 over Dy ;. Therefore,
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ag T tan(f) by V/SZ2—x2

<0/ / ’ydyder/ 0/ F’ydydx)
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EB .y) dD
Bea] = HDMH J| Fevap. =

(#,y)€Dk 1

Scos(0;) pxtan(fy) S Scos(fy) rxtan(fy)
:< / / Yz + /ST = P)dyda + / / <z7r_
| D11l \ Jo 0 2 Jo 0
Y 1Y 1 \/msinwk —tan~! ¥)
> — cos — cos ( L ) dydx

x
tan~! 2 — (f — 0 +tan' 2

y \2 i o >
g2 S V52—22 T T Y Yy
20 2m —tan! = — (5 = F+tan~! =) —cos™! & —cos”!
/Swsgk/ <7r an ” (2 L + tan ac) Ccos g CcOos (
2+ y2sin(f), — tan~1 & > .
mSlngk an w))>dydx_‘_/s . /0 y(l’+ SQ—yQ)dyd,I),
COos(U
1 54 O,
_ 2 (42 + — % _ cos(26)) ) . 3.7
[ Dgal] 3 ( k+tan(9k) cos( k)> 0

Case 1.2: E[Bgg] : This case occurs when the sensor is at a distance greater than
S from vy at any point in the region Dy o (shaded in Fig. 3.4(a2)). The sensing disc
intersects the edges of the Fol at points p;, ps, ¢1, and ¢ and the effective sensing
region in this case, as shown in Fig. 3.4(c2), is a union of the Asq;qo, the Aspipo,

the 5p1qi, and the 5gops. The effective sensing area in this case is therefore,

F@Y = || Asquaol| + || Aspipal| + || sp1ai|| + ||5a2p2 ] - (3.8)

Similar to the previous case, the expected value of the effective sensing area when
the sensor lies in Dy 5 can be obtained by simply integrating Eq. 3.8 over the region
Dy 5. Fig. 3.4(b2) shows the region Dy divided into four parts that can be formally
defined by {(z, 9) | ax < o < ¢z, VS?2 —22 <y < ztanfp} U {(z, v) | ¢z < = < by,
V22— <y <StU{(@ y) | be <2 <dp, 0<y <SHU{(z,9) | do < 7 < ey,
xtanfp — Ssecly <y < S}, where a, = Scosby, b, =95, ¢, = Scotby, d, =5 cscl,

= Scot(f/2), and 6 is the angle at vg. Therefore, the expected value of the
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(al) (a2) (a3) (a4d)

(a) Ilustration of the cases when a sensor lies in the regions Dy, j, 1 < j < 4.

Dk,4 J
Dy 3 o € &e
Dy 2 ‘
, Dk,4 e
/h & ZDD A
Uk d™g
g n
(b0) (b1) (b2) (b3) (b4)

(b) Hlustration of the regions Dy, j, 1 < j <4 and Dy = U?:1 Dy ;.

/ .; .
A a1 q9 A
& » 1 P2 = o

(c1) (c2) (c3) (c4)

(c) Illustration of the effective sensing regions when the sensor lies in the regions Dy, j, 1 < j < 4.

Figure 3.4 Illustration of the regions Dy, ; and effective sensing regions
By j, for 1 <j <4 and 6 <7/2.
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effective sensing area of a sensor in Dy, 5 is given by

ce Ttanby by S
1 1
E[Bya) = —— / / F@Ev) dDy 5 = ( / / F@9 dydz + / / F@Y) dyda
= [ Dr2ll | D2
(,y)€Dg 2 A /G252 Cr /G272

€x

dz S S
+//F($’y)dydx+/ / F(x’y)dydm),
by O

dg xtan 0 —S sec Oy

1 S cot (0x) px tan(6y) §2 )
:”DMH(/S / (zy\/m-i-mg?—?cos 1(y/S))dydg;+/

cos (0x) JVS%2—=x? S cot (0)

S 2 == S 2
/ (23/\/52 — 2+ 75% — % cos * (y/S))dyd:L“ - / i / (2y\/5’2 — 2+ 75% — %
S 0

S

=7
-1 W F 2 52 -1
cos (y/S))dydx + / y f (2y\/52 —y2+7S° — - cos (y/S))dydac),
sin(0y) cot(0)  cos(0x)
s ( 3m—4 0y N (sin!(cos(0r)) — §)? N cos? (Gk)> (3.9)
| D2l \3sin(6r) 4 tan (0f) 2 3 ' '

Case 1.3: E[Byg| : This case is illustrated in Fig 3.4(a3). The sensing region of
a sensor at point s intersects with an edge of the Fol at points p; and py. From
Fig. 3.4(c3), the effective sensing region of a sensor at (z,y) is a union of the Asp;ps

and the pop1s with an area of
FoY) = || Aspips|| + ||papis]| (3.10)

From Figs. 3.4(b0) and 3.4(b3), it can be seen that the region Dy 3 is composed of
two equal-sized triangles in which the Aedg can be formally defined as

{(z,y) | dy <z < g,, 0 <y < xtanb—Ssechy}, where the x coordinates of points d
and g, are d, = Scscl and g, = S cot 0y /2, respectively. The expected value of the

effective sensing area of a sensor in the region Dy, 3 is obtained by simply integrating
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Eq. 3.10 over Dy 3. Therefore,

EB .y) dD
Bres] = HDHH J| Fevap. =

7y)eDk 3

tan(6y, /2) T tan (ek) cos(@ )
HDkBH/ kQ/ g (y\/SQ—y + 782 — 5% cost (y/S))dydx

sln(9 )

gz xtan 0 —S sec Oy

(I18spipall + [[paprs|| ) dyd,

g4 9r 4
I Drsltan(@)\ 8 3/ 11
| Dy, 3| tan(6y,) ( 8 3) (3.11)

Case 1.4 : E[Bgg4] : Fig 3.4(a4) illustrates this case when a sensor lies in the region
Dy 4 (shown in Fig. 3.4(b0)). The sensing disc intersects an edge of the Fol at points
p1 and po. From Fig 3.4(c4), the effective sensing area of a sensor at (z,y) is given

by
F@9 = || Aspipa|| + |p2p1s|| - (3.12)

Fig. 3.4(b4) shows that the region Dy 4 is composed of two rectangles which can be
formally defined as

{(z.y) [ g <2< hy, 0 <y <SPU{(z,y) | g2 €@ < 11/2,0 <y < S}
where g, = Scot(fx/2) and h, = [;/2, are the z coordinates of the points g and
h, respectively. The expected value of the effective sensing area of a sensor located

anywhere in Dy 4 can be obtained by integrating Eq. 3.12 over Dy 4. Therefore,

S lk-1/2 8
BBl =ppy [[ FV D= o (/ R B
k, k,
! (z,y)€Dk,4 ¢ 0 or 0
/2 lp—1/2 S
IID [ (/ / y\/Szi—SQ cos” y/S)+7rS2>dyd1:+/ /
k4 ta (9 72) tan(9k/2) 0
(QM—F 752 — 52 cos! @/S))dydx),
s N 29
_HDI<:,4||<7T - §>< 2 tan(ek/2)>‘ (3.13)
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In summary, the expected value of the effective sensing area of a sensor in Dy can be
obtained by substituting E[By;|, 1 < j < 4 from Egs. 3.7, 3.9, 3.11, and 3.13 into
Eq. 3.5. Therefore,

| D1 | | D4l

o B Y
st ™ 4 b N cos>0y, N % B (sin™'(cosOy) — §)* _ cos(20y)
|| Dgl \ sinf,  3sinf,  Stan6y S 2 2 8
97 4 3m—2(lp_1+ 1 25
— — 3 3.14
* 8tanf, 3tanfy [ 35 ( 2 tan(@k/2))> (3:-14)

Note that the terms || Dy ||, 1 < j < 4 in various expressions get canceled and need
not be evaluated at all.

Case 2: 6 > m/2: In this case the geometry of the region Dy, is such that the angle
at the vertex vy is an obtuse angle. This is the only other case possible for a convex
polygon. For this case, the regions of intersection between the sensing disc and the
Fol with different locations of the sensor are shown in Fig. 3.5. Based on the location
of the sensor, the region Dy, is again divided into four disjoint regions: Dy ;, 1 < j <4
and for each region, the expected value of the effective sensing area is computed using
the area of intersection. Due to the high symmetry involved in the derivation, we do
not show the steps. The final expressions of E[By;], 1 < j < 4 and 6, > 7/2, are

given by Eqgs. 3.15, 3.16, 3.17, and 3.18, respectively.

1 1 /2 S 0, S
E[Byi] = —=— / / F@Y dpy,; = l( / / F@Y) dydax + / / F(x’y)dydx>,
| D | [Dkall\Jo  Jo =20

(xvy)EDk,l
= — —_— — — 4 . '1
1Dl 8 < ™ San(O) T 9’”) (3.15)

TH-1301_10610101 34



E\B V) dD
Bl = HDMH [f v apea

(2,y)€Dk 2
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</ / 2y\/ S2 — 92 4 18% — S— cos™ (y/S))dyda:-i—
HDk 2| (52_22)
S sin 6y, x tan 0y — e @k
/ 7752—1-23/\/52 — 92— —cos y/S))dydm),
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cos?(0) — 16 cos (0) sin™! (—cos () 86—« T O (O — )
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(3.16)

E[B // F@Y gp
ElBral = ||Dk3|| e

(z,y)€Dy,3
Ssin(0y) fz tan (0p)— o
(/ / =0 ( V52 —y2 4+ wS?% — 52 cos™! (y/S))dydx—i—
||Dk 3\ iy
5'271.2
/ / (7752 + 4/ 82 — y2 — 5% cos™! (y/S))dydm),
S'sin(fy) /S
A h B % 7r_2 B sin~!(— cos(6)) N 27 n K - cosZ(Hk)_
|| Dyl 2 8 4tan(0y) sin(26;) ~ Stan(0y) 12
2 27 cot (0 /2)
—» + 7 tan(6) cos(0r) . (3.17)

EB F@Y) dD
Bl =gy J] e D

(%,y)€Dx 4

Ik /2 le—1/2
(/ / yv/ 52 —y? — S%cos™! (y/S) + WSQ)dydx +/ /
|Dk all 0
(y\/S2 —y2 +7S% — S%cos™! (y/S))dydw),

S3 2N\ (1 + lp—
= (Tr _ 5) <2 _ 2S>. (3.18)

Finally, substituting Eqs. 3.15, 3.16, 3.17, and 3.18 into Eq. 3.5, the expected value
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of the effective sensing area of a sensor in Dy, for 0, > 7/2 is given by

4 2 t@ _ _
E[Bk]_s ( 2r _, m eot(R) w1 w3 2(zk_1+zk)>‘

1Dkl

sin(26y) cotf,  cosby sinf, 8 8tanb, 35 2

(3.19)

(:’y) /\
Yk q1 g2 Vk PI—"F P2

Uk P~ P2

(a3) (a4)

(al) (a2)

(a) Hlustration of the cases when a sensor lies in the regions Dy, ;, 1 < j < 4.

, i
h) a f
S 2 c (4 e m
! = ’
D1 P4
’ o b d d
l l h
(k0) (b1) (b2) (b3) (b4)

(b) Illustration of the regions Dy j, 1 < j <4 and Dy, = U?:1 Dy, ;.

W) e

(cl1) (c2) (e3) (c4)

(c) Illustration of the effective sensing regions when the sensor lies in the regions Dy, j, 1 < j < 4.

Figure 3.5 Illustration of the regions Dy, ; and effective sensing regions
By j, for 1 <j <4 and 6 > 7/2.

3.3.4 Expected value of the effective sensing area

Now, we are ready to calculate the expected value of the effective sensing area of a

sensor in the Fol. By substituting ||¥|], [[D||, and E[B] from Egs. 3.1, 3.2, and 3.4,
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respectively in Eq. 3.3 gives

(|l — 1P| =S + || D E[B]

E[®] = 7 (3:20)
]|
n—1
n=l . kzollellE[Bk]
where |U]l = > (3ZkY(k+1)mod n — FYLT (k+1)modn) » B[B] = o
k=0
n—1 Eq.3.14 if(6, < 7/2)
_ S s s _
IDl[= >3 (%f ~ tan(0:2) tan(@<k+1)modn/2)) yand E[By] =
k=0 Eq.3.19 otherwise.

3.4 Critical Sensor Density for Partial Coverage

In the previous section, we estimated the expected value of the effective sensing area
of a sensor located anywhere in a convex polygon-shaped bounded Fol. In this section,
we estimate the CSD for a desired coverage ratio of the Fol using the effective sensing
area. Let N sensors be deployed uniformly at random, independent of each other in
the Fol W. Let C(X) denote the event that a point X in the Fol W falls within the
sensing region of a sensor. Assuming a uniform distribution of sensors, the probability

of this event is given by

E[®
P(C(X)) = W\[I]Tl], where E[®] is given by Eq. 3.20. (3.21)
From the definition of point coverage, a point in the Fol is said to be covered if it
falls within the sensing region of at least one sensor. Let D(X) denote the event that
the point X in the Fol W is covered by at least one sensor, the probability of which

is given by
N
P(D(X)=1-(1-PCX))N =1- (1 — ) . (3.22)

The expected area of the Fol covered by at least one sensor can be obtained by
simply integrating P(D(X)) over W. The expected value of the coverage ratio of the

Fol, denoted by Eln], is the ratio of the expected area of Fol covered by at least one
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sensor to the area of the Fol. Therefore,

_ 1 L, EENT
E[n}_Hw /P/P(D(X))dtlf_l <1 II\I’H) . (3.23)

The expected coverage ratio of the Fol can be interpreted as follows: If E[n] = 0.80,
when we pick several points from the Fol randomly, 80% of them are covered by at

least one sensor.

Theorem 3.1 Given a convex polygon shaped Fol U, with sensors deployed uniformly
and an ezxpected coverage ratio E[n], the critical sensor density required to ensure the

desired coverage ratio i

In(1 — Efn))

p:
lwliin (1 = 51

, where E[®] is given by Eq. 3.20. (3.24)

Proof: From Eq. 3.23, the number of sensors required to obtain a desired coverage

ratio is given by N = In(1 — E[n])/In(1 — %) The critical sensor density is then
simply the minimal number of sensors per unit area of the Fol required for a desired

coverage ratio, i.e., p = N/ ||U|| which proves the theorem. O

Example 1: Consider a parallelogram-shaped Fol as illustrated in Fig. 3.6 in which
sensors with a sensing range of 100m are uniformly deployed at random. We want to
compute the minimal number of sensors to be deployed in the Fol such that 90% of
the points selected at random are covered by at least one sensor. Alternatively, we
want to find the CSD required for E[n] > 0.90.

Using Eq. 3.20, we obtain ||| = 2 x 10m?, || — D|| = 1.28 x 10°m?, and
S0 |1 Dill E[Bi] = 1.7439 x 10'%m*. The expected value of the effective sensing area
of a sensor under border effects calculated using Eq. 3.20 is E[®]= 2.8825 x 10*m?.

Substituting for E[®], E[n], and ||¥|| in Theorem 3.1, we get p=7.93 x 107°/m? and
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(0, 0) U1(2000,0) *

Figure 3.6 Parallelogram-shaped Fol.

N=159. That is, if we deploy 159 sensors uniformly in the Fol, we can ensure that
90% of the area is covered.

Example 2: Consider a convex polygon-shaped Fol as illustrated in Fig. 3.7 in which
sensors with a sensing range of 100m are uniformly deployed at random. We want to
compute the minimal number of sensors required for E[n] > 0.90. Using Eq. 3.20, we
obtain [|¥]| = 368 x 10*m? and E[®]= 3.0017 x 10*m?. Substituting for E[®], E[n],
and ||¥|| in Theorem 3.1, we get N = 282.

Y,

3
(3700, 2000)

4800, 1000)

0(2000, 0) Y1(3000, 0)

Figure 3.7 Convex polygon-shaped Fol.

e Validation of the analysis: To verify the expressions for the CSD and the ex-
pected coverage ratio under border effects, we evaluate Eq. 3.23 numerically for the
Fol in Fig. 3.6, and compare it with that obtained in a simulation. We consider
the same scenario described in Example 1 for the validation of the analysis. For the
simulation results a Monte Carlo simulation is conducted which is used to estimate
probability from a large number of experiments. In each Monte Carlo experiment

conducted to determine the coverage ratio, several tests are performed to check if a
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point is covered. In each test, a point in the Fol is picked at random to see if it is
covered. The test is termed successful if the point is covered, otherwise it is termed
unsuccessful. The number of such tests conducted (in each experiment) is equal to
the integer value nearest to the area of the Fol. We repeat the experiment 100 times
by changing the seed for selecting the points. The expected coverage ratio of the Fol
is computed as the ratio of the number of tests successful to the total number of tests
conducted. The simulation results are with 95% confidence level though the error
bars are not visible in the plots.

Fig. 3.8 shows the expected coverage ratio of the Fol obtained with both simulation
and numerical evaluation, for different densities of the sensors deployed. It can be
observed that the expected coverage ratio of the Fol evaluated using Eq. 3.23 matches
with that obtained from the simulation. The results also show that the expected
coverage ratio is over-estimated when the border effects are not considered. This is

because, the entire sensing area of a sensor is considered to be useful for the coverage.

T T T
Simulation results 83855

Border effects, numerical results [<X<x<X

1 No border effects, numerical results mm——

095 -
09 r
0.85
0.8

075 | %

25 50 75 100 125 150 175
Sensor density (x107%)

ARRGS

9.9,

Expected coverage ratio
HXXX

Figure 3.8 Variation in the expected coverage ratio of the Fol for dif-
ferent sensor densities.
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3.5 Numerical Results

In this section, we present results based on numerical evaluation of the expressions
derived in this chapter. We study the effect of perimeter of the Fol and the sensing
range of sensors on the CSD and the coverage ratio under border effects. We also
demonstrate that the sensor density obtained with our analysis is lower than that
obtained using the analysis in [1].

e Impact of the area of the Fol: Next, we study the impact of the area of the
Fol on the number of sensors required for two different sensing ranges. The sensors
are uniformly deployed in a parallelogram-shaped Fol illustrated in Fig. 3.6. Fxtra
Sensors in Table 3.1 shows the percentage increase in the number of sensors when
the border effects are considered. An interesting observation from this result is that
for a higher value of the ratio of the sensing range to the area of the Fol, the border
effects are significant. This result shows that for a given area of the Fol, the border
effects are significant for a larger sensing range. We conclude that considering the
ratio of the sensing range to the area of the Fol and not just the area of the Fol gives

a better understanding of the border effects.

Table 3.1 Impact of the sensing range and the area of the Fol on the
number sensors required for a desired coverage ratio of 0.9.

@] (x10%) 25 30 | 35 40 15

S/[®[[(x10%), S=10m | 4 333 | 286 | 25 | 2.22
S=10m, Extra Sensors | 2.65% | 2.34% | 2.12% | 1.95% | 1.82%
S/®[[(x105), S=50m | 20 | 16.67 | 1420 | 125 | 11.11
S=50m, Extra Sensors | 15.38% | 12.9% | 12.5% | 10.84% | 9.68%

e Impact of the perimeter of the Fol: We study the relationship between coverage
ratio, CSD, and the size of the field. We choose a parallelogram-shaped Fol with an
area of 2 x 10m? deployed with sensors of 100m sensing range. Fig. 3.9 shows the
variation in the CSD as the perimeter of the Fol is increased, for the desired coverage

ratios of 0.8 and 0.9. Obviously as the size of the region increases, a larger number of
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sensors are required to maintain the desired coverage ratio. Interestingly, when the
border effects are ignored, the sensor density does not increase with the perimeter
since the area is constant. On the other hand, a Fol with a larger perimeter has a
larger boundary region, and for all the sensors near the boundary, a part of their
sensing region falls outside the Fol. This result shows that the border effects are too
important to be neglected in a Fol with a large perimeter, when the desired coverage

ratio is high.

“‘;\ 100 L Border eﬂlects, E[n] = 0.8 —+— i

= No border effects, E[n] = 0.8 —»—ma

% 9o L Bordereffects, E[n] = 0.9 —=—o

iy No border effects, E[] = 0.9 —a—

£ 80 .

b .2 a a a a

2 70 - b

=)

[

260 | i
50 E N N N N ]

8 10 12 14 16 18

Perimeter of the convex field (in 10°m)

Figure 3.9 Relationship between the sensor density and the perimeter

of the Fol for a desired coverage ratio under border effects.
e Impact of sensing range: We study the impact of the sensing range on the
coverage ratio for two different densities of deployment in a Fol. The sensors are
uniformly deployed in a Fol with an area of 4 x 10°m? and a perimeter of 12 x 103m.
Fig. 3.10 shows an increase in the expected coverage ratio with the sensing range for
two different densities of deployment. Obviously, as the sensing range of the sensors
increases, the coverage ratio increases but rapidly for a larger density. An interesting
observation from this result is that for a lower density of sensors, the border effects are
prominent. Similar to the results in the previous section, we observe that the border
effects are important for a higher coverage ratio with a low density of sensors. Thus,
some work in the literature avoids border effects by considering dense deployment of
sensors in the Fol. This result also shows that the border effects are prominent for

larger sensing ranges because, when such sensors are located closer to the boundary,
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they tend to have a smaller effective sensing area. The results in Figs. 3.9 and 3.10
show that the border effects are negligible in the case of a smaller perimeter and a

lower ratio of the sensing range to the area of the Fol.

