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Abstract

In wireless sensor networks that consist of a large number of low-power, short-lived,
unreliable sensors, one of the main design challenges is to obtain long system lifetime
without sacrificing sensing quality, i.e. sensing coverage in this context. In this thesis,
we first propose a node-scheduling scheme, which can reduce system overall energy
consumption, therefore increasing system lifetime, by identifying redundant nodes
with respect to sensing coverage and then assigning them an off-duty operation mode
which has lower energy consumption than the normal on-duty mode. Our scheme
aims at completely preserving original sensing coverage. Practically, sensing coverage
degradation caused by location error, packet loss and node failure is very limited, not
more than 1%, as shown by our experimental results. We implement the proposed
scheme in NS-2, as an extension of the LEACH protocol and compare its energy
consumption with the original LEACH. Simulation results exhibit noticeably longer
system lifetime with our scheme as compared to earlier algorithm. The first scheme
we propose aims at completely preserving sensing coverage. This, however, requires
each node to get, in some way, the knowledge of its own and its neighbors’ location
information. Also, in that scheme, each node has to perform some calculations to
determine whether to take an off-duty status. To alleviate these restrictions, we pro-

pose and study several alternative node-scheduling schemes, which cannot guarantee



the complete preservation of the original system coverage, but are nonetheless more
light-weighted and flexible than the previous one. The simulation results compare
these schemes with the previous one and demonstrate their effectiveness. In a single
wireless sensor network, sensors are performing two operations: sensing and communi-
cation. Therefore, there might exist two kinds of redundancy in the network. Most of
the previous work addressed only one kind of redundancy: sensing or communication
alone. Although there have been research efforts trying to combine consideration of
coverage and connectivity maintenance in a single activity scheduling, their theoreti-
cal basis for safe scheduling integration condition is only applicable in those networks
that are initially fully covered by sensors. Random node deployment often makes
initial sensing holes inside the deployed area inevitable, even in an extremely high-
density network. Therefore, in this thesis, we enhance these works to support general
wireless sensor networks by proving another conclusion: ”the communication range
is twice the sensing range” is the sufficient condition and the tight lower bound to
ensure that complete coverage preservation implies connectivity among active nodes,
if the original network topology (consisting of all the deployed nodes) is connected.
Also, we extend the results to k-degree network connectivity and k-degree coverage

preservation



Chapter 1

Introduction

1.1 Motivation and Contribution

Recently, the concept of wireless sensor networks has attracted a great deal of research
attention due to a wide-range of potential applications that are promised by such
networks, e.g. battlefield surveillance, machine failure diagnosis, biological detection,
home security, smart spaces, inventory tracking. [19] [26] [4] [45]. A wireless sensor
network consists of tiny sensing devices, deployed in a region of in£erest. Each device
has sensing, processing and wireless communication capabilities, which enable it to
obtain information about the environment and to report to the remote base station
(remote user). The base station aggregates and analyzes data received and decides
whether there is an abnormal or concerned event occurrence in the monitored area.
In wireless sensor networks, the energy source provided for sensors is usually
battery power, which has not yet reached the stage for sensors to operate for a long
time without recharging. Moreover, since sensors are often intended to work in remote
or hostile environments, such as a battlefield or desert, it is undesirable or impossible
to recharge or replace the battery power for them. However, long system lifetime

is always expected by many monitoring applications. The system lifetime, which is



measured by the time till all nodes have been drained out of their battery power or
the network no longer provides an acceptable event detection ratio, directly affects
network usefulness. Therefore, conserving energy resource and prolonging system
lifetime is an important issue in design of large-scale wireless sensor networks.

In wireless sensor networks, all nodes share a common sensing task, which implies
that not all sensors are required to continuously monitor the environment during the
while system life. Making some nodes sleep has no affect on the quality of monitoring
service as long as there are enough active nodes to assure it. Furthermore, due to low
cost of sensors, it is well accepted that the nodes in wireless sensor networks can be
deployed with a very high density (even up to 20 nodes/m3 [65]). In such highly dense
networks, if all the sensors were vigilant all the time, a single event would trigger many
redundant reports simultaneously travelling through the network, the network would
suffer unnecessarily excessive power consumption and packet collision. Therefore, to
prolong system lifetime, we can initially deploy a large number of sensors and schedule
them to work alternatively, i.e. redundancy is exploited for energy saving.

In this thesis, we first propose a novel node-scheduling scheme for dynamically
configuring nodes’ sensing activity to minimize the number of active nodes while
maintaining the original system coverage. In the scheme, each node autonomously
and periodically determines its work status based on its own and neighbor positional
information. To preserve sensing coverage, a node is eligible for off-duty only when
its neighbors can help it to monitor its whole sensing area. To avoid simultaneous
removing when two neighboring nodes expect each other’s helping, a back-off delay
is introduced to let each node postpone its evaluation with a random period of time.

This scheme relies on location information to calculate the union of overlapping



areas among multiple nodes. It aims to completely preserve the system original
sensing coverage. To alleviate the dependence on location, an intuitive thought is to
relax the requirement of coverage preservation. In the second part, we propose three
such alternative location-free scheduling schemes, that are based on neighbor number,
nearest neighbor distance and probability, respectively. The common idea is that users
are able to select the level of coverage percentage. Based on this level, the minimal
neighbor number K, the nearest neighbor distance D or the off-duty probability p
is determined by using a given expression or prior collected data-pairs. During the
scheduling, each node determines its work status according to the corresponding value.

Monitoring is just one duty undertaken by sensors. Due to limited communication
capability, each sensor has to serve as router to help others to forward data packets to
remote base stations. Similarly, redundancy also exists in the communication domain
in highly dense networks. Energy would be wasted when all the nodes continuously
are listening to the media, but if adaptively turning off radio at some nodes has no
influence on network connectivity and communication performance. In the literature,
several protocols [80] [44] [11] have been proposed for dynamic managing node activity
in the communication domain.

In highly dense wireless sensor networks, energy waste always exists if we only
remove one kind of redundancy. Minimizing active nodes in both domains should
consider network connectivity and sensing coverage at the same time. Without suf-
ficient coverage, the network cannot guarantee the quality of monitoring service.
Without network connectivity, active nodes may not be able to send data back to
base stations. Most of the previous work addressed only one kind of redundancy:

sensing or communication alone. [78] [33] are the earliest papers to address how to



combine coverage and connectivity maintenance in a single activity scheduling. They
both proved that ”the communication range size is at least twice that of the sensing
range” is the sufficient condition to ensure that a full coverage of a convex area implies
connectivity among active nodes inside the convex area. However, we argue that their
proofs only guarantee safe scheduling in those networks where all the deployed nodes
can cover a convex hull without sensing holes inside. Random sensor deployment
(such as throwing sensors from an aircraft) is always claimed as one of the major
advantages of wireless sensor networks over traditional wired sensor networks. When
such random deployment scheme is used, it is hard or impossible to 100% guarantee
complete coverage of the monitored region even if the node density is extremely high.
Therefore, in the third part of this thesis, we enhance their work to support general
random wireless sensor networks by providing the proof of another conclusion: ”the
communication range size is twice that of the sensing range” is the sufficient condi-
tion and the tight lower bound to ensure that complete coverage preservation implies
connectivity among active nodes, if the original network topology (induced by all the
deployed nodes) is connected. It is worth to notice that node-scheduling algorithms
with the capability of complete coverage preservation have existed in the literature,
for instance [75] [77]. Furthermore, we extend conclusion from 1-degree to k-degrees

for applications that may require different tolerance against node failures.



1.2 Publications

Referred book chapters:

1. D. Tian and N.D. Georganas. Book Chapter in Algorithms and Protocols for
Wireless and Mobile Systems. Published by CRC (in press).

Referred journals:

1. D. Tian and N.D. Georganas. A Node Scheduling Scheme for Energy Conserva-
tion in Large Wireless Sensor Networks. Journal of Wireless Communications
and Mobile Computing, Special issue on Algorithmic, Geometric, Graph, Com-
binatorial, and Vector Aspects of Wireless Networks and Mobile Computing,
2003: 3:271-290

2. D.Tian, N.D.Georganas. Location and Calculation Free Node-Scheduling Schemes
in Large Wireless Sensor Networks. AdHoc Networks Journal( Elsevier Science),

2(2004): 65-85

3. D.Tian, N.D.Georganas. Connectivity Maintenance and Coverage Preservation

in Wireless Sensor Networks. AdHoc Networks Journal(Elsevier Science) (to

appear)

Referred Conference papers:

1. D. Tian and N.D. Georganas, ”A Coverage-preserved Node Scheduling scheme
for Large Wireless Sensor Networks,” In proceedings of First International
Workshop on Wireless Sensor Networks and Applications (WSNA’02), Atlanta,

USA, September 2002



2. D. Tian and N.D. Georganas, ”Energy Efficient Routing With Guaranteed De-
livery in Wireless Sensor Networks,” In proceedings of IEEE Wireless Com-
munications and Networking Conference 2003(WCNC’03), New Orleans, Apr
2003

3. D.Tian, N.D.Georganas. Connectivity Maintenance on Coverage Preservation
in Wireless Sensor Networks. In proceedings of IEEE Canadian Conference on
Electrical and Computer Engineering(CCECE 2004), May 2-5, 2004, Niagara
Falls, Canada

1.3 Thesis Organization

The rest of the thesis is organized as follows:

Chapter 2: introduces wireless sensor networks. It provides a literature review that
covers the coverage and detectability problem in wireless sensor networks, activity
scheduling algorithms in fhe sensing domain, activity scheduling and topology control
algorithms in the communication domain, communication schemes in wireless sensor
networks, and other related issues.

Chapter 3: defines terms and notations that will be used in the next chapters. It
describes wireless sensor networks from two perspectives: communication and sensing.
These descriptions are also used by our proposed algorithms.

Chapter 4: presents a location_based node scheduling scheme, which can prolong
system lifetime by removing redundant nodes in the sensing domain. We describe sev-
eral models to investigate off-duty eligibility for the cases when nodes have the same
sensing range or when nodes have different sensing ranges or when only directional

information is available for use. The proposed off-duty eligibility rule guarantees that



the original sensing coverage can be completely preserved in theory. We then design
a back-off based node scheduling algorithm based on the basic model. We implement
this node scheduling scheme and evaluate its performance.

Chapter 5: describes three alternative location_free node scheduling schemes in the
sensing domain: neighbor number_bhased, nearest_neighbor_based, probability_based.
We also evaluate their performance and compare with the located_based one.

Chapter 6: provides proof for: ”the communication range size is twice that of
the sensing range” is the sufficient condition and the tight lower bound to ensure
that complete coverage preservation implies connectivity among active nodes if the
original network topology (consisting of all the deployed nodes) is connected. We also
extend the result for k-degree by proving that: ”the communication range size is twice
that of the sensing range” is the sufficient condition to ensure that k-degree coverage
preservation implies k-degrees connectivity among active nodes if the original network
topology (consisting of all the deployed nodes) is k-connected. These conclusions
provide the theoretical basis for integrating activity scheduling in two domains into
a single operation.

Chapter 7: concludes the thesis and identifies several future research directions.



Chapter 2

Background and Related work

2.1 Wireless Sensor Networks

Recent advances of Micro Electro-Mechanical Systems(MEMS) technology, low power
and highly integrated digital electronics have fostered the emergence of inexpensive
and low-power tiny devices, called micro-sensors. These devices are capable of mea-
suring a wide variety of ambient conditions(such as temperature, pressure, humidity,
nose and lighting) and detecting the abnormal or concerned event occurrence in the
vicinity. Although the sensing capability of an individual micro-sensor may be re-
stricted in range and accuracy, aggregating the detections from multiple micro-sensors
will generate reliable "view” of environment. The wireless communication capability
possessed by micro-sensors enables such coordination.

A wireless sensor network is envisioned as consisting of hundreds or thousands
of tiny sensor devices randomly deployed in a terrain of interest to cooperatively
perform a big sensing task. Compared with a traditional system composed of large,
expensive and powerful macro-sensors wired together, wireless sensor networks are
cheap in deployment and networking expense. Small size, light weight and low cost of

micro-sensors allow us to "carelessly” scatter these devices in a monitored area(such
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Figure 2.1: Typical scenario of wireless sensor network architecture

as throwing them out from an aircraft), and then making them self-organized in an
ad hoc manner. Although a single micro-sensor is limited in sensing capability, the
sheer number of nodes in wireless sensor networks guarantees enough redundancy in
generated data and therefore the sensing accuracy would not be degraded. Further-
more, wireless sensor networks are more fault-tolerant than traditional macro-sensor
networks because failure of a single micro-sensor would not render the entire system
useless.

Figure 2.1 illustrates a typical scenario of wireless sensor networks [4]. Sensor
nodes are scattered in a terrain of interest, called sensor field. Each of them has the
capability of collecting data about environment and reporting to sink node(or base
station). Exterior users may access data in wireless sensor networks from the sink
nodes via internet or satellite. There can be multiple sink nodes in wireless sensor

networks, but the number of them is much smaller than that of sensor nodes. Some
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Figure 2.2: Sensor network communication protocol stack

researchers suggest to diffuse another kind of nodes, called gateways, into wireless
sensor networks. These gateway nodes are more powerful than sensor nodes and
therefore can perform local network management functions such as data aggregation,
node organization, status assignment, etc. Sink nodes and gateway nodes can be
mobile, but most of recent research results on wireless sensor networks assume that
sensor nodes are stationary. That is because the cost and size of current sensor devices
would increase dramatically when the mobility component is added.

Also, communications among sensor nodes, gateways and sink nodes are all in
wireless manner. Since the communication range of a sensor node is short, due to
its constrained energy supply, multiple-hop relaying is necessary for long-distance
transmission. The communication protocol stack shared by all nodes, as illustrated
in Figure 2.2, is proposed in [4]. The protocol stack consists of the application layer,
transport layer, network layer, data link layer, physical layer as well as three planes.
The functions of all layers conform to the specification of the ISO Seven Layer model.

Note that although a layered architecture is shown in the figure, it does not mean that
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different layers are implemented in a completely independent way and there is no any
interaction among layers. Actually, due to the application-related nature of wireless
senor networks, a cross-layer design (sharing information between layers) can achieve
a better performance than an independent-layer design [31]. For instance, SPIN [45]
uses data naming and negotiation to suppress the transmission of redundant data in
order to reduce unnecessary communication overhead. LEACH [31] and Directed Dif-
fusion [36] aggregate multiple data packets upon routing to reduce the amount of data
transmitted over long distance. In this stack, power, mobility and task management
planes are responsible for providing power, mobility and task-related information to
all the layers, so that these layers can exploit such information to optimize their op-
erations. For instance, the mobility management plane is responsible for detecting
movement of neighboring nodes. It can notify the network layer of any change of
neighbor information so that the network layer can update routing table correspond-
ingly. The power management plane is responsible for monitoring power usage of
each sensor node. If the remaining power of a sensor node is not high enough, its
future activity should be carefully controlled. The task management plane is used
to determine when a sensor node will participate into a sensing task. The sensor
nodes that are not joining the sensing task will not generate data reports. The task
management plane can also be used to control nodes’ communication activity. Not
all of sensor nodes are necessarily in active status to relay packets for others all the
time. Some nodes may enter into sleep mode to save energy and periodically wake
up for sending and receiving packets.

The concept of wireless sensor networks have promised many civil and military

applications. In the battle field, timely, detailed and valuable information about
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critical terrains and opposing forces can be quickly obtained by throwing micro-
sensors from aircrafts. Destruction of some micro-sensors by hostile actions would
not influence a military operation as much as that of traditional powerful macro-
sensors [31]. In environmental aspects, sensors can be used for detecting fire and
floods, tracking the movements of birds, insects or other animals. Other applications
of wireless sensor networks include drug adminstration in hospitals, telemonitoring
of human physiological data, smart environment, temperature control of an office
building, interactive museum, monitoring car thefts and etc [31].

From random deployment and self-organization’s perspective, wireless sensor net-
works are similar to wireless ad hoc networks. However, there are still a lot differences

between them:

e The number of sensor nodes in a wireless sensor network can be much higher
than the nodes in an ad hoc network. It is quite likely that sensors are de-
ployed in a high density, even up to 20 nodes/m? [65]. Algorithm and protocol'
design for wireless sensor networks must scale up to large-populated networks.
High density in node distribution leads to highly correlated data generated by
multiple sensor nodes for the same event. Such redundancy can be exploited to

optimize power and bandwidth utilization.

o Most ad hoc networks are based on one-to-one communication. While in wire-
less sensor networks, data flows are mainly query diffusion from a single or a
few sink nodes to all the sensor nodes, or data collection in reverse direction.
Therefore network layer design for wireless sensor networks focuses on efficient

broadcasting or reverse-broadcasting protocols.
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¢ Sensor nodes are limited in processing capability, storage space and transmission
range. They are more severely constrained in energy supply than other wireless
devices (such as PDA, celluar phones, etc). Energy efficiency is the primary

challenge of wireless sensor networks.

e Due to low-cost manufacturing process, careless deployment method and hostile
working environment, sensors are prone to failure. Fault-tolerance becomes one

of important requirements in design of wireless sensor networks.

Due to such differences, although many protocols have proposed for wireless sensor
networks, they are not well applicable or usable in wireless sensor networks if without

any modification. Alternative approaches need to be explored in this new context.

2.2 Literature Review

In the previous section, we introduced what is a wireless sensor network and described
it in the following aspects: network organization, operation mode and node character-
istic and communication architecture. In this section, we will review the algorithms

and protocols that are related to our work.

2.2.1 On coverage and detectability in wireless sensor net-
works

To the best of our knowledge, the earliest paper (earlier than our work in Chapter

4 and 5) on sensing scheduling appears in [83]. In this paper, Ye et al proposed a

probing-based density control algorithm that exploits redundant to extend system

lifetime. Their algorithm selects a subset of sensor nodes to monitor the environment

initially and maintains their working mode until they run out of power or are damaged.
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Other nodes fall asleep and wake up occasionally to probe their local neighborhood.
They start working only if there is no working node within their probing range. In
the algorithm, geometry knowledge is used to derive the approximate relationship
between probing range and expected node density. The purpose of their design is to
control node density instead of preserving the sensing coverage. In addition, their
algorithm is implicitly restricted to the scenarios where all sensor nodes have exactly
the same sensing range. Furthermore, their algorithm drains out energy resource in
a subset of sensor nodes, and then depletes another subset’s ones, without balancing
energy consumption among all the sensor nodes.

In [77], Yan et al proposed another node-scheduling algorithm in the sensing do-
main. Their algorithm splits time into rounds 7. Initially, each sensor node selects
a random reference point within [0,7), and exchanges its reference point and its lo-
cation information with neighbors. Scheduling starts from each sensor node dividing
its sensing area into small grids. For each grid point, the node finds all the neighbors
that can cover this point and sorts their reference points in an ascending order. Then
the node sets its start work time as the middle between its own reference point and
the immediate predecessor in the sequence of reference nodes and sets the end work
time as the middle between its own reference point and the immediate successor in
the sequence of reference points. Then the node can determine its work duration by
joining the work time for all the grid points it can cover.The algorithm can support
differentiated sensing by extending the work time proportionally to the required re-
dundancy along the time line to adjacent working spaces. However, for each sensor
node, its computation load is at least O(Ny % Ny, *log(N,)), where N, is average num-

ber of neighbors, and NN, is the number of grids in a sensing area. Furthermore, to
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reduce energy consumption in exchanging reference points, the algorithm uses a fixed
reference point strategy and performs once at the first beginning of system operation.
So, the algorithm is only usable in static networks.

Both above algorithms are distributed ones, only using local neighbor informa-
tion for coordination. Besides them, there are some centralized algorithms in the
literature.

In [13], Ko et al presented how to use their previous research results in [12], to
solve the node-scheduling problem in the sensing domain of wireless sensor networks.
Their algorithm splits time into cycles of K time slots. Each time slot is represented
by a kind of color. The algorithms aims to divide nodes into several subsets so that
each subset owns one color(representing a time slot) and the sensing coverages among
all time slots are balanced. The algorithm does it by initially assigning each node a
color at random, then gradually increases the distance of the nodes owning the same
color until the algorithm converges. In the algorithm, each -time a node changes its
color, it has to propagate its change to all the other nodes in the network in order
for each node to update its knowledge of the nearest node owning the same or any
other different color. Such update leads to an expensive communication overhead.
Furthermore, the algorithm has no intent to preserve sensing coverage.

In [71], Slijepcevic et al designed a most-constrained least-constraining heuristic
approach to solve a similar problem: how to find K disjointed subsets from a node
set C so that each subset can cover the whole monitored area and the cardinality
of subsets is maximal. The algorithm first divides the monitored area into a set of
multiple fields, denoted as A, with each field covered by an unique subset of sensor

nodes. Then it minimizes the coverage of sparsely covered areas within one node



18

subset by using the concept of critical element. A critical element is defined as a
member of A covered by the minimal number of nodes in C.

In [69], Meguerdichian et al presented how to use Integer Linear Programming
techniques to solve several optimal 0/1 node scheduling problems in wireless sensor
networks:1). what is the minimal active node set that can completely cover a sensor
field? 2).what is the minimal active node set to ensure that the average sensor field
intensity for each region is above a threshold level? 3).how to assign to work at
different time slices, without reducing coverage, so that number of active nodes at
each time slice is minimal 7

In [47], Chakrabarty et al also leveraged Integer Linear Programming techniques
for other coverage and deployment problems: (i) given a grid-based region and types
of a sensor set, determine where to deploy these sensors to minimize the overall sensor
cost under a certain coverage constraint (for example, each grid is covered by at least
k nodes). (ii) how to deploy sensor nodes to ensure that each grid can be covered by
an unique node subset, so that target position can be determined by identifying the
set of observers.