1 T

0.8 |

0.6 |

0.4 Border effects, p=8.75 x 107 ——

Border effects, p=6.25 X 107 —a—
No border effects, p=8.75 X 107® —s— A
No border effects, p=6.25 x 10™* —a—

Expected coverage ratio

0.2

10 50 100 150 200 250 300 350 400 450
Sensing range (in m)

0

Figure 3.10 Relationship between the expected coverage ratio and the

sensing range of sensors.
e Comparison with sensor density computed in [1]: Finally, we compare the
CSD estimated in this work with that obtained in [1]. As mentioned earlier, the work
in [1] does not consider the exact geometry of the Fol but considers only the area
and the perimeter. Due to this, the number of sensors computed with their analysis
is not necessarily minimal. For the scenario described in Example 1, we compute the
sensor density for a given coverage ratio, using both Eq. 3.24 and the results in [1].
The sensing range, perimeter, and the area of the Fol are 100m, 6 x 10m, and 10°m?,
respectively. Fig. 3.11 compares the sensor densities for different coverage ratios. It
can be seen that the sensor density estimated with our analysis is always lower than
that obtained in [1]. The difference in the estimated sensor density is significant for
higher coverage ratio. Thus, we conclude that our approach estimates the sensor
density better and hence lowers the cost of stochastic deployment of WSNs. The
results in Figs. 3.9 and 3.11 show that considering the geometry of the Fol and not
just the area estimates the CSD better.
e Impact of a rectangular boundary over the Fol: We study the impact of

a rectangular boundary over the Fol. We compare the required number of sensors
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Figure 3.11 Comparison of the sensor density obtained with Eq. 3.24
and that in [1] for different coverage ratios.

estimated in this work with that obtained using a rectangular boundary over the Fol.
We compute the required number of sensors for a given coverage ratio, using Eq. 3.24.
We create a rectangular boundary over the Fol and compute the required number of
sensors for the given coverage ratio as shown in Fig. 3.12. The sensing range of the
sensors is 100m. Fig. 3.13 compares the required number of sensors for different
coverage ratios. It can be seen that the required sensors estimated with our analysis
is always lower than that obtained using a rectangular boundary over the Fol. The
difference in the estimated sensors is significant for higher coverage ratio. Thus, we
conclude that our approach estimates the number of sensors better and hence lowers
the cost of stochastic deployment of WSNs.

)

3700, 2000)
(4800, 2000)

4800, 1000)

(2000, 0) (3000, 0) (4800, 0) x

Figure 3.12 A rectangular boundary over a convex polygon shaped
Fol.

e Impact of irregular geometry and sensing model: In our work, we made

some assumptions on the geometry of the Fol and the sensing model which are not
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Figure 3.13 Comparison of the required number of sensors obtained

with Eq. 3.24 and a rectangular boundary over the Fol for different cov-

erage ratios.
very realistic. We discuss how the analysis proposed in our work can be extended
when the assumptions are not valid.

When the Fol is not in the shape of a polygon but is in an irregular shape, it
is hard to estimate the effective sensing area exactly. An irregular-shaped region
can be approximated with a polygonal shape and then our analysis can be applied.
Circumscribing an irregular shaped Fol with a polygon can be done efficiently by
using the algorithms proposed in [43]. With this approach, our analysis for the CSD
can be used for even an irregular-shaped Fol.

Similarly, our analysis is based on the assumption that the sensing region of a
sensor is circular. In practice, the sensing region may not be a perfect disc. A few
other sensing models are described in [4]. The work in [44] estimated the inner radius
of a non-disc region by inscribing a circle inside the region. Once the inner radius is

estimated it can be used in our analysis for other sensing models.
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3.6 Conclusion

In this chapter, we studied the coverage problem in WSNs considering the border
effects and derived the CSD required to ensure the QoC. Unlike earlier work in the
literature, we used the exact geometry of the Fol instead of the area and the perime-
ter, to compute the effective sensing area of a sensor located at the boundary. The
expected value of the effective sensing area was used to calculate the CSD required
for a desired coverage ratio. The analysis was validated with simulations and the nu-
merical results demonstrated its benefit. The results demonstrated that the geometry
of the Fol should be considered to compute the CSD, particularly for a large region
with a low density of sensors. Our results also demonstrated that for larger sensing
ranges, boundary effects need to be considered in estimating the coverage ratio, and
that the CSD computed with our analysis is lower than that obtained from a previous
work. Our work can be used for cost effective deployment of sensors in any convex
polygon-shaped Fol.

In this chapter, we assumed that the sensors are deployed in a Fol. However,
in some applications, the sensors cannot be deployed directly inside the Fol to be
monitored. For example, in canal water monitoring project, the sensors cannot be
deployed on the water surface. In the next chapter, we assume that the sensors are
deployed uniformly at random outside the Fol near the boundary. For such WSNs,
we analyze the CSD for desired level of coverage and connectivity probability using

exact geometry of the Fol.
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Chapter 4

Analysis of k-Coverage and
Connectivity in WSNs with

Boundary Deployment

4.1 Introduction

The literature on WSNs typically addresses the problems of coverage and connectiv-
ity in either two-dimensional surface coverage [1, 39, 40] or three-dimensional volume
coverage [45, 46, 47]. In most of these studies the sensors are deployed directly in
the Fol to be monitored. However, in some applications, the sensors cannot be de-
ployed directly inside the Fol. For example, in canal water monitoring application [13]
(Fig 4.1(a)), the sensors cannot be deployed on the water surface. Similarly, there
exist applications such as the traffic information acquisition systems (TISs), where
the sensors cannot be directly deployed on the road to be monitored. Other exam-
ples where the sensors can only be deployed outside the monitored region are: railway
track monitoring system [14], water transport monitoring system, and country border
monitoring system [15](see parts (b) and (c) of Fig 4.1).

In applications where the sensors cannot be directly deployed in the Fol, the
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existing results on coverage cannot be applied. Further, most of the existing TISs
have focused on the deterministic deployment of sensors on the road or along the edges
of the road, which requires excavation of road surface and leads to traffic disruption
during the installation [48, 49, 50, 51, 52, 53|. In this work, we consider a deployment

scenario in which the sensors are randomly deployed outside the Fol to be monitored.

(c) Road surface monitoring.

Figure 4.1 Examples of the coverage of Fols with sensors deployed
outside the edges.

In this chapter, we address the problem: how many sensors are required to ensure

that a Fol is k-covered and the WSN is connected, when the sensors are deployed
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uniformly at random outside the Fol near the boundaries? To address this problem,
we first derive the expected k-coverage ratio (stochastic coverage measure) and con-
nectivity probability for a scenario of deployment with sensors randomly deployed
outside the Fol.

Major Contributions: To the best of our knowledge, this is the first work to address
the problem of determining k-coverage and connectivity in WSNs when a large number
of sensors are deployed uniformly at random outside the Fol near the boundary. We
estimate the expected values of the effective sensing area and communication area
of a sensor located outside the Fol near the boundary. We demonstrate the utility
of the analysis in the estimation of the minimum number of sensors required for a
desired level of coverage and connectivity. We also illustrate an application of this
work for developing a Traffic Information acquisition system based on the wireless
sensor NETwork called TINet.

The rest of this chapter is organised as follows. In the next section, we state the
assumptions and define the terms used in this work. In Sections 4.3 and 4.4, we derive
the expressions for the expected value of k-coverage and connectivity probability,
respectively, with sensors deployed uniformly at random outside the Fol near the
boundaries. Section 4.5 presents the results on the minimum number of sensors
required for a desired level of coverage and connectivity. We illustrate the application

of this work to deploy TINet in Section 4.6 and conclude the chapter in Section 4.7.

4.2 Preliminaries

In this section, we state the assumptions and define the terms used in this work.

Assumptions: We assume that the shape of Fol ¥ is rectangular with a width d and
length [ as illustrated in Fig. 4.2. We assume that the sensors are deployed uniformly
at random independent of each other along the boundaries of the Fol (indicated by

2 in the figure). We assume that n sensors are deployed on both sides of ¥ (n/2 on
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each side) across strips of length | and width b. We assume the binary disc sensing
model [8] in which a sensor located at a point s € €2, can only sense perfectly within
a disc of radius S centered at s, denoted by A(s,S). Any event that occurs outside
A(s, S) cannot be detected by the sensor s. The sensing area of a sensor is simply
the area of A(s,S), denoted by ||A(s,S)|| = 752 The communication region of a
sensor is modeled by the binary disc communication model. The communication disc
is the region over which a sensor can communicate with other sensors. The area of the
communication region of a sensor at s is nothing but the area of the communication
disc given by [|A(s,C)| = 7C?, where C' is the communication range. We discuss
the effect of irregularity in the sensing and communication regions on our analysis in

Section 4.5.2.

/
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& ¢ é Region (2 é é ‘b
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-
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Figure 4.2 [Illustration of sensors deployed uniformly at random in the
boundary region €2 to monitor a Fol V.

Definition 1: For any sensor at a point s € Q, ||A(s, S) N ¥|| > 0, ||A(s,C) N Q|| > 0,
and [|[QN V|| =0.

Definition 2: k-coverage ratio of the Fol is defined as the fraction of the area of
the Fol in which each point is almost surely k-covered. In WSNs with stochastic
deployment, the Fol is said to be k-covered only if the expected value of the k-
coverage ratio is equal to unity with probability one.

Definition 3: If two sensors ¢ and j are such that the distance between them is less
than C', then they are said to be neighbours.

Definition 4: A WSN can be modelled as a graph G=(V, E), where V' = {v1,...,v,,/2}
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and E = {ey,...,en} are the sets of n/2 sensors and the bi-directional wireless links
between them, respectively. The number of neighbours of a sensor, say s, is called
the sensor degree, denoted by d(s). The minimum sensor degree in a communication
graph G is given by d(G):sei‘I/l d(s).

Definition 5: A WSN is said to be node-connected or simply connected if, for each
pair of sensors in the communication graph G, there is at least one path connecting

them [54]. The connectivity probability, denoted by -y is defined as the fraction of the

sensors that are connected to the others.

4.3 Analysis of the k-Coverage with Boundary Deployment

In this section, we derive an expression for the expected value of k-covered area of a
Fol when the sensors are deployed uniformly at random along the boundaries of the
Fol. We choose a sensor at random from the boundary region €2 and compute the
expected value of its effective sensing area, which is the area of the sensing region
useful for the k-coverage of W. Since the sensors are not deployed directly in the
Fol, they can only cover an area smaller than their total sensing area. We define
the effective sensing region of a sensor, denoted by @, as the region of intersection
between its sensing region and the Fol, i.e., & = A(s,S) N W. For a given width d
of the Fol W, the location of the sensor s € €2, and its sensing range S, the effective
sensing region ® is determined. Without any loss of generality, we assume d < 25 so
that the entire Fol is covered with the sensors on each side.

We evaluate the expected value of the area of ® for two possible cases given below:
Case 1) S <d: In this case, the sensing range of a sensor is smaller than or equal
to the width of the region ¥. As illustrated in Fig. 4.3(a), it can be seen that the
sensing disc intersects the region W at points p; and p,. Fig. 4.3(c) shows the effective

sensing region (dark shaded region) for this case (with the sensor at s) whose area
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can be expressed as
Fe9) = |[spips| — | Aprspall (4.1)

While the above equation gives the effective sensing area of a sensor at the point
s = (x,y), we need to consider all the possible locations of a sensor in the region
Q) formally defined by {(z, y) | 0 < x < b, 0 <y < [}. It can be observed from
Fig. 4.3(a) that, F@¥ depends on b and S, i.e., F@¥ > 0if 0 < x < M, s, where
M, s is the minimum of b and S.

The expected value of the effective sensing area when a sensor lies in ) can be

obtained by simply integrating Eq. 4.1 over €2, i.e.,

2 x
Bl < [/ P an.

(z,y)€R
) 1 Mys
2 [ 5531~ Vsl
0 0
52 1 Mys | Mys y i
= 1(% . xT —x
7 //cos <S>dmdy // T dzdy,
0 0 50
My,s My, s

Case 2) S > d: This case, illustrated in Fig. 4.3(b), occurs when the sensing range
of the sensor is larger than the width of the region W. It can be seen that the sensing
disc intersects the region W at points p;, p2, q1, and ¢o. From Fig. 4.3(d), it may be

observed that the effective sensing region of a sensor at s can be expressed as
Fe9) = |[spips|| — | Aprspall — ||50163 | + [ Aqusqall (4.3)
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The expected value of the effective sensing area for s € €2 can be obtained by simply

integrating Eq. 4.3 over Q. Thus, E[||®||] can be expressed as

i/l

= F@) 4Q,

12|
(z,y)EN

2 —_— -
1ol / |spipz|| = | Apispa| — ||5@r@z|| + | Aqrsaz]| d€,

(z,y)eN
&2 My, s My s 5 Myia,s
_P -1(% 1 Jo2 _ 2. 2 -1 (%
=3 cos (S>dx A / WAV zidx 5 / cos (S>dx
0 0 d
) Myia,s
i 7 / vV S? — z2dzx,
d
:S2Mb,s o My,s N (52 — Mb2,s)1'5 - §2./S2 — g2
b S 3b b
2 2
y S%,/8% — Mg - (82 — Mb2+d,s)1'5 . (S2 — g2)15
b 3b 3b
2] 2 2
S2Mptas 1 Mb2+d,s S%d  _, (d 5%\ 5% = My 45
- s ( S ) + ;oS <S> + 5 : (4.4)

Next, let A(x) denote the event that a point x € U falls within the sensing region
of a sensor. Under the assumption that the sensors are deployed uniformly at random

in €2, the probability of this event can be expressed as

P(A(z)) = E’wﬁ’m = El[!ﬂ”. (4.5)

Let B;(x) denote the event that a point z € W is covered by exactly 7 sensors, the
probability of which can be expressed as, P(B;(z)) = (7) (P(A(z)))' (1 — P(A(z)))"".
By the definition of k-coverage of a point, a point in V¥ is said to be k-covered if it

falls within the sensing region of at least k sensors. Let E¥(x) denote the event that

the point x is k-covered, whose probability is given by
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The expected fraction of the area of the Fol W covered by at least k sensors,

denoted by E[ny], can be obtained by integrating P(E*(z)) over W. Therefore,

_ 1 By
Bl = T é [ pE @)
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By substituting P(E*(z)) from Eq. 4.6, E[n;] can be written as

Bl = o é /(1- kg: (7) Peaw)) (@ - Pty )av,
k—1

1= 3 (7) Pa@)) (- Pl

4. if (S
EUON) g gy = 042 HEED

Eq. 4.4 otherwise.

where P(A(z)) =

The expected area of the Fol that is k-covered can be interpreted as follows: If
E[ns] = 0.80, when we pick several points from the Fol randomly, 80% of them are
covered by at least two sensors.

Example 1: Consider a Fol, similar to the one illustrated in Fig. 4.2, in which
sensors with a sensing range of 60m are uniformly deployed at random. Let the
values of [, d, and b be 500m, 60m, and 60m, respectively. We want to compute
the minimum number of sensors to be deployed in €2 such that ¥ is almost surely
2-covered. Substituting E[ns], S, I, d, and b in Eq. 4.8, we get n=112. That means,
if we deploy 56 sensors across each side of the Fol following a uniform distribution,

we can be sure that U is almost surely 2-covered.

4.4 Analysis of Connectivity with Boundary Deployment

In this section, we compute the expected value of the effective communication area
of a sensor picked at random, which is the area useful for a connected WSN. We
define the effective communication region of a sensor, denoted by T, as the region of
intersection between its communication disc and the boundary region €2, i.e., T =
A(s,C)N Q. Given the location of the sensor s € €2, the width b of the region €2, and
the communication range C, the effective communication region T is determined. We

evaluate the expected value of effective communication area of a sensor for the two
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cases given below:

Case 1) b > 2C : When the width of the boundary region € is greater than or equal
to twice the communication range of a sensor, it can be seen in Fig. 4.4(a), that the
communication disc intersects the boundary region € at points p; and p,. Fig. 4.4(c)
shows the effective communication region (dark shaded region) for b > 2C' (with the

sensor at s = (z,y)) whose area can be expressed as

7C? — (|[3pipa|| — 1&pisp2]l), (0 <z < C)
7C% — (|spipz|| — |1Ap1spa|l ), if(b—C <z <D)

The above equation gives the effective communication area of a sensor at s =
(x,y), but we need to consider all the possible locations for a sensor in the boundary
region 2 formally defined by {(z,y) |0 <z <b, 0 <y <I}.

The expected value of the effective communication area when a sensor lies in the

boundary region €2 can be obtained by simply integrating Eq. 4.9 over €2, i.e.,

I b
2 1
B ~gar [ Fevan=g [ [ Ped duay
0 0

(
1 b 2 7
ZZ/WC’de— b/(”@“ — HAplsp2||>d:c. (4.10)
0 0

Case 2) b < 2C : As illustrated in Fig. 4.4(b),when the width of the boundary region
Q) is smaller than twice the communication range of a sensor, the communication disc
intersects the boundary region €2 at points py, ps , ¢1, and ¢o. From Fig. 4.4(d), it may

be observed that the effective communication region when the sensor is at s = (z,y)
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can be expressed as

7C? — (||3pipz|| — 12p1sp2|) ). if(0<z<b—C)
FOO = 002 — ([spimal| - I1apspal) - ([5@@] - |Aasal), i#b—C <z <C)
wC? — ([[saa| - [Aqisal), if (C' < z < b)

(4.11)

The expected value of the effective communication area in this case is obtained

by integrating Eq. 4.11 over 2, i.e.,
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After changing the variables and limits of the integration
(&

2 —
7C%dr — 3 / ( |spipz|| — | Ap1spe|| )dw. (4.12)
0 0

—

_1
b

It can be observed from Fig. 4.4 that, the difference between H.@H and || Apysps|

depends on the values of b and C, i.e.,

>0, if(0<z<bandb<C)
|5pipz|| — [|Apispal =< >0, if(0 <z < Cand C <b)

0, else.

>0, if(0 <2< M) (4.13)

0, else.
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Using Eq. 4.13 in Eqs. 4.10 and 4.12, E[||T]|] can be written as

My ¢

b
1 2 —
BN =5 [ a3 [ (|imall - [ 2pispall ) o
0

My c
2
=rC? — / (02 cos (E) —xv/ C? )dz,
b C
0
28/C? — M, 2C?,/C? — M 3 902 M
=nC? — — + — — a© - CMyc cos 1 (ﬁ)
3b b 3b b C
(4.14)
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b>2(] db<2C

Figure 4.4 [Illustration of the effective communication region of a sensor
located at s € €.

Next, let G be the communication graph defined on n/2 sensors with the expected
value of effective communication area being E[||T||]. Let A(s) be the event that there
is at least one sensor inside the communication disc of an arbitrary sensor s € G
whose probability is given by

P(A(s)) = 1 — <1 - QE[(”;'T”])Q . (4.15)
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By the definition of the minimum sensor degree, d(G) > 1 < Vrlnir‘i d(s) > 1. Because
sE
the sensors are distributed independently, the probability of the event that G has the

minimum sensor degree d(G) is

N3

P(d(G) > 1) = (P(A(s)))? = (1 _ (1 _ QEﬁ[(';”f”])) . (4.16)

We use a property of geometric random graphs proved in [55] which states that, for
a large value of n/2, if we start with an empty graph and include the links formed
by increasing the communication range, then the resulting graph is connected at the

moment when the minimum sensor degree is unity. Therefore,

P(G is connected) = P(d(G) > 1). (4.17)

From Eqgs. 4.16 and 4.17, the expected connectivity probability of the graph G,
denoted by E[v], is given by

E[y] = P(G is connected) = (1 r (1 _ 2?&’%’])2) ’

where ||| = 2bl and E[||Y||] is given by Eq. 4.14. (4.18)

The expected connectivity probability can be interpreted as follows: If E[v] is equal
to unity with probability one, when we select several sensors from a given boundary
region randomly, all of them form a almost surely connected WSN.

Example 2: Consider a boundary region €2, similar to the one illustrated in Fig. 4.2,
in which sensors with a communication range of 60m are uniformly deployed at ran-
dom. Let the values of [, d, and b be 500m, 60m, and 60m, respectively. We want
to compute the minimum number of sensors to be deployed on each side of the Fol
such that 99% of the sensors selected at random are almost surely connected. The
expected value of the effective communication area is E[||Y||] = 6.493 x 103m?2. Sub-

stituting E[|| Y]] and E[y] in Eq. 4.18, we get n/2=44. That means, if we deploy 44
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sensors with a uniform distribution across each side of the Fol, we can be sure that

the sensors on each side of the Fol are almost surely connected.

4.5 Minimum Number of Sensors

In this section, we demonstrate the utility of the expressions derived in the previous
sections to compute the minimum number of sensors required to ensure the desired

level of coverage and connectivity.

Lemma 4.1 Assume that n sensors are independently and uniformly distributed at
random along the boundary region ). The Fol ¥ is almost surely k-covered by a

single-hop connected WSN if E[ng] is equal to the unity with probability one and C' >

V0% + 12,

Proof: Eq. 4.8 shows that the region ¥ is almost surely k-covered if E[ng] is equal
to the unity with probability one. The maximum distance between any two sensors
located on either side of the boundary is v/02 + I2, as illustrated in Fig. 4.5. Therefore,
any two sensors on a given strip of the boundary region can directly communicate if
C>V2+12 , where C' is the communication range of the sensors. Hence the lemma

is proved. 0]

Figure 4.5 Illustration of a connected WSN.