In [48], Viera et al proposed to use of the well-known ”Voronoi diagram” for
sensing-scheduling. The algorithm first sorts nodes by the size of the Voronoi cell,
and then "removes”. the nodes from the network with the smallest Voronoi cell. Each
time a node is removed, the Voronoi diagram is updated and a new node is identified
until a certain threshold reaches. However, this paper does not provide any clue on
how to set the threshold. In the same paper, Viera et al also described a centralized
method for the node deployment problem. The method always adds a new node to

the center of the largest empty circle, which is identified by using the well-known
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"largest empty circle” discovery algorithm.

In [10], Srivastava et al seemed to use the well-known min cost flow algorithm
to schedule nodes’ sensing activity, so that there exists one and just one active path
between two fixed points all the time and the overall energy dissipation in the network
is minimized. However, we can not figure out the relationship between active paths
and typical sensing properties: coverage or detectability, so it is not clean where to
use their algorithm.

In [41], Liu et al addressed the problem about how to use physical constraints
(e.g. object shape and mobility) to determine the sensor collaboration region. They
developed a centralized approach to find sensors that are relevant to object detection.
Their approach leverages a dual-space transformation to map the edges of the object
(simplified to a half-plane shadow) to a single point in the dual space, and to map
the locations of nodes to a set of lines. Thus finding relevant nodes is transformed
to tracking the cell that contains a point in the dual space. Their approach can be
applied to schedule nodes’ sensing activity, i.e. only ”frontier” nodes are assigned an
active sensing status. However, before the algorithm performs, object shape has been
obtained and its mobility can be predicted a prior.

As we can see, the central approaches are supposed to optimize solutions, but
they need to collect global information, thus may not be applicable in large-scale
or mobile networks. Besides the coverage problem arising in general sensor network
applications, exposure (or observation capability or detectability) is another inter-
esting issue existing specially in target tracing application. Exposure is defined as
whether and with how much confidence the nodes can detect an object penetrating

the network along an arbitrary path [68] [67] [73]. With respect to this definition, two



problems need to be solved: the minimal exposure path and the maximal exposure
path, which implies system worst and best observation capability, respectively.

In [68], Meguerdichian et al implicitly used a boolean(0/1) sensing model and
defined minimal /maximal exposure as the maximal /minimal distance of a target
from the closest node. By exploiting the characteristics of the Vornonoi diagram and
Delaunay triangulation, they proposed centralized algorithms to find the minimal
and maximal exposure paths along the edges of the Vornonoi diagram or Delaunay
triangulation, respectively.

In [67], Meguerdichian et al summarized a general sensing model with sensing
capability as a function of sensing distance. Based on this model, they redefined
exposure as an integral part of sensing model of all sensor nodes. They divided
the sensing region into square grids and limited the existence of minimal exposure
path within each grid element. Then they proposed to use Djikstra’s shortest path
algorithm for a heuristic discovery of the minimal exposure path.

In [73], Clouqueur et al described another kind of general sensing model which is
a function of distance, energy and noise. Based on this model, they proposed two
different approaches to collaborate detections from multiple nodes and to determine
target existence. Their solution for the minimum exposure path problem is very
similar to that in [67]. Both of them restrict searching space within a grid-based
diagram. In [73], Clouqueur et al also proposed a sequential deployment strategy
which, instead of deploying all sensors initially , adds nodes little by little until the
desired minimum exposure is achieved. Furthermore, they presented an analytical
model on how to optimize the number of sensors deployed at each step to minimize

the cost sum of deployment and sensors.
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In [15] [16], Liu et al did not propose any protocol or algorithm on coverage and
detectability for wireless sensor networks. Instead, they defined several fundamen-
tal coverage properties: area coverage(the fraction of the area covered by sensors),
node coverage(the percentage of sensors that can be removed from networks without
reducing area coverage) and detectability(the capability of a network to detect an
object penetrating the network). They analyzed these properties and studied cover-
age behavior in two sensing models(boolean and general) and two node distribution
scenarios(two-dimensional infinite plane and two-dimensional strip case). Further-
more, they discussed the implication of analysis results to network planning and
protocol performance of wireless sensor networks. To the best of our knowledge,[15]
[16] are the earliest and only papers addressing coverage and detectability problems
from a theoretical perspective.

Besides sensing redundancy, there is another redundancy in wireless sensor net-
works: communication. Combining consideration of coverage and connectivity main-
tenance in a single activity scheduling has been recently another active research issue.

In [78], Wang et al proved that: 1).”the communication range size is at least twice
that of the sensing range” is the sufficient condition to ensure that a full coverage of a
convex area implies connectivity among active nodes inside the convex area. 2).”the
communication range size is at least twice that of the sensing range” is the sufficient
condition to ensure that a k-degree full coverage of a convex area implies k-degree
connectivity among active nodes inside the convex area. 3).If all the intersection
points are k degree covered, then the convex region is k degree covered. Based
on these conclusions, they divided consideration into two cases. For the case with

"the communication range size is at least twice that of the sensing range”, they



designed an algorithm to control coverage and connectivity degree. For the case with
"the communication range size is smaller than twice that of the sensing range”, they
described how to combine their algorithm with SPAN [11] to achieve the same goal. In
[33], Zhang et al proved the conclusion 1) and 3) independently. They also proposed
an algorithm to exploit the conclusion 3) to preserve sensing coverage. However, we
argue that the above conclusion 1) and 2) is restricted for use. We explain this point
in Chapter 6 and extend their conclusions for general scenarios in the same chapter.

In [32], Sanli et al. proposed a completely different approach to schedule node
activity in the communication and sensing domain. They designed a two-phase pro-
tocol, which assumes that there are three kinds of nodes in wireless sensor networks:
tiny sensor nodes, three or more powerful reference nodes and base stations. The
reference nodes can be deployed in a regular pattern, such as in equilateral triangle,
and equipped with GPS receivers. The data always are transferred to the reference
nodes first, and then forwarded by the reference nodes to base stations. The first
phase of the protocol is to build multiple multicast trees rooted at each reference
node respectively in a combination way, by considering intermediate nodes’ residual
energy and the structure of other multicast trees rooted at other reference nodes.
Those nodes that are not located at a branch (nonleaf) of any multicast tree are not
serving as relay stations. Therefore they can turn their radio off to save energy. After
the communication backbone has been established, each node determines whether to
turn off its sensing hardware, based on its immediate lower-level neighbor number
and its residual energy. The threshold for minimal immediate lower-level neighbor
number is derived according to the theoretical analysis on the probability that neigh-

bors can cover the current node’s sensing area as a function of the neighbor number.
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This protocol conserves energy in two aspects: turning off radio of a subset of nodes
and turning off sensing units of another subset of nodes. These two kinds of subset

may have overlapping.

2.2.2 On activity scheduling and topology control in ad hoc
networks

In the above, we introduce activity scheduling approaches proposed for wireless sensor
networks. In ad hoc networks, a similar redundancy problem exists in the commu-
nication domain as well. In that context, activity scheduling is how to assign to a
subset of nodes a low-power sleep mode, while maintaining network connectivity. A
connected dominating set is defined as a connected subset of the vertices of a graph,
if every vertex not in the subset is adjacent to at least one vertex in the subset [43]
[44] [42]. To reduce system overall energy consumption, only nodes in a dominating
set keep active and can relay messages for others. Non dominating set nodes are set
to a sleep fnode and periodically wake up for sending and receiving packets from the
associated dominating set node. In [43], Wu et al proposed a distributed algorithm
for the formation of a connected dominating set, which marks a dominating node
if two of its neighbors are not directly connected. In addition, they introduced two
rules to reduce the size of the dominating set based on node I D. The first rule is as
follows: if every neighbor of node v is also a neighbor of node u and id(v) < id(u),
then node v is not a dominating node. The second rule is: if every neighbor of node v
is also a neighbor of node u or a neighbor of node w and id(v) < min{id(u), id(w)},
then node v is not a dominating node. In [44], the other two rules replace the ones
based on node ID. The first one is to set the node with higher degree as dominating

node whenever there is a tie in order to further decrease the size of the dominating
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set. The second is to consider energy level owned by competitors in order to balance
the energy resources among them.

In [11] [80] [3], the other three algorithms for dominating set formation are pre-
sented, although the authors did not explicitly mention the concept of dominating
set. In [11], a node serves as a coordinator (i.e. dominating node) only if it discovers
that two of its neighbors cannot communicate with each other directly or through an
existing coordinator. In [80], the network area is divided into square grids. The size
of grids is calculated so that any nodes within a square can directly communicate
with any nodes in the adjacent square. Thus, within each grid, only one node needs
to stay awake to forward packets. The algorithm assumes that each node is aware of
its own position. Therefore, it can easily know its associated grid ID. By probing
whether there is an active node within its grid, each node can determine its work
status. In [3}, each node self-determines its participation into multi-hop routing as a
relay station by evaluating its contribution to global network connectivity. However,
different from the above two algorithms, which rely on positional information or local
connectivity for evaluation, each node in [3] assesses connectivity according to the
measured operating environment (i.e. local node density and packet loss rate).

In [81], Xu et al. proposed an energy management scheme by adaptively mak-
ing nodes turn off their radio when they are not involved into data communication
(transmitting and receiving). They presented how to leverage node density to in-
crease the duration of its sleeping time. Unlike the algorithms addressed above in
this subsection, nodes in this scheme self-configure their work status by only using
their own application-level information or neighbor size, without considering global

connectivity.
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Although these algorithms are initially proposed for ad hoc networks, they are
applicable in wireless sensor networks, because sensor networks have communication
redundancy as well.

Topology control is an issue about how to determine the transmission power of each
node to minimize power consumption while maintaining network connectivity. Instead
of transmitting with the maximal possible power, nodes collaboratively determine
their transmission range and redefine the network topology by the neighbor relation
under certain criteria. Such topology control can be used to optimize network spatial
reuse, mitigate MAC-level interference and reduce energy usage of communication
[53].

Topology control algorithms usually start from constructing a sparse subgraph
from the original unit graph(in which an edge exists if the distance between its
endpoints is at most the maximal transmission range). The relative neighborhood
graph(RNG) is a geometric and graph theoretic concept proposed by Toussaint [76].
Its definition is as follows: edge (u, v) exits if for all w # u, v : d(u, v) < max(d(u,w),d(v,w)).
Toussaint proved RNG is a connected and planar graph. Each node has on average
about 2.5 degrees independent of graph density. The most advantage of RNG is that
it can be constructed in total local fashion. In [53], Li et al proposed a localized algo-
rithm to construct a local minimal spanning tree(LMST), which contains a minimal
spanning tree(MST) as a subset. The algorithm starts from each node building its
local MST consisting of itself and its one-hop neighbors. Then an edge (u,v) is kept
in LMST if it exists in both node u and node v’s local MST. In [54], Ovalle-Martinez
et al suggested to use the longest edge in LMST as a minimal transmission radius

shared by all the nodes in network. They proposed a scheme to convert LMST into
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MST by using a loop breakage procedure. The procedure makes upwards messages
traversing from leaves in LMST to loops along dangling edges, and then breaks loops
by eliminating their longest edges until it ends at a single node. In [57], Rodoplu et
al propose a distributed algorithm to build a minimal energy topology based on the
concept of relay region and enclosure. Suppose node u wishes to transmit to node v,
node v is said to lie in the relay region of a third node w, if less power is consumed
when node w is a relay station forwarding packets for node u to node v than when
node u directly transmits packets to node v. The enclosure of node u is defined as
the union of the complement of relay regions of all the nodes that node u can reach
by using its maximal transmission power. The sparse graph induced from edges re-
stricted in enclosure is strongly connected and contains a minimal power path. In
[49], Li et al improved the algorithm design in [57]. In [79], Wattenhofer et al came up
with another approach to form a minimal energy subnetwork by using directional in-
formation other than position information. In the algorithm, each node u determines
the minimal transmission power to ensure that there is at least a node neighbor can
be reached in every cone of « degrees, centered at node u. Wattenhofer et al proved
that when « is not larger than 27/3, the algorithm guarantees a maximum connected
node set.

References [57] [82] [53] [34] [35] [72] [64] [18] discuss and explore how to use a

sparse subgraph in energy-aware routing, broadcasting and activity scheduling.

2.2.3 On communication protocols in wireless sensor net-
works

Although routing protocols initially proposed for wireless ad hoc networks can be

adapted to wireless sensor networks, unique characteristics of application, node and
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architecture in wireless sensor networks led to many new communication protocols
specially designed for wireless sensor networks. In wireless sensor networks, energy
resources are severely limited at sensor nodes. This constraint necessitates energy
efficiency in the design of all the layers of a communication protocol stack for wireless
sensor networks. In the past few years, application-related issues make routing in
wireless sensor networks an active research issue [46].

SPIN [40] is one of the earliest communication schemes designed for wireless sensor
networks. It differs from the traditional routing approach in that it aggregates data
during data relaying. SPIN introduces several mechanisms in routing. First, meta-
data(data descriptors) are used to name data. Then meta-data are exchanged between
neighbors before data forwarding in order to suppress any redundant information
transmission. Third, sensor nodes monitor their remaining energy resources and can
refuse to participate into data dissemination in order to prolong their lifetimes.

Directed Diffusion [36] [26] is another well-known data-centric routing scheme for
wireless sensor networks. Many later appearing protocols, such as [24] [21] [84], are
built on it. Directed Diffusion combines interest dissemination and data collection
into a single paradigm. In it, data collection is triggered by a sink node disseminating
interest to all sensor nodes. The interest is described as an attribute-value pair format.
Bach sensor node records the interest and setups gradient that is used to pull data
back to the sink node. When a source node has data that are matched with the
interest, it sends its data back to the sink node. Like SPIN, nodes in Directed
Diffusion aggregate data on routing. In addition, the sink node in Directed Diffusion
reinforces a temporarily best path in order to dynamically adapt to network topology

change. In [14], Krishnamachari et al built a model for data-centric routing strategy
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and investigated the impact of source placement and network density on performance
of the data-centric routing strategy in terms of delay, robustness and energy cost.
In [24], Ganesan et al improved Directed Diffusion by establishing and maintaining
multiple paths in advance, so that routing can recover from a failed node quickly and
efficiently. In [21], Intanagonwiwat et al observed that opportunistic data aggregation
along lowest-delay tree used in Directed Diffusion is not energy efficient. So they
improved it by constructing a greedy incremental tree before data aggregation. In
Directed Diffusion, interest is propagated by a sink node to all sensor nodes. However,
it is possible that an interest has a location-based attribute to restrict a concerned
area. Therefore, in [84], Yu et al proposed an algorithm to support area-dissemination
of a query in an energy-efficient way.

In [55], Shah et al proposed to use a single path from prior determined multiple
alternatives on the fly in a probabilistic manner to increase system lifetime. The
probability of one candidate as the next hop is determined by the energy level of the
candidate and the transmission cost through it, in order to reduce energy consumption
as well as balance traffic cost.

Usually, a large amount of data are generated and reported as a response to one
query (or interest). So Directed Diffusion floods query through the entire network.
However, in some cases, there are few events responding to a large number of queries.
In [22], Braginsky et al made a compromise between event (data) flooding and query
flooding by proposing a routing scheme, called rumor. In this scheme, when an event
source detects an event, it tells all the other nodes within a restricted region about
the occurrence of this event. After a query is generated by a query source, it walks

randomly throughout the network until it reaches the event source or the intermediate



29

node that knows that event.

In [58], Sadagopan et al viewed sensor networks as a distributed database and
a query consisting of several sub queries. The proposed query scheme starts with
injecting an active query packet into a network that walks along a random (possibly
even pre-determined or guided) trajectory. Each node receiving the query tries to
respond partially by using its pre-cached information. If the information is not up to
date, the node will collect data from all the neighbors within a look-ahead of d hops.
As this active query progresses through the network, it gets progressively resolved
into smaller and smaller components until it is completely solved. Finally the query
is returned back to the querying node as a completed response.

In [27], Ye et al proposed to use a minimal cost path to forward data from nodes to
a base station. The protocol consists of two phases. The first phase is to set cost values
in all nodes. The process starts from the sink node broadcasting a message, that will
diffuse through the entire network. Every node, once receiving the message, adjusts
its cost value according to the cost of links and the cost of the message sender. In the
protocol, a back-off mechanism is introduced to reduce the communication overhead
in the cost setup phase. In the data delivery phase,each node determines whether it is
located on the source node’s minimal cost path, therefore forwarding the data packet,
based on the cost of itself, the receiver and the link. One advantage of this protocol
is that it needs no addressing or node identification scheme. Only cost information
is used to guide routing. Second, the protocol does not specify the definition of cost.
It can be delay, energy, remaining energy or combination of them. So it can be used
for any QOS (quality of service) requirement. A similar idea appears in [56]. In [28],

Ye et al enhanced the above single minimal cost routing by adding a credit field into
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each data packet. The credit is used to indicate how much extra amount of energy
can be consumed beyond the minimal cost from the source node to the sink node.
Each intermediate node, once receiving a copy of data packet, will check if the already
consumed cost exceeds the range indicated by the credit. If that is not the case, it
will forward the copy even if it may not be located in the minimal cost path of the
source node. Such multiple path data forwarding scheme improves delivery reliability.

In [62], De et al also proposeed to use meshed multiple paths for routing in wireless
sensor networks. However, different from the meshed routing in [28], their scheme
establishes multiple paths between two nodes proactively before data delivery. Fur-
thermore, only one path is used although multiple paths have been setup in [62].
Each intermediate node probabilistically selects its next hop according to their latest
link quality.

[63] presented another kind of multi-path routing scheme for wireless sensor net-
works: spliting a data packet into k small blocks, adding extra information into each
block, and then sending different blocks along different paths. This kind of scheme
increases the success rate compared with single-path routing because < k blocks are
needed to reconstruct the original data blocks.

Besides energy-efficiency and robustness, real-time is an important design require-
ment for many applications of wireless sensor networks, such as fire detection. In [74],
He et al proposed a stateless, real-time communication protocol for wireless sensor
networks. The protocol uses a well-known non-deterministic geographic forwarding
approach for routing. However, several new features are added in order to mitigate

network congestion and avoid a "hop point”. First, each node measures the delay of
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data transmission to one of its neighbors. Statistical results of previous data trans-
missions can be used to estimate that node’s traffic load. During data forwarding,
only those nodes that can guarantee the specified delivery speed are selected as the
next hop. Second, to further mitigate network congestion, packets may be dropped
or buffered locally if the packet loss ratio of the current node is beyond a threshold.
The packet loss rate is fedback from the MAC layer. Third, the current node informs
its upstream nodes about the congestion so that it upstream nodes can reroute their
later-coming packets to another path.

In [60], Bhatnagar et al introduced the concept of service differentiation into
routing of wireless sensor networks. They defined service differentiation as that
data packets with different important levels should be treated in different ways in
order to guarantee delivery requirements for those data packets with a high prior-
ity. They identified several performance metrics to evaluate service differentiation,
and explained how to use acknowledgement, redundancy and FEC(forward Error
Correction) to implement them. They also presented a detailed description for a
redundancy-based service differentiation communication protocol.

All the above network protocols deal with how to efficiently deliver data to a single
destination. Actually, in wireless sensor networks, it is quite likely that multiple sink
nodes have the same interests and are spatially co-located. In this case, sending
a data report to multiple sink nodes separately, by using multiple unicast paths,
unnecessarily consumes a lot of energy. A better approach is to organize these sink
nodes with the same interest into a multicast tree and use this tree to efficiently
distribute data. In [51], Mirkovic et al proposed a distributed local routing solution

for multiple-sink problem. Their algorithm starts from each sink diffusing its interest
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within a region confined by a TTL (time to live) value. Then the algorithm selects
the best merge point from those nodes that have received multiple interests in the
previous phase. After that, the algorithm builds a multicast tree from that merge
point to all sink nodes. Once a source node has a data report, it first sends its data
report to the closest node in the multicast tree. After that node receives the data
report, it will distribute the data to all sink nodes along the multicast tree.

In [61], Bhattacharya et al argued that in the cases where multiple sink nodes
request data at different rates, it is inefficient to let each source node distribute
its data packets to each sink node separately. A better way is to let the source node
distribute multiple copies of its data packet into some intermediate nodes (called data
caches) and to let each sink node retrieve data from the closest data cache. Thus, an
optimal problem arises: where to place data copies to minimize the communication
cost for data distribution and collection. In [61], a heuristic approach was proposed
to answer this problem. In brief, the algorithm iteratively builds a complete multicast
tree containing all sink nodes. Fach time a new sink node is added into the already
generated multicast tree, a new data cache is created at the gravity center of that
new sink node and its neighbors.

Almost all the network protocols existing in the literature do not make any as-
sumption on lower layer protocols. However, [17] supposes that the underlying MAC
(multiple access control) protocol is 802.11. It modifies the RTS message by pig-
gybacking the position information of the destination and the sender into the RTS
message. Based on this position information, each receiver can determine whether it
should forward the data packet to the destination. That is, if the receiver is closer to

the destination than the sender, it responds to the sender via a CTS message. Also,
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the protocol introduces a waiting time before a node sends the CTS message. By
setting the waiting time proportional to the consumed energy of the sender, energy
balance among neighboring nodes can be achieved. The main advantage claimed for
this protocol is that its routing does not rely on any state information, including
neighbor list and routing table.

In [2], Beaufour et al described a different wireless sensor network architecture
that consists of a few static sensor nodes scattered over a wide area. Based on such
scenario, they proposed a data dissemination protocol that exploits a few mobile
devices, called smart-tags, to carry data between disconnected sensor nodes. They
implemented smart-tags by modifying the Bluetooth protocol. Their approach is valid
when the time constraint is loose and there are a lot of smart-tags roaming around
the network.

It may not be appropriate for wireless sensor networks to own an addressing
scheme like TP-addresses due to a large number of nodes. Furthermore, routing is
often associated with positional information, such as sending a query to a given geo-
graphical region or delivering data back to a sink node whose location has been known
by all sensor nodes. Therefore, already existing location-based routing approaches,
although not specially designed for wireless sensor networks, are well applicable in
this new context. There are many location-based routing schemes in the literature.
For instance, in [50], Lin et al proposed several location-based multi-path routing
schemes. In these schemes, a source node initially sends a message to ¢ best neigh-
bors according to an existing direction-based or location-based single-path routing
method (GEDIR, DIR or MFR). Then each intermediate node forwards the first re-

ceived copy to the best neighbor or forwards the i-th received copy to the i-th best
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neighbor or forwards any received copy to the best neighbor among those that have
never received the message yet. In [37], each intermediate node selects its best neigh-
bor from its 2-hop neighbors, instead of only from 1-hop neighbors. In addition, a
local flooding is performed around a concave node to guarantee delivery success in
collision-free, connected networks.

Flat network protocols suffer from scalability problem. For example, some nodes
such as nodes close to the sink node can be overloaded and be drained out of their
energy quickly. Hierarchy is usually considered to cope with such a problem.

The earliest hierarchical protocol proposed for wireless sensor networks is LEACH
[31] [30]. The idea of LEACH is to divide the system operation timeline into fixed
intervals (rounds). In each round, each sensor node determines its role in a cluster,
as cluster-head or non-cluster-head, based on its duty in previous rounds. Data
collection starts from each non-cluster-head sending its data report to its cluster-head.
Then cluster-heads aggregate all data reports received and send the compressed‘result
directly to the base station. In LEACH, the role of cluster-head is rotated among all
sensor nodes to prevent energy draining of a single node. However, LEACH is based
on the assumption that each node in the network can directly communicate with each
other node. Therefore, it is not scalable for large-region networks.

The idea of LEACH has inspired many other protocols. TEEN [5] is designed for
time-critical applications, in which quick response is an important metric for protocol
performance. TEEN also uses a hierarchical architecture. However, two thresh-
olds(soft or hard) are broadcasted to nodes to trigger their data transmission. TEEN
does not work well for those applications where periodic data collections are needed

since sink node may not get any data if the thresholds are not reached. Manjeshwar
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et al extended TEEN by combining data collection strategies in LEACH and TEEN.
In APTEEN [6] [7], sensors immediately respond to sudden environmental changes
whenever their sensed data exceed some threshold values. Also, they send periodi-
cally reports to the base station even if the sensed data do not reach the threshold
values.

In [66], Lindsey improved LEACH by organizing sensor nodes into a chain. Data
collection starts from the sensor nodes located at the farthest end point of the chain
sending their data packets to their immediate neighbors in the chain. Then those
neighbors aggregate their own data with the received data and forward the compressed
data to the next hop in the chain; the process is going on in both directions, until
data packets from both directions arrive at the same sensor node which is supposed to
transmit the final result to the remote base station. The algorithm needs less energy
consumption for transmission than LEACH in that each sensor node transmits and
receives not more than once. However, at most two sensor nodes can transmit data
at any time instant. Therefore, excessive delay is introduced for distant nodes on the
chain. Furthermore, bottleneck exists in a single node, that finally sends data to the
base station.

In [16], Liu et al modified LEACH to support networks where nodes have mobile
capability. First, in clustering form phase, the algorithm predicts the distance of two
nodes in the future and assigns each non cluster-head node to the cluster-head which
may have a minimal distance to the concerned node. Second, Liu et al observed that
LEACH suffers from significant energy consumption when there are no cluster-heads
selected in some rounds. They provided two approaches to avoid this situation. One

is to skip the round which has no cluster-head elected. The other is to count and fix
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the cluster-head number in each round.

In [29], Gupta et al suggested to use a few powerful gateway nodes to organize
tiny sensor nodes into clusters. However, because these gateway nodes take a critical
role in the network, the system is more sensitive to failure of them. Therefore, they
enhanced the existing clustered-based data collection approach such as LEACH by
quickly detecting a failed gateway node and assigning its members to other alive ones.

In {59}, Bandyopadhyay et al proposed to organize sensors into a multiple-layered
clustering architecture for data collection. The most impressive part of their work
is that they derived an optimal value of the cluster number at each layer and hop
number in each cluster in order to minimize the total energy cost for data collection.

In [83], Ye et al described another different kind of hierarchial data dissemination
protocol for wireless sensor networks. This protocol consists of two tiers and aims
to enable mobile sink nodes to continuously receive data. Data dissemination starts
from a source node actively building a grid-structure, once it detects a stimulus. The
protocol assumes that sensor nodes are stationary and location-aware. Therefore,
each source node can maintain the grid-structure with a little cost. With the grid
structure in place, query flooding is restricted in the local grid cell where the sink
node is located. Once the query reaches a sensor node located at the backbone of the
grid-structure, it follows the grid structure upstream to the source node, pulling its
data ’/back to the sink node. As long as the sink node does not move out of the cell,
it can continue to receive data without any stop.

From the above introduction, we find the communication protocols designed for
wireless sensor networks show a lot of diversity due to different assumptions on appli-

cations, nodes and architecture. However, energy-efficiency is a common goal shared
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by all the protocols.

2.2.4 Other related issues

In [70], Ni et al analyzed three severe problems caused by a flooding-based broadcast-
ing scheme: redundancy, contention and collision, named as the broadcast storm prob-
lems. To mitigate the harm of these problems, they developed several schemes, follow-
ing the direction of reducing redundant rebroadcast, based on probabilistic, counter,
distance, location and cluster, respectively. Their work inspired us in location-free
node scheduling as explained in Chapter 5.

In [20], C.Florens et al proposed a node-scheduling algorithm for wireless sensor
networks, but to solve a complete a different problem. The problem they studied is
how to schedule data transmission in order to minimize the time expense for data
collection from all nodes to a base station in tree-like sensor networks with directional
antennas. They defined a mathematical model to analyze this problem and proposed
an optimal scheduling strategy to solve it. They verified that, by using directional
antennas instead of omni-directional antennas, the duration needed for data collection
can be dramatically decreased. The scheduling scheme they proposed is centralized.
Before performing it, the base station has to know the network topology as well as
the amount of data each node needs to report.

As we recall, some node-scheduling algorithms are based on the assumption that
a central node knows global network topology. In [23], Deb et al studied how to effi-
ciently discover global topology. The algorithm starts from a central node initiating
a topology discovery request message. Taking advantage of the broadcasting charac-
teristics of wireless communication, each node can obtain the neighbor list when the

topology discovery request message diffuses throughout the network. To reduce the
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communication overhead when nodes report their neighbor list to the central node,
the algorithm organizes the network into clusters. In each cluster, only the cluster
head is responsible for sending a response message back to the central node. In [23],
Deb et al proposed and studied two coloring approaches to form clusters and to build
a cluster tree when the request message propagates through the network.

Location awareness is an important issue for wireless sensor networks, because
event detection is meaningful only when it is associated with a location. Further-
more, many protocols and algorithms, including that in Chapter 4, assume nodes
have knowledge of their own position. However, it is not feasible to equip each sen-
sor node with a GPS system due to its constraint in size, cost and energy. Sensor
networks may work in the region where satellite signals are unavailable. Therefore, a
wireless sensor network has to involve an energy-efficient scheme that can obtain an
accurate position estimation based on & known location of a small set of nodes even
in highly dense networks. In [25], Doherty et al describe an approach for estimating
unknown node positions based on connectivity constraints between nodes. The basic
idea is to formulate node-to-node radial constraints and angular constraints as a set
of linear matrix inequalities or scalar equalities, and then solve these inequalities or
equalities through linear or semi-definite programming to get the approximate values
of unknown node positions. The approach has no strict restriction on the number
of nodes with known positions. However, it is centralized which implies nontrivial
communication overhead for information collection. [9] presents a distributed loca-
tion discovery algorithm which consists of two phases. In the first phase, each node
estimates its distance from its neighbors. In the second phase, some nodes with un-

known location can use the ranging and known location information of their ambient
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reference nodes to estimate their positions. Once a node gets its location, it becomes
a new reference node and broadcasts its location to help other nodes for localization.
In [9], Savvides et al suggested to use distance determination technique based on the
Arrival Time of the RF signal and ultrasonic signal other than RF signal strength,
because the former is less sensitive to physical effects. In [38], Albowicz et al proposed
a very similar approach to that in [9]. However, in [38], each undiscovered node first
selects those nodes with the smallest estimation error among all available reference
nodes and then uses their location knowledge to determine its own position. Thus,
accuracy of position estimation will not degenerate with the distance from the initial
reference nodes. In [52], an undiscovered node’s position is estimated as the centroid
of those reference nodes within its communication range. The advantage of such ap-
proach is that it unnecessitates any distance estimation technique. In [8], Nasipuri
et al assumed that there are three or more powerful beacon nodes in the network.
These beacon nodes have a long transmission range to cover the whole network area.
In addition, they are equipped with a radar transmitter or smart antenna to generate
a narrow directional beam instead of an omni directional signal. Furthermore, each
beacon node can rotate their directional beam at a fixed speed with different initial
phase. Beacon nodes broadcast beacon signals periodically to all sensor nodes. Each
sensor node records the time when it receives a beacon signal from a beacon node.
Based on the time difference of beacon arrival and the known position of beacon
nodes, node position can be determined through triangulation. This approach does
not introduce any extra communication overhead at sensor nodes except for receiv-
ing beacon signals. In addition, this approach enables quick estimation because the

others estimate unknown positions iteratively.
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Besides position estimation, time synchronization is another essential issue in wire-
less sensor networks. Many algorithms and protocols, such as [31], require nodes to
operate in a synchronized way. Event classification and identification also relies on
time synchronization because duplicate detection of the same event from multiple sen-
sor nodes is recognized through time stamps. In addition, time synchronization has
an impact on accurate position estimation, because some position estimation algo-
rithms need to estimate the distance between two nodes by using the Time of Arrival
approach (i.e. distance is propagation speed multiplied by propagation delay). Elson
et al argued that in [39] that traditional time synchronization approaches are not
applicable for wireless sensor networks because sensor nodes are powered down most
of the time for energy saving purposes. Therefore, they proposed a light-weighted al-
gorithm, which attempts to achieve time synchronization by an instantaneous phase
correction after a stimulus is recorded by multiple nodes based on a common synchro-
nization signal sent by a ”third party” beacon node. To reduce skew of the receivers’
local clock, they suggested to use NTP (Network Time Protocol) to discipline each

node’s oscillator frequency:.

2.3 Summary

This chapter provided background knowledge of wireless sensor networks. It reviewed
the recent advances on studying coverage and detectability problem in wireless sen-
sor networks, and covered all the existing distributed or centralized node activity
scheduling algorithms in the sensing domain, to the best of our knowledge. It also

introduced several scheduling schemes to remove communication redundancy, which,
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although originally proposed in the context of wireless ad hoc networks, are appli-
cable in wireless sensor networks as well. Then it listed the communication schemes
of wireless sensor networks, which well show the main concerns during algorithm de-
sign. Finally, it discussed other important issues related to our work, such as time

synchronization and position estimation.



Chapter 3

Preliminary

To facilitate the future description, we first define some terms and notations that will
be used in the next three chapters. We view a wireless sensor network from three

perspectives: location, communication and sensing.

3.1 Location Model

We consider wireless sensor networks consisting of a large number of sensors placed in
a vast two-dimensional geographical region. We define A as the region where sensors
are initially deployed in and are supposed to monitor afterwards. We assume that the
locations of sensors are uniformly and independently distributed in the region A. Such
a random deployment strategy is claimed as one of the main advantages of wireless
sensor networks over traditional wired sensor networks. It can be easily performed by
dropping sensors from aircrafts. Based on this consumption, the locations of sensors
can be modeled as per a homogeneous spatial Poisson process of intensity A in a
2-dimensional space. This model is widely adopted in the literature, such as [59] [16]

and [15]. In other words, the probability that the number of nodes in the area of s,
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denoted as N(s), is equal to n is given by:

n,—As
P[N(s) =n] :&)_n'e_’ fors>0and n=0,1,2,... (3.1.1)

3.2 Communication Model

We assume that two sensors can directly exchange messages if their Euclidean dis-
tance is not larger than a communication range R and the communication range is
homogeneous among all the sensors in a network. We characterize a wireless sensor
network as a communication graph G(V, E), where each element in the node set V/(G)
represents a sensor in the network. For any pair of nodes v and u in V(G), the edge
(v,u) is in the edge set E(G) if and only if the Euclidean distance between v and wu,
denoted as d(v,u), is not larger than the communication range R. We call two nodes
adjacent if they are incident to a common edge. The neighbor set of node v, denoted
as N(v), is the set of those nodes that are adjacent to node v. In other words, N(v)
contains all the other nodes that are located within the communication range R away
from node v. Each node in N(v) is called a neighbor of node v. We define a path
P in G(V, E) as an alternating sequence of nodes in V(G) and edges in E(G), with
each edge being incident to the nodes immediately preceding and succeeding it in the
sequence. P can be represented by its complete edge sequence as P = (ng,ng)(ns, ng)
(ny—g,n—1)(ni—1,m) or simplified as n; «—(py n; . We call two nodes v and u in
V(G) connected, if there is a path P in G(V, E), whose ends are the given nodes, and

the whole graph G(V, E) connected,if every pair of nodes in V(G) is connected.
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3.3 Sensing Model

In the literature, there are two different sensing models used.

The first model captures the common property of sensing devices with varying
complexity and features, and assumes that sensing ability diminishes as distance
increases. In the model summarized in [16], the sensing intensity of a node v at a

point P is given as:

e A< d(u,P)<B
S(U,P):{ wrp > AS AW P) (3.3.1)

0 , otherwise.

where a is the energy emitted by the event occurring at point P. d(v, P) is
the Euclidean distance between sensor v and point P. A and B are range-related
parémeters of sensor v. f is decaying factor, ranging from 2.0 to 5.0. Whether an
event is detectable is determined by a data fusion of NV sensors with nearest distance
to point P: Ip = 22X, S(s;, P), where ¥ can be sum or any other data fusion function
used by the center control node. When Ip > 8, the event at point P can be be
observed.

The second model is a special case when N = 1. We call it boolean or 0/1 sensing
model. That assumes each sensor can do 360° degree observation. Sensing area S(v)
of node v is the maximal circular area centered at sensor v that can be well observed
by sensor v. Note that although the maximal observation region of a sensor may be
irregular, but an irregular region can always contain a circle centered at that sensor.
The radius of S(v) is called sensor v’s sensing range r(v).

The second model is simple, while the first one is general. Both models are widely
adopted in the literature. Currently, the first one is mainly used in detectability issues

in wireless sensor networks, while the second mainly in activity scheduling algorithms.
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Figure 3.1: Auxiliary observable area (A0A)

Our work focuses on the activity scheduling problem and is based the second model.
In the future, we will consider to transform our results to the general sensing model.

Now, we introduce the concept of sensing coverage into a network graph G(V, E) .
We assume that all sensors have the same sensing range r in the next three sections,
except that in section 4.1.2, where a special case with heterogeneous sensing range
is discussed. We also define the coverage C(X) of a node set X, as the union of
the sensing areas covered by each node in X, i.e. C(X) = J,ex S(v). The overall
sensing coverage of a network graph G(V, E) is C(V(G)) = U,cv (g S(v). Like in the
communication model, we also define neighborsAin the sensing domain. We call two
nodes sensing adjacent, if their Euclidean distance is not larger than the sensing range
r. The sensing neighbor set of node u is defined as SN(u) = {v € V(G)|d(u,v) <
2r,u # v}. As shown in Figure 3.1, sensing adjacent nodes u and v share a common
observed area S(uNv). We name this area in S(u) as auxiliary observable area (AOA)
of node u by node v, denoted as AOA,_.,, because it is within node v’s sensing area
and thereby can be monitored by node v, if node u stops working but node v is still
vigilant. The AOA of node u by its sensing neighbor set is | J,. SN(w) S(unwv). The
counterpart of AOA is the auxiliary unobservable area (AUA). AUA,_,, is defined
as S(u) — AOA,_, = S(u) — S(unwv).
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3.4 Topology After sensing Scheduling

The main topic of this thesis is to study node activity scheduling schemes in the
sensing domain of wireless sensor networks. Such schemes are used to assign each
sensor a sensing status: active or inactive. Inactive nodes do not participate in sensing
tasks and keep in a low-power sleep mode in order to save energy. After scheduling, the
node set V(G) in the initial network graph G(V, E) is divided into two parts: Vietine(G)
and Vinactive(G). Vaerive(G) consists of all the nodes obtaining an active status after
scheduling. Vijaetive(G) contains the others, i.e. Vipactive(G) = V(G) — Vierive(G)-
We are interested in a subgraph of G(V, E), denoted as Getive, which is induced by
the node set Vieine(G), with the edge set as the subset of E(G) consisting of those
edges whose both ends are in Vyuie(G). We also define an active path as a path in
G(V, F), whose all intermediate nodes are active ones. The counterpart is the inactive
path, owning at least one inactive intermediate node. If nodes v and v in V(G) can
communicate through an active path, We call these two nodes actively connected,

denoted as u «— getipe V -

3.5 Summary

Table 3.1 lists the terms and notations used in the next sections.



Table 3.1: List of terms or notations

GV, E) network graph
V(G) node set of network graph G(V, E)
E(G) edge set of network graph G(V, E)
d(u,v) Euclidean distance between node v and node u
v node or sensor v
N(v) neighbor set of node v
N{v) the set of node in V(G) that is not in N(v)
P a path in G(V, E)
(u,v) an edge in E(G), which connects node u and node v
A sensing field or monitoring area
S(v) node v’s sensing area
r(v) node v’s sensing range
r sensing range shared by all the nodes in a network
C(X) coverage of node set X
R communication range shared by all the nodes in a network
U > (p) V path P ends at node v and node v
Vactive(G) set of nodes with active status in network graph G(V, E)
Vinactive(G) | set of nodes with inactive status in network graph G(V, E)
G active subgraph of G(V, E) induced by V,ive(G)
U > gopive U an active path! exists between node u and node v
SN (u) node u’s sensing neighbor set
S(unw) the common observed area of node u and node v
AOA, ., auxiliary observable area of node u by node v
AU Ay auxiliary unobservable area of node u by node v

1. all the intermediate nodes in the path are in Gactive
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Chapter 4

Location-based node-scheduling
Scheme

In this chapter, we present a novel node activity scheduling scheme, which is used to
configure nodes’ sensing status and to schedule their on-duty time in large-scale wire-
less sensor networks. Our design was driven by the following requirements. First, since
it is inconvenient or impossible to manually configure sensors after they have been
deployed in a hostile or remote working environment, self-configuration is mandated.
Second, the design has to be fully distributed and localized, because a centralized
algorithm needs significant overhead for global synchronization and is unscalable to
large-populated networks. Third, the algorithm should allow as many nodes as possi-
ble to be off duty in most of the time. At the same time, it should preserve the initial
sensing coverage with minimal "sensing hole”, or "blind points”. It is ideal, if the
working nodes can cover the same monitored area as the original one. Fourth, cer-
tain redundancy is still needed against node failures, therefore the scheduling scheme
should be able to maintain certain sensing reliability.

This chapter is organized as follows. A node activity scheduling scheme involves

two problems. The first is how nodes determine their work status. The second is when
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Figure 4.1: Location_based node-scheduling scheme: basic off-duty eligibility model

nodes make such decision. Section 4.1 and section 4.2 address these two problems
separately. In section 4.3,we present the experimental and simulation results. In the

last section, we summarize this chapter.

4.1 Off-duty Eligibility Model

4.1.1 Basic Model - homogeneous sensing range

As addressed above, the proposed algorithm aims to remove as many as possible
redundant sensor nodes, while preserving the original system coverage. In order to
achieve this goal, an intuitive approach is to calculate each node’s sensing area and
then compare it with its neighbors’ ones. If a concerned node’s sensing area is covered
by its neighbors, it can fall asleep safely without any loss of system overall coverage.
In this section, we will explain how a node determines that its neighbors can cover

its sensing area based on its own and its neighbors’ location information.

As mentioned in section 3.3, we assume that each node in wireless sensor networks
can perform a 360° monitoring and its maximal circular observation region is its

sensing area. In the basic model, we assume that all sensor nodes have the same
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sensing range 7. The off-duty eligibility rule can be expressed as |, SN) S(unwv) 2
S(u). By observation, we know that the auxiliary observable area of node u by node
v is a crescent-shaped region. The size of this region is eagy to get when the location
information of both nodes is given. But direct calculation of AOA offered by multiple
sensing neighbors is rather difficult. Some schemes, such as [77] divide AOA into small
grids and simplify the problem by investigating multiple grid points, instead of an
area. However, the granularity of a grid is proportional to the level of coverage loss
and inversely proportional to computation’s complexity. In our scheme, we consider
another approach.

We observe that AOA by a single sensing neighbor always contains a sector, the
shaded area in Figure 4.1(a), if the distance of two nodes is not more than the sensing
range r. Although the sector is smaller than the crescent, it is much easier to calculate
the size of the sector than that of the crescent, because the area of a sector can be
represented by its central angle accurately and the union of multiple sectors can be
transformed to merging their central angles, as illustrated in Figure 4.1(c). Therefore,
although node v can offer a crescent-shaped auxiliary observable area, to facilitate
quick and simple calculation, node u only "admits” that node v can help it to monitor
part of AOA if node w is off work. This sector-shaped region is denoted as S,_,. The
size of its central angle (called magnitude of S,_,,) is denoted as 6,_,,, as shown in
Figure 4.1(a). The directional angle of node v referred to node u (called phase of
Sy—vy) is denoted as @y, as illustrated in Figure 4.1(b). According to trigonometry,

the central angle and the directional angle are given by

d(u, v))
2r
\/(xu - xv)Z + (yu - yv)2)
2r

By, = 2 X arccos(

(4.1.1)

= 2 x arccos(
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y’U - yu )
Ty — Ty

Gy—y = arctan( (4.1.2)

SunNv) D Sy,

we can get the following conclusion that:

i Usesvw) and dauvy<r So—u 2 S(u), then ey Sunv) 2 S(w)

In other words, investigating whether the auxiliary observable area offered by sens-
ing neighbors covers a concerned node’s sensing area can be transformed to examining
whether the union of the "admitted” auxiliary observable area offered by the sensing
neighbors within the sensing range r contains the concerned node’s sensing area. The
latter, in turn, is equivalent to calculating whether the union of their central angles
can cover the whole 360° as illustrated in Figure 4.1(d). It is easy to merge central
angles based on their 8,_,, and ¢,,. and 6,_, and ¢,_,, have been formulated in

" Equations 4.1.1 and 4.1.2. Therefore, our approach only involves simple arithmetic
calculation.