Lemma 4.2 Assume that n sensors are independently and uniformly distributed at

random along the boundary region ). The Fol VU 1is almost surely k-covered by a
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multi-hop connected WSN if E[n;] and Ely] are equal to the unity with probability

one.

Proof: Eq. 4.8 shows that the region W is almost surely k-covered if E[ny] is equal to
the unity with probability one. Eq. 4.18 shows that a WSN on either side of the Fol
is almost surely connected if E[y] is equal to the unity with probability one. Hence

the lemma is proved. [l

Example 3: Consider a boundary region (2, similar to the one illustrated in Fig. 4.5
in which sensors are uniformly deployed at random in the boundary region. Let [, d,
b, k, S, and C' be 21m, 10m, 2m, 1, 7m, and 30m, respectively. We want to compute
the minimum number of sensors to be deployed on each side of the Fol such that Fol
U is almost surely 1-covered and connected. Substituting the values of [, d, b, k, .S,
and C' in Lemma 4.1, we get n/2=10. That means, if we deploy 10 sensors on each
side of the Fol uniformly, we can ensure that the Fol W is almost surely 1-covered
with a single-hop connected WSN.

Example 4: Consider a boundary region €, similar to the one illustrated in Fig. 4.2
in which sensors are uniformly deployed at random outside the Fol near the boundary.
Let I, d, b, k, S, and C' be 500m, 60m, 60m, 1, 60m, and 60m, respectively. We want
to compute the minimum number of sensors to be deployed on each side of the Fol
such that Fol W is almost surely 1-covered and connected. Substituting I, d, b, k,
S, and C' in Lemma 4.2, we get n/2=44. That means, if we deploy 44 sensors with
a uniform distribution across each side of the Fol, we can be sure that the Fol V¥ is
almost surely 1-covered by a multi-hop connected WSN.

e Validation of Lemma 4.1: To verify Lemma 4.1, we evaluate it numerically for
the scenario described in Example 3, and compare with the results obtained from a
Monte Carlo simulation. The methodology used in Monte Carlo simulation is already
discussed in Chapter 3, Section 3.4. Fig. 4.6 shows the number of sensors required for

a desired coverage level of the Fol and single-hop connectivity. We observed that the
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results with numerical evaluation match with those from simulation. The simulation

results are with 95% confidence level though the error bars are not visible in the plots.
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Figure 4.6 Number of sensors required for k-coverage and single-hop
connectivity.

e Validation of Lemma 4.2: To verify Lemma 4.2, we evaluate it numerically for
the scenario described in Example 4, and compare with the results obtained from a
Monte Carlo simulation as described in the previous case. Fig. 4.7 shows that the
number of sensors for k-coverage and multi-hop connectivity obtained with numerical
evaluation matches with that from simulation. The simulation results are with 95%

confidence level though the error bars are not visible in the plots.
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Figure 4.7 Number of sensors required for k-coverage and multi-hop
connectivity.

TH-1301_10610101 62



4.5.1 Numerical Results

In this section, we apply Lemma 4.1 and Lemma 4.2 to study the effect of area of the
regions ¥ and €2 on the number of sensors required for coverage and connectivity.

e Impact of the area of the boundary region: First, we compute the number
of sensors required for k-coverage and connectivity as the area of {2 is varied. We
consider the scenarios described in Example 3 and Example 4. Results in Fig. 4.8
show that the required number of sensors increases with the area of the boundary
region is increased, for k-coverage of W, k' = 1,...,5. The value of b increases from 2m
to 6m and 20m to 40m in part (a) and part (b) of Fig. 4.8, respectively. As the area of
the boundary region increases, larger number of sensors are required to maintain the
desired level of the coverage and connectivity. This is because the effective sensing
area decreases with an increase in the boundary area. It may be observed that for
a smaller k value, the difference between the number of sensors for (k + 1)-coverage
and k-coverage is prominent. It shows that higher value of k£ increases the utility of
the sensors because of reduced wastage in the sensing area.

e Impact of the area of the Fol: We studied the effect of the area of the Fol
on the number of sensors for the desired level of coverage and connectivity. We
consider the scenarios described in Example 3 and Example 4 to evaluate Lemma 4.1
and Lemma 4.2, respectively. Fig. 4.9 shows that the number of sensors required to
maintain a given level of coverage and connectivity, increases with the area of the
Fol. The value of d increases from 8m to 12m and 20m to 40m in part (a) and part
(b) of Fig. 4.9, respectively. Similar to the results in the previous case, as the area
of ¥ (or width of ¥ at fixed [) increases, the effective sensing region of the sensors

decreases, which leads to an increase in the number of sensors.
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Figure 4.8 Impact of the area of boundary region on the number of
sensors for k-coverage and connectivity, k =1,...,5.

4.5.2 Effect of irregular sensing and communication model

In our analysis, we assumed that the sensors have circular sensing and communication
regions. However, in practice, the sensing and communication regions are irregular.
Gang et al. in [56] investigated the impact of radio irregularity on the communication
performance in wireless sensor networks. Radio irregularity arises due to factors such
as, variance in the RF transmission power and different loss rate based on the direction
of propagation. If the value of degree of irregularity (Dol) is equal to zero, the sensors
have circular sensing and communication regions and an increasing Dol indicates an
increasing degree of radio irregularity. The work in [46] shows that if the Dol is set
to 0.1, the actual radio range in each direction is randomly selected using the Weibull
distribution from 90 percent to 110 percent of the radio range.

With this model, instead of using the radius of an ideal disc in the analysis, 1 —h
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Figure 4.9 Impact of the area of the Fol on the number of sensors

required for k-coverage and connectivity, k =1,...,5.
times the sensing and communication radii can be used in the analysis with h value
of Dol, 0 < h < 1. With this approximation, a sensor at point s can sense perfectly
within the disc sensing region of radius (1 — k) x S centred at s. Similarly, a sensor
at point s can communicate with other sensors within the communication disc of
radius (1 — h) x C centred at s. Lemma 4.1 and Lemma 4.2 can be also used with
irregular sensing and communication regions by replacing S and C' with (1 — h) x §
and (1 — h) x C, respectively, where h is the value of the Dol.

We apply the Dol model and numerically evaluate Lemma 4.1 and Lemma 4.2 un-
der the irregular sensing and communication (ISC) model. We consider the scenarios
described in Example 3 and Example 4. Part (a) and part (b) of Fig. 4.10 illustrate
that the number of sensors required for 1-coverage and connectivity, with ISC model

is higher than that when the disc sensing and communication (DSC) model is used.
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This is because, the ISC models lead to a reduction in the effective coverage and

communication regions.
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Figure 4.10 Impact of the irregularity in sensing and communication
regions on the number of sensors required for 1-coverage and connectivity.

4.6 Application of the Analysis

In this section, we demonstrate how the estimation of the minimum number of sensors
required for coverage and connectivity can be used to deploy TINet. In our exper-
iment, we used TINet to count the number of vehicles, detect the direction of the
vehicles, and classify the vehicles that pass through the road, using sensors deployed
along the boundaries of the road. We demonstrate that by deploying the minimum
number of sensors estimated with our analysis we are able to effectively build a traffic

monitoring system, without the sensors being directly deployed on the road.
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4.6.1 Overview of TINet

TINet uses two types of nodes: sensor motes and data collection nodes. Fig. 4.11
shows the configuration of TINet with the sensor motes, data collection nodes, and
base station using 802.15.4/Zigbee compliant and Wi-Fi (802.11.b) protocols to form
a connected WSN. The number of sensors required to completely cover the road and
to form a connected WSN is determined using our analysis.

Fig. 4.11 illustrates that the area of the effective sensing region of a sensor (in-
dicated by checkered region), that is useful for coverage of a segment of the road, is
less than the sensing area of the sensor.

The sensor node has a MICAz mote with a MDA100CA light sensor (indicated
by blue rectangle in the figure), both from Crossbow technologies [57]. The MICAz
mote is equipped with an 8 MHz Atmel microcontroller and a Chipcon CC2420 radio
transceiver. The MDA100CA light sensor has a CdSe photocell. The resistance of a
CdSe photocell varies inversely with the intensity of the light falling on it. With a
sufficient intensity of light, the resistance of the MDA100CA light sensor drops and
produces an electrical signal. The output of the sensor is connected to the analog-to-
digital converter on the MICAz mote. The digital output is henceforth referred to as
sensory data [58], which lies in the range of 0 to 1000 representing complete darkness
and very bright light conditions [57].

Due to the limited communication range of the sensors, data collection nodes serve
as the gateway nodes to interconnect the sensor motes and the base station as shown
in Fig 4.11. A data collection node has a MICAz mote with MIB520 USB gateway
and a computer. The MICAz mote with MIB520 USB gateway receives and transfers
the sensory data from sensor motes to the computer. The data collection node then
sends the sensory data to the base station using Wi-Fi (802.11.b) protocol as shown
in Fig 4.11. At the base station, the sensory data from data collection nodes are

merged and useful sensory data is communicated to the client via the WSN.
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Figure 4.11 Illustration of TINet.

4.6.2 On-Road Experiment

We deployed TINet on a stretch of road in our campus, a snapshot of which is showed
in Fig. 4.12. The experiments were carried out on a bidirectional two-lane road.
A MICAz mote with a MDA100CA light sensor and a MICAz mote connected to a
laptop served as the sensor node and data collection node in the experiment. Since we
choose MDA100CA light sensor to detect the vehicles, we conducted the experiments
at night. In our experiment, [, b, d, S and C are 21m, 2m, 10m, 7m and 30m,
respectively. The area of the road and each road-side region are therefore ||V ||=210m?
and [|Q]] /2=42m?, respectively. Substituting [/, b, d, S and C in Lemma 4.1, we get
n = 20. Hence, we deployed 20 sensors and two data collection nodes along the
boundaries of the road (left-side and right-side), to ensure that the road is almost
surely covered and the WSN is connected. To validate the vehicle data collected by
the WSN, we used a video camera to record the vehicle movement and the accuracy

was computed by comparing the data from these two sources.
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Figure 4.12 On-road experiment at Indian Institute of Technology
Guwahati.

4.6.3 Experimental Results

e Vehicle count: Fig. 4.13(a) shows a scenario where 20 sensor motes and two data
collection nodes are deployed along the boundaries and a vehicle passed through the
road. A sensor mote collects a high value of the sensory data when a vehicle on
the road is closer to it and light from the headlamps falls on the sensor. Let L;;
and R7; ; indicate the sensory data of a left-side sensor ¢ and a right-side sensor j at
time instant ¢, respectively, where 1 < i < n/2, 1 < j < n/2, 0 < L;; < 1000,
and 0 < R;; < 1000 for MICAz motes [57]. The sensory data of the left-side and
the right-side sensor motes at time ¢ is represented as L; = {Ly1, L2 -- ,Lt,n/g}
and Ry = {Ry1, Rip- -, Rinjo}, respectively. Fig. 4.13(a) indicates a case where
L, = {20,700,25,0,...,0} and R, = {0,0,0,0,...,0} at time ¢t. Since the sensory
data of the left-side sensor are high, we can infer that a vehicle passed very close
by the left-side of the road at time t. Fig. 4.13(b) indicates the sensory data of
L, = {20,700,25,0,0,0,10,710,10,0} and R; = {0,0,0,0,...,0} at time ¢ which
signifies that two vehicles passed by the left-side of the road at time ¢.

Once a sensor produces a high value of sensory data, it sends a message to the data

collection node which counts a vehicle and sends a vehicle appeared message to
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Figure 4.13 Scenarios for vehicle count result.

the base station. Using this procedure, we counted the number of vehicles passing on
either lane of the road in several experiments. In all, we conducted ten experiments
each lasting sixty minutes. Table 4.1 compares the number of vehicles counted by
the sensors and the number of vehicles observed in the video recording in each of the
10 experiments. It can be observed that the overall accuracy with which the vehicles
were detected is above 92%. In most of the experiments, it can be observed from
Table 4.1 that not all the vehicles were detected by TINet. This is because the light
from the headlamps did not fall on the sensor perfectly, which led to low values of
sensory data.

Table 4.1 Results of vehicles counting experiments.
Expt. No. Counted by camera Counted by TINet

1 15 14
2 12 11
3 9 9
4 17 15
5 15 14
6 10 9
7 12 11
8 15 14
9 10 10
10 11 10
Total 126 117
Accuracy 117/126=0.928

TH-1301_10610101 70



¢ Vehicle direction detection: It is sometimes observed that vehicles are driven
on the wrong side of the road. On a highway, driving in the opposite side is a serious
issue due to high speed of the vehicles. In this experiment, we use TINet to detect
vehicles which change the lane or drive in the wrong direction. Fig. 4.14 shows
the scenarios where 20 sensor motes and two data collection nodes are deployed
along the boundaries and a vehicle passes through the road. Fig. 4.14(a) shows
L, = {10,700,15,0,...,0} and R, = {0,0,0,0,...,0} at time ¢, indicating that a
vehicle passed by the left-side of the road. Similarly, L;;3 and R, 3 in Fig. 4.14(d)
illustrate that a vehicle passed by the left-side of the road at time ¢ + 3. The sensory
data of a right-side sensor is high at time ¢ + 1 and ¢ + 2 as shown in Fig. 4.14(b)
and Fig. 4.14(c), respectively. It indicates that a vehicle passed by the right-side of
the road at t + 1 and ¢+ 2. Based on the above sensory data, we can conclude that a
vehicle has changed the direction in the road, since no other vehicle was detected by
the sensors.

Since, we recorded the traffic with video camera, we could verify the events of
wrong-lane driving detected by the TINet. The results of the direction detection
experiments are presented in Table 4.2. In all, ten experiments of sixty minutes each
were conducted. The overall accuracy of detecting vehicles changing the lanes is above
87.5%. We noticed that TINet detected fewer vehicles than those observed in video
recording when the vehicle changed the lane for a very short duration or the light
from the headlamps did not fall on the sensors.

e Vehicle identification: The ability to identify the vehicles (two-wheeler or
four-wheeler) is desirable in building a good TIS. As mentioned in the previous section,
the sensory data varies inversely with the strength of light that falls on the sensor
motes. Since a two-wheeler has one headlight (showed in Fig 4.15(a)), either a left-side
or a right-side sensor mote will register a high value of the sensory data when a two-

wheeler passes by it. It can be seen from Fig. 4.15(c) that L, = {10,700, 15,0,...,0}
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Figure 4.14 Scenarios for vehicle detection.

and R, = {0,0,0,0,...,0} at time ¢. This indicates that a two-wheeler passed by the
left-side of the road at time t. On the other hand, a four-wheeler has two headlights
(shown in Fig 4.15(b)) so that the sensors on both sides of the road register high
values of the sensory data when a four-wheeler passes through the road. Note that
our campus roads are just two lane roads due to which the light from four wheeler
is detected by sensors on each side. Fig. 4.15(d) shows that the sensory data of a
left-side sensor mote and a right-side sensor mote are high at time instants ¢ from
which it can be concluded that a four-wheeler passed by the road. It can also be
observed from Fig. 4.15(d) that, the sensory data of a left-side sensor mote is higher
than a right-side sensor mote at time ¢. This is because the vehicle passed through
the left-side and hence, the light intensity on the right-side sensor mote is less.

Ten experiments of sixty minutes each were conducted to identify two-wheelers

and four-wheelers passing on the road. In the set of experiments, the total number
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Table 4.2 Results of vehicle direction detection experiments
Expt. No. Detected by Camera Detected by TINet

1 4 3
2 3 3
3 1 1
4 4 3
5 3 3
6 4 3
7 4 4
8 5 5
9 0 0
10 4 3
Total 31 28
Accuracy 28/31=0.875

of vehicles detected was 126, of which 103 were two-wheelers and the rest were four-
wheelers. The overall vehicle detection accuracy for two-wheeler and four-wheeler
was above 95% and 83%, respectively. The four-wheeler vehicle detection requires
the light to be detected by the sensors on both the sides of the road. Since the light
from the headlamps may not be sufficiently intense on the opposite side of the road,

we found that the detection accuracy of four-wheelers was lower.

Table 4.3 Results of vehicle identification experiments

Experiment Identified by camera Identified by TINet

2-W 4-W 2-W 4-W

1 12 3 12 2

2 10 2 8 2

3 7 2 7 2

4 14 3 13 2

5 13 2 13 1

6 10 0 9 0

7 9 3 8 3

8 12 3 12 3

9 8 2 8 1

10 8 3 8 3
Total 103 23 98 19

Accuracy 98/103=0.951 19/23=0.826
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Figure 4.15 Scenarios for vehicle identification result.

e Impact of number of sensors on experiment results: We also studied the
impact of the number of sensors on the accuracy of all the three sets of experiments.
This is to verify, if the number of sensors required for coverage as computed from our
analysis is correct. We consider the same scenario used in previous results. Fig. 4.16
shows the variation in the accuracy of the results as the number of sensors in TINet
is increased. This result shows that 20 sensors are necessary for sufficient accuracy
of on-road experiment results. It may be observed that a large number of sensors are
desirable for the accurate detection of four-wheelers because, this experiment requires

the sensory data of sensors on both the sides at a given time instance.

4.7 Conclusion

In this chapter, we analyzed k-coverage of the Fol and connectivity of the WSN when
the sensors are deployed uniformly at random outside the Fol near the boundary.

This problem is relevant for many real-world applications where the sensors cannot

TH-1301_10610101 74



' " Vehicle count result &= '
Vehicle detection result
IS Four-wheeler identification result
S 100 + Two-wheeler identification result .
>
2 80 | .
§ 60 .
< 40 - .
20 .
0

14 16 18 20
Number of sensors in TINet

Figure 4.16 Impact of the number of sensors on vehicle count, detec-

tion, and identification results.
be deployed directly on the surface of the Fol. We determined the effective sensing area
and effective communication area of a sensor located outside the Fol. The expected
values of these were used in the estimation of the minimum number of sensors required
for a desired level of coverage and connectivity. The analysis was validated with the
simulations.

We demonstrated an application of the analysis to develop a TIS based on WSNs
called TINet. TINet was deployed along the road-side to gather traffic data. TINet
does not require excavation of the road surface. We demonstrated that our analysis
can be used in planning and design of large scale WSNs with stochastic deployment

of sensors outside the Fol.
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Chapter 5

Analysis of k-Coverage and
m~Connectivity in 3D

Heterogeneous Directional WSNs

5.1 Introduction

WSNs monitoring a 3D Fol are commonly found in applications such as monitoring
of wildlife habitats, where the sensors are deployed on trees in a forest at different
heights [47], structural health monitoring of multi-storied buildings [59], underwater
surveillance for oceanographic, marine life or coral reef monitoring [60], intelligent
computer vision systems, constructing aerial defense systems, and building aerosphere
pollution monitoring systems [45]. Most of the literature on 3D WSNs assumed the
omni-directional sensing model [6, 31, 47, 32, 45] where a sensor can perfectly sense
within the sphere of a given radius centred at the location of the sensor. However,
there are many sensors in which the sensing region of the sensors is limited to a fixed
direction and a specific angle. Examples of such sensors are camera sensors, infrared
sensors, ultrasonic sensors, lidar sensors, and radar sensors. A 3D WSN with such a

type of sensors is called 3D directional WSN in the literature [61].
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The literature on 3D WSNs assumed either that the probability of a sensor being
alive is unity [47, 6] or is constant for all the sensors [62, 63, 64]. In a large scale
random deployment of sensors, this assumption is difficult to make. In a practical
scenario, all the sensors may not have the same sensing and communication ranges,
and may not have the same probability of being alive. The sensing range of the sensors
might be different due to different hardware and imperfect sensing conditions. Such
3D WSNs are often called 3D heterogeneous WSNs (HWSNs) in the literature. The
sensors in a 3D HWSN may be categorised into different types based on their sensing
range, communication range, and/or the probability of being alive.

In this chapter, we address the problem:when a large number of heterogeneous

directional sensors are deployed uniformly at random in a 3D Fol, what is the expected
value of the Fol that is k-covered and the expected value of m-connectivity of the WSN?
We assume that sensors of different types have different sensing range, communication
range, or the probability of being alive.
Major Contributions: To the best of our knowledge, this is the first work to ad-
dress the problem of determining k-coverage and m-connectivity in 3D WSNs with a
stochastic deployment of sensors with heterogeneous and directional sensing capabil-
ities. We derive an expression to evaluate the expected value of the k-coverage ratio
of the 3D Fol. Specifically, we estimate the probability of a point in the 3D Fol, being
covered by at least k heterogeneous sensors. Next, we estimate the expected value of
m-connectivity in a 3D HWSN which can determine the communication range and the
liveness fraction required to create an m-connected WSN. Finally, we demonstrate an
application of the analysis to compute the number of sensors of each type required to
ensure the desired k-coverage ratio and m-connectivity probability while optimizing
the network cost.

The rest of this chapter is organised as follows. In the next section, we briefly

discuss the literature on the analysis of coverage and connectivity in 3D WSNs. In
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Sections 5.3, we state the assumptions, define the sensing and communication models,
the terms and notation used in this chapter. In Sections 5.4 and 5.5, we derive the
expressions for the expected value of k-coverage ratio and m-connectivity, respectively.
The implication of irregular sensing model on the proposed work is discussed in
Section 5.6. Section 5.7 presents an application of our analysis to design heterogeneous

WSNs and conclude the chapter in Section 5.8.

5.2 Related work

Most of the literature on the coverage and connectivity in WSNs considers only de-
ployment in a 2D Fol. A recent study in [6] reveals that the issues in 3D WSNs are
significantly different from those in a 2D WSN, and the analysis for 2D WSNs can-
not be applied to 3D WSNs directly. In this section, we review some work from the
literature on the analysis of coverage and connectivity for 3D WSNs using stochastic
deployment. However, our work is the first one to analyse coverage and connectivity
in a stochastic deployment scenario with directional and heterogeneous sensors.

The authors in [31] estimated critical transmitting and sensing ranges for desired
coverage and connectivity in 3D homogeneous WSNs. They computed the required
sensing range to guarantee a certain degree of coverage of a region, the minimum
and maximum network degrees for a given communication range as well as the hop-
diameter of the network. Ammari and Das in [6] proposed the Reuleaux tetrahedron
model to characterize k-coverage of a 3D Fol and investigated the minimum sensor
density required when the sensors are deployed following a uniform distribution. It
was proved that a Fol is guaranteed to be k-covered if any Reuleaux tetrahedron
region of the field contains at least k sensors. The authors also computed the con-
nectivity of homogeneous and heterogeneous 3D k-covered WSNs based on the size of
the connected component that includes the sink. It was concluded that the connec-

tivity of 3D k-covered WSNs is much higher than the degree of k-coverage. The same
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authors in [47] addressed the coverage and connectivity problem in 3D WSNs using
percolation theory. The authors modeled the coverage and connectivity problem as an
integrated continuum percolation problem. They proposed an integrated-concentric-
sphere model to analyse both coverage and connectivity in an integrated way. Critical
density above which coverage and connectivity percolation will almost surely occur
was derived. Recently the work in [32] studied the fundamental properties of 3D
MANETS: link probability, node degree, and network coverage. The authors es-
timated the link probability, node degree, and coverage of 3D MANETSs assuming

random uniform distribution.

5.3 Preliminaries

In this section, we state the assumptions made about the network and define the
terms used in this work.
Assumptions: The sensors are assumed to be deployed in a 3D Fol, denoted by
¥, uniformly at random independent of each other. In a 3D HWSN, the sensors are
categorised into t different types based on their sensing range, communication range,
and/or probability of being alive. Let n; be the number of type i sensors such that
S, n; = n, where n is the total number of sensors in the network. All the sensors
of a given type are assumed to have identical sensing and communication ranges and
equal probability of being alive.

In this chapter, we assume the binary directional sensing model in which any type
i sensor (1 < ¢ < t), say s;, has a sensing range S;, a cone-of-view angle 6#;, and an
orientation vector ﬁ, which together define the 3D sector sensing region, denoted
by ¢;. For any two points x and y, let |xy| denote the Euclidean distance between

o1 and v_2>, let a(v_f, U_2>) denote the angle between them.

them. For any two vectors
A point z is covered by a type i sensor if |s;z] < S; and (W, 5%) < 6;/2. The

volume covered by s; is nothing but the volume of the 3D sector region denoted
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by ||¢ill = 278;*(1 — cos(6;/2)). The communication region of a sensor is modelled
by the binary spherical communication model. The communication sphere is the
region over which the sensor s; can communicate with other sensors. The volume of
communication region of s; is nothing but the volume of the communication sphere
given by ||¢;|| = §7C;*, where C; is the communication range.

Definition 1: Liveness fraction for a type i sensors, denoted by p;, is the fraction of
the type ¢ sensors that are alive among the total number of them initially deployed.
Definition 2: In a HWSN, for any two sensors s; and s;, 3 1 < i,j < t, V{i # j},
Si # 84, 0; #0;, C; # Cj, and/or p; # pj.

Definition 3: The k-coverage ratio of the Fol, denoted by 7 is defined as the fraction
of the volume of the Fol in which each point is k-covered.

Definition 4: If two sensors s; and s; are such that the distance between them is
less than min(C;, C;), then they are said to be neighbours.

Definition 5: A network can be modelled by a graph G=(V, E), where V = {vy,...,v,}
and F = {e1,...,en} are the set of n sensors and the bi-directional wireless links be-
tween them, respectively. The number of neighbours of a sensor of any type, say s,
is called the sensor degree, denoted by d(s). The minimum sensor degree in a com-
munication graph G is given by d(G):gréi‘g d(s).

Definition 6: A network is said to be m-node-connected or simply m-connected if
for each pair of sensors in the communication graph G, there are at least m mutually
independent communication paths connecting them [54]. The m-connectivity proba-
bility, denoted by 7, is defined as the fraction of the sensors deployed in which every

sensor is m-connected to the network.

5.4 Analysis of the k-coverage of the Fol

Let A; . (z) denote the event that a point x in the 3D Fol W is covered by exactly w

number of type ¢ sensors, 1 < ¢ < t. The probability of the event A;,,(z) depends
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on the event that r of the n sensors at random are of the type i (denoted by @, ),
the event that m of those r type i sensors are alive (denoted by C,, ), and the event
that the point z is covered by exactly w of those m type i alive sensors (denoted
by Dym(z)), where w < m < r < n. Assuming that the sensors are deployed

independent of each other, the probability of the event A; ,(x) can be written as

n

P(Aiw(z) =) < > P(Qrn) % P(Cm7r)> X P(Dym(z)). (5.1)

m=w r=m

Since sensors are deployed uniformly at random in the Fol, we can write

P(Qrn) = (2) (%) (1 - %) - (5.2)

Similarly, the probability of the event C,, , is given by

P(Cn) = (1) @™ @ =)™, 5:3)

where p; is the fraction of type ¢ sensors that are alive, and the probability of the

event D, () is given by

pounto= () (or) () (54

where ||¢;||/||¥|| is the probability that the point # € W is covered by a type ¢ sensor.

By substituting Eqgs. 5.2, 5.3, and 5.4 into Eq. 5.1, we get

S (E0@ -2 (ora-wr)s

m=w

Zj <||’¢$|’!‘> ( ‘||I?;I|I|>m_w'
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Set r = m + [, so that

P(Au(2) :é (l;n () )™ = (" - pi>l) x
o) () (-fet)
() ) () 05 Gy )
o) (1-fet) -
Using (a -+ b)" = ()=t ve e
Pl = 30 (1) (%) (152"
() (ret) (-wt)

Set m = w + ¢, so that

P(Aiw(z)) :72( " ) (nipi)w+q <1 B "z‘]%)n—w—q

. w + q n n
(w+q> (H@-H)“’ <1_ H@H)"
w K4 1wl /)
-3 () (o) (127
\w) \ n|Y] q

- nz‘pi)”‘wfq (mpi nip; ||¢¢H>q

Using (a +b)" = <n> a™ b, we get

rncie=(2) () (1 22)

Next, let Ci(x) denote the event that a point = in the 3D Fol ¥ is covered by at
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least k sensors. The probability of the event Ci(x) can be written as

P(Ci(z)) =1 — P(x is not covered by any sensor)
— P(z is covered by exactly one sensor)

— P(z is covered by exactly two sensors)

— P(z is covered by exactly k — 1 sensors),

=1- >  [IP@,@)

li+la+--+1:=0j=1

- > IIP@u@)

li+la++l=1 j=1

- Y IIP@@)

li+Flo4-+1=2 j=1

t
- > [TP4;, )
I+ Hy=k—1 j=1
t

=1- > JIPA@). (5.6)

li,lo, - lt€[0,k—1] j=1
0<ly+Hlo+-+1t<k—1

By substituting P(A;;,(z)) from Eq. 5.5, with 7 and w replaced by j and [, respec-

tively, we get

P(Cg(x)) =1 — 3 f[ ( ) ( nipi |\|€$\‘|> " <1 a n;pl- ||||qé:.||||>ﬂla

ly,l2,,lt€[0,k—=1] j=1
0<li+lo+-~+1:<k—1

The expected value of the Fol U that is covered by at least k sensors can be obtained
by simply integrating P(Cy(z)) over W. The expected value of the k-coverage ratio,

denoted by E[ng], is the ratio of the expected volume of Fol ¥ covered by at least k
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sensors to the volume of W. Therefore,

Elng] :H;’H /\D//P(Ck(q:))d‘lf,

t l; n—1;
n nipi || i\ nipi ||| !
=1 — 1—
2 H(l)x( n || no e}
Il 1t €[0,k—1] j=1
0<ly+lo+-+1:<k—1

where [[¢] zgwsﬁa — cos(6:/2)). (5.7)

The expected k-coverage ratio of the Fol can be interpreted as follows: If E[n3] = 0.80,
when we select several points from the Fol randomly, 80% of them are covered by at
least three sensors.

Example 1: Consider a 3D Fol ¥ in which an equal number of two types of sensors
are uniformly deployed at random. Let Si, 01, p1, Sa, 65, po, and the volume of W be
100m, 27/3, 0.80, 150m, 27 /3, 0.90, and 500°m?, respectively. We want to compute
the minimal number of type 1 sensors and type 2 sensors to be deployed in ¥ such
that 99% of the points selected at random are almost surely covered by at least two
sensors. Substituting 75=0.99, Si, 01, Ss, 0, and || V]| in Eq. 5.7, we get n;=205 and
ne=205. That is, if we deploy 205 sensors of each type uniformly in ¥, we can ensure

that at least 99% of the volume is 2-covered.

5.4.1 Validation of the analysis

To verify the proposed analysis, we evaluate Eq. 5.7 numerically and compare the
result with that obtained from a simulation. We use the toroidal distance metric to
eliminate the border effects in the simulation [65]. In toroidal distance metric, the
network is modelled in such a way that the sensors at an edge are assumed to cover
the region near the opposite edge since the field is assumed to wrap around like a
torus. Due to this, all the sensors have the same sensing and communication volumes.

For the simulation results a Monte Carlo simulation is conducted as described in
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Chapter 3, Section 3.4. The simulation results are with 95% confidence level though
the error bars are not visible in the plots.

Fig. 5.1 shows the expected k-coverage ratio obtained with both simulation and
numerical evaluation, for different densities of the sensors deployed. It can be observed
that the expected k-coverage ratio evaluated using Eq. 5.7 matches with that from
the simulation. We assume a cubical-shaped Fol of 500®m? volume. By comparing
Fig. 5.1(a) with parts (b), (c), and (d) of Fig. 5.1 it may be observed that for the
same level of coverage of the Fol, the number of sensors required is smaller when
only type 2 sensors are used (i.e., case of ny : ne=0: 1) compared to the other three
cases. This is because type 2 sensors have larger radii for sensing and therefore have
higher utility for coverage. However, often the cost of such sensors may be higher
prohibiting the use of only sensors with larger ranges. If we assume type 2 sensors to
be costlier than type 1 sensors, then instead of deploying the sensors in the ratio of
1 : 3, deploying them in the ratio of 1 : 1 gives the desired level of coverage with a

slightly larger number of sensors as seen from Figs. 5.1(b) and 5.1(c).

5.4.2 Numerical Results

Next, we evaluate Eq. 5.7 numerically to study the relationship between the volume of
the Fol, the sensing range, the liveness fraction of the sensors, the number of sensors of
different types, and the k-coverage ratio of the Fol. We consider the scenario described
in Example 1 for all the results.

e Impact of the volume of the Fol: We study the relationship between k-coverage
ratio, number of sensors of different types, and the volume of the Fol. Consider a 3D
Fol ¥ in which two types of sensors are uniformly deployed at random. Fig. 5.2
shows the variation in the number of sensors of different types as the volume of ¥ is
increased, for k-coverage ratio of 0.8 and 0.9, where k=1, 2. Obviously as the volume

of Fol increases, a larger number of sensors are required to maintain the desired level
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of coverage ratio. Interestingly, the difference in the number of sensors required for
a desired k-coverage ratio of 0.8 and 0.9 is smaller when only type 2 sensors are used
(i.e., ny : no=0 : 1) compared to the other three cases. This is because, as we have
seen earlier, type 2 sensors have a larger sensing range and liveness fraction.

450 —

400 | Elm] = 80 —— a] %
Elp] = 80 —%—
§350 - E[m]=.90 —x— : §4OO
2300 |- E[m] = .90 —5— 1 2
] 2300
2250 | |2
2200 | .-
2 2200
2150 | |
5 3
Z100 | A
50 ¢ :
() 1 1 1 0 1 1 1 1
27 64 125 216 343 27 64 125 216 343
Volume of the 3D FolI (x1003m3) Volume of the 3D Fol (x1003m3)
(a) ng:ng=0:1 (b)ny:mg =1:3
1000 — T T T T
- » 3800
S S
g 3 600
k) S
2 8 400
g g
3 3
Z 2200
0 1 1 1 1 0 1 1 1 1
27 64 125 216 343 27 64 125 216 343
Volume of the 3D FolI (x1003m3) Volume of the 3D Fol (x1003m3)
(c)ny:ng=1:1 (d)ny:ine=3:1

Figure 5.2 Relationship between the number of sensors and the volume

of the 3D Fol.
e Impact of liveness fraction: Next, we study the impact of the liveness fraction
of different types of sensors on the 2-coverage ratio of the 3D Fol. Parts (a)-(d) of
Fig. 5.3 shows that for a fixed liveness fraction of type 1 and type 2 sensors, the
number of sensors required for a 2-coverage ratio of 0.9 is smaller when only type

2 sensors are used (i.e., ny : ng=0 : 1) compared to the other three cases. This is
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because type 2 sensors have larger sensing range. Fig. 5.3 also shows that for a fixed
ratio of the type 1 and type 2 sensors, the number of sensors required for a desired
2-coverage ratio of 0.9 is smaller when the liveness fraction of type 2 sensors is high.
It indicates that the high liveness fraction and large sensing range of type 2 sensors

increase their utility for coverage.

600 | ' ' ' "1 600
»500 | 1 #5500
2 2
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G Y=
e300 | 4 2300
8 8
Ezoo - - 5200
100 + - 100
O 1 1 1 1 0
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S
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(35
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O 1 1 1 1 1 O 1 1 1 1 1
27 64 125 216 343 24 64 125 216 343
Volume of the 3D Fol (x100%m?) Volume of the 3D Fol (x1003m?)
(c)ni:ng=1:1 (d)ni:ny=3:1

Figure 5.3 Relationship between the number of sensors and the volume
of the 3D Fol for E[ns] = 0.90.

5.5 Analysis of m-connectivity of the 3D HWSN

Let G((min) be a communication graph formed by n sensors whose effective com-

munication region is Guin, where ||Guin[=min(|Cill. 1G]l .-+, 1GI), [1G]|=37CF, and
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1 <i <t Let A;,(s) denote the event that a sensor s, s € G((nin) has exactly w
number of type ¢ neighbours. The probability of the event A;,(s) depends on the
probability that r of n sensors at random are of the type i, the event that m of those
r type i sensors are alive, and the event that the sensor s has exactly w of those m
as the neighbours, where w < m < r < n. The probability of the event A;,(s) can

be expressed as

P(Aiw(s)) = (

m=w

<m <H<mmH>w (1 . Hsz'n”)m_w

w | 1| ’

(N (i lCmin |\ niDs ||Cmin || "

(o (oenet) (=) R

Next, let Cp,(s) denote the event that a sensor s, s € G((nin) has at least m

= () (&) (-2 () wma —pz-y"—m) x

=m

neighbours. The probability of the event C,,(s) can be written as

P(Cin(s)) =1 — P(sis an isolated sensor) — P(shas one neighbor)

— P(shas (m — 1) neighbors),

=1- > JIPA)

li+lo+-+1;=0j5=1

[ Z H P(Aj,lj (3))

Li+lo+-+l=1 j=1

- > [1PA4;1,(5)),

li+l+-+lt=m—1j=1

=1-— > [TP A4, 05)). (5.9)

I1,l2, lt€[0,m—1] j=1
0<li+Hlo+--+1;<m—1
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By substituting P(A; ., (s)) from Eq. 5.8, with ¢ and w replaced by j and [;, respec-

tively, we get

POn()=1= ) fl(") (mpﬂKmmu)”><<1_vu@wcmmu>"4j
o VAN | n | :

l,la, - lt€[0,m—1] j=1
0<li+Hlo+-+1;<m—1

(5.10)

By definition of the minimum sensor degree, d(G((nin)) = m < énil‘} d(s) > m.
se
Because the sensors are distributed independently, the probability of the event that

G (Gmin) has the minimum sensor degree is

n
n

Pwm@m»zm:()@wamW@—m&&»”%m&mmf (5.11)

Now, we use a property of geometric random graph proved in [55]. For a very
large value of n, when we start with an empty graph and include the links formed
by increasing the communication range, then the resulting graph is almost surely
connected at a moment when the minimum sensor degree is unity with probability

one. Therefore,
P(G(Cmin) is m-connected) =P (d(G({min)) = m). (5.12)

Since the event of G((.:,) being m-connected is a necessary condition for a directed
communication graph G as defined in Definition 5, the probability of the event that

the graph G is m-connected is given by
P (G is m-connected)) > P(G((min) is m-connected).
By using both Eq. 5.11 and Eq. 5.12 for P(G((nin) is m-connected), we get

P(G is m-connected)) > P(G((min) is m-connected),

> (P(Cin(s)" (5.13)
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From Egs. 5.13 and 5.10, the expected m-connectivity probability of the graph G,
denoted by E[v,,], is given by

E[ym] =P(G is m-connected)),

n (i [manl " npi [Gmin |\ "\
>(1-— 1-— .
—< " H(Zj)<n el ) U T

. ,ltG[O,m—l] 7j=1
0<li+lo+ 4+l <m—1

(5.14)

The expected m-connectivity can be interpreted as follows: If E[ys] = 0.99, when
we select several sensors from the network randomly, 99% of them are almost surely
2-connected.

Example 2: Consider a 3D Fol ¥ in which two types of sensors (same number of each
type) are uniformly deployed at random. Let C, p;, Cs, ps, and the volume of ¥ be
100m, 0.80, 150m, 0.90, and 5003m?3, respectively. We want to compute the minimum
number of sensors of each type to be deployed in the Fol such that 99% of the sensors
selected at random are almost surely 2-connected. The volumes of the communication
regions of either type are ||(;|| = 4.19x 105m3 and ||(;|| = 14.13 x 10°m3. The effective
communication volume |G || = min(||¢] , [|G]|)=4.19 x 105m3. Substituting || Cmnin|
and E[v,] in Eq. 5.14, we get n;=ny=233. That is, if we deploy 233 sensors of each
type uniformly in the Fol, we can ensure that 99% of the sensors selected at random

are almost surely 2-connected.

5.5.1 Validation of the analysis

To verify the proposed analysis, we evaluate Eq. 5.14 numerically for the scenario de-
scribed in Example 2, and compare the result with that obtained in a simulation. For
the simulation results a Monte Carlo simulation is conducted as described in Chap-
ter 3, Section 3.4. Fig. 5.4 shows the expected m-connectivity probability obtained

from simulation and numerical evaluation, for different communication ranges of the
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sensors. The volume of the Fol W is 10°m?® and Ely,,] > 0.99. It can be observed
that the expected m-connectivity probability evaluated using Eq. 5.14 matches with
that obtained in the simulation. The simulation results are with 95% confidence level

though the error bars are not visible in the plots.
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Figure 5.4 Relationship between the sensor density and the communi-
cation range of the sensors.

5.5.2 Numerical Results

In this section, we present results based on the numerical evaluation of Eq. 5.14 that
demonstrate the relationship between the volume of the Fol, the communication range
of the sensors, the liveness fraction of the sensors, the number of sensors of different
types, and the 2-connectivity. We consider the same scenario described in Example
2. Fig. 5.5 shows the variation in the number of sensors of different types as the
volume of W is increased, for 2-connectivity probability of at least 0.99. Obviously as
the volume of U increases, a larger number of sensors are required to maintain the
desired degree of connectivity. Interestingly, parts (a) and (b) of Fig. 5.5 show that
for a fixed ratio of the type 1 and type 2 sensors, the number of sensors required for

a desired level of connectivity is smaller when the liveness fraction of the sensors is
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high. This indicates that a greater liveness fraction of the sensors increases the utility

of sensors for connectivity.
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Figure 5.5 Relationship between the number of sensors and the volume
of the 3D Fol for Ely, > .99].
5.6 Irregular directional sensing and spherical

communication models

In our analysis so far, we assumed that the sensors have directional sensing and
spherical communication regions. Similar to Chapter 4, in a practical scenario, the
directional sensing and spherical communication regions are irregular. The degree of
irregularity (Dol) model, as described in Chapter 4, Section 4.5.2 is also assumed for
this work. With this model, instead of using the radius of an ideal 3D sector or sphere
in the analysis, 1 — A times the sensing and communication radii can be used in the
analysis with h value of Dol, 0 < h < 1. With this approximation a sensor s; can
sense perfectly within the directional sensing region of radius (1 — h) x S; centred at
the location of s;. Similarly, a sensor s; can communicate with other sensors within
the communication sphere of radius (1 — h) x C; centred at the location of s;. Eq. 5.7
for expected k-coverage ratio and Eq. 5.14 for expected m-connectivity probability

can be also used with irregular sensing and communication regions by replacing S;
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and C; with (1 —h) x S; and (1 — h) x C}, respectively, where h is the value of the
Dol.