The above model is used to assign nodes a working status: on-duty or off-duty.
Compared to normal on-duty mode, off-duty is a power-saving sleep mode. It may
be implemented by powering off the sensing unit and communication unit of a sensor
node, powering off the sensing unit, or just ignoring any event in the surrounding area
without powering off any unit. Among the three forms, the first one saves the most
energy and the last one does the least. Therefore, the first one is the most desirable
from energy conservation’s perspective. However, which method is used in practice
depends on the intelligence owned by sensors and the cost for sleeping and waking

up the sensing unit and communication unit.
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If an off-duty node has both its sensing unit and communication unit powered off,
the network connectivity has to be considered during scheduling as well. When the
transmission range is large compared with the sensing range, network connectivity
can still be ensured even after many nodes are in inactive status. In chapter 6, we will
prove that R > 2r is the sufficient condition and tight lower bound to guarantee that
connectivity is maintained among active nodes after a coverage-preserving scheduling
scheme is executed. However, when the transmission range is smaller than twice of the
sensing range, the connectivity of the original network may be ruined after activity
scheduling. To prevent it, each node can examine connectivity of its neighbors by
using their location information. If two neighbors of a node cannot reach each other
directly, the node should keep on duty, even if it satisfies the eligibility rule described

above.

4.1.2 Extended Model - heterogeneous sensing range

In the previous section, we assume that each node has the same sensing range r. In
this part, we will extend the basic model and provide a solution for the case that
nodes have different sensing ranges.

Two reasons may cause different sensing ranges at different nodes. First, nodes
have different initial sensing ranges. Second, a node’s sensing range changes during
its lifetime. For instance, the power level of a sensor node may have an impact on its
sensing range and the energy resource is consumed over time. We denote node u’s
and its neighbor node v’s current sensing range as r(u) and r(v) , respectively. There
are many different cases how sensing adjacent nodes’sensing areas are laid out. For

instance, Figure 4.2 presents four of them.
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Figure 4.3: Location_based node-scheduling scheme: extended model with heteroge-
neous sensing range

In order to still be able to use central angles to calculate the auxiliary observable
area (AOA), we consider two cases shown in Figure 4.3(a-b) in a conservative way.

Case 1: node v’s sensing area completely contains node u’s sensing area, which
happens whenever r(u) + d(u,v) < r(v) holds. In this case, node u can fall asleep
without further calculation.

Case 2: The sensing areas of both nodes touch at two points, and the intersec-
tion area includes a sector centralized at node u. This case happens whenever both

d(u,v) < r(v) and r(u) — r(v) < d(u,v) are true. In this case, the central angle is

d(u,v)* + r(u)? — r(v)?
2 x r{u) X d(u,v)

0y, = 2 X 8 = 2 X arccos( ) (4.1.3)

In summary, when nodes have different sensing ranges, the neighbor set involved into
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calculation of AOA is modified as

{v e SN(u)|((d(u,v) < r))A((r(u)—r(v)) < d(u,v)))V((r(w)+d(u,v)) < r(v),v # u}
(4.1.4)
Obviously, the basic model described previously is a special case of this extension

model when r(u) = r(v) =r.

4.1.3 Extended Model - exploiting direction information

In this section, we will present another extended model that may be feasible in the
cases when location information is unavailable for sensor nodes. The restriction of
this extended model is that every node has the same sensing range r. As illustrated
in the Figure 4.1 (b-d), in order to merge two central angles, we need to calculate
their magnitude 8,_,, and phase ¢,_,, first. The formulas of 8,_,, and ¢,_,, are given
in expressions 4.1.1 and 4.1.2. Like in the basic model, only those neighbors that
are located within a distance of r away (i.e. 0 < d(u,v) < r) are involved into the
calculation of the auxiliary observable area (AOA). From the expression 4.1.1, we
know that the value range of 8,_.,, is 120° < 8,_.,, < 180°. If we take the lower bound,
i.e. 120° as the safe value, it is not necessary to calculate the actual value of 8,_.,,.
In other words, if we know the value of ¢,_.,, we can determine the lower bound of
the auxiliary observable area (AOA). Techniques to estimate direction ¢, from
incoming signals have already been discussed in the IEEE antennas and propagation
community as the Angle-Of Arrival problem. This can be accomplished by using more
than one directional antenna, such as addressed in [79]. If the radio communication
units in sensor nodes have such direction estimation capability, a node’s off-duty

eligibility can be determined by simply setting all 8,_,, values as 120°. Obviously,
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this new extended model does not use any location information.

4.2 Node Scheduling Scheme

In this section, we describe the node-scheduling algorithm based on the eligibility
model presented in section 4.1.1.

In our algorithm, the operational timeline is divided into duty cycles. Each duty
cycle begins with a self-scheduling phase, followed by a working phase. In the self-
scheduling phase, each node investigates its off-duty eligibility and determines its
sensing status (off-duty and on-duty) based on it. Non-eligible nodes are responsible
for monitoring the environment in the working phase, collecting data from the envi-
ronment and delivering data reports to the sink node. While eligible nodes become
inactive in the working phase and may power off themselves to save energy. To mini-
mize the energy consumption in the self-scheduling phase, the working phase should
be long compared to the self-scheduling phase. How on-duty nodes collect and deliver
data to the sink node is the issue of the data collection and transmission protocols
and is out of the scope of our algorithm.

Before self-scheduling is executed, nodes need to collect neighbors’ location in-
formation. To implement it, a straightforward, simple approach is to let each node
broadcast a Position Advertisement Message (PAM), which contains its ID and its
current location, at the beginning of each duty cycle. Each neighboring node adds
an entry into its neighbor list after receiving a PAM message. To reduce the energy
consumption in this step, some technologies can be used if they are available. For
instance, because only neighbors within a node’s sensing range away are involved into

calculation of auxiliary observable area (AOA) according to the model, each node can
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Figure 4.4: Location_based node-scheduling scheme: simultaneous removal

transmit its PAM message with the minimum power as long as the message reaches
its sensing range. Thus only those nodes within the sender’s sensing range can receive
its PAM message.

Of course, such step for neighbor information collection is not mandatory. If we
let all the messages piggyback sender’s location information, nodes can maintain their
neighboring list by overhearing the messages transmitted in the previous duty cycles.

As we mentioned, in self-scheduling phase, each node needs to investigate its off-
duty eligibility and to determine its work status (off-duty and on-duty) in the following
work phase, based on the model described in the section 4.1.1. However, if all nodes
make decision simultaneously, blind points may appear. As illustrated in Figure 4.4,
node 1 finds its sensing area can be covered by nodes 2, 3 and 4. According to the off-
duty eligibility rule, node 1 falls asleep. However, at the same time, node 4 finds its
sensing area can be covered by nodes 1, 5 and 6. Believing node 1 is still active, node
4 takes off-duty status as well. In the result, the system’s sensing coverage is reduced,
as shown in Figure 4.4(d). To solve such simultaneous removal problem, we introduce

a random back-off delay before each node self-determines its status. Moreover, we let
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those nodes eligible for off-duty broadcast a Status Advertisement Message (SAM) to
inform their neighbors of status change. Initially, all neighboring nodes are assumed
to have a default on-duty status. If a node receives a SAM message, it will mark
the sender as an off-duty one and remove that node from its active neighbor list.
The nodes, which have a longer back-oft delay, will not consider those neighbors that
have marked off-duty before. Thus, as long as node 1 and node 4 select different
back-off delay, the blind point shown in Figure 4.4(d) can be avoided. However, there
is still a chance that node 1 and node 4 may delay the same time. To preserve system
coverage further, we let each off-duty candidate wait for a short time period after
sending SAM out (instead of changing its status to off-duty immediately). If a SAM
is received during this "ready-to-off” period, the candidate will re-investigate its off-
duty eligibility. If the eligibility doesn’t hold any more, the candidate returns its
status to on-duty. Otherwise, the candidate sets its status as off-duty after timeout.
Note that the nodes, which have decided to serve as on-duty ones, won’t re-evaluate
their eligibility once the decision has been made. For instance, in Figure 4.4, node
1 and node 4 select the same random delay. Node 1 finds it is eligible for off-duty,
so it broadcasts a SAM to its neighbors. The same thing happens at node 4. Thus
both nodes 1 and 4 are ready to be off duty and wait to enter off-duty status. Before
timeout, the SAM message sent by node 1 is received by node 4. Node 4 finds that
it can’t fall asleep without node 1’s aid. So node 4 sets its status as on-duty. So does
node 1. Finally, both of them have an active status. This result is not perfect, since
either node 1 or node 4 (not both) falling asleep won'’t degrade the sensing area. The
off-duty node number is not minimized. However, to avoid process repeating and

extra traffic, we do not let a node send a SAM if its status changes from ready-to-off
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Figure 4.5: Location-based node-scheduling scheme: FSM

to on-duty. The status transition graph of this step is presented in Figure 4.5.

How each node performs self-scheduling is formally described below:
1. Generate a random back-off time T}.

2. During Ty, listen to the channel. If receiving a Status Advertisement Message

(SAM), delete the sender from the active neighbor list.

3. After time Ty, investigate off-duty eligibility. If ineligible, set status as on-
duty and enter step 6. Otherwise, set status as ready-to-off, broadcast a Status

Advertisement Message and perform step 4.

4. Wait for a short time T,,. During T,,, listen to the channel. If receiving a Status
Advertisement Message (SAM), delete the sender from the active neighbor list
and re-investigate the off-duty eligibility. If ineligible, set status as on-duty and

enter step 6. Otherwise, continue to perform step 4.

5. After T, set the status as off-duty and fall asleep. Perform step 6.



99

6. Self-scheduling has been done. Wait to enter working phase

Besides the random backoff delay described above, network topology or energy fac-
tor can be considered in the derivation of the backoff delay. In non-uniform network
topologies, nodes have different neighbor number. The nodes with more neighbors
have a higher probability to be identified as a redundant node. However, if they
evaluate their off-duty eligibility too early, their neighbors that do it later will have
less chance to become off-duty nodes. Therefore, we can let those nodes having more
neighbors take a longer backoff delay. In this way, more off-duty nodes can be identi-
fied in the final. The experimental result verifies that setting delay in the ascending
order of neighbor number generates more off-duty nodes than using a random delay.
Another consideration is that of unequal energy left at each node. Since the on-duty
nodes consume more energy than off-duty ones, to balance energy load, those nodes
with less energy resource should be more reluctant to keep on-duty and therefore
should select a shorter backoff delay (becauée nodes with a longer delay will have less

opportunity to escape from working).

4.3 Performance Evaluation

In this section, we present some experimental and simulation results as performance
evaluation of the proposed scheme. We divide the evaluation into two parts. The first
is to investigate the capability of off-duty eligibility model in terms of maintaining
system original sensing quality. The second is to study its efficiency in terms of energy

savings.
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4.3.1 Performance Evaluation of Eligibility Model

To evaluate the validity of the off-duty eligibility model, we designed and developed
a simplified simulator in Java, as described below. It does not introduce any lower
layer protocols and assumes that the high layer at two neighbors can exchange mes-
sages directly, i.e. it assumes perfect wireless communication and does not account
for any communication overhead. Such simulator shortens the time for protocol im-
plementation, enables us to quickly get experimental data through a large number of
simulation setting. The most important, it can provide similar coverage performance
results to ns-2 (1], when used to evaluate coverage properties.

In the experiments, we deploy N nodes to random positions within a fixed square
space (50m x 50m). N can be 50 to 300 with an increment of 50. Each node has a
sensing range of r meters and a communication range as r X k meters. Also, each node
has already known neighbor position information. During the scheduling, we let all
the nodes decide their work status in a random sequence. The decision of each node
is visible to all the other nodes. In other words, the nodes, which make decisions
later, know the nodes that have taken off-duty status before and thereby will not
consider those nodes in their turns. After all the nodes have made decisions, the
number of the off-duty nodes is counted and then is divided by the initial deployed
node number N to get the off-duty percentage (one of metrics we are interested in).
Another metric measured is coverage loss. To calculate the metric, we divide the
space into 0.1m x 0.1m unit cells. We assume an event occurs in each cell, with the
event source located at the center of the cell. We count how many nodes can detect
each event. The system original sensing coverage consists of all the cells containing

an event that can be observed by at least one node. If an event cannot be detected by
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any on-duty node, but is within the range of the original sensing coverage, we call the
event source cell a ”blind point”. The coverage percentage loss is calculated as the
ratio of the number of blind points to the original sensing coverage. We also compute
the average sensing degree as the sensing degree sum of all the events divided by the
total event number. Here, sensing degree is defined as the number of active nodes
that can simultaneously detect and report a common event.

All tables and graphs presented in this section represent the mean values from 100
random network topologies with & > 2.

Figure 4.6 shows a 3D surface plot of the off-duty node number in different sensing
range and deployed node number. As we can see, when the original deployed node
number and the sensing range increase, more off-duty nodes are generated. This is

consistent with our expectation. However, as illustrated in Figure 4.7, on-duty node
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number does not remain constant over different deployed node number when the
sensing range and the deployed area are fixed. Instead, it increases with the deployed
node number. There are two reasons contributing to this effect. First, the more nodes
the network has, the more nodes are located at the boundary of the deployed area.
According to our off-duty eligibility model, edge nodes have no chance to be off-duty
because all the other nodes are located on one side of them. Second, the increase of
redundant nodes inside the deployed area is not always proportional to the increase
of deployed nodes, because some new added nodes are used to fill sensing holes that
originally exist in the network due to insufficient node density. In spite of this, the
experimental result shows that the off-duty eligibility model effectively restricts the
number of on-duty nodes. When the deployed nodes’ number is increased from 100
to 300, the on-duty node number just increases about 30%.

Next, we investigate the change of average sensing degree over node density. As
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shown in Figure 4.8, although the range of the initial sensing degree is varied from 3
to 48, the obtained sensing degree is stable at 3 or 4 in most test cases. Obviously, the
off-duty eligibility model can effectively control the network redundancy, at the same
time remaining a level of sensing reliability. Figure 4.9 presents the same effectiveness
as in Figure 4.8, but from the different view: the percentage of the deployed area that
can be monitored by at least D on-duty nodes. Specially, it implies the capability of
the model in preserving the original sensing coverage. We still divide the space into
1m x 1m unit cells as mentioned before. An event occurs in each cell, with the event
source located at the center of the cell. We investigate the ratio of the cell number
reached by at least D on-duty nodes to the total number of cells when sensing range
is 10 meters. As we can see, most of the area, above 93%, can be covered by at least
3 on-duty nodes. Almost 100% cells can be reached by at least one on-duty node.
And about 99% cells can be monitored by at least 2 on-duty nodes. Furthermore,
the two curves (D = 1, original D = 1) are exactly the same in the figure. When we
change the sensing range to 8 meters and 12 meters, the same behavior is observed by
us. This implies that the off-duty eligibility model has the capability of completely
preserving the original sensing coverage.

The results presented above are got from an ideal running environment (i.e. there
is no location error, packet loss and node failure in the network).

Practically, location errors may be caused by either imprecise measurement from
GPS or inaccurate estimation from a localization system. To investigate the sensi-
tivity of our scheme to location error, we artificially introduce location errors at each
node. We modeled the error by randomly recoding the location of each node in the

range [z — e, z + €] and [y — e, y + €]. Simulation results show that our scheme is



0o o0

65

g

=

ol

2

Eo

=N

v

= ¢

% gars | :

g 9IS —=——before node_scheduling

§ ! —&—after node_scheduling(e=5m])
2950 g —&—after node_schedulingle=0m)
2955 |

jaln]

200 240
deployed node number

300

Figure 4.10: Location_based node-scheduling scheme:

sensitivity to location

error(A = 50m x 50m,r = 10m)

D000 gt gt —e—s

.....

9990 \Hk\'“ﬂ%

= 9980 ]

T it

Foor0 - Y

- %

- qu ,’%

% 99 50 #

& 9950 \—-\

=

% 99.40

@ —t— 0 vered by all the alive nodes ﬁ\
8930 i G0 vered byall the alive on-dutynodes L
9920 :

o 5 1] _B 20 25 30
node failure rate

Figure 4.11: Location_based node-scheduling scheme: sensitivity to node failure(A =
50m x 50m,r = 10m)



66

not sensitive to location errors. For example, Figure 4.10 plots the sensing coverage
changes (original D = 1 and D = 1) when e is set as 5 meters or 10 meters. When
e is 5 meters, the maximal loss percentage of sensing coverage is less than 0.051%.
If we introduce a randomized error [-10m, +10m] in each node's x- and y- coordi-
nates, the simulation results show 0.16% loss. The reason of such insensitivity is that
there is still enough redundancy after performing our node-scheduling algorithm. Al-
though inaccurate position information ”shifts” a single node’s sensing area during
calculation, the overall sensing coverage will not be affected too much, because the
empty area, which was expected to be covered by this single node, can be filled up by
”shifting” of other on-duty nodes. Another observation in Figure 4.10 is that the loss
decreases as more nodes are initially deployed. That is because more on-duty nodes
are generated when the initially deployed node number increases.

In wireless sensor networks, sensors are prone to failure. Our node-scheduling
algorithm requires nodes to maintain their neighbor information periodically. There-
fore, the impact of node failure on system coverage will not last for too long. The
more frequently the neighbor information update is performed, the shorter the im-
pact lasts. To investigate how much node failure affects system coverage before next
neighbor information update, we set all sensor nodes as "alive” initially. After node
scheduling is executed, we randomly select some nodes from all deployed nodes and
mark them as ”dead”. The ratio of node failure rate is changed from 0% to 30% with
an increment of 1%. Then we measure the sensing coverage covered by all alive nodes
and by all alive on-duty nodes, respectively. We find that although the degradation
increases as the node failure rate increases, it is still confined within an acceptable

range. As shown in Figure 4.11, in the networks with 200 deployed nodes and 10m
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Table 4.1: Location_based node-scheduling scheme: result of sensitivity to packet loss
rate(|X| = 200 nodes, A = 50m x 50m,r = 10m)

Packet loss | Original coverage | Coverage percentage | off-duty node Obtained
rate(%) percentage (D=1) rate(%) sensing degree
(original D=1)
0 100 100 71.5 4
5 100 100 71.5 4
10 100 99.99 71.5 4
15 100 99.97 71.5 4
20 100 99.86 71 4
25 100 99.74 70.5 4
30 100 99.69 69 4

sensing range, the average degradation is only 0.7% when the node failure rate is 30%.
The sensing degree drops a little, from 4(when node failure rate is 0%) to 3 (when
node failure rate is 30%).

In the next experiment, we investigate the sensitivity of the algorithm to packet
loss. We introduce a packet loss rate in each transmission of both PAM and SAM
messages. Table 4.1 lists the results corresponding to different packet loss rates.
From the table, we can see that the sensing coverage does not decrease dramatically
as the packet loss rate increases. When the packet loss rate is 30%, the sensing
coverage reduction is 0.31%. Furthermore, the off-duty node number and obtained
sensing degree remain almost unchanged against packet loss. Such observation is the
combination effect of two counter-forces. On one hand, loss of PAM messages may
make some nodes invisible to their neighbors. With incomplete neighbor list, some
nodes eligible for off-duty may make on-duty decisions. On the other hand, loss of

SAM messages isolates some off-duty nodes from their neighbors and causes them
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make wrong off-duty decisions.

4.3.2 Performance Evaluation of Node Scheduling Scheme

We implement the complete scheme as an extension of an existing data gathering
protocol, LEACH [31] in ns-2 [1]. Although the proposed scheme can be combined
with any other data collection approaches, we select LEACH because it has a similar
timeline as the proposed algorithm.

The operation of LEACH is divided into rounds. Each round is composed of a
cluster set-up phase (when the clusters are formed), and a steady-state phase (when
sensors collect data from the environment and transfer data reports to the cluster-
heads and then to the base station). To extend LEACH with our node-scheduling
algorithm, a straightforward way is to insert a self-scheduling phase before LEACH’s
cluster set-up phase. More specifically, at the beginning of each round, all sensor
nodes determine their work status (off-duty or on-duty). Off-duty nodes fall asleep
and don’t participate in the cluster forming and data collection followed. Such ex-
tension approach enables seamless embedding of our node-scheduling algorithm into
LEACH without any modification of LEACH’s original workflow. The timeline of the

implementation is illustrated in Figure 4.12.
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The simulation is carried out in a network with 100 nodes, each with a sensing
range of 10 meters. Nodes are placed randomly in a rectangular region which area
is 50m x 50m. The remote base station (or sink node) is located at the low left
corner, i.e. origin point (0,0). The initial energy of all nodes is 2J. Each sensor sends
a 2000-bit report message to the base station with a 0.5 time interval. The time
duration of each round is 10 seconds. That means, the number of data collections
per round, denoted as N, is 10s/0.5s = 20. The simulation uses the same energy
parameters and radio model as discussed in [31]. Among all energy consumptions for
processing, we only consider that for data aggregation, i.e. 5nJ/bit/signal. Off-duty
nodes don’t get involved into cluster forming. In addition, they do not generate, send
and receive data reports. So, the energy consumed by them after self-scheduling phase
is negligible. Note that we let all the nodes broadcast their position information and
update their neighbor lists at the beginning of each duty cycle, although the period
of neighbor information maintenance can be longer than that of node-scheduling or
a passive,economic neighbor information exchange approach may be used instead, as
we have explained in section 4.2. Finally, all graphs presented in this section represent
the mean values from 5 random network topologies with x > 2.

Figure 4.13 illustrates the energy dissipation curve per node in the original LEACH
and the extended LEACH in a random network topology. As we can see, the energy
dissipation in the extended LEACH is slower than the original one. Figures 4.14 and
4.15 show an increase of the system lifetime, in the same parameter setting. Here,
we use two metrics to evaluate the system lifetime: the total number of nodes alive
over time and the system overall sensing coverage over time (the ratio of the area

monitored by on-duty nodes to the deployed region). As illustrated in Figure 4.14
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and 4.15, although the extended LEACH does not outperform the original one in term
of first node dead time, the number of nodes alive and the syétem sensing coverage
drop more slowly in the extended LEACH than in the original one. In the result, it
takes approximately 4378 seconds for the last node to die in the extended LEACH,
while 1412 seconds in the original LEACH. And it takes approximately 2055 seconds
for the sensing coverage to drop 20% (reach 80%) in the extended LEACH, while
1285 seconds in the original one.

We also change the number of data collections in each duty cycle from 4 to 20 with
the increment of 4, and compare the system lifetime (represented by the time when
system coverage drops below 80%) of the original and extended LEACH. Figure 4.16
shows that the increase of system lifetime in the extended LEACH has no dramatic

change over N,.
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Energy saving analysis

Next, we simply analyze the factors thaf affect energy saving in the extended
LEACH.

Figure 4.17 shows how the average energy dissipation per node during the first
100-s simulation time(i.e. no node has drained out of its energy resources) changes
over different deployed node number. From it, we find that decreasing of the average
energy consumption falls too slowly compared with the increasing of the deployed
node number. This result is counterintuitive because, although the increase of the
deployed node number leads to that of the on-duty node number, the change is not
dramatic, as illustrated in Figure 4.7. To understand the reason, we make a simple

mathematical analysis. We define the energy saving factor as
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where Nopioss is the deployed node number, E7, +off 1S the overall energy con-
sumed by Nyp 1,5 nodes per duty cycle in the extended LEACH. After node-scheduling,
N, nodes are marked as on-duty ones and participate in the following operations(clustering-
forming and environment-monitoring). E,, is the overall energy consumption per
duty cycle if these NV,, nodes are performing the original LEACH. We define the re-
dundancy factor 1 as Nontoss/Non- 1deally, £, ;; equals to E,, if energy consump-
tion in node-scheduling is negligible. Thus we have that cgeq = 1— % However, when

ontoff = Fon + E'(s), with E'(s) denoted as the energy consumption in scheduling,

we have the energy saving factor as
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Figure 4.18: Location.based ng)de—scheduling scheme: energy saving factor vs. redun-
dancy factor(|®| = 100 — 250, A = 50m x 50m,r = 10m)
which is smaller than q;g.4; by % When the ratio of energy consumption in schedul-
ing to that in clustering-forming and data-gathering decreases, the difference between
o and @ygeq decreases. In the simulation, we increase the size of report message from
2000 bits to 8000 bits, i.e. increasing F,, correspondingly and maintaining the same
E’(s). As shown in Figure 4.18, the increase of the report size leads to the decrease
of the difference o and o;geq.

In addition, we know that the main energy dissipated in E'(s) s is from transmis-
sion and reception of PAM and SAM. In the simulation, each node transmits PAM
message once and Nysr nodes transmit SAM message once per duty cycle. Each

PAM or SAM is received by approximate n nodes, where n is the average neighbor
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number. Therefore

a=1-— l . E/(S) ~1— l _ Non((Non—{—off + Non)-ETx + n(Non+off =+ Non)ERJ:)

n NEon n Non—i—ofonn
-1 l _ NonET;r(]. + 77) . nNonERm(l + 7’])
n nEon nEon

(4.3.1)

where, Er, is the energy consumed from transmitting a PAM or SAM message, Fr,
is the energy for receiving it. Equation 4.3.1 tells us that with fixed deployed area,
sensing range and energy parameters, if we increase the deployed node number, n is
the only coefficient in equation 4.3.1 which increases significantly. Therefore, the more
nodes we have, the larger the difference o and o4.,;. This explains why the change
speed of energy consumption is not as quick as the that of the redundancy factor in
Figure 4.17. Equation 4.3.1 also tells us that to further energy saving, energy con-
sumption for information exchange during scheduling must be reduced by increasing
the frequency of neighbor position maintenance or using passive information obtain

approach or allowing some coverage loss.

4.4 Summary

In this chapter, we proposed a coverage-preserving node-scheduling scheme, which
can reduce energy consumption, therefore increase system lifetime, by identifying re-
dundant nodes in the sensing domain. We presented a basic model for coverage-based
off-duty eligibility rule and then extended it for the cases when nodes have different
sensing ranges and directional information is available to be used. This kind of off-
duty eligibility rule guarantees that the original sensing coverage can be completely

preserved in an ideal simulation environment. And sensing coverage degradation due
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to location error, packet loss or node failure is not more than 1% . Experimental
results also show that certain redundancy still remains after node-scheduling. We
design a back-off based node scheduling algorithm to solve simultaneous removing
problem. We implemented this node-scheduling scheme as an extension to the fa-
mous LEACH protocol. We compared the energy consumption in both LEACH and
analyzed the effectiveness of our scheme in terms of energy saving. Preliminary sim-
ulation results in the radio model and energy parameters proposed by the LEACH

designer show noticeable energy saving and system lifetime increase.



Chapter 5

Location-free Node-scheduling
Schemes

In a previous chapter, we proposed a node-scheduling scheme, which aims to com-
pletely preserve system sensing coverage without any loss. However, the scheme
assumes that each node has knowledge of its own and its neighbors’location informa-
tion. Based on such location information, each node evaluates its off-duty eligibility
to determine its working status. In this chapter, we propose and study several al-
ternative node-scheduling schemes, which may not completely preserve the original
system coverage, but are location-free, flexible and light-weighted.

The rest of this chapter is organized as follows. section 5.1 explains the off-duty
eligibility models. In section 5.2, we describe how these schemes operate. In section
5.3, we present our experimental results to compare their performance. Finally, we

give a summary and conclude the chapter.
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Figure 5.1: Nearest-neighbor-based off-duty eligibility model: intersection of two
nodes’ sensing areas

5.1 Off-duty Eligibility Model

5.1.1 Nearest-Neighbor-based Off-duty Eligibility Model

Consider the simple scenario in Figure 5.1, where node u has a neighbor v. As
described in the previous chapter, S(u) and S(v) denote the circle sensing areas
covered by node u and v, respectively. The part of node u’s sensing area that can
also be covered by node v is the shaded region, denoted as S(u N v). The radii of
both S(u) and S(v) are r. d is the distance between nodes u and v.

It is easy to derive that the area of S(uNv) equals to

4[;/2 V12 —z2dx  for all d < 2r,

(5.1.1)
0 ,otherwise.

|S(unv)| =INTC(d,r) = {

where INT'C(d, r) is the intersection area of the two circles with the radii as r and
centered at two center points distanced by d. When d = 0, the area |S{u N v)| is the
largest, which equals to 2. When d > 2r, the area |S(uNv)] is the smallest, which

equals to 0. Resolving the integral in Equation 5.1.1, |S(u Nv)| can be expressed as:

mr? % [(2arccos £ — L4 /1 — zf%)] Jfor all d < 2r,

|S(unv)| =INTC(d,r) =

0 ,otherwise.
(5.1.2)
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Figure 5.2: Nearest-neighbor-based off-duty eligibility model: relationship of inter-
section area and relative distance between two nodes

Figure 5.2 graphically represents the relationship between the intersection area of
two circles and the relative distance of their center points. As mentioned before, in
the context of this thesis, we name the intersection area as ” auxiliary observable area
(AOA)”, because it is within active node v’s sensing area and thereby can still be
observable if node u is off work . Correspondingly, the leftover area S(u) — S(uNwv) is
named as "auxiliary unobservable area (AUA)”. As can be seen, when the distance
of node u and v is equal to half of their sensing range r, the auxiliary observable area
is about 68.5% of node u’s sensing area. That implies that if node u is aware that
one of its neighbors is active and within r/2 distance away, it can deduce that the
loss of its sensing area caused by its leaving will not be more than 31.5%.

Such relationship can be used in node scheduling, if nodes have knowledge of
the relative distance to their neighbors. Intuitively, if the maximal percentage loss
of sensing area at each individual node, denoted as AUA, 4z, is selected, we can

determine the maximal distance D between two nodes to guarantee this threshold.
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During node scheduling, a node examines if the distance to its nearest neighbor,
denoted as din, is less than or equal to the value of D. If affirmative, the node
will set its status as off-duty. For instance, if the threshold AUA,, ., is set as 20%,
the corresponding D is 0.315r. So a node can be off-duty, if the distance to its
nearest neighbor is not more than 0.315r. If the threshold AU A4 is set as 10%, the
corresponding D is 0.157r. The value of D can be solved in two ways. One is direct
calculation by using numerical method. The other is to retrieve from a table storing
data-pair in Figure 5.2.

Note that the threshold AU A, is a restriction of the area loss observed by an
individual node. This does not mean that the percentage loss of the whole system
coverage is equal to this value. In fact, the loss of the whole system coverage is
always less than the threshold, because the losses at individual nodes are overlapped
with each other. This point has been verified through our experimental results. It is
an open problem to determine the accurate or approximate relationship between the

percentage loss at individual nodes and that of the whole system.

5.1.2 Neighbor-Number-based Off-duty Eligibility Model

Next, we would like to know the average value of |S(u N )| if a node u is unaware
how far a neighbor v is away from it. Supposing that node v can randomly locate in
any place within node u’s transmission range R, the average value can be obtained
by integrating the value of INT'C(d, ) over the circle of radius y centered at node u
for y in [0, R]:

2r 9 N
INTC(d,)aug = / myINTC(y, 7)] dy, R > 2r (5.1.3)

0 R?
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Figure 5.3: Neighbor-number-based off-duty eligibility model: relationship of average
auxiliary observable area offered by one neighbor and the ratio of transmission range
to sensing range

R
INTC(d, )y = / 2ny[INTC(y,r)]

7 dy,R < 2r (5.1.4)
. .

Substituting Equation 5.1.2 for INT'C(d, r) in Equation 5.1.3, we get the average

value of |S(uNv)| when R = 2r as follows:

/2T 2my(2r® arccos & — yy/r2 — £)
0

472 %
2r 2r 2 2
Y Y Yy
= sday— | LYy
/0 y arccos o -dy /0 5 \/7 %

Using the composite Simpson’s rule (numerical integration method) to approxi-

(5.1.5)

mate the value of expression 5.1.5, we obtain the average value of |S(uNv)| = 0.25772.
This means that the average auxiliary observable area (denoted as avg-AOA) offered
by one neighbor is only 25% of the concerned node’s sensing area, when the trans-

mission range R is double the sensing range r. Similarly, we calculate the value of
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Figure 5.4: Neighbor-number-based off-duty eligibility model: auxiliary observable
area offered by two neighbors of node u

avg_AOA at any ratio of R to r by substituting expression 5.1.2 into expression 5.1.3
or 5.1.4. The curve obtained is shown in Figure 5.3.

Now, let us look at the scenario when u has two neighbors v and w. Let z, be the
distance between node u and v. Let z, be the distance between node v and w. The
angle, which segment ut makes with segment uw counter-clockwise, is « as shown in
Figure 5.4.

The part of u’s sensing area that can be covered by node v or node w is the shaded

region:
[S(unov)USunw)=|Sunv)|+|Sunw)]—[Sknvnw) (5.1.6)

where [S(uNvNw)|is a function of a, z, , z, and r, denoted as g(e, z,,z,, 7).
Also, we would like to know the average value of |S(unv)US(uNw)|. Supposing
that neighbors v and w can randomly locate in any place within node u’s transmission

range R, and the angle o can be randomly selected from the range [0,360°], the
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average value can be obtained by integrating the expression 5.1.6 as:

’owe, [ omz, [*™ INTC(z,,r)+INTC(z,r)—gla,z,,2,,7
/0 TR2 (/ TR2 / ) 27(r ) =4 )da)da:w)d:cv
R >2r
(5.1.7)
Rorg, onz, , (** INTC(x,,7)+ INTC(z,,7) — g(a,2,,7,,7)
/ 2 / o / o da)dz,,)dz,
R < 2r
(5.1.8)

When we increase the number of neighbors to k(k > 2), the expression of the average
auxiliary observable area offered by k& neighbors becomes more and more complicated.
Instead of trying to do cumbersome calculations to get the accurate value of avg_AOA,
we estimate it through simulation. We randomly generated k neighbor’s coordinates
within node u’s transmission range R, divided node u’s sensing area into small grids
and measured how many grids can be covered by at least one of its neighbors. The
simulation results when k£ =1 to k = 10 are shown in Figure 5.5. As we can see, the
simulation result when k£ = 1 is the same as the derivation from the Equation 5.1.5,
as shown in Figure 5.3. This implies the correctness of our simulation code. Another
observation from Figure 5.5 is that the average auxiliary observable area offered by
k neighbors increases with k and decreases with the ratio R/r.

The above analysis leads to another rule for node scheduling. If a threshold of
maximal auxiliary unobservable area AU A, is chosen a priori for each individual
node, we can determine the minimal neighbor number K to guarantee this threshold
from Figure 5.5. During node scheduling, a node examines if its neighbors’ number is
equal to or greater than the value of K. If affirmative, the node will set its status as

off-duty. Note the value K is dependent on not only the threshold but also the ratio
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Figure 5.5: Neighbor-number-based off-duty eligibility model: relationship of

avg_AOA offered by k neighbors and the ratio of communication range to sensing

range

of communication range to sensing range. For instance, when the threshold is set as

20%, the corresponding K is 2 if R/r = 1. If R/r = 2, however, K should be 6.
Note that when R/r is larger than 10, Figure 5.5 may need to be extended through

more simulations to present the given threshold.

5.1.3 Probability-based Off-duty Eligibility Model

The above two rules need nodes to collect neighbor information (neighbor number or
distance) before node scheduling. Next, we will consider another off-duty eligibility
rule, which does not count on any neighbor information. It is a probability-based one.
In Chapter 3, we assume that the sensors in wireless sensor networks are distributed

as per a homogeneous spatial Poisson process of intensity A in a 2-dimensional space.
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In other words, the probability that the number of nodes in the area of s, denoted as
N(s), is equal to n is given by:
e rs(s)
PIN(s) =n] = T fors>0andn=0,1,2,.. (5.1.9)
According to the properties of the Poisson Process, the probability of n nodes in the
area s around an origin but excluding the origin can be given by:
e—Ms—origin)[A(s—origin)]®  ,—As(\s)

PI[N(s — origin) = n] = _ - (5.1.10)

The probability that {the distance d,,;, to the nearest neighbor is longer than z } is
equivalent to the probability that {there are no other nodes with a distance less than
z from the concerned node}, which is given by P{dmn > z] = P[N(nz? — origin) =
0] = e=* @ Therefore, the probability that {the distance d,;, to the nearest neighbor

is less than or equal to z } is:
Pldpin < 2] =1 — e (5.1.11)

As described in section 5.1.1, for a given threshold of maximal auxiliary unobservable
area, there is a corresponding D. As long as the distance to the nearest neighbor is
not more than D, the node will take an off-duty status. By using equation 5.1.11, we

can estimate the off duty probability corresponding to a given D as:
p(D,A) = Pldpin < D] =1 — e (5.1.12)

Next, we would like to know the probability of at least k neighbors near a given node.

Equation 5.1.10 tells us that the probability of exactly ¢ nodes in the area s around

an origin is about e_A:fAs)l. The probability of at least k neighbors near one node is

equivalent to the probability that {there are at least k& nodes with the distance of
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communication range R from the node}, which is given by:

k-1 e—)\wR2 ()\ﬂ.RQ)z
il

p(k,\) = P[N(nR*) 2 k] =1-)

=0

(5.1.13)

Similarly, for each given threshold of maximal auxiliary unobservable area, there is
the corresponding K. In turn, for a given K, we can estimate the corresponding p as

a function of K:

p(K,)\) =P[N(rR*) > K]=1- Ki

1=0

N ,
Eﬁ%@ (5.1.14)
Equations 5.1.12 and 5.1.14 are both functions of \. However, A is not a constant
during node scheduling. It decreases over time in that nodes are scheduled sequen-
tially and the successive nodes will not consider those neighboring nodes that have
taken off-duty status before(more detailed explanation is presented in section 4.2).
A reaches its maximal value A, when the system is initially deployed and can be
estimated as the ratio of the total node number N to the deployed area A. We denote

the intensity A, when the system has n active nodes (including those nodes that have

already selected on-duty status and that have not made a decision yet) as A\, =

IL.oI;i

Initially, A = An = ifr. Assume that node scheduling is in a strict sequence, i.

[

without two nodes scheduling at the same time.

The probability of the first node taking off-duty status is:
P(1st node off) = P(off with N active nodes)) = p(Ay)

The probability of the second node taking off-duty status is:
P(2nd node off) = P(1st node on) x P(off with NV active nodes))

+ P(1st node off) x P(off with N — 1 active nodes)

= (1= p(An)) x p(An) + p(An) X p(An-1)



87

The probability of the third node taking off-duty status is:
P(3rd node off) = P(1st node on and 2nd node on) x P(off with N active nodes))
+ P(1st node on and 2nd node off) x P(off with N — 1 active nodes)
+ P(1st node off and 2nd node on) x P(off with N — 1 active nodes)

+ P(1st node off and 2nd node off) x P(off with N — 2 active nodes)
= (1= p(An)) x (1= p(An)) X p(An) + p(An) X (1 — p(An-1)) X p(An-1)
+ (1= p(Aw)) X p(Av-1) X p(An-1) + p(An) x p(An-1) X p(An—2)
The probability of (i)-th node eligibility is dependent on the scheduling result
of all the predecessors. That makes the expression more and more complicated as
i increases. To simplify the problem, in our initial design, we ignore the fact that
the on-duty probability may be non-zero and assume that there are NV + 1 — i nodes
remaining active, when the i-th node begins to schedule. Based on the assumption,

we obtain:

P(ind node off) = p(Any1-) (5.1.15)

Substituting Equation 5.1.12 into Equation 5.1.15, we can approximate the off-duty

node percentage corresponding to D as:

—NgD?2
—NzD*

N N
1 1 D% /A e 4 —1
— E P(ANt1-i) = = g (1—e WH=OmDYA _q __— =~ (5.1.16)
N — N = N(1 — emD*/A)

Substituting Equation 5.1.14 into Equation 5.1.15, we can approximate the off-duty

node percentage corresponding to K as:

N N k-1 \xR2/A ; A)
. 1 e~ WH=TR2/A (N 41— 4)rR?/A)!
= pPAN+1-) =+ ) [1- ] |
N2 P> ; 7

(5.1.17)
]

S

-1

(N +1—i)nR?/A)

N
1 NR2/A
— 1 —(N+1-i)rR?/A
=1 7 ;zl e X i

<.
il
=)
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The experiments presented in section 5.3 show that the off-duty percentages esti-
mated by using Equation 5.1.16 and 5.1.17 are very close to the real results. The above
two formulas associate the probability-based scheme with the other two schemes,
thereby enable us to a priori estimate the obtained system intensity before running
the nearest-neighbor-based or neighbor-number-based node scheduling scheme. By
choosing an appropriate D or K value, we may control coverage loss as well as node

density.

5.2 Node scheduling Schemes

In the following, we describe three schemes based on the above models respectively.
All of them allow users to choose a threshold AU A4, to restrict the maximal sensing
area loss at an individual node. Then the corresponding D or K value can be obtained
by direct calculation or retrieving Figure 5.2 or Figure 5.5 that have been stored in
memory in a data-pair manner. Whether a node is eligible for off-duty is directly
determined by the value of D or K, and thereby indirectly determined by the threshold
AUA s

Similarly to the location-based node-scheduling scheme in section 4.2, in all of
the three new proposed schemes, the system operation is divided into duty cycles.
Each duty cycle starts with a node-scheduling phase to assign working status to all
nodes. After that, off-duty nodes fall asleep and may turn off their sensing unit, even
the communication unit, to save energy, while those nodes taking on-duty status are
responsible for performing sensing tasks and for data collection and data delivery
until the coming of the next duty cycle.

The three schemes differ in how a node determines its working status and on
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whether the mechanism to prevent the simultaneous removal problem needs to be

introduced.

5.2.1 Probability-based Node Scheduling Scheme

The simplest and most light-weighted node-scheduling scheme is based on the proba-
bility model described in section 5.1.3. In this scheme, each node generates a random
number from [0,1) and checks if the number is less than the off-duty probability p.
If that is the case, the node will take off-duty status. Otherwise, it keeps active.
Note that after a corresponding D or K value has been found for a chosen threshold

AU A4z, p can be directly calculated by using Equation 5.1.16 or 5.1.17 respectively.

5.2.2 Nearest Neighbor-based Node Scheduling Scheme

This scheme starts with all the nodes broadcasting a short message to let their neigh-
bors know théir existence and estimate the distance to them. This phase is not
necessary if all the nodes already have a knowledge of neighbor distance by overhear-
ing the data packets transmitted in the previous duty cycles. After collecting the
above information, each node can determine its working status by examining if its
distance to the nearest neighbor, d,i,, is not more than the threshold D. If affir-
mative, the node can take off-duty status. However, since this scheme suffers from
the simultaneous removal problem addressed in section 4.2 as well, a similar protec-
tion mechanism has to be introduced. How a node is scheduled is formally described

below:

1. Generate a random back-off time Ty. During Ty, listen to the channel, and delete

the sender from the active neighbor list, if a Status Advertisement Message
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(SAM) is received.

2. After time Ty, find d,,;, from all the active neighbors. If d,.;, > D, set status
as on-duty and enter step 5. Otherwise, set status as ready-to-off, broadcast a

Status Advertisement Message and perform step 3.

3. Wait for a short time T,. During T, listen to the channel. If receiving a Status
Advertisement Message (SAM), delete the sender from the active neighbor list
and re-investigate the off-duty eligibility. If di, > D, set status as on-duty

and enter step 5. Otherwise, continue to perform step 3.
4. After T, set the status as off-duty and fall asleep.