We apply the Dol model and present the results based on numerical evaluation
of Egs. 5.7 and 5.14 under the irregular sensing and communication (ISC) models.
We consider the same scenario described in Example 1 and Example 2 for this eval-
uation. We varied the ratio of the number of sensors of each type deployed in the
3D Fol (shown as ny : ng in the plot). For each simulation, we conducted ten runs
with different seeds and average the results. We studied the relationship between
2-coverage and 2-connectivity on the number of sensors in the Fol with the spherical
sensing and communication (SSC) model and ISC model using 0.05 value of Dol.
Results in parts (a) and (b) of Fig. 5.6 show that the number of sensors required for
2-coverage and 2-connectivity with the ISC model using ~=0.05 is greater than that
required when the SSC model is used. This is because, the ISC model reduces the
effective region covered by the sensors or effective communication range while, the

SSC model ignores this irregularity.

5.7 Application of the Analysis

In this section, we show an application of the analysis to compute the minimum num-
ber of sensors of each type required for the desired level of coverage and connectivity
thereby minimising the network cost. Eqgs. 5.7 and 5.14 show that the expected k-
coverage ratio and m-connectivity probability, respectively depend on the number of
different types of sensors, their sensing and communication regions, and the liveness
fraction of the sensors. In a 3D HWSN any combination of the number of sensors (of
different types) that maintains the k-coverage and m-connectivity above the threshold
value is valid. In Table. 5.1 we show several such valid combinations for the number of
sensors to achieve E[ny] > 0.99 and E[v,] > 0.99. Since the network cost is not same

for all valid combinations, we devise an algorithm to compute the number of different
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types of sensors required to maintain the desired k-coverage ratio and m-connectivity
probability and then select the combination that minimises the network cost. The

problem can be expressed by the following mathematical formulation:

¢
min g Cost; X n;
i=1

subject to  E[ng] > n,

E[ym] = tn- (5.15)

where Cost; is the cost of a type ¢ sensor, 7, and 7, are the threshold values of
the desired k-coverage and m-connectivity, respectively.
Algorithm: Algorithm 1 computes the requirements for a minimum-cost 3D HWSN
to achieve the desired k-coverage and m-connectivity. We start by fixing the maximum
number of sensors of each type i.e., n; to say n.. for 1 < i < t. Algorithm 1
takes S;, 0;, C;, Cost;, k, m, M, Yen, and Ny,q, as input. It then computes Elng]
and E[y,,] iteratively for all combinations of sensors using the function covered and
connected, respectively. If E[ng] and E[v,,] satisfy the thresholds i.e., Eng] > nuw,
and E[vk] > v, then that combination of sensors is considered to be valid. For each
valid combination, the algorithm computes the network cost. The algorithm finally
returns the number of sensors of each type required to minimise the network cost and
to satisfy the desired k-coverage ratio and m-connectivity.
Time Complexity: There are ¢ for loops in the functions covered and connected,
resulting in a time complexity of O(nf, .. X (r +m + ¢)), where r, m, and ¢ are the
time complexities of the functions covered, connected, and the function to compute
minimum-cost of the network, respectively. Thus, the time complexity of the algo-
rithm is O(nl, ., X (r+m+ ¢))=0(n!,,,) which is in polynomial time.

max
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Algorithm 1: DESIGN OF A MINIMUM cOoST HWSN.
Input: S;, 0;, C;, Cost;, k, m, Nth, Yeh, Mmazs
Output: nq,....,ns, Cost
Initialization: Cost=00;

for int g1 < 1 to nye, do

for int g < 1 to e, do
if (covered (k,q1,...,qt) > e and connected (m,q1, ..., qt) > ) and

<Z§:1 Costy x q; < Cost> then

t
n1 = qi,...,n = q and Cost=>_ Cost; X ¢;
i=1

Function covered(k,qi,...,q)
begin
return the computation result (E[nx]) of Eq. 5.7,
where n;, =g andn=q +q+ - -+q, 1 <i<t;
end

Function connected(m,qi, ..., q)
begin
return the computation result (E[vy]) of Eq. 5.14,
where n;, =g andn=q +q + -+ q, 1 <i <t
end

Example 3: Consider the scenario described in Example 1 and Example 2. Let
the cost of type 1 and type 2 sensors be C'ost; = 105 units and Costs = 122 units,
respectively. We want to compute a minimum-cost 3D HWSN such that E[n,] > 0.99
and E[ye] > 0.99. Table 5.1 shows the result of executing Algorithm 1. Columns 3
and 4 in Table 5.1 show the 2-coverage and 2-connectivity, respectively for a given
number of sensors of each type (shown in the first two columns). Cost of the network
for a given number of sensors of different types is shown in columns 5. It can be seen
that the minimum network cost for the deployment is obtained with n; = 283 and
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Table 5.1 The network cost computed with Algorithm 1.
ny  ne  E[na] E[y] Cost
266 203 0.99 0.99 52696
267 202 0.99 0.99 52679
275 195 0.99 0.99 52665
283 188 0.99 0.99 52651

242224 099 0.99 52738
250 217 0.99 0.99 52724
258 210 0.99 0.99 52710

5.8 Conclusion

In this chapter, we studied the k-coverage and m-connectivity problem in 3D WSNs
that use stochastic deployment of sensors. We considered the directional sensing
model and heterogeneity in the sensors to estimate the expected k-coverage ratio and
m-~connectivity probability. To the best of our knowledge this work is the first one to
consider practical aspects in heterogeneous WSNs like directionality and probability
of sensor being alive in the analysis of k-coverage and m-connectivity. We suggested
a modification to the analysis in practical scenarios with irregular sensing and com-
munication regions. We demonstrated an application of the analysis in the design of
cost-effective 3D HWSN. We believe that this work can motivate further research in
energy-efficient provisioning of k-coverage and m-connectivity in 3D HWSNs.

Till now, this thesis considered that the sensors are deployed uniformly at random
in the Fol or outside the Fol near the boundary. We estimated the minimum number
of sensors required for a desired level of coverage and connectivity in WSNs. A
limited battery power and difficulty in recharging/replacing the batteries in a hostile
environment require that the sensors be deployed with a high density to prolong
the lifetime of the WSN. A popular technique used for energy-efficient coverage of
the Fol is to identify if there are any redundant sensors and schedule them to sleep

without compromising the desired level of coverage of the Fol. In the rest of the thesis,
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we propose coverage-preserving scheduling protocols for the cases of k-coverage and

partial coverage of the Fol.
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Chapter 6

Sleep Scheduling for k~Coverage in
3D Heterogeneous WSNs

6.1 Introduction

In the previous chapters, we derived probabilistic expressions for the desired level
of coverage and connectivity that are useful to optimise the cost of the stochastic
deployment of WSNs. Minimising the energy consumed while ensuring the desired
level of coverage of a Fol is another important issue to be addressed in WSNs, because
the batteries powering the sensors may not be accessible for recharging often. A
popular technique used for energy-efficient coverage of the Fol is to identify if there
are redundant sensors and schedule them to sleep without decreasing the desired
coverage of the Fol [66, 67, 68].

In this chapter, we estimate the probability of a sensor in a 3D heterogeneous
WSN being redundant for k-coverage and propose a protocol for duty cycling the
sensors while ensuring the desired level of coverage. We consider a sensor to be
redundant for k-coverage of a Fol, if each point in its sensing sphere is also covered
by at least k£ neighbouring sensors. While there is similar work in the literature on

3D homogeneous WSNs [2], there is no equivalent work for 3D heterogencous WSNs
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to the best of our knowledge.

Major Contributions: We derive an expression to quantify the redundancy in
stochastic k-coverage of a point in a 3D Fol. We extend the analysis to derive an
expression to determine the probability of a sensor, with a set of neighbours of different
types, being redundant for k-coverage of the Fol. We propose a distributed scheduling
protocol to put the redundant sensors to sleep yet maintaining the desired level of
coverage in the Fol. This protocol does not require the sensor to have any information
about its geographical location/relative position to discover its redundancy.

The rest of the chapter is organised as follows: In the next section, we briefly
discuss the literature on the scheduling protocols for 3D WSNs which also addresses
the coverage problem. In Section 6.3 we define the network model, the terms and
the notation used. In Section 6.4 we derive the expressions for the probability of a
point being redundantly covered and the condition for the redundancy of a sensor in
a 3D heterogeneous WSN. We also validate the expressions with numerical evaluation
and simulation results. Section 6.5 discusses the proposed simple scheduling protocol
which can help a sensor determine if it is redundant based on the information about its
neighbours and schedule its activity. Simulation results to demonstrate the benefit of
sleep scheduling on the lifetime of a WSN are presented for different network scenarios.
A few practical considerations for the proposed work are discussed in Section 6.6 and

the chapter is concluded in Section 6.7.

6.2 Related work

In this section, we discuss only the literature related to coverage-preserving scheduling
algorithms for 3D WSNs. Ammari and Das [2]| analysed the coverage problem in 3D
WSNs and showed that the results for 2D WSNs cannot be directly applied due to
the inherent characteristics of the Reuleaux tetrahedron. The authors proposed a

distributed k-coverage preserving protocol for 3D WSNs based on the closest shape
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of the Reuleaux tetrahedron, where each point in a 3D Fol is k-covered. The basic
approach is to divide the sensing region of a sensor into twelve equal-sized sectors
and if each sector consists of another sensor then it is redundant. The proposed
protocol guarantees that the sensing region of each sensor is k-covered. Huang et
al. [3] formulated the coverage problem as a decision problem, where the goal is
to determine whether each point in a Fol is covered by at least k sensors. The
basic idea is to reduce the geometric problem from a 3D space to a 2D space by
observing that the Fol is divided into number of regions by the sensing spheres and
that the level of coverage of a region can be derived from the spherical segments
comprising the same. Furthermore, each spherical segment must be bounded by a
number of circular segments, and the level of coverage of a spherical segment can
be derived from those circular segments that surround the spherical segment. This
transforms the 2D problem into a one-dimensional (1D) problem which implies that
it is sufficient to determine the coverage of the circular segment. The authors also
proposed a distributed energy-conserving protocol that can reduce the number of
sensors in active state and still maintain sufficient coverage eliminating the redundant
Sensors.

The authors in [29] derived a distributed algorithm to choose a subset of working
sensors for full coverage. The authors proposed a backup scheme, where each sensor
has a designated substitute set from the sleeping set of sensors. Xiao et al. in [28§]
proposed an immune-ant colony coverage control algorithm for energy efficient oper-
ation of a 3D WSN. An artificial immune algorithm is used to improve ant colony
algorithm to avoid the possibility of a local optimal solution. A deployment strategy
was also proposed for the placement of sensors in a 3D Fol. Xiaole et al. [69] stud-
ied the problem of constructing connected and full covered optimal 3D WSNs. The
authors designed a set of regular patterns for k-connectivity and full coverage, where

k = 14,6.

TH-1301_10610101 103



Motivation: The work in this chapter is motivated by the following limitations
observed in the literature. The work in [2] derives the necessary conditions to deter-
mine if a sensor is redundant but assumed that each sensor has location information.
The use of technology for geolocation is not feasible for low cost and low power 3D
WSNs. Without any geographical information, it is usually hard to check if a sen-
sor is redundant. Similar limitations also apply to the work in [3, 28, 29] and to
the best of our knowledge, none of the previous works can be applied if the sensors
do not have their location information. The work in [28, 29] identified if there are
redundant sensors only when the Fol is 1-covered and the results are not applicable
for k-coverage. 1-coverage of the Fol is not sufficient in certain WSN applications
such as military applications where a high degree of reliability is necessary. All the
work in the literature so far assumed that the sensors are homogeneous. Though the
work in [6] considered the heterogeneity of sensors for the connectivity problem, the
results are approximate since, only the sensors with smallest range are considered for
the analysis. The assumption of homogeneity is usually hard to maintain in large
scale WSNs and there is no work that explicitly addresses the coverage problem in
heterogeneous 3D WSNs.

In summary, there is no work in the literature on coverage-preserving scheduling
protocols for 3D heterogeneous WSNs that can work with sensors without location
information. Considering these limitations in the literature, we propose an approach
to identify the sensors redundant for k-coverage of a Fol with the sensors deployed
uniformly at random. We also propose a distributed scheduling protocol that does not
require geographical information and schedule the redundant sensors to sleep without

creating holes in the coverage.
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6.3 Preliminaries

In this section, we state the assumptions made about the network and define a few
terms used in this chapter.

Assumptions: The sensors are assumed to be deployed in a 3D Fol, denoted by ¥,
uniformly at random independent of each other. This is an assumption widely used
in the literature on theoretical analysis of coverage problem [6] but, our analysis can
be extended for any other distribution with a known density function. The shape of
the 3D Fol ¥ is assumed to be a cuboid. In a 3D heterogeneous WSN, the sensors
are categorised into t different types based on their sensing and/or communication
ranges. Let IV; be the number of type i sensors such that 22:1 N; = N, where N is
the total number of sensors in the WSN. All the sensors of a given type are assumed
to have equal sensing and communication radii. We assume the binary 3D sensing
model in which the sensing region of a sensor is modelled with a sphere called sensing
sphere. A type i sensor (1 < i < t), say s;, can sense perfectly within the sensing
sphere of radius S; centred at the location of s;, denoted by R(s;,S;). The sensor
s; cannot sense any activity beyond R(s;, S;). The volume covered by s; is nothing
but the volume of the sensing sphere denoted by ||R(s;,S;)|| = 5757, Similarly, we
assume that the communication region of a sensor is also modelled by the binary
3D communication model. The communication sphere denoted by R(s;, C;), is the
region over which the sensor s; can communicate with other sensors, where Cj is the

communication range.

Definition 1: In a heterogeneous WSN, for any two sensors s; and s;, 1 <14,5 <1,
if i # j (i.e. not same type), then S; # S; and/or C; # Cj.

Definition 2: If s; and s; are located such that the distance between them is less
than S; + 55, then s; is called the sensing neighbour of s;. On the other hand, if the

distance between s; and s; is less than C}, i.e., the sensor s; can communicate with
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the sensor s; directly, then s; is called the communication neighbour of s;. If s; is
both the sensing neighbour and the communication neighbour of s;, then s; is called
the sensing and communication neighbour or simply the neighbour of s;.
Definition 3: For two neighbouring sensors s; and s;, the effective range for coordi-
nation between them, denoted by § is given by min(S; + S, C;). A sphere denoted
by R(si,min(Si + Sj,C’j)) is called the effective coordination sphere of s; with its
neighbour s;.

Definition 4: The k-coverage ratio of the Fol, denoted by 7 is defined as the frac-
tion of the volume of the Fol in which each point is k-covered. Under stochastic
deployment of sensors, a Fol is said to be almost surely k-covered only if the expected
value of n; is equal to unity with probability one.

Intersection Volume: The volume of intersection between two spheres centred at
p and ¢ with radii r and s, respectively ( |R(p,r) N R(q,s)|| ) is given by

m(r+s—d)>*d®+2dr—3r*+2ds+6rs— 3s%)
12d ’

(6.1)

where d is the distance between p and ¢ [70].

6.4 Analysis of the Redundancy of a Sensor for k-coverage

In this section we take a probabilistic approach to determine if a sensor is redundant
for k-coverage. We first determine the probability that a point in the sensing sphere
of a sensor is covered by at least k of its neighbours. Next, we extend the analysis to

determine the probability of a sensor being redundant for k-coverage of the Fol.

6.4.1 Redundancy in Coverage of a Point

Consider the cross sections of the sensing and communication spheres of a type ¢ and

a type j sensor as shown in Fig. 6.1(a). Fig. 6.1(b) shows the cross section of the
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region which is covered by both s; and s; (shaded region). Let Y denote the random
variable representing the distance between the sensor s; and a point ¢ in its sensing
region which takes the possible values 0 < d < S;. Let A;(q) denote the event that a
point ¢ € R(s;,S;) at a distance of d from s;, is also covered by a type j neighbour.
To estimate the probability of the event A;(¢), it may be noted that the neighbouring
sensor s; should not be at a distance greater than S; from the point ¢, and s; should
also be able to communicate with s;. It can be seen from Fig. 6.1(b) that if s; lies
in the shaded region, then it covers the point ¢ and it can also communicate with s;.
Note that by Definition 3, the shaded region is a part of the effective coordination
region of s;.

For a point ¢ € R(s;,S;), the probability of the event A;(g) is equal to the ratio
of the volume of intersection of the sensing sphere of neighbour s; and the effective
coordination sphere of s;, to the volume of the effective coordination sphere of s;.
This estimation is valid under the assumption that sensors are deployed uniformly at
random in the Fol. The probability of a point ¢ in the sensing sphere of s;, also being

covered by its neighbour s; is given by

_ [R(g, 5;) N R(si, min(C;, S; + 5;) |

P(4;(q)) | R(s;, min(Cj, S; + S;))|| 02

To interpret Eq. 6.2, if P(A;(¢)) is unity and a point ¢ € R(s;,.S;) is also covered
by a type j neighbour s;, then s; lies in the effective coordination region of s; (w.r.t
s;). Note that P(A;(¢q)) depends on the location of ¢, S;, and min(C}, S; + 5;). For
any pair of neighbouring sensors s; and s;, the effective coordination region denoted
by R(si, min(Cj, S; + Sj)) is fixed. Based on the values of S;, S, and C; there could
be different cases in the evaluation of Eq. 6.2 which are considered below:

Case 1) S; < min(Cj}, S; + S;) and C; < S; + Sj: This case is illustrated in Figs. 6.2(a)
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(a)

(b)

Figure 6.1 Illustration of a point ¢ in the sensing region of a type ¢
sensor also being covered by a type j neighbour.

and 6.2(b) when the sensing and communication ranges of s; and s; satisfy either of
these conditions. As illustrated in Figs 6.2(a), the point ¢ is at a distance of at
most C; — S, from the sensor s;. Since the sensing sphere of s; is smaller than the
other spheres, the terms in the numerator and the denominator of Eq. 6.2 are equal
to ||R(q,S;)|| and ||R(s;, C;)||, respectively. Similarly, as shown in Fig. 6.2(b), the
distance of point ¢ from s; is in the range of (C; — S, S;]. Thus, P(A;(¢)) for this

case is given by

1RSI g

[(s0Co)l 05d< G285 (o) (6.3)
|R(a. S)0R(s:.C))

RGO Ci= 8 <d=<5 (b

where d is the distance of the point ¢ from s;.

Case 2) S; < min(Cj, S; + S;) and S; + S; < Cj: As illustrated in Fig. 6.2(c), this
case occurs when the point ¢ is within the sensing sphere of s;, i.e., 0 < d < S;. Then
the terms in the numerator and the denominator of Eq. 6.2 are equal to ||R(q, S;)||

and || R(s;, S; +5;)||, respectively. Thus, P(A;(q)) for this case is given by
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1 R(g, 55)|
[1R(si, Si + 55)|

0<d<S; (6.3¢)

Case 3) min(C}, S; + S;) < Sj and C; < S; + S; : This case occurs when the neigh-
bouring sensor s; is at a distance of at most S; — C; from s; as illustrated in
Fig. 6.2(d). Then the terms in the numerator and the denominator of Eq. 6.2 are
equal to |R(s;, C})||. This case could also occur, as illustrated in Fig. 6.2(e), when
the distance of point ¢ from s; is in the range of (S; — Cj,S;]. Thus, P(A4;(q)) for

this case is given by

lR(s:,CiIl __
RGO — * 0<d<S;-C;  (63d)
|R(g, ;)N R(s:,Cy)ll

AT exenTme Sj—=Cj<d<S;  (6.3¢)

Eq. 6.3 gives the probability of a point in the sensing sphere of a type ¢ sensor also
being covered by a neighbouring sensor of type j, for different values of their sensing
and communication ranges. If the point is to be only 1-covered, then s; can be
considered redundant. However, for k-coverage of the point, we need to estimate the
probability of a point in the sensing sphere of s; also being covered by at least k
neighbours.