5. Node scheduling has been done. Wait to enter working phase.

Note that in this scheme, the decision is based on the relative distance of nodes.
Thus a distance-estimation technique has to be available at each node. In the case
Where.each node has a knowledge of its own location, the neighbor distance is easy
to obtain by each node piggybacking its own location information in its outgoing
packets. However, in other cases where the node location is unknown, the signal
strength of an incoming message can be used to estimate the distance.

Similarly to our previous location-free node-scheduling scheme described in section
4.2, network topology or energy factors can be involved into the derivation of the

back-off delay, other than a simple random delay.

5.2.3 Neighbor Number-based Node Scheduling Scheme

In the previous scheme, neighbor distance is used by nodes to decide their working

status. In this scheme, the number of neighbors is used instead.
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Similarly, at the beginning of each duty cycle, all the nodes need to broadcast a
short message to let their neighbors know their existence. This phase is not necessary
if all the nodes have recorded their neighbor ID by overhearing data packets trans-
mitted in the previous duty cycles. After getting the above neighbor information,
each node can determine its working status by examining if its neighbors’ number
exceeds a given threshold value K. If affirmative, the node will take off-duty status.
Similarly, this node-scheduling scheme has to solve the simultaneous removal prob-
lem addressed in section 4.2. Formal description of this node-scheduling scheme is

presented below:

1. Generate a random back-off time T;. During Ty, listen to the channel, and delete
the sender from the active neighbors list, if a Status Advertisement Message

(SAM) is received.

2. After time T, count the number of active neighbors. If the number < K,
set status as on-duty and enter step 5. Otherwise, take ready-to-off status,

broadcast a Status Advertisement Message and perform step 3.

3. Wait for a short time Ty,. During Ty, listen to the channel. If receiving a Status
Advertisement Message (SAM), delete the sender from the active neighbor list
and re-investigate the off-duty eligibility. If the number of active neighbors
< K, set status as on-duty and enter step 5. Otherwise, continue to perform

step 3.
4. After T,,, set the status as off-duty and fall asleep.

5. Node scheduling has been done. Wait to enter working phase.
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Similarly, network topology or energy factor can be considered in the derivation

of the back-off delay as well.

5.3 Performance Evaluation

In this section, we present some experimental results to compare the above schemes

in the following terms:

o Off-duty percentage: the ratio of off-duty nodes’ number to the initial deployed
nodes’ number. This metric implies the energy saving capability owned by a
node-scheduling scheme. The more nodes get off-duty status, the less energy is

consumed by the system during the working phase.

e Coverage percentage loss: the difference between the original system sens-
ing coverage and the sensing area covered by all on-duty nodes after a node-
scheduling scheme is executed. This metric indicates the coverage preservation
capability provided by a node-scheduling scheme. The less the coverage loss,

the better.

e Average sensing degree: this metric is defined as the average number of on-
duty nodes simultaneously detecting and reporting an event. Its value is the
indicator of the observation fidelity of a node-scheduling scheme. The larger
the sensing degree, the more credible the system observation. However, more
on-duty nodes are needed in order to obtain a larger sensing degree . On the
other hand, less on-duty nodes are often expected for more energy saving. To
achieve a trade-off, an ideal scheme is to maximize the number of off-duty nodes

on the premise of guaranteeing the minimal fidelity.
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Figure 5.12: Neighbor_number_probability_based node scheduling scheme: off-duty
percentage vs. K
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Figure 5.13: Nearest_neighbor_probability_based node scheduling scheme: off-duty
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Figure 5.14: Neighbor number_probability_based node scheduling scheme: coverage
loss percentage vs.K
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Figure 5.16: Neighbor_number_probability_based node scheduling scheme: average
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The above three node-scheduling algorithms are evaluated by using the simplified
simulator described in section 4.3.1. The same parameters are adopted by them. The
only difference is the off—duty eligibility rule they apply. The experimental results are
shown in Figures 5.6 - 5.17. Each point in these figures represents the mean value
from 100 random network topologies.

Figures 5.6 - 5.8 shows the performance of the neighbor_number_based node-
scheduling scheme when k ( the ratio of communication range to sensing range) is
set as 1. The same behavior is observed at other x values as well. To visualize the
comparison, we embed some solid points and their labels into Figure 5.6 to indicate
the corresponding results obtained by running the location_based node_scheduling
scheme described in section 4.2. For the same reason, we attach a small table into
Figure 5.7 and Figure 5.8 respectively. As we can see, a larger K value leads to less
off-duty nodes, thereby less coverage loss and a larger average sensing degree. The
off-duty percentage increases as the node density increases. But the number of the
obtained on-duty nodes does not show dramatic change over node density when we
fix the value of K and node density rises to a level. In other words, the node density
does not have a distinct impact on the coverage percentage loss and the average sens-
ing degree when it is high enough. When we take the sensing degree obtained from
running the location-based node-scheduling scheme as the baseline and select 3 as an
expected level of detection fidelity, then K should be selected as 5 correspondingly.
At this threshold, the coverage percentage loss is less than 0.3%, as shown in Figure
5.10. The off-duty percentage of the neighbor number_based node scheduling scheme
is larger than that of the location_based node scheduling scheme. That implies that

the neighbor number_based node scheduling scheme can lead to more energy saving.
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Another observation from the experimental result is the loss of the whole system cov-
erage is always much less than the observable area loss at an individual node. For
instance, when K is chosen as 1, the corresponding AU A, is about 41.4% according
to Figure 5.5, while the whole system coverage loss is about 20%, instead.

The performance of the nearest_neighbor_based node-scheduling scheme is shown
in Figure 5.9 - 5.11. The values of the threshold D are selected purposely to facilitate
the comparison between the neighbor_number_based node scheduling scheme and the
nearest_neighbor_based node-scheduling scheme. For instance, when K=1, the cor-
responding is about 41.4% according to Figure 5.5. Thus we set the value of D to
match the same threshold. By looking up Figure 5.2 or resolving the root of the
Equation 5.1.2, we know that D should be 6.619m. Similarly, the other D values are
listed under their corresponding K values along the x-axis in Figures 5.9 - 5.11.

Comparing Figures 5.6 - 5.8 and Figures 5.9 - 5.11, we find that at the same value
of AU A, .z, the nearest_neighbor_based node-scheduling scheme generates fewer off-
duty nodes; thereby a less coverage loss and a larger obtained sensing degree. The
difference is more distinct as the value of AU A,,,,, decreases. The reason is that there
is a great chance for a node to have enough neighbors, but none of them close enough
to it.

Figures 5.12 - 5.17 illustrates the performance of the probability_based node-
scheduling scheme. The values of p are also chosen purposely. For instance, when
K = 1and N = 50, we can calculate the corresponding p as 85% by substituting them
into the expression 5.1.17. When D = 6.619 and N = 50, the value of p should be set
as 67% according to expression 5.1.16. Different results based on a given neighbors’

number or a given nearest neighbor distance are presented separately. One of the
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most important observations is that the off-duty percentages obtained from probabil-
ity_based scheme are very close to the values from the neighbor number_based scheme
or the nearest_neighbor_based scheme. This implies that the expression 5.1.17 and
5.1.16 can be used to approximately estimate the off-duty node number before node
scheduling. Another observation is that the probability_based scheme results in much
more coverage loss than its corresponding non_probability_based scheme. That is be-
cause in the probability _based scheme, each node ”blindly” determines its work status,

just based on the probability without considering the nearby node distribution.

5.4 Summary

Table 5.1 summarizes the difference between all of the proposed node-scheduling
schemes in this and previous chapter. Compared with the other schemes, the probability-
based node-scheduling algorithm is the simplest and the most light-weighted, because
it does not rely on any kind of neighbor information to determine node status and be-
cause it does not introduce any communication cost to coordinate scheduling among
adjacent nodes. But it leads to more coverage loss than the other algorithms. The
location-based scheme is designed for complete coverage preservation. However, it re-
quires the availability of a location-estimate technique. Furthermore, it cannot control
the off-duty node number. Therefore it is not as flexible as the other schemes. As
compared to the nearest-neighbor-based scheme, the neighbor-number-based scheme
can generate more off-duty nodes to guarantee the same coverage loss threshold.

Therefore, it is better than the former.



Table 5.1: Comparison of different node-scheduling schemes
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Location_based Nearest.neighbor | Neighbor_number | Probability_based
_based _based
Parameter_based No Yes,thereby Yes,thereby Yes,thereby
flexible flexible flexible
Location_aware Yes No No No
Need to collect Yes,neighbor Yes,neighbor Yes,neighbor No
neighbor infor- location distance number
mation
Need calculation Yes, with No No No
during scheduling complexity O
neighbor number)
Need to broadcast Yes Yes Yes No
status change '
Enable pre-estim- Difficult to do, Possible Possible Possible
ation of on-duty maybe impossible
node number’
Preserve original 100% preservation May have loss May have loss Have the
sensing coverage? greatest loss
Off-duty percentage® Relative large Relative small Largest N/A%

1. Thereby enable control of on-duty number

2. Theoretically, in an ideal running environment

3. Upon the same requirement of preserved coverage capability

4. Can be large or small. Depends on how the value of probability is determined



Chapter 6

Connectivity Maintenance and
Coverage Preservation

In wireless sensor networks, sensors are performing two operations: sensing and com-
munication. Therefore, there might exist two kinds of redundancy in a network. Most
of the previous work (including our work in Chapter 4 and Chapter 5) addressed only
one kind of redundancy: sensing or communication alone. [33] [78] first discussed
how to combine consideration of coverage and connectivity maintenance in a single
activity scheduling. They provided a sufficient condition for safe scheduling integra-
tion in those fully covered networks. However, random node deployment makes initial
sensing holes inside the deployed area inevitable even in an extremely high-density
network. Therefore, in this chapter, we enhance their work for general wireless sensor
networks by proving another conclusion: ”the communication range size is twice that
of the sensing range” is the sufficient condition and the tight lower bound to ensure
that complete coverage preservation implies connectivity among active nodes if the
original network topology (induced by all the deployed nodes) is connected. Also,we
extend the conclusion to k-degree network connectivity and k-degree coverage preser-

vation.

103
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The rest of this chapter is organized as follows. In section 6.1, we figure out the
relationship between connectivity maintenance and coverage preservation. In section
6.2, we extend the result of section 6.1 to a higher degree. In section 6.3, we present

some experimental results. In the last section, we conclude the chapter.

6.1 Network connectivity on coverage preservation

In this chapter, all the terms and notations will follow the definitions in Chapter 3.

As mentioned above, some existing node-scheduling algorithms [75] [77] have the
capability of complete coverage preservation, i.e. C(Vyetive) = C(V). Next, we will
prove that R > 2r is the sufficient condition and the tight lower bound to ensure
that any subgraph G(V,.ive) induced from a connected network graph G(V, E) is still
connected, when the subgraph G(Viuve) satisfied that the condition: C(Viaive) =
(V).

Our proof is based on the following assumptions:

1. There may be a large number of sensor nodes in the network. However, the

number is always finite.

2. There are no two nodes located at the exactly the same position.

First, we prove the sufficient condition.

Lemma 6.1.1. If R > 2r and C(Vyuwe) = C(V), let node u and node v be any pair

of nodes in V(G) satisfying (1) v € Vinactive(G) (%) 2r < d(u,v) < R, then there
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Figure 6.1: Illustration of Lemma 6.1.1

must exist another node w satisfying (i) w € Vauine(G) (1) w € N(v) (111) w € N(u)
() d(u,w) < 2r.

Proof. Asillustrated in Figure 6.1, suppose segment %o interacts with the boundary of
S(u) at the point P. There must exist an active node, supposing w, whose distance to
point P is not larger than the sensing range r. Otherwise, the system overall sensing
coverage would be reduced after node scheduling (because point P can be covered by
the inactive node u, but cannot be reached by any active node). By using the triangle
inequality, we have d(v,w) < d(w, P) + d(v,P) < r+d(u,v) — r = d(u,v) < R. In
the same way, we have d(u,w) < d(u, P) +d(w, P) <r+r < R. So w is the element
in N(u) and N(v).

O
Lemma 6.1.2. If C(Vyeie) = C(V), let node u and node v be any pair of nodes in
V(G) satisfying (i) u € Vipactive(G) (i) d(u,v) < 2r, then there must exist another

node w satisfying (1) w € Vaeiwe(G) (it) Q € S{w) , where point Q is the intersection

point between segment Tvand the boundary of S(v) as illustrated in Figure 6.2.

Proof. We split out consideration into two cases.
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Figure 6.2: Illustration of Lemma 6.1.2

case i: The first case is that node v is an inactive node. Because coverage is
completely preserved after node scheduling, there must be an active node that can
cover point Q.

case ii: We prove the lemma for the case that node v is an active node. Since
in the network, there are no two nodes whose positions are exactly the same, there
must be other nodes besides node v in the active node set Vierive(G). Otherwise, the
sensing area of node u cannot be completely preserved after node scheduling. Suppose
in Voeive(G) — {v}, node w has the minimal distance to point . Assume d(w, Q) =
r+mn,n > 0. Asillustrated in Figure 6.2, the segment w@ interacts with the boundary
of S(w) at point P. The distance between node w and point P is d(w, P) = r and
the distance between point P and point Q is d(P, Q) = d(w, Q) — d(w, P) = n. We

consider the following two sub-cases.

e For the sub-case shown on the left of Figure 6.2, i.e. 90° < ZPQuv < 180°,

we can always find a point O, located in segment PQ and satisfying (i) 0 <
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d(0,Q)=e<n (i) 0<d(O,P)=n—¢e <n (i) O € S(u).

o d(w,0) =r+mn—e>r,. . node w cannot cover point O.

d(v,0) = /d(v,Q)2 +d(0,Q)? — 2 x d(v,Q) x d(0, Q) x cos LPQu
> /d(v,Q)?+d(0,Q)? > d(v,Q) = r, where 90° < ZPQu < 180°, .". node v

cannot cover point O, either. If V,uipe — {v, w} is not empty, let node x be any
node in it. The distance from node z to point Q) must be d(z, Q) = r+n+4,5 > 0

because w is the node in Ve — {v} whose distance to point () is minimal.

By using the triangle inequality, we have d(z,0) > d(z,Q) + d(0,Q) = r +
n+6—e>r+n—e=dw,0O), where 0 < § < 7. This implies that if node
w cannot cover point O, other active nodes in Vyeive — {v, w} cannot, either.

Obviously, it contradicts with the condition C(V,etive) = C(V).

For the sub-case shown on the right of Figure 6.2, i.e. 0° < ZPQu < 90°, we
always find a point O that is located in line PQ, satisfying (i) 0 < d(0,Q) = -
e <n (i) 0< d(O,P) =n+¢ >n(iii) O € S(u).

dw,0) =d(w,Q) +d(Q,0) =r+n+¢e >r, . node w cannot cover point
0.

o d(v,0) = /d(v,Q)® +d(0,Q)? — 2 x d(v,Q) X d(0,Q) x cos ZOQu
> /d(v,Q)2+ d(0,Q)* > d(v,Q) = r, where 90° < ZOQu = (180°— £LPQu) <

180°, .-. node v cannot cover point O, either. If V.. — {v, w} is not empty, let
node z be any node in it, whose distance to point @ is d(z, Q) = r+n+9d,0' >0
. d(z,0) = \/d(:z, @) +d(0,Q)? -2 xd(z,Q) xd(0,Q) x cos 8 > d(z,Q) —

d0,Q) =r+n+d —€ >r+mn—¢ >r, where 0 < § < 7. This implies

that there is no active node that can cover point O. So it contradicts with the
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N

Figure 6.3: Illustration of Lemma 6.1.3
condition C(Vietive) = C(V).
Therefore, we conclude Lemma 6.1.2 by contradiction. O

Lemma 6.1.3. If R > 2r and C(Vuie) = C(V), let node u and node v be any pair
of nodes in V(QG) satisfying (1) v € Vipactive(G) (1) r < d(u,v) < 2r , then there must
exist another node w satisfying (i) w € Vauwe(G) () w € N(v) (%) w € N(u) (w)

d(u,w) < d(u,v). '

Proof. As illustrated in Figure 6.3, segment U0 interacts with the boundary of S(v)
at point P. According to Lemma 6.1.2, there must exist another node, supposing
node w , which is an active one and whose distance to point P doesn’t exceed the
sensing range, i.e. 0 < d(w,P) < r . According to the triangle ineqality, d(v,w) <
d(v, P) + d{(w,P) < r +r < R. Therefore, node w is the element of N(v). Also,
d(u, w) < d(u, P)+d(w, P) < d(u,v)—d(v, P)+r = d(u,v)—r+r = d(u,v) < 2r < R.
Therefore, w is the element of N(u). Because w and v may not be located at the

same place, d(u,w) < d(u,v). O
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Figure 6.4: Illustration of Lemma 6.1.4

Lemma 6.1.4. If R > 2r, let node u, node v and node w be any three nodes in
V(G) satisfying (i) 0 < d(u,v) <7 (4) 0 < d(u,w) <, then node v and node w are

adjacent to each other.

Proof. d(v,w) < d(u,v) +d(u,w) <r+r <R. O

Lemma 6.1.5. If R > 2r and C(Vyerive) = C(V), let node u, node v and node w be
any three nodes in V(G) satisfying (i) v € Vipaatine(G) (it) v € N(u) (¥ii) w € N(u),
then node v and node w can communicate with each other directly or through an active

path in G(V, E).

Proof. We split our consideration into several cases in terms of distances of node v
and node w to node w.

Case 1: 0 < d(u,v) <7 and 0 < d(u,w) <.

According to Lemma 6.1.4, node v and node w can communicate directly with
each other.

Case 1: In {v,w}, one node has a distance to node u not larger than the sensing
range. The other has a distance to node u larger than the sensing range and but
smaller than twice of the sensing range. Without loss of generality, we assume that

0 <d(u,v) <7 andr < d(u,w) < 2r.
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If d(v,w) < R, then node v and node w can communicate with each other directly.
Otherwise (i.e. d{v,w) > R), according to Lemma 6.1.3, there must exist another
active node = in Viee(G) satisfying (i) z € (N(u) N N(w)) (ii) d(u,x) < d(u,w). It
is easy to know v # z because z € N(w) and v € N(w). If we can find such node z
further satisfying 0 < d(u, z) < r, then according to the conclusion in case i, node v
and z are adjacent with each other. Thus, node v and w can communicate with each
other via the active path (v, z)(z,w). Otherwise (i.e. r < d(u,z) < d(u,w) < 2r),
according to Lemma 6.1.3, there must exist another active node y with y # = # w
satisfying that y € (N(u) N N(z)) and d(u,y) < d(u,z). If the selected node y is
node v, then node v and node w can communicate with each other via the active path
(v =y,z)(z,w). Otherwise (i.e. v # y # x # w), if we can find such an active node
y further satisfying 0 < d(u,y) < r, according to the conclusion in case %, node v and
node y are adjacent with each other. Thus, node v and node w can communicate with
each other via the active path (v, y)(y,z)(z,w). However, if r < d(u,y) < d(u,z) <
d(u,w) < 2r, there must be another active node z satisfying that = € (N(u) N N(y))
and d(u,z) < d(u,y). Similarly, it can be concluded that there is an active path
(v = 2,y)(y, z)(z,w) or (v,2)(z,y)(y,z)(z,w) unless r < d(u, 2) < 2r. The proof is
going on if the new identified active node has a distance to node u larger than the
sensing range. Since, the number of nodes in the graph G(V, E) is finite, the process
can always end at an active node that equals to node v or whose distance to node
u is equal to or smaller than the sensing range. In any case, there exists a network
path between node v and node w whose intermediate nodes are all active ones. So
we can conclude the Lemma 6.1.5 for case .

Case 1ii: In {v,w}, one node has a distance to node v equal to or smaller than
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the sensing range. The other has a distance to node u exceeding twice of the sensing
range. Without loss of generality, we assume 0 < d(u,v) < 2r and 2r < d(u,w).

If d(v, w) < R, then node v and node w can communicate with each other directly.
Otherwise (i.e. d(v,w) > R), according to Lemma 6.1.1, there must exist another
active node z in Vyuine(G) satisfying that z € (N(u) N N(w)) and d(u,z) < 2r.
According to the conclusions for case 7 and case i, node v and node x are adjacent to
each other or can communicate through an active path v «—ue . Consequently,
the active path between node v and node w is (v, z)(z,w) or v —— e T + (z, w).
Therefore, we conclude the Lemma 6.1.5 for case 1.

Case 1v: Both nodes v and w have a distance to node u larger than the sensing
range and equal to or smaller than twice of the sensing range, i.e. v < d(u,v) < 2r
and r < d(u,w) < 2r.

If d(v, w) < R, then node v and node w can communicate with each other directly.
Otherwise (i.e. d(v,w) > R), similar to the proof process for case i, we can always
get a sequence of active nodes, denoted as z1, s, ..., z;,7 > 1, satisfying (i) d(u, z;) <
d(u, 1) < ... < d{u,z3) < d(u,z1) < d(u,w) (i) z; € N(u),1 < j < 4 (iii)
z1 € N(w) (iv) z; € N(z1),2 <j <i (v) {r <d(u,z;) > 2r and z; #0v,1 < j < i}
(vi) {0 < d{u,z;) < rora; =v} If z; =v, we get an active path between node v and
node w as (w, z1)(z1, T2)..(x;—1, ; = v). Otherwise (i.e. z; # v and 0 < d(u,z;) <7),
since 0 < d(u,z;) < r and r < d(u,v) < 2r, according to the conclusion in case 7, we
know that node v and node z; must be adjacent to each other or connected through
an active path v «— 4. z;- Because we have got an active path between node w
and node z; as (w, z1)(z1, z2)..(zs-1, Z;), after concatenating the above two paths, we

get an active path between node v and node w as (w, z1)(x1, z2)..(zi—1, %;) (s, v) or
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(w, 1) (@1, T2)..(Ti-1, T;)(Ti, V) + U “—4ctive i~ Therefore, we conclude the Lemma
6.1.5 for case w.

Case v: In {v,w}, one node has the distance to node u larger than the sensing
range and equal to or smaller than twice of the sensing range. The other has the
distance exceeding twice of the sensing range. Without loss of generality, we assume
r < d(u,v) < 2r and 2r < d(u,w).

If d(v, w) < R, then node v and node w can communicate with each other directly.
Otherwise (i.e. d(v,w) > R), according to Lemma 6.1.1, there must exist another
active node z in Vouine(G) satisfying that z € (N(u) N N(w)) and d(u,z) < 2r.
According to the conclusion for case iv, node v and node x are adjacent to each other
or can communicate through an active path v «— . . So, we can get an active
path between node v and node w as (v, z)(z,w) or v «—4uie © + (z,w). Therefore,
we conclude the Lemma 6.1.5 for case v.

Case vi: Both nodes v and w have the distance to node u larger than twice of the
sensing range, i.e. 2r < d(u,v) and 2r < d(u,w).

If d(v,w) < R, then node v and node w can communicate with each other directly.
Otherwise (i.e. d(v,w) > R), according to Lemma 6.1.1, there must exist another
active node z satisfying that z € (N(u) N N(w)) and d(u,z) < 2r. According to the
conclusions for case v and case 41, node v and node x are adjacent to each other or
can communicate through an active path v «— e . Thus, we can get an active
path between node v and node w as (v, z)(z, w) or v «—r4uive T + (2, w). Therefore,

we conclude the Lemma 6.1.5 for case vi. O

Lemma 6.1.6. If R > 2r and C(Vyuive) = C(V'), for any inactive path in G(V, E),

there is a corresponding active path in G(V, E), which ends at the same pair of nodes.
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Proof. Let Py be an inactive path ending at node u and node v: By = (u =
wy, wo ) (wa, ws)...(Wi—g, wi—1 ) (Wi, w; = v). In {w;,2 < j < i — 1}, the number
of inactive nodes is [, | > 1. Suppose wy is the first inactive intermediate node
in path Fy. We know that all w;,2 < 7 < k — 1 are active ones and the num-
ber of inactive nodes in {w;,k+1 < j < i— 1} is I — 1. According to Lemma

6.1.5, node wg_1 and node wgy; are adjacent to each other or can communicate

I

through an active path wg—; <—geive We+1. Thus, we get a new path P, = (u

I

wy, wo ) (wa, w3)...(Wk—2, Wp—1 ) (Wg—1, Wer1) (Wet1, W) (Wi—1, w; = v) or P} = (u
wy, Wa)(We, Ws)...(Wi—2, Wg—1) + Wk—1 <qctive Wr+1 + (Wet1, We2)---(Wim1, w; = V).
In either case, the number of inactive intermediate nodes in the new path P, is one
less than that in path F,. In the same way, we can find another new path P, whose
inactive intermediate node number is [ — 2. The process is going on. In each step,
the number of inactive intermediate nodes is decremented by one. Since the node
number in the graph G(V, E) is finite, the number of node in the old path F; is finite
as well. This implies that we can finally get a path between node u and node v in

G(V, E), where all intermediate nodes are active ones. O

Theorem 6.1.7. When R > 2r and the system sensing coverage is completely pre-
served after node scheduling, if a network graph G(V, E) is originally connected, then

the induced subgraph G(Vyeive) must be connected.

Proof. Let node u and node v be any pair of nodes in Vyeie(G). " V(G) 2 Vietive(G)
and the network graph G(V, E) is connected, .. there must exist a path between these
two nodes in G(V, E). Let path P be such a path. If P is active, according to the
definition of G(Vetive), path P is in G(Vagie). If path P is inactive, according to

Lemma 6.1.6, we can always find a corresponding path ) between node u and node
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Figure 6.5: Connectivity maintenance for R < 2r

vin G(V, E), whose all intermediate nodes as active ones, i.e. path @ isin G(V,aive)-
That is, for any pair of nodes in Veie(G), we can always find a path in G(Vicive)

when the original network graph G(V, E) is connected. The proof ends. O

Theorem 6.1.7 just tells us that R > 2r guarantees connectivity maintenance after
complete coverage preservation. It does not imply disconnection among active nodes
in the networks with R < 2r. Consider the simple scenario illustrated in Figure
6.5 with R = 1.8r. Node u is the only node assigned an inactive status after node
scheduling. The distance between any pair of node v, node w and node z is v3r < R.
Therefore, the subgraph consisting of the three inactive nodes is still connected. So
R > 2r is not the necessary condition to ensure that coverage preservation implies
connectivity maintenance. However, we can prove that R = 2r is the tight lower

bound for this conclusion.

Theorem 6.1.8. When R > 2r and the system sensing coverage is completely pre-
served after node scheduling, the induced network subgraph G(Vietive) may be discon-

nected even when the original network graph G(V, E) is connected.
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Figure 6.6: Tllustration for Theorem 6.1.8

Proof. Assume R = 2r —&,0 < £ < 2r. Let us consider the scenario shown in Figure
6.6, node u and node v are adjacent to each other and has a distance between them
as 0 < p = d(u,v) < min(r,€, R). Besides node u and node v, there are a sufficient
number of nodes located on the circle centered at node u with a radius as R+ ¢, as
illustrated in Figure 6.6. ¢ satisfies that 0 < € < y. The union of the sensing areas of
these nodes forms a ”ring”, whose inner radius is R+ & — r and whose outer radius is
R+ ¢+ r. From the figure, we can see that node u can cover part of node v’s sensing
area. The remaining part is a "crescent”. The ”crescent” is contained in the "ring”.
That is because (i) The closed distance from node u to any point in the ”crescent” is
r that satisfies r > R+e—r(r=2r—r=R+{—r>R+u—r> R+e—7), and
(ii) The farthest distance from node u to any point in the crescent is d(u, Q) =7+ u
that satisfiesr+u <r+R+e(-r+pu=r+R+pu—-—R<r+R+0<r+R+e).

This implies that node v can take an inactive status during node scheduling. Before
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Figure 6.7: Hlustration the conclusion in [33] [78] and ours

node scheduling, the network is connected because d(u,v) = p < R and d(v,w) =
R+ ¢ — p < R. However, after removing node v, node u becomes an ”isolated” node
because its distance to any other active node is R + ¢ > R. Therefore, the proof

ends. O
Combining the proofs for Theorem 6.1.7 and Theorem 6.1.8, we can conclude that:

Theorem 6.1.9. R > 2r is the sufficient condition and tight lower bound to ensure
that complete sensing coverage preservation implies network connectivity among active

nodes in an original connected network graph.

To the best of our knowledge, [33] [78] are the earliest papers discussing how to
integrate activity scheduling in both domains: communication and sensing. Both
of them independently proved the same conclusion: if a convex region is completely
covered by a set of nodes, the communication graph consisting of these nodes is con-
nected when R > 2r. In this chapter, we enhance their work by providing the proof:
if an original network is connected and the identified active nodes can cover the same
region as all the original nodes, then the active nodes are connected when R > 2r.

The difference between their conclusion and ours can be better understood through a
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simple scenario as illustrated in Figure 6.7. In this scenario, the sensing field can be
divided into four subfields 1-4, with each subfield completely covered by a subset of
nodes. We call the node subset as subset 1-4 correspondingly. There are two narrow
gaps in the middle of the sensing field that cannot be monitored by any node. Fur-
thermore, the communication graph consisting of all the nodes are connected. After
node scheduling, redundant nodes is removed from each subset without changing the
coverage graph. According to the work in [33] [78], we can only know that the ac-
tive nodes within each subset are connected with each other, but cannot determine if
the active nodes among different subsets are connected. However, the latter can be
confirmed to be affirmative, according to the proofs above.

The conclusion in this section is significant in that it establishes the relationship
between connectivity maintenance and coverage preservation, enables us to focus
on sensing domain when connectivity and coverage are both required, and therefore

greatly simplifies the safe integration of activity scheduling in both domains.

6.2 k-degree connectivity on k-degree coverage preser-
vation

The result in the previous section can be extended to the relationship between k-
degree connectivity and k-degree coverage preservation with k£ > 1. That is, R > 2r
is the sufficient condition to ensure that k-degree coverage preservation implies k-
degree connectivity maintenance.

Before proving it, we first formﬁlate definitions of k-degree connectivity and k-

degree coverage preservation. We call a graph G(V, E) is k-connected if for every
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Figure 6.8: Illustration of Theorem 6.2.1

subset X of V(G) with fewer than k elements, V(G) — X is connected. We say that a
node-scheduling algorithm can preserve k-degree coverage, if for every inactive node
identified by that algorithm, any point in its sensing area can be covered by at least
k active nodes. Similar to 1-degree coverage preservation explained in the previous
section, this definition accepts the situation that part of the expected monitoring
area A is weakly covered initially due to random node deployment, i.e. the follow-
ing discussion is not restricted to those networks where every point in the expected
monitoring area A must be covered by at least k nodes before node scheduling. It
just requires that node-scheduling algorithms can guarantee that the initially weak

coverage would not be exacerbated.

Theorem 6.2.1. When R > 2r and the system sensing coverage is completely k-
degree preserved after node scheduling, if a network graph G(V, E) is originally k-

connected, then the induced subgraph G(Vieiwe) must be k-connected.

Proof. Let node set X be any subset of Ve fewer than k elements. We denote the

node subset Vg — X as Y, consisting of all the other elements in V,4;,.. Based on
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coverage definition, C(X) U C(Y) = C{Vyetive)- Since the original system coverage is
preserved after node scheduling, we have C(V') = C(Vaetive). " C(V) = C(Vaive +
Vinactive) = C(Vactive) U C(Vinactive) = C(Vactive)s -'- C(Vactive) 2 C(Vinactive)- We can
prove C(Vinactive) C C(Y') by contradiction. Suppose there is a point P in C(Vipactive)
satisfying that P € C(Y), as shown in Figure 6.8. Point P must be in C(X) because
C(X)YUCY) = C(Vactive) 2 C(Vinactive)- According to the definition of k-degree
coverage preservation, point P must be covered by at least k active nodes. Since
node set X has fewer than k elements, there must be a node in Y, covering point P.
It is contradictory with the assumption P & —C—’(T’S Therefore, we have C(Vinactive) C
C(Y). We can further get C(Y + Vipsetive) = C(Y). Based on the definition of k
connectivity, the subgraph G(Y +Vinactive) is connected. Also, after removing the node
subset Vipactive from the network graph G(Y + Vipgetive), the system coverage is not
reduced. Therefore, according to Theorem 1, the subgraph G(Y') is also connected.
Removing any subset X with fewer than k elements from G(V,eive), the subgraph
G(Vaetive — X) is still connected. The means G(Vietive) is k-connected. Therefore, the

proof ends. 0

6.3 Experimental Results

The experiments are performed based on the light-weighed sensing simulator imple-
mented for evaluating the off-duty eligibility model in section 4.3.1. However, the
model in section 4.3.1 is not optimal in that it conservatively underestimates the in-
tersection areas of neighboring nodes for easy calculation purposes. That implies the

model generates more active nodes than an optimal one. In order to eliminate the
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Figure 6.9: connectivity maintenance and coverage preservation: overall sensing cov-
erage of a network with 350 nodes in a 100*100 m2 region

effect of this problem, we made a small modification of the off-duty eligibility rule to
reduce the size of the active node set. We divide each node’s sensing area into small
grids and determine each node’s status by checking if each grid inside its sensing area
is covered by a node succeeding the concerned node in the scheduling sequence. It
is justified in this context because we focus on the connectivity maintenance among
minimal active nodes in original connected network graphs instead of simplicity and
efficiency of the scheduling algorithm.

Figure 6.9-6.14 illustrates a network topology with 350 nodes uniform randomly
placed in a 100-by-100-meter region, when the sensing range is 6 meters and the origi-
nal system sensing coverage is shown as Figure 6.9. The modified coverage-preserving
node scheduling algorithm in Chapter 4 identifies some inactive nodes as marked in
Figure 6.10 while maintaining the system sensing coverage as unchanged. Figure 6.12

shows that the connectivity among active nodes is destroyed with the communication
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Figure 6.10: connectivity maintenance and coverage preservation: scheduling result
with 7 as 6 meters(black circles representing inactive nodes)

Figure 6.11: connectivity maintenance and coverage preservation: network is con-
nected before node scheduling with R = 9m
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Figure 6.12: connectivity maintenance and coverage preservation: active nodes are
disconnected with R = 9m

Figure 6.13: connectivity maintenance and coverage preservation: network is con-
nected before node scheduling with B = 12m
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Figure 6.14: connectivity maintenance and coverage preservation: active nodes are
disconnected with R = 12m

range is 1.5 times the sensing range. While in the same sensing configuration, if the
communication range is twice the size of the sensing range, the connectivity is still
maintained, as illustrated in Figure 6.14. Energy saving can be' achieved by commu-
nicating upon the simplified network graph with a lower node density and lower link
density, as shown in Figure 6.14, and by monitoring the environments with less active
nodes, as shown in Figure 6.12, compared with the original network graph.

We also investigate the impact of the ratio of communication range to sensing
range on the relationship between connectivity maintenance and coverage preserva-
tion. The networks we study have a sensing density from an average 1.6 nodes per
sensing area to 17.3 nodes per sensing area, which are obtained by varying the de-
ployed node number from 200 to 550 and varying the size of the sensing range based
on a certain ratio to a fixed communication range that is 10 meters. For each con-

figuration, we generate 1000 random network topologies that are original connected.
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Table 6.1: The number of network topologies with connectivity maintenance after
coverage preserving sensing-scheduling (N nodes in a 100*100 m2 region, communi-
cation range R = 10m)

R/r
NJ10 11 12 13 14 15 1.6 1.7 1.8 1.9 2.0 2.1 2.2
200 | 670 813 879 955 982 997 1000 999 1000 1000 1000 1000 1000
250 | 769 794 901 971 984 994 995 999 1000 1000 1000 1000 1000
300 | 648 794 896 957 980 996 996 1000 1000 1000 1000 1000 1000
350 | 699 812 885 954 985 997 1000 1000 1000 1000 1000 1000 1000
400 | 634 784 890 952 989 997 998 1000 1000 1000 1000 1000 1000
450 | 6566 803 887 960 982 995 999 1000 1000 1000 1000 1000 1000
500 | 666 785 888 953 978 991 999 1000 1000 1000 1000 1000 1000
550 | 674 801 885 955 987 998 998 1000 1000 1000 1000 1000 1000

Among these 1000 network topologies, those maintaining connectivity after cover-
age preserving sensing-scheduling are counted. The results are listed in Table 6.1.
Consistent with our expectation, the smaller the ratio of the communication range
to the sensing range is, the lower the connectivity ratio is. However, as shown by
the data, the lower bound of the range ratio for connectivity maintenance seems to
be 1.8 instead of 2.0. That is because we run just 1000 network topologies for each
configuration and the scenario illustrated in Figure 6.6 is a rare and extreme situation
with a very high node density. Furthermore, from the table, we observe that node
density seems to have no significant impact on connectivity possibility when the ratio
of communication range to sensing range is fixed. Approximating the connectivity
possibility based on a given ratio of communication range to sensing range can be

one of our future works.
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6.4 Summary

In this chapter, we provided a complete proof: ”the communication range size is
twice that of the sensing range” is the sufficient condition and the tight lower bound
to ensure that complete coverage preservation implies connectivity among active nodes
if the original network topology (consisting of all the deployed nodes) is connected. The
significance of the above conclusion is that it enables us to focus on the sensing domain
when connectivity and coverage are both required. It therefore greatly simplifies the
safe integration of activity scheduling in both domains. We also extended the result for
k-degrees by proving that: “the communication range size is twice that of the sensing
range” is the sufficient condition to ensure that k-degree coverage preservation implies
k-degree connectivity among active nodes if the original network topology (consisting

of all the deployed nodes) is k-connected.



Chapter 7

Conclusions and Future Research
Direction

7.1 Conclusion

A wireless sensor network consists of tiny sensing devices, deployed in a region of
interest. Although each device has restricted sensing, processing and wireless com-
munication capabilities, coordination (_)f them enables the system to carry out a big
sensing task accurately and effectively. In wireless sensor networks, the energy source
provided for sensors is usually constrained battery power. The environments where
sensor networks are operating often prohibit users to recharge or replace battery power
for sensors. However, long system lifetime is always expected by monitoring applica-
tions. Therefore, conserving energy resource, and thus prolonging system lifetime, is
an important issue in the design of large-scale wireless sensor networks. Fortunately,
due to low cost of sensors, it is well accepted that the nodes in wireless sensor net-
works can be initially deployed with a very high density. Then redundancy can be
exploited to prolong system life.

In this thesis, we first proposed a novel node-scheduling scheme for dynamically

configuring nodes’ sensing activity to minimize the number of active nodes while
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maintaining the original system coverage. In this scheme, each node autonomously
and periodically determines its work status based on its own and neighbors’ positional
information. To preserve sensing coverage, a node is eligible for off-duty only when
its neighbors can help it to monitor its whole sensing area. To avoid simultaneous
removing when two neighboring nodes expect each other’s helping, a back-off delay
is introduced to let each node postpone its evaluation with a random period of time.

This scheme relies on location information to calculate the union of overlapping
areas among multiple nodes. It aims at completely preserving the system original
sensing coverage. To alleviate the dependence on location, an intuitive thought is to
relax the requirement of coverage preservation. In the second part of the thesis, we
proposed three such alternative location-free scheduling schemes, which are based on
neighbor number, nearest neighbor distance and probability of off duty node number,
respectively. The common idea is that users are able to select the level of coverage
percentage. Based on this level, the minimal neighbor number K, the nearest neighbor
distance D or the off-duty probability p are determined by using a given expression
or prior collected data-pairs. During the scheduling, each node determines its work
status according to the corresponding value.

Monitoring is just one duty undertaken by sensors. Due to limited communication
capability, each sensor has to serve as router to help others to forward data packets to
remote base stations. Similarly, redundancy also exists in the communication domain
in highly dense networks. Energy would be wasted when all the nodes continuously are
listening to the media because adaptively turning off radio at some nodes may have no
influence on network connectivity. In highly dense wireless sensor networks, energy

waste always exists if we only remove one kind of redundancy. Minimizing active
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nodes in both domains should consider network connectivity and sensing coverage at
the same time. Without sufficient coverage, the network cannot guarantee the quality
of monitoring service. Without network connectivity, active nodes may not be able to
send data back to base stations. Therefore, in the third part of this thesis, we enhance
their work to support randomly-deployed wireless sensor networks by providing the
proof of another conclusion: ”the communication range is twice the sensing range”
18 the sufficient condition and the tight lower bound to ensure that complete coverage
preservation implies connectivity among active nodes, if the original network topology
(induced by all the deployed nodes) is connected. It is worth to notice that node-
scheduling algorithms with the capability of complete coverage preservation have
existed in the literature. Furthermore, we extended the conclusion from 1-degree to

K-degrees for applications that may require different tolerance against node failures.

7.2 Future r_esearch directions

We identify the following research directions to continue our research work.

7.2.1 Integrated activity scheduling schemes in wireless sen-

sor networks

In the completed work, we have proved that “the communication range size is twice
that of the sensing range” is the sufficient condition and the tight lower bound to
ensure that complete coverage preservation implies connectivity among active nodes if
the original network topology (consisting of all the deployed nodes) is connected. This
conclusion provides the theoretical basis for integrating activity scheduling in a single

evaluation step. In other words, all the redundant nodes in sensing domain identified
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by a coverage-preserving node scheduling scheme are also redundant nodes in com-
munication domain, if R > 2r. However, when the communication range R is much
larger than the sensing range r, there is a lot of communication redundancy in the
remaining active node after a sensing scheduling. Therefore, it is desirable to perform
scheduling again in the communication domain. How to combine coverage-preserving
scheduling algorithms, such as [77] [78] [33] , with dominating set algorithms, such
as [44] [11] [80], to maximize the number of both-inactive (inactive in both sens-
ing and communication domain), sensing.inactive (inactive only in sensing domain),
comm._inactive (inactive only in communication domain) nodes, needs further inves-
tigation. In wireless sensor networks, all-to-one data collection can be viewed as a
reverse broadcasting problem. Energy efficient broadcasting algorithms have been
studied in the literature by constructing subgraphs such as LMST, RNG, etc [64]
[35]. Constructing LMST/RNG before connected dominating set forms a three-phase
scheduling scheme. What is the performance of this three-phase scheduling scheme

compared with the two-phase one is our future work.

7.2.2 Impact of node density and network topology on cov-
erage capability

Our previous works focus on algorithm design as to how to pick up more redundant
nodes, while guaranteeing full or sufficient system coverage. Most of related works are
contributed to algorithm design as well. Although in [15], Liu et al present preliminary
analysis about the weakest-level coverage capability, defined as the percentage of
monitored area that can be covered by at least one node in a square-distributed and

a random-distributed network topology, their studies are far from being complete.
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In the future, we will qualify any k-degree coverage capabilities (k > 0), defined as
the percentage of monitored area that can be observed by at least k nodes in more
kinds of node distributions (square-based, triangle-based, pentagon-based, hexagon-
based, uniformly-distributed and Possion-distributed). Our purpose is to determine
which kind of node distribution can create maximal coverage with minimal active
nodes. The conclusion can be used to guide node deployment and network planning.
Another goal is to bound the coverage capability in an unpredictable network topology
with a given node number. The result can help us to determine the number of initially
deployed nodes in order to achieve the desired coverage capability in a kind of network
topology. In addition, the result is useful for evaluating node-scheduling algorithms

based on the topology change caused by them.

7.2.3 Node deployment strategy to enhance coverage capa-
bility
In most of wireless sensor network scenarios, sensors are supposed to work in a remote
or inhospitable environment. In such an environment, it is impossible or inconvenient
or expensive to manually deploy all nodes according to the prior plan. Sensors may
be thrown from a plane in such a way that the node distribution is random and un-
predictable. Consequently, sensor nodes may not cover the entire monitored region,
leaving some holes blinded. In addition, even if the initial deployment can be effec-
tively controlled, more and more sensing holes or blind points will show up due to
energy depletion or node destruction. To guarantee quality of monitoring, it is neces-
sary to discover the sensing holes and alarm users to add new nodes in them. Thus,

the following problems arise: how to find sensing holes efficiently and quickly; where
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to put new nodes to enhance the sensing coverage to a desired level while minimizing
the number of added nodes. Besides to eliminate sensing holes or blind points, node
deployment schemes have to consider those areas weekly covered (i.e. covered by

those nodes whose energy resource may be used up before the next deployment).