Let B, (q) denote the event that a point ¢ in the sensing sphere of s; is also
covered by exactly w number of type j neighbours, 1 < j < t. Let n be the number of
neighbours of s; such that Z;:l n; = n, where n; is the number of type j neighbours.
The probability of Bj,(q) depends on the probability that r of the n neighbours
belong to type j and the probability that the point ¢ is covered by exactly w of them,
where w < r < n. Since it is assumed that the sensors are deployed uniformly at ran-
dom in the 3D Fol, the probability that » out of n neighbours picked at random, are

n n;

of type 7 is given by (Z) (—)T ( — —)n_T, where n;/n is the probability that a neigh-

n n

bour is of type j [71]. Similarly, the probability that a point ¢ is covered by exactly
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S; < min(Cj, Si + Sj), C;<Si+Sj, and 6 = min(Cj, Si + SJ)
(a)OSdSCj—Sj (b)Cj—Sj<d§S¢

(C)OSdSSi

min(Cj,S,- + SJ) < Sj,Cj <S;+ Sj, and 6 = min(Cj,Si + Sj)
(d)o<d<S; -0 () S —Cj<d<S;

Figure 6.2 Illustration of the cases considered in deriving P(4;(q)).
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w of its r type j neighbours can be written as (1) (P(4;(¢)))" (1 —P(A;(q)))" "

Therefore, the probability of the event B, ,(¢) can be expressed as

P(Bu(@) = ) () () (-2)"" (1) sy o - Peas@) .

r n n w
r=w

use (a +b)" :ZCL) =

<Z) (“p;@)” (1- 2Py (6.4)

Next, let C*(q) denote the event that a point ¢ in the sensing region of a type i
sensor is also covered by at least k of its neighbours of any type. For example, the

probability of the event C*(q) can be interpreted as

P(C?*(q)) = 1 — P(gis not covered by any neighbour)

— P(qis covered by exactly one neighbour). (6.5)
Since sensors are deployed independent of each other,

P(q¢is not covered by any neighbour) = P(B1,0(q))P(B2,0(q))...P(Bo(q)) (6.6)
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and

P(qis covered by exactly one neighbour) =
P(B1,1(¢))P(B2,0(q)) - - - P(Bto(q))

+P(B1,0(q))P(B2,1(q)) ... P(Bto(q))

+P(B1,0(9))P(B20(q)) - - - P(Bt1(q)) (6.7)

Substituting Egs. 6.6 and 6.7 in Eq. 6.5 gives

P(C*(q)) =1 — P(B1,0(q))P(B2,0(q)) - - - P(Bto(q))
—P(B1,1(q))P(B20(q)) - - - P(Bio(q))

—P(B1o(q))P(B2,1(q)) ---P(Bio(q))

—P(B1o(q))P(B20(q)) ---P(Bi1(q))

=1- > [TPB;s; @) (6.8)

ly,l2,-,1t€[0,2—1] j=1
0<ly+lo+-+1:<2—1

In general, the probability of ¢ in the sensing sphere of s; being covered by at least

k neighbours can be written as

t
P(C*(q) =1- > [1PB;, ). (6.9)
l,l2, i €0,k—1]  j=1
0<ii+Hlo+-+1: <k—1

By substituting for P(B;;,(¢q)) from Eq. 6.4, with w replaced by [;, we get

PCHa)=1- Y H(") (LPasa))” (1= ZPas@))" - (6.10)

. j n n
l1,l2,,lt€[0,k—1] j=1
0<li+Ho++1<k—1
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6.4.2 Redundancy of a Sensor for k-coverage

Eq. 6.10 gives the probability of a point ¢ in the sensing sphere of a type ¢ sensor
also being covered by at least k neighbours. Next, the expected sensing volume of s;
that is covered by at least k neighbours, denoted by E[¢F], can be obtained by simply
integrating P(C*(q)) over its sensing sphere R(s;, S;).

The expected sensing volume of s; wherein each point ¢ € R(s;, S;), is covered by

at least k& neighbours is given by

s - fff

R 37,7 z)

By substituting P(C*(g)) from Eq. 6.10 we get

Hle ///1‘ > () (rew)” (- eee) "

l1,l2, ,ltG[Ok 1 J=1
R(si,58:) 0<ly+lp+- -+l <k—1

K /// 5 ﬁ()(”ﬂp @)’ (1= "2 (4;))" " av.

I 2, e €[0,k—1] j=1
R(:80) o Sl bty <ko1

(6.12)

The above equation can be interpreted in the context of redundancy for k-coverage
as follows: For a type i sensor, when E[¢?] is equal to its sensing volume ||R(s;, S;)||
with probability one, every point in its sensing sphere is almost surely covered by at
least two neighbours.

To determine if a sensor can be considered to be redundant for k-coverage of a
Fol, we define the following lemma that establishes the condition for redundancy of a
sensor based on Eq. 6.12. In a densely deployed 3D heterogeneous WSN; the following
lemma declares a sensor to be redundant for k-coverage if its entire sensing sphere is
almost surely covered by at least k£ neighbours. This result is used by the distributed

protocol proposed in Section 6.5 to schedule the redundant sensors to sleep.
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Lemma 6.1 Consider a 3D heterogeneous WSN with a large density of sensors de-
ployed uniformly at random, independent of each other, and the Fol should be almost
surely k-covered. If the expected sensing volume of s;, 1 <1 < t, which is also covered
by at least k neighbours, is equal to its sensing volume with probability one then, s; is

redundant for k-coverage.

Proof: (Proof by Contradiction.) Let us assume that the lemma is not true. That
is, even though E[¢F] = ||R(s;,Si)||, si is not redundant. The term E[EF] gives
the expected sensing volume of s; which is also covered by k neighbours defined by
Eq. 6.12. Let V* be the volume of the Fol actually k-covered by the WSN. Thus,
VE— (|| R(s4, S:)|| — E[£F]) is the volume of the Fol that is k-covered even without s;.

Further, if s; is not redundant, then the following inequality should hold.
VE— (IR(si, Si)ll - E[€F]) < V' (6.13)

Where V' is the volume of the Fol that is required to be k-covered by the WSN.
Assume that the Fol, ¥ is densely deployed with sensors so that it is k-covered, i.e.,
VE = ||W||. Substituting E[¢F] = ||R(s;, S;)|| and V* = ||¥]|, in the above inequality
and rearranging the terms, we get ||| < V’. This is a contradiction because the
volume of the Fol that is required to be k-covered by the WSN must be less than or

equal to the volume of the Fol. Hence the lemma is proved. U

Next, we state the condition for a sensor to be redundant for k-coverage in a 3D

heterogeneous WSN, in terms of the number of neighbours of different types.

Theorem 6.1 Assume that sensors belonging to t different types are independently

and uniformly distributed at random across the Fol. The sensor s; is redundant for
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k-coverage if the following inequality holds:

/R R [t

i ll l2 ltEOkJ 1] j:1
0<l1+12+ +lt<k 1

x (1 - ;]P(Aj(q))yl dv > || R(s;, Si)|| (1 —7),

where 7 = 0.01 and

(

if(Sj < min(C}, S; + 55) and C; < S; + Sj)

IR(q,S;)l o
MRGHCN 0<d<Cj—S,
IR, SHAREODI o g .
oo Cj=S;<d<S;

elseif(Sj < min(Cj, S + S]) and S; + S5 < Cj)

IR@S)I < g < 8
P(4,(q)) = [R(s:,S:+55)I] -7 = (6.14)

elseif(min(C’j,Si +5;) <8 and Cj < S; + Sj)

| R(s:,C)ll X
RGO 0<d<8;—C;
lR(q, S;)NR(s:,C;)||
qllRJ(si,Cj)n =5 -0 <d<S;
else
0

Proof: Lemma 6.1 declares a sensor to be redundant with probability one if F[¢F] =

| R(s:, Si)||. Alternately, we can declare a sensor to be redundant if E[¢F] > ||R(s;, S;)|| (1—

7) for a small value of 7, say 7 = 0.01. By substituting E[¢F] from Eq. 6.12, we get

=S ) Gra)

l1,l2,- lte[ok‘ 1 Jj=1
Rls0:50) o< Yty ety <h—1

< (1= P, (0) " av > [ R(s., S)) (1 7). (6.15)

Substituting Egs. 6.3(a)- 6.3(e) for P(A4;(q)) in Eq. 6.15 proves the theorem. O
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6.4.3 Validation of the Analysis

To validate the proposed analysis, we evaluate Eq. 6.12 numerically and compare it
with a simulation for the following scenario. A 3D Fol of volume 1003m? is sprayed
with heterogeneous sensors uniformly. There are two types of sensors with the sensing
and communication ranges as: S; = 15m, C} = 15m, Sy = 18m, and Cy = 20m.
These ranges are selected such that the estimation of volume of a sensor (of either
type) redundantly covered considers the three cases used in the derivation of Eq. 6.3.
We consider the redundancy of each type of sensor for k-coverage of the Fol, where
k = 1,2. For the numerical results, we evaluate Eq. 6.12 for the same scenarios
considered in the simulation. For the simulation results a Monte Carlo simulation is
conducted as described in Chapter 3, Section 3.4.

Fig. 6.3 shows the variation in the expected sensing volume of s; that is redun-

E[¢F]x 100

dantly covered (determined by TRGST

), when there are different number of neigh-
bours. Each plot shows E[¢!] and E[¢?] for a type i sensor, i@ = 1,2, and for a
different number of neighbours of each type (shown below x-axis in the form (n,ns)),
obtained with simulation and numerical evaluation. Note that the results for type 2
in Fig. 6.3(a) and type 1 in Fig. 6.3(b) correspond to homogeneous WSN scenarios
while the rest are for heterogeneous WSN scenarios.

It can be observed from all the plots that the simulated value of expected sensing
volume redundantly covered, matches with that obtained by evaluating Eq. 6.12 very
closely. The results show that the expected redundant sensing volume increases with
the number of neighbouring sensors making it a potential candidate for being redun-
dant. However, on comparing Figs. 6.3(a) and 6.3(b), we can see that F[¢!] and F[£?]
for a type 7 sensor increase sharply with the number of type 2 neighbours because they
have larger communication and sensing ranges. The higher utility of type 2 sensors

for redundantly covering the volume can also be concluded from Fig. 6.3(d), where

E[&] and E[&,] increase sharply with the number of neighbours, because of greater
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number of type 2 neighbours when compared to the case of Fig. 6.3(c), where most
of the neighbours are of type 1. All the figures show that E[¢!] for a type i sensor
increases sharply with the number of neighbours, because E[]] requires less number

of neighbours when compared to E[£?], where i = 1, 2.

Numerical results for type 1 and k=1 —— Numerical results for type 1 and k=2
Simulation results for type 1 and k=1 —+— Simulation results for type 1 and k=2
Numerical results for type 2 and k=1 —x— Numerical results for type 2 and k=2 —F—
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Figure 6.3 Variation in the expected sensing volume of a type 7 sensor
redundantly covered for different number of neighbours.
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6.5 Sleep Scheduling Protocol for k-coverage

In this section, we propose a protocol that helps each sensor to determine if it is
redundant and go to sleep without compromising the k-coverage of the 3D Fol. The
protocol is fully distributed and does not use any geographical information but, gath-
ers information only about the number of neighbours and their type with periodic

control messages.

6.5.1 Description of the scheduling protocol

Pre-processing phase: We assume that the sink or base station which is a powered
node computes the expected sensing volume of a type i sensor that is redundantly
covered for a desired k-coverage value, given the number of neighbours of each type,
and their ranges for sensing and communication. All valid combinations for the
number of neighbours that can make a sensor redundant for k-coverage are stored
in a table called Redundancy Table (format shown in Table 6.1(b)). Computation of
this table for a type i sensor, =1, 2,...,t is facilitated by Procedure 1.

Let the maximum number of neighbours be n,,.. Procedure 1 takes i, k, t, S;, C;,
and n,,q, as input. It then checks the redundancy of a type ¢ sensor for various com-
binations of the number of neighbours of different types using Eq. 6.14. If the type ¢
sensor is redundant, then that combination of the number of neighbours is considered
valid. Each such valid combination is added to the Redundancy Table of a type 1
sensor. This table is stored in each sensor initially at the time of deployment. This
is not an unreasonable assumption to make in the planning phase or pre-processing
phase and is also used earlier in [72]. Once a sensor in the Fol determines the informa-
tion about its neighbours, it can check if the number of neighbours of different types
matches with any combination from this table, and thus determine if it is redundant
for the desired coverage level.

Working phase: In the sleep scheduling protocol, the operation time is divided
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Procedure 1: REDUNDANCY_TABLE CONSTRUCTION
/* Run the following at the base station initially at the time of deployment. */

Input: 4, k, t, S1,..,5¢, Ci,...,Ct, Nnaz ;
Output: Redundancy Table for a type ¢ sensor ;
for int nq < 0 to nyqe do

for int no <+ 0 to Nyee do

for int ny < 0 to nyper do
if (Eq. 6.14 is true) then  Addthe combination (ni,...,n;) into the
Redundancy Table ;

into successive rounds. Each round consists of two phases: the decision phase and
the sensing phase. In the decision phase, all sensors decide on their activity for the
current round. During the sensing phase, all the active sensors continue sensing until
the next round. After each round, all the sensors become active to participate in the
decision phase of the next round. The duration of each round is chosen such that it is
much longer than the decision phase but much shorter than the average lifetime of the
WSN. At any given point in time, a sensor can be in one of these states: ACTIVE,
WAIT, and SLEEP.

1. ACTIVE state: In ACTIVE state, a sensor is responsible to cover its sens-
ing region and communicate with its neighbours. At the beginning of each
round, all the sensors are in ACTIVE state and execute the scheduling protocol

asynchronously.

2. WAIT state: A sensor goes into WAIT state if it determines itself to be
redundant but is still in the process of informing its transition to SLEEP state

to its neighbours.

3. SLEEP state: In SLEEP state, a sensor is put to sleep in order to conserve
energy. All the sensors in this state are not required to cover the 3D Fol during

the round.

The scheduling protocol uses two messages HELLO and SLEEP to communicate
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with the neighbours. Each sensor turns active at the beginning of a round (i.e., during
the decision phase) and broadcasts a HELLO message to all its neighbours with its
1d and type. A sensor that receives the HELLO message stores information about its
neighbours in the Neighbour Table in the format shown in Table 6.1(a). The table
stores the unique id of each neighbour and its type. This information is updated with
periodic HELLO messages between the sensors. The periodic HELLO messages also
neglected the effect of the collisions of HELLO messages.

From the information in the Neighbour Table, each sensor knows the number of
neighbours of each type. It then compares the number of different types of neighbours
from the Redundancy Table (stored or hard-coded initially at the time of deployment
of WSN) to check if any of the combinations is valid. Table 6.1(b) shows the format
of the Redundancy Table for redundancy of a type 1 sensor for 1-coverage of the Fol.
The columns in the table show the number of neighbours of each type. For example,
if this sensor has seven type 2 and one type 1 sensors in the neighbourhood, the
sensor is redundant. Since the Redundancy Table for each sensor can be computed
and stored at the time of deployment, determining if a sensor with a given number of
neighbours is redundant, is simplified to updating the Neighbour Table and looking
up the Redundancy Table.

The redundancy determination is given by Procedure 2. If a sensor is potentially
redundant, it switches to WAIT state. Otherwise it remains in the ACTIVE state.
In WAIT state, the sensor starts a random back-off timer and keeps track of its
neighbours with HELLO messages. The purpose of using back-off timer is to avoid a
black hole when several sensors try to go to SLEEP state simultaneously. If the sensor
has sufficient number of active neighbours at the end of back-off time, it broadcasts
SLEEP message to the neighbours, and switches to SLEEP state until the next round.
A SLEEP message carries the id of the sender. When a sensor receives the SLEEP

message and if its Neighbour table has the id of the sender, then the sensor ignores the
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sender and determines if it is still redundant. If the sensor is still redundant, it remains
in the WAIT state. Otherwise it switches to ACTIVE state. Algorithm 2 shows
the actions performed in the three possible states of a sensor during the scheduling

protocol and the transitions between them.

Table 6.1 Data stored at a type 1 sensor for 1-coverage of the Fol.

n n
ID Type 41 42

1 type 1
1 7

2 type 2
1 8

3 type 2
8 1

4 type 1
5 5

) type 1
6 6

6 type 2
7 type 1 g 7

(a) Neighbour Table.

(b) Redundancy Table

6.5.2 Complexity Analysis

Message complexity: Each sensor broadcasts a HELLO message at the beginning
of each round. Each redundant sensor broadcasts a SLEEP message before the end
of decision phase. Let N and N, be the total number of sensors in the network and
the expected number of redundant sensors at the end of decision phase of each round,
respectively. Thus, in each round the total number of messages are N + N,. Since

N, < N, the message complexity is O(NN) which is nearly optimal.

e Space complexity: In the sleep scheduling protocol, each sensor has a Neighbour
Table and a Redundancy Table. The Neighbour Table stores the id and the type of
each neighbour. The Redundancy Table stores different combinations of the number of
neighbours of different types. Let n, ¢, and C' be the expected number of neighbours

of a sensor, types of sensors deployed in the network, and the maximum possible
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combinations of the number of neighbours, respectively. Thus, each sensor requires
2 xn+tx C space. Since n << N and t x C' << N, the space complexity is O(N)

which is also nearly optimal.

e Computational complexity: In the sleep scheduling protocol, each sensor re-
ceives HELLO messages and SLEEP messages from its neighbours. Let n and C' be
the expected number of neighbours of a sensor and the maximum possible combina-
tions of the number of neighbours, respectively. Thus, each sensor requires n x O(1)
and n x C' x O(1) operations for storing information about its neighbours in the
Neighbour Table and comparing the number of different types of neighbours from the
Redundancy Table, respectively. Since n << N and C' << N, the computational

complexity is therefore O(NN) which is also nearly optimal.

Procedure 2: REDUNDANCY _CHECK
int =1, /* First row of Redundancy Table*/
while | < Length of Redundancy Table do

if Vi_, (ni in Neighbour Table > n; in the row ) then
return true; /*Sensor is a redundant sensor*/
exit;

else if | == Length of Redundancy Table then

L return false; /*Sensor is not a redundant sensor*/

exit;

else
| =1+, /* Switch to the next row™/

6.5.3 Performance Evaluation

In this subsection, we discuss the results from a simulation study of the proposed
scheduling protocol using ns 2.34 simulator [73]. 3D environment is not directly
supported in the ns 2.34 simulator. We used the Monarch Project wireless extension

and modified the radio propagation model and trace file to enable these simulations.
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Algorithm 2: SLEEP_SCHEDULING_PROTOCOL

/* To be performed by each sensor. */

Set self state as ACTIVE;

if state of the sensor is ACTIVE then

if the sensor receives a HELLO message then
append <ID, type> of sender in the Neighbour Table;
if REDUNDANCY_CHECK then
L set self state as WAIT;

set a timer with a random back-off time;

if the sensor receives a SLEEP message then
| remove <ID, type> of sender from the Neighbour Table;

f state of the sensor is WAIT then
if the sensor receives a HELLO message then
| append <ID, type> of sender in the Neighbour Table;

o

if the sensor receives a SLEEP message then
remove <ID, type> of sender from the Neighbour Table;
if REDUNDANCY_CHECK then
‘ do nothing;
else
| set self state ACTIVE;

if state of the sensor is SLEEP then
| set a timer with sleep time;

if back-off timer expires then
broadcast a SLEEP message;
L set self state SLEEP;
if sleep timer expires then
broadcast a HELLO message;
L set self state ACTIVE;
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For all the simulations we consider the same scenario described in Section 6.4.3. The
initial energy of a sensor is assumed to be 60J. The simulation is conducted by varying
the ratio of the number of sensors of each type (shown as N; : N;), volume of the
Fol, and the number of sensors deployed. For each simulation, we conduct ten runs
with different seeds, and average the results. All the results in this work are with
95% confidence level though the error bars are not visible in the plots.
e Number of active sensors: We first studied the impact of scheduling protocol
on the number of active sensors used in the deployment. We determined the number
of active sensors for k-coverage of the Fol, where £ = 1,2. For this simulation, 1800
sensors (of two types in different ratios) are deployed in 803m? volume of the Fol.
Table 6.2 shows the number of active sensors required to provide 1-coverage and 2-
coverage of the Fol. It can be observed that the number of active sensors required
for coverage is smallest, when only type 2 sensors are used (i.e., N; : No=0 : 1)
compared to the other three cases. This is because type 2 sensors have larger sensing
and communication ranges and thus have higher utility for k-coverage. Using a larger
number of type 2 sensors in the Fol also causes a larger number of sensors to be
redundant (see the results in Fig. 6.3), reducing the total number of active sensors.
However, the cost of such sensors may be higher, prohibiting the use of only sensors
with larger ranges. If we assume that the type 2 sensors are costlier than type 1
sensors then, instead of deploying the sensors in the ratio of 1 : 3, deploying them in
the ratio of 1 : 1 gives the same level of coverage at a lower cost. Table 6.2 shows the
number of active sensors required for the desired level of coverage in a fixed volume
of 803m3.

Next, we studied the impact of the volume of the Fol on the number of active
sensors. We deploy 1800 sensors with different ratios of the two types of sensors
and increase the volume of the Fol. Fig. 6.4 shows that the number of active sensors

increases as the volume of the Fol is increased from 803m? to 1003m? for k-coverage of
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Table 6.2 Relationship between the number of active sensors and the
initial number of sensors for k-coverage of the field, k = 1, 2.
No. of active sensors

k-coverage | Initial number of sensors (N7 : N3)

0:1 1:3 1:1
1-coverage | 175 204 234
2-coverage | 259 296 332

the Fol, where k = 1, 2. Similar to the results in the previous simulation, the number
of active sensors is smallest when all the sensors are of type 2.

e Lifetime of the network: Next, we studied the impact of the scheduling protocol
on the lifetime of the 3D heterogeneous WSN. We measure the network lifetime in
the number of simulation rounds till the Fol is k-covered. We deploy 1800 sensors
uniformly at random independent of each other with different ratios of the two types
of sensors and increase the volume of the Fol. We measured the number of rounds
for which the Fol is k-covered, for £k = 1,2. Fig. 6.5 shows that the lifetime of the
network (in units of simulation rounds) decreases as the volume of the Fol is increased
from 80°m? to 1003m? for k = 1,2. The results also show the network lifetime when
no scheduling protocol is used. It can be observed from Fig. 6.5 that when the
scheduling protocol is not used, all the sensors are active for a short duration and
then their energy drains out rapidly.

Next, we studied if the network lifetime can be prolonged by increasing the number
of deployed sensors. We increased the number of sensors deployed in 80*m3 volume
and studied the lifetime of the network in units of simulation rounds. The results of
this simulation are shown in Fig. 6.6. As expected, without the scheduling protocol
the network lifetime is independent of the number of sensors deployed since all the
sensors remain active. On the other hand, the lifetime increases when the scheduling
protocol is used to put redundant sensors to sleep because, only some sensors remain

active (as observed in Table 6.2 and Fig. 6.4). The active sensors take turns in
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ensuring the k-coverage of the Fol and hence the energy of the sensors is consumed
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coverage, k = 1,2, with increasing number of sensors.

e Comparison with protocol proposed in [2]: Finally, we compared the proposed
scheduling protocol with the protocol proposed in [2]. To the best of our knowledge,
most of the existing sleep scheduling protocols rely on geographical information and
work for homogeneous WSNs and k£ = 1. This makes a direct comparison between
the proposed protocol and the existing ones unfair. To make the comparison fair,
we only use homogeneous WSN scenarios in this simulation. For the simulation

results in this section, we developed a high-level simulator in C++ to evaluate the
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performance of the proposed scheduling protocol in practical scenarios for large scale
WSNs. The high-level simulator in C++ supports much larger networks, which we
need to rigorously evaluate the proposed scheduling protocol.

Fig. 6.7 shows that the number of active sensors increases with the volume of
the Fol both in the case of proposed protocol and the protocol in [2]. However, we
observed that the protocol proposed in this work requires fewer number of active
sensors for a given volume and 3-coverage of the Fol. Thus, it can be concluded that
the proposed protocol consumes lesser energy and prolongs the network lifetime when

compared to the protocol in [2] even for a homogeneous WSN scenario.
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Figure 6.7 Comparison of the number of active sensors scheduled by
the proposed protocol with that in [2].
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6.6 Practical Considerations

In this work, we assumed that the sensors have spherical sensing and communication
regions. However, in many practical scenarios, we may encounter border effects and
irregular sensing and communication models. In this section, we discuss how to ad-
dress these practical issues. Since such a study cannot be performed with the existing
network simulator (ns 2.34), we used the modified simulator described in Section 6.5.3
to evaluate the performance of the proposed scheduling protocol in practical scenarios
for large scale 3D heterogeneous WSNs. For the following simulations we consider

the scenario described in Section 6.4.3.

6.6.1 Border effects

In reality, the sensors located near the edges of the Fol contribute to a smaller region
of coverage than those deep inside the Fol. The reduction in the coverage area of
sensors near the borders is called the border effect [9]. We use the toroidal distance
metric to eliminate the border effects and simulate the scheduling protocol [65]. We
consider the same scenario described in Section 6.4.3 for this simulation. We varied
the ratio of the number of sensors of each type deployed in the Fol (shown as N; : Ny
in the plot). For each simulation, we conducted ten runs with different seeds and
average the results. We studied the impact of scheduling protocol on the number of
active sensors in the Fol both with and without the border effects. Fig. 6.8 illustrates
that the number of active sensors for the k-coverage, £ = 1,2 with the toroidal
distance is smaller than that when Euclidean distance is used. This is because, the
Euclidean distance causes border effects which reduces the effective region covered
by the sensors while, the toroidal distance ignores this effect. This result shows that
the number of sensors to be deployed is under-estimated when the border effects are

ignored since the sensing volume of every sensor is completely used in the coverage.
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6.6.2 Irregular sensing and communication models

So far, we assumed that the sensors have spherical sensing and communication regions.
Next, we studied the impact of radio irregularity using the degree of irregularity (Dol)
model, as described in Chapter 4, Section 4.5.2.

With this model, instead of using the radius of an ideal sphere in the analysis,
1 — h percent of the sensing and communication radii can be used in the analysis for
h value of Dol, 0 < h < 1. With this approximation a sensor s; can sense perfectly
within the sensing sphere of radius (1—h) x S; centred at the location of s;. Similarly,
a sensor s; can communicate with other sensors within the communication sphere of
radius (1 — h) x C; centred at the location of s;. Theorem 6.1 for redundancy of a
type i sensor for k-coverage of the Fol is therefore also applicable for irregular sensing
and communication models by replacing S; and C; with (1 —h) x S; and (1 —h) x C;,
where h is the value of the Dol.

We use the Dol model and simulate the scheduling protocol under the irregular
sensing and communication (ISC) models. We consider the same scenario described
in Section 6.4.3 for this simulation. We varied the ratio of the number of sensors of

each type deployed in the Fol (shown as N; : Ny in the plot). For each simulation,
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we conducted ten runs with different seeds and average the results. We studied
the impact of scheduling protocol on the number of active sensors in the Fol and
k-coverage ratio of the Fol with the spherical sensing and communication (SSC)
model and ISC model using 0.1 value of Dol, where k = 1,2. Parts (a) and (b) of
Fig. 6.9 illustrate that the number of active sensors for the 1-coverage and 2-coverage,
respectively with the ISC model using 0.1 Dol value is greater than that when the
SSC model is used. This is because, the ISC model causes radio irregularity which
reduces the effective region covered by the sensors while, the SSC model ignores this

irregularity.

6.7 Conclusion

In this work, we proposed a probabilistic approach to determine if a sensor in a HWSN
is redundant to meet the desired coverage requirements of a 3D Fol. We derived an
expression to determine the probability of the region covered by a sensor of any type
being redundantly covered by the neighbours. Then, we proved a result that identifies
if the sensor is redundant based on the number of neighbours of different types and
their state. We proposed a scheduling protocol to identify all the redundant sensors
and schedule them to sleep without creating a coverage hole in the Fol. The proposed
protocol is completely distributed, does not use any geographic information, and uses
only the information gathered about the neighbours using a few control messages. We
simulated the performance of the scheduling protocol for different network scenarios
and demonstrated that the number of active sensors is reduced due to the scheduling
protocol and hence the network lifetime is increased.

In this chapter, we addressed the problem of determining the probability of a
sensor being redundant for k-coverage in 3D HWSNs. In the next chapter, we propose
a scheduling protocol to identify the redundant sensors and schedule them to sleep

while ensuring the partial coverage in 2D HWSNs.
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Chapter 7

Sleep Scheduling for Partial

Coverage in Heterogeneous WSNs

7.1 Introduction

Complete coverage usually means that the WSN can sense the whole Fol without any
hole. Complete coverage indicates a high level of reliability yet is often difficult to be
realized in practice. When sensors are deployed randomly, complete coverage may be
difficult to achieve without a large number of sensors. In such cases the probability
that the Fol is completely covered becomes an important measure of coverage.

In certain applications of WSNs like forest fire detection and weather forecasting,
the requirement of complete coverage of the Fol, may be too expensive or unneces-
sary. In stochastic deployment of WSNs, the problem of partial coverage refers to
a relaxation in the desired QoC that requires only a part of the Fol to be covered.
In terms of the coverage ratio (defined in Section 3.1), the partial coverage problem
requires that the coverage ratio be no less than a pre-defined threshold (smaller than
unity). If the coverage ratio is desired to be unity then it degenerates to complete
coverage problem.

In this chapter, we address the problem of identifying the redundant sensors in a
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heterogeneous 2D WSN and schedule them to sleep while ensuring the desired cover-
age ratio of the Fol. This protocol does not require the sensor to have any information
about its geographical location/relative position to discover its redundancy. To the
best of our knowledge, this is the first work to address the redundancy for partial
coverage in heterogeneous WSNs without any information about the geographical
location or relative position.

Major Contributions: We argue that the analysis of the redundancy of a sensor
for complete coverage as derived in previous chapter, is not suitable for partial cov-
erage. We derive an expression to determine the probability of a sensor, with a set
of neighbours of different types, being redundant for partial coverage of the Fol. We
propose a distributed scheduling protocol to put the redundant sensors to sleep yet
maintain the partial coverage of the Fol.

The rest of the chapter is organised as follows: In the next section, we briefly
discuss previous work on coverage-preserving scheduling protocols in 2D WSNs. In
Section 7.3, we define the network model, the terms and the notation used. In Section
7.4, we derive the expression for the redundancy degree of a sensor of any given type
in a heterogeneous WSN and also show its use in identifying a redundant sensor. The
analysis is numerically evaluated and validated with simulation. Section 7.5 presents
the results of simulations conducted to evaluate the performance of the scheduling

protocol in different network scenarios. We conclude the work in Section 7.6.

7.2 Related work

In this section, we review the literature on the scheduling protocols to achieve a
desired coverage ratio of the 2D Fol. A variety of configuration protocols that use
geometric information and maintain complete coverage in 2D WSNs are proposed in
the literature with an objective to reduce the energy consumption.

Xing et al. in [30], proposed an integrated coverage and connectivity configuration

TH-1301_10610101 136



protocol (CCP) that guarantees both connectivity and coverage when the communi-
cation range of a sensor is at least twice its sensing range. CCP is a decentralized
protocol that configures the network to provide complete coverage of the sensor field.
In CCP, a sensor can be in one of three states: sleep, active, and listen. In the sleep
state, the sensor turns off its sensing unit until the sleep timer expires, and then it
enters the listen state. In the listen state, the sensor collects HELLO messages from
its neighbors and executes the coverage eligibility algorithm. The coverage eligibility
algorithm determines whether a sensor is eligible to switch states. If every location
within a coverage region of the sensor is not covered by other active sensors, the
sensor will be eligible to become active, else it goes back to sleep. In active state,
the sensor periodically updates its sensing neighbor table and executes the coverage
eligibility algorithm to determine if it has to remain active. A distributed and lo-
calised algorithm, based on k*-order Voronoi diagram, to identify redundant sensors
is proposed by Zhou et al. in [74]. It ensures fault tolerance in WSNs and extends the
network lifetime, while maintaining complete coverage. Huang et al. in [75] proved
that the whole sensor field is covered if and only if each sensor within the sensor
field is perimeter-covered. A decentralised energy efficient algorithm is proposed to
determine the level of coverage and connectivity, and schedule the redundant sensors
into sleep mode. However, it is not applicable when two sensors are located at the
same point. Identification of redundant sensors based on a geometric approach is
considered in [76]. The sensing area of a sensor is divided into six equal-sized sectors
and if each sector consists of a sensor then it is a redundant sensor.

Wu et al. in [77] proposed a method to discover the redundant sensing areas among
neighbouring sensors and calculate the degree of redundancy without using any geo-
graphical information. The degree of redundancy is used to construct a distributed
algorithm named lightweight deployment-aware scheduling (LDAS) algorithm that

turns the redundant sensors off. However, this work only considers partial coverage
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in homogeneous WSNs. Recently, another protocol to determine the coverage under
both deterministic and probabilistic sensing models is proposed in [66]. This protocol
called probabilistic coverage protocol (PCP), builds a triangular structure that deter-
mines if every point in a given deployment of WSN satisfies the desired coverage either
definitely or with a probability. The PCP protocol computes the maximum possible
distance between sensors to ensure that there are no holes in coverage. The authors
also consider connectivity and energy efficiency while designing the protocol. The
work in [78] proposed a centralised scheduling algorithm with location information
and a distributed algorithm without location information to achieve the p-percent
coverage ratio in a homogeneous WSN. Bulut and Korpeoglu in [72] proposed a dis-
tributed algorithm to extend the lifetime of a homogeneous WSN while maintaining
the desired coverage and connectivity.

Motivation: Except the work in [68], no other work considers the partial coverage
problem in heterogeneous WSNs. The work in [68] assumes that the sensing range
follows a normal distribution, and use the mean value in the analysis. So it has lim-
ited scope in a typical heterogeneous WSN. Most of the earlier work on the partial
coverage problem is applicable only for homogeneous WSNs and some of them use
geographical information in identifying the redundant sensors [78, 77, 72|. Though
the coverage problem is studied in the context of heterogeneous WSNs in [76, 30], only
complete coverage is considered. Based on these observations, we study the partial
coverage problem in heterogeneous WSNs, take a probabilistic approach to deter-
mine the redundancy degree of a sensor, and propose a distributed sleep scheduling
algorithm that gathers only the characteristics of the sensors and does not use any

geographical information.
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7.3 Preliminaries

In this section, we state the assumptions made about the network and define the
terms used in this work.

Assumptions: We assume that sensors are deployed in the Fol W, uniformly at
random independent of each other. The shape of the Fol is assumed to be a two-
dimensional torus so that the border effects can be ignored [79]. In a heterogeneous
WSN considered in this work, the sensors are categorised into ¢ different types based
on their sensing and/or communication ranges. Let n; be the number of type ¢ sensors
such that Z;‘i:l n; = n, where n is the total number of sensors in the heterogeneous
WSN. All the sensors of a given type are assumed to have equal sensing and com-
munication radii. We assume the binary disc sensing model in which any sensor of
type ¢ denoted by s;, 1 < ¢ < t, can sense perfectly within the disc of radius S;
centred at s;, denoted by A(s;,S;). s; cannot sense any activity beyond A(s;, S;).
The area covered by the sensor s; is nothing but the area of the sensing disc denoted
by [|A(s;, S;)|| = #S2. Thus, S; denotes the sensing range of s;. We assume that the
communication of a sensor also follows the binary disc model and the disc A(s;, C;)
denotes the region over which s; can communicate with other sensors, where C; is the
communication range. The QoC of the Fol is specified apriori as a desired coverage
ratio denoted by 7.

Definition 1: In a heterogeneous WSN, for any two sensors s; and s;, 31 <17,j <1,
V{i # j}, S; # S; and/or C; # Cj.

Definition 2: Two sensors s; and s;, 1 < 4,5 < t can communicate with each
other directly only if the Euclidean distance between them is less than or equal to
min(C;, C;) called the effective communication range between s; and its neighbour s;.
We call the disc A(si, min(C;, C}, S; + Sj)) as the effective communication region of
s; (with its neighbour s;).

Definition 3: If two sensors s; and s; are such that the distance between them is
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less than S; + 5}, and if they can communicate with each other directly, then they
are said to be sensing and communication (SAC) neighbours or simply neighbours.

Definition 4: A part of the sensing region of a sensor is said to be redundantly covered
if each point therein is covered by at least one neighbour. The redundancy degree of
a type ¢ sensor, denoted by &; is defined as the ratio of its sensing area redundantly
covered by the neighbours to its entire sensing area. Note that this definition is
similar to that in [68] except that we use a stronger definition for the neighbours,
namely SAC neighbours using effective communication range, and estimate only the

expected value of redundancy degree.

7.4 Analysis of the Redundancy of a Sensor for Partial

Coverage

In the previous chapter, we have seen that a sensor is considered to be redundant
for complete coverage if all the points in its sensing region are covered by at least
one neighbour. It can be seen from part (a) of Fig. 7.1 that sensor s; is redundant
for complete coverage due to the sensor s; and sensor s; is redundant for complete
coverage due to both s; and s being present. Therefore, s; and s; both are redundant
sensors for complete coverage. The problem of partial coverage refers to the relaxation
in the QoC that requires only a part of the Fol to be covered by at least one sensor.
Part (b) of Fig 7.1 illustrates that sensors s; and s; are redundant for partial coverage
due to s; and s, respectively. However, the sensing region of s; is not redundantly
covered by s;. Therefore, if s; is considered to be a redundant sensor, then s; is
not a redundant sensor for partial coverage. We refer to two sensors as neighbours
for partial coverage if they can directly communicate with each other. To reflect the
modified definition of neighbors, we replace min(C}, S; +5;) with min(C;, C}, S; + 5;)
in Eq. 6.2. Therefore, the probability of an event that a point X € A(s;,S;) at a

distance of x from s;, is also covered by a type j neighbour for partial coverage is
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given by

|A(X, S;) N A(s;, min(C;, Cj, S; + 55))||
» — . 1
p](:c) HA(SZ',HHH(CZ‘,C]',SZ‘+Sj))H (7 )

&

(a) Complete coverage (b) Partial coverage

Figure 7.1 Illustration of the redundancy of sensors for QoC.

To interpret Eq. 7.1, if p;j(x) = 0.80 and a point X in the sensing region of s,
is also covered by a type j neighbour s;, then s; can only be present in 80% of the
effective region of communication.

It is obvious that p;;(x) depends on the position of X, S;, and min(C;, C;, S;+.5;).
For a given pair of neighbours, s; and s;, the effective communication region denoted
by A(si, min(C;, Cj, Si—l—Sj)) is constant. For different values of S;, we estimate p;;(x)
for the two cases considered below:
¢ S; < min(C;, Cj, S; + S;) : Fig. 7.2(a) and Fig. 7.2(b) illustrate two ways in which
the sensing range of the type j neighbour is smaller than the effective communication
range. In Fig. 7.2(a), the point X is at a distance of at most min(C;, C;, S; +.5;) — 5
from s;, i.e., 0 < 2 < min(C;, C}, S; +5;) — Sj. Then the term in the numerator of
Eq. 7.1 becomes equal to ||A(X, S;)||. In Fig. 7.2(b), the distance of point X from s; is
in the range of (min(Ci, C;, Si+5;)—5;, S@-}, i.e., min(C;, C}, S;+.5;) —S; <z < S,

Thus, p;;(x) for this case is given by
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Sj < min(Ci, Cj, S; + SJ)
(a) 0<z< min(C’i,Cj,Si - SJ) = Sj (b) min(CZ-,Cj,Si aF SJ) — Sj <x <85

min(Ci, Cj, Si + SJ) S Sj
(c)0<z< S; — min(Cj, C;, S; + Sj) (d) S; — min(Ci,Cj, S; + Sj) <z <8

Figure 7.2 Illustration of the cases considered in deriving p;;(x).
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IA(X,S)] ) R N
“A(si,min(ci,C;,Si+Sj))H 0<x< IIllIl(Cu C], SZ + Sj) Sj (a)

HA(X, S)NA(s:,min(C;,C;,5;+5;) ) H
HA(si,min(Ci,Cj,Sﬁ-Sj)) H

(7.2)

min(C’i,Cj,Si + Sj) -Sj<x<S; (b)

e min(C;, C;, S; + S;) < Sj : Fig. 7.2(c) and Fig. 7.2(d) illustrate two ways in which
the sensing range of the type j neighbour is greater than or equal to the effec-
tive communication range. In Fig. 7.2(c), the point X is at a distance of at most
S; —min(C;, Cy, S; + 5;) from s;, d.e., 0 < x < S; —min(C;, Cy, S; + 5;). Then the
term in the numerator of Eq. 7.1 becomes equal to HA(si, min(C;, C;, S; + Sj)) H In
Fig. 7.2(d), the distance of point X from s; is in the range of (S; — min(C;, Cj, S; +
S;), Sl-}, i.e., S; —min(C;, G}, S; + S) <x < S;.

Thus, p;;(x) for this case is given by

HA(si,min(C’i,Cj,Si-i-Sj)) H

HA(si,min(Ci,Cj,SH'Sj)) ’

’ A(X,S;)NA (si,min(C’i,Cj,Si-f-Sj)
HA(si,min(Ci,Cj,Si+Sj)) H

=1 0<z<8;—min(C;,C},S; +5;) (a)

) (7.3)
Sj = min(C’i,Cj,Si aF S]) <z <S5 (b)

Egs. 7.2 and 7.3 estimate the probability of a point in the sensing region of a type @
sensor also being covered by a type j SAC neighbour. Next we estimate the probability
that a part of the sensing region of a type ¢ sensor is redundantly covered by a set of
neighbours of different types.

7.4.1 Redundancy Degree of a Sensor

Let C}(X) denote the event that a point X in the sensing region of a type i sensor is

also covered by at least one of the type j neighbours. The probability of this event is
P(C5(X)) =1 — (1 = py(x))" (7.4)

where n;; is the number of type j neighbours of a type ¢ sensor.
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Similarly, let D*(X) denote the event that a point X in the sensing region of a
type 4 sensor is covered by at least one neighbour of any type when there are n;;

neighbours of type j, for 1 < 5 < t. The probability of this event is

P(D'(X) =1— (1 =pu(@)"™...(L=pu()™ =1~ [] QA=py(z)™. (7.5
1<j<t

The expected value of the sensing area of s; that is redundantly covered by at least
another neighbour can be obtained by simply integrating Eq. 7.5 over its sensing
region i.e.,

/ / P(D/(X))dA. (7.6)
)

A(s4,S;
By the definition of redundancy degree of a sensor, the expected value of redun-
dancy degree of a type ¢ sensor is the fraction of the expected sensing area redundantly
covered in the total sensing area. The expected redundancy degree of s; is therefore

given by

Sy
Blel= faGusal, JJ pwiCoyia= g 0/ P(DI(X))edr. (17)

5i,5:)

By substituting P(D*(X)) from Eq. 7.5 we get

S; Si
ElG] = ;2/ (1 - H (1 Pij(fp))n”) zdr =1-— ;2/ ( H (1 pz‘j(az))n”) xdx.
v Jo 1<5<t “Jo 1<5<t

(7.8)

The expected redundancy degree can be interpreted as follows: if E[¢;] = 0.80, when
we randomly pick several points from the sensing area of a type 1 sensor, 80% of them
are redundantly covered its neighbours of different types.

Now that we can determine the expected value of the sensing area of any sensor

that is redundantly covered with Eq. 7.8, we need to determine how to declare a
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sensor as redundant. To do this, we define the following lemma that establishes
the condition for redundancy of a sensor based on its expected redundancy degree.
Assuming a dense WSN for which the desired coverage ratio of the Fol is specified, the
lemma declares a sensor to be redundant if its expected redundancy degree is greater
than or equal to the desired coverage ratio. This result is used by the distributed

protocol proposed in Section 7.5 to schedule the redundant sensors to sleep.

Lemma 7.1 In a densely deployed heterogeneous WSN, if the expected redundancy
degree of a type i sensor s;, 1 <1 <t is greater than or equal to the desired coverage
ratio of the Fol i.e., if ny, < E[&], then the sensor is redundant, where 0 < ny, < 1

indicates the QoC of the Fol.

Proof: (Proof by Contradiction.) Let us assume that the lemma is not true. That is,
even though 7y, < E[§], s; is not redundant. The term E[;] ||A(s;, S;)|| indicates the
expected value of the sensing area of s; that is redundantly covered by the neighbours
as defined by the expression 7.6, while the term n ||¥|| indicates the area of the Fol
actually covered by the WSN, where 7 is the actual coverage ratio of the Fol. Thus,
n ||| — (1 = E[&]) |A(sq, S;)|| is the area of the Fol covered even without the type i

sensor. Further, if s; is not redundant, then the following inequality should hold.

1l = (1 — EI&]) [|ACsi, Sl < nen 17 (7.9)

Assume that the Fol is densely deployed with sensors so that it is completely covered
i.e., n = 1. Substituting ny, < E[¢;] and n = 1, in the above inequality and rearrang-
ing the terms, we get ||W|| < ||A(s;, S;)||. This is a contradiction because the area of
the Fol is much larger than the sensing area of any type 7 sensor. Hence the lemma

is proved. 0

Given a heterogeneous WSN and a desired coverage ratio of the Fol, the following
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corollary determines the condition for redundancy of a sensor in terms of the number

of neighbours of each type it has and their sensing and communication ranges.

Corollary 1 Assume that sensors belonging to t different types are independently
and uniformly distributed at random across the Fol. Let the desired coverage ratio of
the Fol be nyy,. For any type © sensor, if the number of neighbours of a given type j is

say ni;, 1 <14,7 <t, then the sensor is redundant if the following inequality holds:

S
2 s
mp <1 — 52/ ( H (1 —pij(ff)) zy) xdzx,
tJo st (7.10)

where pij(x) is defined in Eqs. 7.2 and 7.3

Proof: Substitute E[¢;] from Eq. 7.8 in Lemma 7.1. O

7.4.2 Validation of the Analysis

To validate the proposed analysis, we evaluate the expected redundancy degree from
Eq. 7.8 numerically and compare it with that obtained with a simulation for the
following scenario of deployment. A rectangular Fol of 10,000m? is sprayed with 200
sensors randomly with a uniform distribution. There are two types of sensors (100
sensors of each type) with the sensing and communication ranges as: S; = 15m,
C1 =15m, Sy = 18m, and C5 = 20m. For the numerical results, we evaluate Eq. 7.8
for different scenarios considered in the simulations. For the simulation results a
Monte Carlo simulation is conducted as described in Chapter 3, Section 3.4.

Fig. 7.3 shows the variation in the expected redundancy degree for a sensor of each
type (i.e., E[&] and E[&;]) with different number of neighbours. Each plot shows E|[¢;]
and FE[&)] for different combinations of neighbours of each type (shown below x-axis

in the form (ny,ns)) obtained both with simulations and numerical evaluation. Note
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that the results for E[¢] in Fig. 7.3(b) and E[&] in Fig. 7.3(a) correspond to the case
of a homogeneous WSN scenario while the rest are for heterogeneous WSN scenarios.

It can be seen in all the figures that the expected redundancy degree calculated
with simulation, matches closely with that evaluated using Eq. 7.8 thereby validating
our analysis. The results show that the expected redundancy degree of any sensor
increases with the number of neighbouring sensors making it a potential candidate
for being redundant. However, on comparing Figs. 7.3(a) and 7.3(b), we can see
that F[£;] increases sharply with an increase in type 2 neighbours because the type 2
sensors have larger communication and sensing ranges. The higher utility of type 2
sensors for redundancy degree can also be concluded from Fig. 7.3(c) in which both
E[&1] and E[&] increase sharply with the number of neighbours, because there are
larger number of type 2 sensors among the neighbours when compared to the scenario

used in Fig. 7.3(d) where most of the neighbours are type 1 sensors.

7.5 Sleep Scheduling Protocol for Partial Coverage

In this section, we use the analysis in the previous section to propose a protocol that
helps each sensor to determine if it is redundant and go to sleep without compromising
the desired coverage ratio. We propose a distributed protocol for this purpose which
does not use any geographical information but only gathers periodic information
about the number of neighbours, their type, and their current state with short control

messages.

7.5.1 Description of the scheduling protocol

We assume that the sink or base station which is a powered node computes the
expected redundancy degree for a type i sensor, given the number of neighbours of
each type, and their ranges for sensing and communication. The expected redundancy

degree corresponding to a given number of neighbours of different types is stored in
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Figure 7.3 Variation in the expected redundancy degree of a sensor for

different number of neighbours.
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a table called Redundancy Table (format shown in Table 7.1(b)). Computation of
this table is facilitated by Eq. 7.8. The Redundancy Table is either stored in each
sensor off-line or can be sent by the base station initially at the time of deployment.
Once a sensor knows the information about its neighbours, it can lookup the expected
redundancy degree from this table, compare it with the desired coverage ratio and
determine if it is redundant. We explain the protocol used to gather information
about the neighbours and sleep scheduling in detail below.

In the sleep scheduling protocol, the operation time of the WSN is divided into
successive rounds. Each round consists of two phases: the decision phase and the
sensing phase. In the decision phase, all sensors decide on their activity for the
current round. During the sensing phase, all active sensors are responsible for sensing
until the beginning of the next round. After each round, all sensors become active
to participate in the decision phase of the next round. The duration of each round
is chosen such that it is much longer than the decision phase but much shorter than
the average lifetime of the WSN.

At any given point of time, a sensor can be in one of these states: ACTIVE, WAIT,
and SLEEP. In ACTIVE state, a sensor is responsible to cover its sensing region and
communicate with its neighbours. At the beginning of each round, all sensors are in
ACTIVE state and independently execute the scheduling protocol. In SLEEP state,
the sensor is put to sleep in order to conserve energy. Sensors in this state are not
required to maintain the desired QoC during the round. A sensor goes into WAIT
state if it determines itself to be redundant but is in the process of asserting its
transition to SLEEP state with its neighbours. The state transition diagram of this
protocol is similar to that in previous proposals like [77, 78].

The scheduling protocol uses two messages HELLO and SLEEP to disseminate
information among all the neighbours. Each sensor turns active at the beginning of

a round (i.e., during the decision phase) and broadcasts a HELLO message with its
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ID, type, and current state to all its neighbours. A sensor that receives the HELLO
message stores information about its neighbours in a Neighbour Table in the format
shown in Table 7.1(a). The table stores the unique ID of each neighbour, its type,
and the current state of the neighbour. This information is updated with periodic
HELLO messages between the sensors.

From the information in the Neighbour Table, each sensor knows the number of
neighbours of each type and their state. It then looks up the expected redundancy
degree corresponding to the number of different types of neighbours from the Redun-
dancy Table. Table 7.1(b) shows the format of the Redundancy Table for a type 1
sensor. The first two columns in the table show the number of neighbours of each type
while the third column shows the expected redundancy degree. For example, if this
sensor has two type 2 sensors in the neighbourhood (in ACTIVE or WAIT state), the
expected redundancy degree is 0.91. Since the Redundancy Table can be computed
offline and stored at the time of deployment, determining the expected redundancy
degree of a sensor is simplified to only periodically refreshing the information in the

Neighbour Table and looking up the Redundancy Table.

Table 7.1 Data stored at a type 1 sensor.

ID | Type | State nu | M2 E[&)

1 | typel | ACTIVE 010 0

2 [ type2| WAIT 0| 1 0.73

3 | type2| WAIT 0 | 2 0.91

4 | typel | ACTIVE : : .

5 | type 1 | ACTIVE 6 | 6 1

(a) Neighbour Table. (b) Redundancy Table.

Each sensor compares the expected redundancy degree with the desired coverage
ratio of the field (a constant QoC requirement) to determine if it is redundant. If the
sensor is potentially redundant, it switches to WAIT state. Otherwise it remains in

the ACTIVE state. In WAIT state, a sensor starts a random back-off timer and keeps
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track of its SAC neighbours with HELLO messages. The motive behind back-off time
is to avoid a black-hole when several sensors try to go to SLEEP state simultaneously.
If the sensor has sufficient number of active neighbours at the end of back-off time, it
sends SLEEP messages to a selected number of neighbours (greater than or equal to
the number of neighbours required for its redundancy), and switches to the SLEEP
state until the next round. To send the SLEEP messages, a neighbour already in
the ACTIVE state is given higher priority either because it does not have sufficient
neighbours for redundancy, or it just switched from WAIT state to the ACTIVE state.
A SLEEP message consists of the IDs of the sender and all the selected neighbours.
When a sensor receives the SLEEP message, it switches to ACTIVE state or stays
in the same state until the next round. This is because the receiving sensor is made
responsible for the area covered by the sender of the SLEEP message. If SLEEP
message is received by a sensor whose ID is not listed in the message the receiving

sensor uses it to update its Neighbour Table.

7.5.2 Performance Evaluation

In this subsection, we discuss the results from a simulation study of the proposed
scheduling protocol implemented in the ns 2.34 simulator [73]. We consider the same
scenario described in Section 7.4.2 for the simulations. Since the control messages
used by the protocol namely, HELLO and SLEEP messages are very short and their
frequency is low, we assume that their collision can be neglected. We assume that the
power consumption in sensors during transmission, reception, idle, and sleep modes is
60mW, 12mW, 12mW, and 0.03mW, respectively [76]. The initial energy of a sensor
is assumed to be 60J, which allows the sensor to operate for about 5,000 seconds
in reception/idle mode. The simulations are conducted by varying the ratio of the
number of sensors of each type (shown as n; : ny), area of the Fol, number of sensors

deployed, and the desired coverage ratio (,). For each simulation, we conduct ten
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runs with different seeds, and average the results. The results presented here are with
95% confidence level though the error bars are not visible in the plots.

e Coverage ratio of the Fol: We first verify if the scheduling protocol always
ensures that the desired coverage ratio is maintained during the simulation. Since
the scheduling protocol helps each sensor to identify if it is redundant for a given 7,
and lets it go to sleep, it is important to verify if the actual coverage ratio, n > ny,.
Table 7.2 shows the actual coverage ratio maintained during the simulation with
different number of sensors deployed. It can be seen that the condition n > 7y, is
always satisfied by the scheduling protocol. We will see in other results that while
ensuring the desired coverage ratio, the protocol also reduces the number of active

sensors and thereby prolongs the network lifetime.

Table 7.2 Coverage ratio obtained with the protocol.

Actual coverage ratio

Nen Initial number of sensors
100 200 300

0.60 | 0.65 0.66 0.66
0.80 | 0.85 0.87 0.87
0.95 | 0.98 0.99 0.99

e Impact of desired coverage ratio: Next, we study the impact of desired coverage
ratio on the number of sensors used in the deployment. For three values of n,, we
measure the number of active sensors used to satisfy the condition n > n,. For this
simulation, the sensors (with different ratios) are deployed in 10,000m? area. Fig. 7.4
shows the number of active sensors required to satisfy the desired coverage ratio as
the number of sensors deployed in the Fol is increased. It can be observed that when
there is higher QoC requirement (larger 7;;,), the number of active sensors is larger but
fairly remains constant irrespective of the number of sensors deployed in the Fol. This
shows that with the proposed scheduling protocol, the number of sensors required in

practice to cover the Fol is small.
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By comparing Fig. 7.4(a) with parts (b)-(d) of Fig. 7.4 it can be observed that
for the same 1y, the number of active sensors required is smaller when only type
2 sensors are used (i.e., ny : ne=0 : 1) compared to the other three cases. This is
because type 2 sensors have larger radii for sensing and communication and therefore
have higher utility for coverage. Using larger number of type 2 sensors in the Fol
also makes larger number of sensors redundant (see the results in Fig. 7.3), reducing
the number of active sensors. However, often the cost of such sensors may be higher
prohibiting the use of only sensors with larger ranges. If we assume type 2 sensors
to be costlier than type 1 sensors, then instead of deploying the sensors in the ratio
of 1: 3, deploying them in the ratio of 1 : 1 gives the desired level of coverage with
slightly larger number of active sensors as seen from parts (b)-(d) of Fig. 7.4.

From the results in Fig. 7.4, it may appear that the number of active sensors
remains almost constant irrespective of the number of sensors deployed. But these
results are for a fixed area of 100 x 100m?. Next, we study the impact of the size of
the Fol on the number of active sensors. We deploy around 600 sensors with different
ratios of the two types of sensors and increase the area of the Fol. Fig. 7.5 shows that
the number of active sensors required increases as the area of the Fol is increased
from 100 x 100m? to 900 x 100m? for a given coverage ratio. Similar to the results in
the previous simulation, the number of active sensors is smallest when all the sensors
are of type 2 (i.e., ny :my =0:1).

e Lifetime of network: Next, we study the impact of the scheduling protocol on the
lifetime of the WSN. We measure the network lifetime with the number of rounds of
simulation time till all the sensors drain their energy completely. For this simulation,
100 sensors (with different ratios) are deployed in 10,000m? area and the number of
rounds for which the network survives is measured. Fig. 7.6 shows the actual coverage
ratio obtained for the entire duration of the simulation for different values of ny,. The

results also show the network lifetime when no scheduling protocol is used. It can
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be concluded from all the results in Fig. 7.6 that when the scheduling protocol is not
used, all the sensors remain active to provide complete coverage of the Fol for a short
duration and then their energy drains out. This can be observed by a sudden drop in
the actual coverage ratio after a few rounds. When the desired coverage ratio is only
0.6, the sensors continue to cover the Fol for much longer duration and the reduction
in the QoC is also gradual. As sensors lose their energy, the actual coverage ratio
goes below the desired level but the network is still active till all the sensors drain
their energy. This gradual fall in the coverage ratio is absent if no scheduling protocol
is used because even the redundant sensors consume their energy.

Next, we study if the network lifetime is prolonged by increasing the number
of deployed sensors. For different coverage ratios, we increase the number of sensors
deployed in 10, 000m? area and study the lifetime of the network in units of simulation
rounds. The results are shown in Fig. 7.7. As expected, without scheduling protocol
the network lifetime is unaffected by the number of sensors deployed since all the
sensors remain active. On the other hand, the lifetime increases when the scheduling
protocol is used to put redundant sensors to sleep because, only some of the sensors
remain in active state (as observed in Fig. 7.4 and Fig. 7.5). The active sensors take
turns in maintaining the desired coverage ratio and hence the energy of the sensors
is evenly consumed.

e Comparison with other protocols: Finally, we compare the scheduling protocol
proposed in this work with two of the existing protocols in the literature viz., CCP [30]
and PCP [66]. To the best of our knowledge, most of the existing sleep scheduling
protocols [77, 76] rely on geographical information and work for homogeneous WSNs.
This makes a direct comparison between the proposed protocol and the existing ones
unfair. To make the comparison fair, we only use homogeneous WSN scenarios for
this simulation. We use 600 sensors of the same type in 10,000m? area and assume

that the ny, = 0.95. Fig. 7.8(a) shows the number of active type 2 sensors required
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at different times of the simulation for all the three protocols. The protocol proposed
in this work requires the least number of active sensors for a desired coverage ratio
throughout the duration of the simulation. Similarly, Fig. 7.8(b) shows that the
number of active sensors is lowest in the proposed protocol with only type 1 sensors
deployed. Thus, it can be concluded that the proposed protocol consumes lesser
energy and prolongs the network lifetime when compared to CCP and PCP even in

a homogeneous WSN scenario.
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Figure 7.8 Comparison of the number of active sensors scheduled by
the proposed protocol with two other protocols.

7.6 Conclusion

In this chapter, we proposed a probabilistic approach to determine the redundancy
of sensors while satisfying partial coverage requirements for a heterogeneous WSN.
We derived an expression to evaluate the expected redundancy degree of a sensor and
used it to determine if a sensor is redundant for a desired coverage ratio of the Fol. We
proposed a scheduling protocol to identify all the redundant sensors and schedule them
to sleep while ensuring the QoC. The proposed protocol is completely distributed, does
not use any geographic information, and uses only the information gathered about the

neighbours with a few control messages. We validated the expression for expected
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redundancy degree with numerical evaluation and simulations. We simulated the
scheduling protocol for different network scenarios and demonstrated that the number

of active sensors is reduced by the protocol and hence the network lifetime is increased.
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Chapter 8

Conclusions and Discussion

This thesis has made five major research contributions to coverage and connectiv-
ity problems in heterogeneous WSNs with stochastic deployment of sensors. The
main focus in the study was to estimate the critical sensor density for coverage and
connectivity, and to prolong the network lifetime with sleep scheduling protocols.

In Chapter 3, we calculated the CSD required for a desired level of coverage of a
Fol under border effects. Rather than using the area and the perimeter of the Fol
(as in [1]), we used the exact geometry of Fol to compute the effective sensing area of
uniformly deployed sensors. With this analysis, we could compute the sensing area
that effectively contributes to the coverage of the Fol. Our results demonstrate the
impact of border effects on CSD and clearly show that the geometry of the Fol should
be considered to compute the CSD, particularly for a large area with a low density
of sensors.

Chapter 4 studied the issue of k-coverage and connectivity in WSNs with stochas-
tic deployment of sensors outside the Fol near the boundary. This work would be
applicable for applications like canal water surface, railway track, and a road surface
monitoring system where the sensors cannot be deployed directly inside the Fol to be

monitored. Beyond this benefit, we also demonstrated an application of this work to

TH-1301_10610101 161



develop a traffic information acquisition system. The system can easily be deployed
along the roadside for vehicle counting, classification, and direction detection. We
believe that the proposed work can motivate further research in intelligent transport
systems where the sensors are not required to be embedded at exact positions but
can be deployed randomly along the edges.

In Chapter 5, we considered the directional sensing model and heterogeneity in
the sensors to estimate the expected k-coverage and m-connectivity probability in 3D
WSNs. We demonstrated an application in identifying the exact number of sensors
of different types required for a desired level of coverage and connectivity such that
the network cost is minimised. To this end, we showed that different types of sensors
have different utility in coverage and connectivity which can be exploited to design
3D heterogeneous WSNs. We also considered the probability of the sensors being
alive in a heterogeneous WSN and showed its impact on designing better WSNs.

In Chapter 6, we studied the coverage problem in 3D heterogeneous WSNs where
each point in a Fol is covered by at least k£ sensors, k > 1. We derived an expression
for the probability of a sensor, with a set of neighbours of different types, being
redundant for k-coverage of the Fol. We observed that the number of neighbours
required for redundancy of a sensor is lesser if the neighbours have larger sensing and
communication ranges. We proposed a distributed scheduling protocol to put the
redundant sensors to sleep yet maintain the desired level of coverage of the Fol. This
protocol does not require the sensor to have any information about its geographical
location/relative position to discover its redundancy. The proposed protocol out
performed the existing protocols in prolonging network lifetime.

Finally, in Chapter 7, we focused on the problem of determining if a sensor is
redundant in satisfying the partial coverage requirements. We used a probabilistic
approach to determine the degree of redundancy in the coverage and proposed a

scheduling protocol to identify the redundant sensors and put them to sleep. This
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work

showed that different types of sensors have different utility in coverage redun-

dancy which can be used to design a heterogeneous WSN. For example, given the

number of sensors of each type and the desired coverage ratio, the ratio of the num-

ber of sensors of different types to be deployed in the network can be determined with

an objective of minimising the overall cost of the network or prolonging the network

lifetime.

Future Directions

This thesis gives rise to a number of important research directions for coverage and

connectivity of WSNs. Here we list some extensions to the work in this thesis.

TH-1301_ 10610101

We have only considered the coverage problem for convex-shaped polygonal Fol
while considering the border effects. Connectivity is complementary to coverage
and it indicates how well the sensory data can be communicated by the sensors
to the sink. The CSD required for both the coverage and connectivity in a

polygon-shaped Fol could be a part of the future work.

The application of traffic monitoring in campus considered in the work is very
simple. In the future, sensors deployed outside the edges of the road could
be considered for other ITS systems. The impact of heterogeneity in terms of
sensing range, communication range, and/or probability of being alive could be

studied.

We estimated the expected k-coverage ratio and m-connectivity probability in
3D heterogeneous directional WSNs without considering the border effects in
this work. Estimation of the CSD required for the coverage and connectivity in

a regular-shaped 3D Fol is a challenging problem to be addressed in the future.

We proposed scheduling protocols to identify all the redundant sensors and
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schedule them to sleep while ensuring the desired level of coverage in hetero-
geneous WSNs. We did not consider connectivity in this work. Future work
could include the design of scheduling protocols to identify all the redundant
sensors and schedule them to sleep while ensuring the desired level of coverage
and connectivity in heterogeneous WSNs. We also ignored the border effects.

These could be addressed in the future to improve the design of energy-efficient

WSNs.
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