7.2.4 Activity scheduling schemes based on 3-D general sens-
ing model

Almost all the existing scheduling algorithms are based on simple 0/1 sensing model
(whether an event can be detected is determined by its distance to sensors). More
general sensing model defines that the sensing capability of a single sensor is exponen-
tially proportional to its distance to the event, and final sensing result is the integral
function of k sensors. Although the 0/1 model is a special case of the general model
when k& = 1, the latter is more realistic and sophisticated than the former. Therefore,
the activity scheduling based on the general model needs further investigation. Also,
all the existing discussions on coverage, detectability and scheduling are designed in
2-dimensional space. It will be quite difficult to transform the existing algorithms to

3-dimensional space. So new algorithms or schemes need to be explored.



Appendix-1: Extended LEACH
(ns-2 simulation)

To evaluate the performance of the location_free node scheduling scheme, we extended
LEACH ns-2 simulation code.

Ns [1] is an object-oriented, discrete event-driven network simulator developed at
University of California at Berkeley. It is written in C++ with OTcl interpreter as
a frontend. Ns was initially developed for simulating local and wide area networks,
but Carnegie Mellon University extended it to support wireless networks. In ns sim-
ulation for wireless networks, the basic element is mobile nodes, as shown in Figure
7.1. An application class is used to perform different application-specific functions.
It generates and sends data to the Agent class. The Agent implements the transport
and network layer protocols. It consumes data and then forwards data to CMU-
Trace, which is responsible for writing statistics information about the data packets
to trace files. Then the data packets are passed to a Connector which sends them
to the Link-Layer for processing. After a small delay, data packets are pushed into
the Queue. They will wait there until all other packets in front have been trans-
mitted. Once a packet is pulled out of the Queue, the MAC layer receives it and
runs the media access protocols. The last processing unit of a mobile node class

is the Network Interface, which adds transmit power to the packet and emits it in
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Figure 7.1: Architecture of Sensor Node in LEACH

the Channel. Thus, all the nodes connected with the Channel will receive a copy
of the packet. The packet received will pass through the Network Interface, MAC,
Link-Layer, Connector, CMUTrace, Agent, finally to the Application Layer.

The main functions of LEACH is implemented at the Application Layer in Tcl
language. Its MAC layer is a combination of carrier-sense multiple access(CSMA),
time-division multiple access(TDMA), and direct-sequence spread spectrum(DSSS).
LEACH simulation code has a MAC class, called MacSensor, which performs CSMA
functions. Since LEACH has a cross-layer architecture, it is the Application that
determines at which timeslot with what direct-sequence a packet is sent when TDMA
and DSSS are supposed to use. LEACH adds two classes for resource management.

The Energy Resource records the current level of energy resource. The Resource
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Manager provides a common interface between the application and energy resource.
It allows the application to add or remove or query the supply of energy. In LEACH,
the Network Interface can directly access the Energy Resource and remove energy
used for transmission or reception. Furthermore, LEACH allows the Application to
configure nodes’ work status. If a node is in sleep state, the Network Interface discards
any packet received from the Channel and does not consume any power for it.

The location_based node scheduling scheme is used to configure nodes’ sensing
status. In other words, it determines whether sensor nodes would generate and send
data packets. Therefore, it should be implemented at the Application layer. We mod-
ified LEACH simulation code by inserting a scheduling phase before cluster forming

phase as shown below:
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# application/LEACE instproc scheduleFPhase
FEERAS SRR A AR ERAERA AR ERREVH B RRU BRI RS RIS AR I RN A IR AR AR SRR R AR B A RERE
Application/LEACH iastproc schedulePhase {} {
global ns_ opt
global tracefd 1
$self inatvar code id_aeighborDff neighboriD nexghbarx neighbor¥
532lf instvar round beg;n time_ step  next_change time alxve

set step
self satTu:nOn

#initiste neighbhor information
$self setCode 0

sat nsighborOff ™"

set neighborih "¢

set neighberX "

E-1-14 nelghhorY b

#Check the alive status of the node., If the node Bas run ocut of
#enargy, it will no longer perform functions in the natwork.
set ISalive [[[$self nade] set netif (0)] set alive ]
i€ {$alive_ == 1 &6 5ISalive == {7
Schan removeif [[5zalf noda] set natif (0}1]
set alive 0
set optinn_} [expr Soptian_} - 1]

H

i€ {Halive == O} {(return}

#set the timecut for nesxt schedoling

sat pow_ [§na_ now]

set nexkt change time_ [expr $new_ + $opt(ch_change}]
§ns_ at Enext ch&nge tima n$zalf schedulaPhase”

$advertise position

set random_access [$zelf getRandomMumber 0 [expr $optladv_wait) - $opt{adv_xtram)]}

set time [expr Snow_ + jrandom_access]
$am_ at Stime »$823f advertiseFosition"

#set decide turnoff time

set random_access [$self getRandomMumber O [expr Sopt (backoff _time)- Soptladv_mtram} -

Sopt {computa “time}}}
set time [expr Snow_ + Joptiadv _wait) + $random access]
$az_ at Stime "$aeTf decideTurnOff"

}
#ﬂ##&###*#S*ﬂ##ﬂﬁ%#i%ﬁﬁitt*ﬁ*#*9**3#3*#&#####Q#ﬂ###ﬂ####ﬂ#&%ﬂﬁﬂ#%###*“##ﬁ#iﬁ
# Applicstion/LEACHE instproc clusterFormingPha
Q##S!####*#######3####%#&!####3*ﬂ**8#*3*Kﬂﬂﬂﬁ####*#Q#ﬁ###ﬁ####*ﬂ#ﬁ#ﬁﬂ####ﬁ#%
Application/LEACH instproc clusterFormingPhase {} {

global ns_ tracefd 1

$zalf inatvar id_ step

if {[$self isTurn0ff?} !'= 1 } {

sat now_ [§ns_ now}

set step 2

$ns_ at Snow_ "$self decideClusterHead”
H

}
FESRBASARBS USRNSSR AR A RSB AR AR R MR AR SRR B R0 B R BUN SR BRI R NN
# Application/LEACH instproc degideTurnoff
ﬁﬂ%l*#%?ld*#”###!&lﬂ###Q*###*Cﬂ#&ﬂ###ﬂ#&ﬁ%&ﬁ&ﬁ#iil&iiﬁﬁ#ﬁﬂ##ﬁ######ﬂ###*i**&
Application/LEACH instproc decideTurnOff t} 1

giobal opt ns_ PI TURNOFF

giobal tracefd 1

5self instvar rng_ id_ round begin_time
sat now [$ns_ now}

#caloulate the percantage of sensing arsa which can be covared by neighbors
$self calculateCoverage

if {($self isFull?}} {

$if rhe node is eligible for off-duty, Mrosdeasst its eligibility and wait a grace

pericd for turning off
$zalf setWaitTurnGEf
set random delay [expr [$ns_ now] + [§rng_ uniform 0 0.001}]
$na_ at Srandon ,_delay "$self advertiseState STURNOFF"
Sns_ at [expr Snow_ + Hopt{turnoff wait}} "$zelf setTurnOff"
} alse {

#otherwise, falling siesp to save snexgy until clusterForming phase is scheduled to

Rtare
$s8lf GoToSleep

$ns_ at [expr Sround begin time + $opt(scheduling time}] "$self beginWork"
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# application/LEACH instproc beginWork
#8&#8!##*#*#3#####&####96*3####H###ﬁﬂ*i*#%i%##ﬂﬁ&ﬂﬂ########ﬂ#ﬂﬂ##k########ﬁ#
Application/LEACH instproe beginWork {} {

Sself WakelUp

$self clusterFormingPhasa

]
FRESARARABERAARARUAFARAIRLANVANA RN U SRR HABAF AR BAG BB AU S SRR AR BH AR AR RS AR
# Application/LEACH instproc calculateCovarage
*ﬂC*#Q&#####ﬁ!##E##*l##l&#&###*##ﬁﬂ#&#Q#&##&##E#&Q##ﬂ####ﬂ*&ﬂ#ﬂ#####ﬁ#ﬂ#####
Application/LEALH instproc calcwlateCoverxage {} {

global opt ns_ PI tracefd 1

$self instvar seighboriD neighborX neighbor¥ id  neighborOff
$salf instvar full fxil

$s2lf instvar angle 168 angle 1.1 angle h © asgle h I cover ids
Sself instvar this_ full this_. lel this angie i this angle h

$initialize

foxr {set i 0) ($i < 4} {imcr 3 3} {
set full_($i) O
set £i1l ($i} ©
set angle 1 _0_{$i}
set angle_h_0_{5i}
sat angle 1 1 {81}
sat angle h 1 {81}

H

sat cover ids "*

Lol v

fbegin to compute
set naighbor num [ilength $neighborID ]}
[-2-3 0 A ¢]
while { $i<Sneighbor_num && ![$self isFull?} } {
sat neighbor {Lindex $neighborID §i}
if {[isearch SneighborOff $nexghboxf < B8} ¢
fget neighbor{i} position
set n_x [lindex SneighborX §i}
set n_y [lindex $neighboxy $i}

fget my position
set my_x [Sself getX]
sat my_y [$self getY]

fcompute relative distance
sat r_x {[expr $n_x - Smy_x]
21 r~y fexpr $n~y - $my_y}
set distance [expr sqrt{iexpr [expr $r x * $r x} + [expr $r y * §r yi1l)]

#compute magnitude of AOA

sat range [expr asin{f{expr $distance / [expr 2 * jopt{sensing range}}l}}
seat range [expr [expr $PI /2] -~ $range]

set range [toDagree jranga]

fcompute phase of AOA
sat direction [expr atan{[expr $r y / $r_x}}]
set direction [toDegree Sdirection)
if { Sx_x <0 && §Sx_y »0 } {

sat direction [expr Sdirection + 180}
} alseif { $r_x >0 &5 8r_y <0 ) {

set direction [expr Sdirsction + 360}
} elseif { $r_x <0 && $r_y <0 } {

sat divackion [expr $direction + 180]
} elseif { $r_x ==0 && Sr_y »0 } {

set diraction 90
} elseif { $r x ==0 &§ $r"y <0 1 i

aat direction 270
} elseif { Sr x >0 s& §r_y ==0 } {

set diraction ©
} eloseif { $z_x <0 &8 §r_y ==0 } |

set direction 180
¥

#split central angle imte 4 parts
Sself split $direction $range

#mergs central angle
§self merge

set cover ids [lappend cover ids $neighber}

iner i
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# Aapplication/LBACH instproc split
HNHMR”HHNQQHM#N"N#H’ii“NHQH$MMSH#?N“#Q##M#HMH“H%
Application/LEACH instproc split {d zi |

glebal travefd 3

8xelf inatvar this_full this £ili_ this_angle 1_ this_anglse h_

$salf instvar ad

for {set 3 O} 483 < 4} {inezc § 1} |
set this_full {$3} O
set whis £s11l {$3) ©

sat this angh I (53}
set this _angle } h (1331

2
a

}
L2 1 $d >=D f& $d <90 ) ¢
if { $d >= 3x }

i
sat this angle 1 {0) [expzr $d ~ $x]
sat this JE2% 107

} else |

sat thiz angle 1 () 0

ser this £i1l {07 3

set this angle I (37 Jexpr 380 + $d4 -~ $u}
st this angle h {3} 388

sek this £ill_ 137 3

¥
if { 80 »= [expr 84 + 5r]

P
set this angle b (8 [expr 34 + 32}
sat whis #111 {0V %

3} olaa {

sat this 211l w) i

seb this angle b (1) {axpr 54 %+ 3r}
set this angle L1 (1) 90

set hhds f£il1l ™y 3

}
1 elseif { $d >=30 45 $d <180 ) {
if { [expr 3 - $x] »= 30

{
sat thiz angle 1 (1) {expr $& ~ $x}

sei this fall a7 2

} elze

gat this_angle_1 (0] [espr $4 - $¢]
sat this angle | h_(8) 90

set thiz £1ll {07 1

set hthid angf& i (1) -1

set ehis Fall {1y

¥
if { 188 »= fexpr $d + 8z)

{
sat thiz angla % (}] [pr: 3d + Sz}
Bat this 2;11 Ty

} else {

sat thiz_angle_h {1) 180

sat thig 2‘111 17 3

set this_angle b (2) fexpr %54 + $r}
sat this anqla 1 “i2) 180

ser thia £411 727 1

¥
} elseif { 54 >=180 & %d <279 } {

if

{expr 3d ~ $zr] »= 180 | {
sat thiz_angle 1 {2) [expr $§3 - $x}
set this £ill (2) kS

} elae {

st this angle 1 (2) [expr 34 ~ $r}
ser this angle b
set whia £i11 T )
set rnis_anglas % {2) 180
set this Zill {2371

}
i€ { 270 »= fenxpr $d + 3r]

3 d
sat this_angle h {2) [espr $d + Sr]

smt this I;.ll (2) 1

} elza §

sat this angle h (2) 270

set thig f&ll 127 3

set this angle b (3} 1axp“ s$d + $r}
sat this Angle 1 ]

sat this £ill_ (aT 1

H
} elseif { $d >=270 && $& <360 § {

o
"

if {

{expr $d ~ $x] »= 270 }
sat this_sngle 1 (3} (sxpr $d - 3x}
nev this £i1l {3Y 2

j else |

set this_angle 1 (3} [expr $d - $zf
sat this angxa h {2) 2%¢

set thia £111 (2} 2

et this angle X_(3} 270

sat this Fill (3)"1

}
if § 380 >= fexpr $d + 32]

{
sat this_angle b (3} [szpr §d + $x}
ser this_F£ill {3) 1

} elze {

set this angle b (3} 360

set this_ fill T3} 1

set thid - angle n_to} Itxpt [axpr 54 + $x] - 360)
sek this angle 10y

sat this_ £ill T8V 3

¥

{ $this £i12 (D) == 1 §& $this_angle I {0) == ¢ && $this_anyle B (0} === 9D} {
set this full ©y 11

{ $this Fill (1) == 1 s& $ehis_sngla_k_{1) == 90 &s $this_angle h_{I) == 180] {
sot this full (I} 1 %

i $this_f£ili {2) == 1 &8 $this_angle_} {2} == 180 && $this_angle h {2} == 270} {
set this_full (2} 1 1}

{ $thiz_Fill_{3) == 1 && Sthis_angle I {3) == 270 && $this_angla_h {3) == 360} {
set this_fail {3} 1 3
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l%ﬂ##tﬂl#lﬁ&i!lﬁiltﬂ!lQ#ﬂ”k###Qtlﬁﬂtﬂdklﬁﬂd#ﬂﬂ%!tﬁ&l!#SWQ#S#Q#SQ#%E&#%#&QQ##
# Application/LEACH inatproc mex
*#tt#%#ﬁ#i#Q#ﬁﬁ#####t3%8*#ﬂﬂ#Q##!#ﬂ3!1#%8#%3*#%*#%%“1#####%%S%ﬁt#l#ﬁ#t####t#
Application/LRACH instproc merge {} {

gilchal tracefd I

Sself instvar Ehis_full_ this_f£ill_ this anq}a_l this anqle n_

$gelf instvar fﬁll fill angle i 0 angle 1 1  angle h O angle hoi

$self instvar id_

Far {sat i 0} {84 < 4} {incr £ 1} {
sat mas [expr 30 + [expr %0 * $il}
set min [expr 90 * $§i}
if {&§Ffall {($i) == 1} {
#do nething
} alseif {$this_£ill_($i) == 0} {
#da norhing
} eleseif {$this_full ($3i) == 3}
ses full_($1) 1
et anttle 1 0 (§i) #min
set angla b 0 {$i) Smax
set £iil T$I3™1
} elseif {$this : fill {8i) == 1 && $FLlX {$i} == O} {
set angle ) 0 54} $this_angle I T$i)
sat angle ] X S {54} senis &ngie h {$iy
eot £1311 131171
} elsezf {$f1ll 153y == 1} {
{Sangle 1 0_($i}) == $min} {
1€ {$this Angle 1 ($i) == $min } {
if TSthis_ anqle B {$i) » Sangle K O (Siy } ¢

set angle h 0 {$i) Sthis angle h {§i}

}
1 elseif {Sangle b 0 _{3i) >= Sthis angle i {84y} {
set Full {33} 1
set angle 1 _O_($1) Smin
zet angle h 0 ($i) $Smax
set £ill_ TsTiTL

} elae {
set £il1l_(S4} [expx §£i11_{Si} + 1]
sat nngieulul‘(SL} $this angle I {84y
. set angle h 1 (§1) Sthis™ angle n s _{$i)
H
} else {

if lsthis _angle_h_ ($i} == $max } {
£ Tsthis angie 1 ($L) < $angle 1 D _{5%) J {
set angle 1 _{51) Sthis angle i (%%

3
1 elweif (Sangle_1 0 {$i} <= Sthis_angle h_($i}} ¢
sat full (i 1
sat angle 1.0 (%) Smin
set angle h 0. ($i} $max
set £111 T55) 71 .
} else {
set £ili_($3) [expx $£iLl_(§i} + 1]
zak angie 12 (§%) $anqle 1.0 (81}
set angle h 1 {$5) Sangle h 0 {$i)
set angle 1 0 (84} Schis angle 1 (§i)
sat nngle h G (5i) $this | angle h {81}

}
} aise {
if {§this_angle_1 ($i)} == $min} {
if TSthis angie h (34} >= fangle X 1 {5i}} ¢
zat tull 3111
set angls 1 0 {($4) $min
set angle_h 0_(5i) Smax
sat £ill {87171
} elseif {$this angle h_{$i} > $aagle b O tSL)) {
set angie b O (FiT $this_angle B {57

H
1 elese {
Af {%this_angle L ($i) <= Sangle h O {$i}} {
sak !ull 51y 1
ser angle I 0_($1) Smin
set angle ] h o {§5) Sman
set F£i11 (31) "1
} elseif {$this aagle 1 {81} < Sangle 1 1 {($i}} {
set angle 1 I (¥i] $¢his_angle I _T$1)
H

}
¥
#‘#!#ﬁﬁl#&ﬂ&##ﬂﬂ!###l##%ﬂ###tﬁ##ﬂ#ﬂ!ﬁ&#*#t####!#lﬁ&###iﬂ#kﬂ&###!#tﬂ!#'ﬂﬂlﬂﬂﬂ
# Application/LEACH instproc isPull
9%!Q*l#&HQll#k###**#3#ll######0Q###&8'#0ﬂi*Qﬁﬂ####Qﬂlﬂ#%k###*&#*ﬂ#ﬂﬂ#ﬁ&*%ﬂ*#
Application/LEACH inatproc isFull? {} ¢

$zelif instvar full

if {$full (0} == 1 & $full_{1} == 1 && $full_(2) == 1 && $full (3} == i}
{

return 3

retura 0
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Appendix-2: Confidence level of
the experimental results
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Table 7.1: Neighbor_number_based node scheduling scheme: confidence range of off-
duty percentage vs.K at 95% confidence level

N | K=1|K=2|K=3|K=4|K=5|K= K=T7T|K=8| K= K =10

300 { 95-97 | 92-95 | 89-92 | 87-90 | 83-86 | 80-84 | T7-82 | T4-79 | 72-76 | 68-74

250 | 94-96 | 91-94 | 87-91 | 84-88 | 79-84 | 77-81 | 72-77 | 69-74 | 66-72 | 63-69

200 | 93-96 | 89-92 | 84-88 | 80-84 | 75-81 | 71-78 | 67-72 | 63-68 | 58-64 | 53-60

150 | 91-94 | 84-90 | 78-84 | 73-79 | 67-74 | 61-68 | 56-64 | 51-60 | 46-54 | 38-48

100 | 86-92 | 76-85 | 69-77 | 60-70 | 52-61 | 45-56 | 35-48 | 28-41 | 24-35 | 17-30

50 | 70-84 | 52-72 | 42-68 | 28-44 | 18-36 | 10-26 | 2-22 0-16 0-12 0-8

Table 7.2: Neighbor_number_based node scheduling scheme: confidence rangé of cov-
erage loss percentage vs.K at 95% confidence level

N |K=1K=2|K=3K=4|K=5|K-= K=7|K=8K=9|K=10

300 | 8-33 5-10 0-3 0-2 0-1 0-0 0-0 0-0 0-0 0-0

250 | 8-33 4-10 0-3 0-1 0-1 0-0 0-0 0-0 0-0 0-0

200 | 9-34 4-11 0-3 | 0-1 0-0 0-0 0-0 0-0 0-0 0-0

150 | 8-33 6-10 0-4 0-1 0-1 0-0 0-0 0-0 0-0 0-0

100 | 8-33 6-11 0-4 0-1 0-0 0-0 0-0 0-0 0-0 0-0

50 | 7-35 5-10 0-3 0-1 0-0 0-0 0-0 0-0 0-0 0-0

Table 7.3: Neighbor_number_based node scheduling scheme: confidence range of av-
erage sensing degree vs.K at 95% confidence level

N |K=1|K=2|K=3|K=4|K=5|K= K=7K=8| K= K =10

300 | O0-1 1-2 2-3 2-3 3-4 4-5 5-6 6-7 6-7 7-8

250 | 0-1 1-2 2-3 2-3 3-4 4-5 5-6 6-7 6-7 7-8

200 | O-1 1-2 2-3 2-3 3-4 4-5 5-6 6-7 6-7 7-8

150 | 0-1 1-2 2-2 2-3 3-4 4-5 5-6 -6 6-7 7-8

100 | 0O-1 1-2 2-2 2-3 3-4 4-5 o-6 5-6 6-7 7-8

50 0-1 1-2 2-2 2-3 3-4 3-4 4-5 4-5 4-5 4-5
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Table 7.4: Nearest_neighbor_based node scheduling scheme: confidence range of off-
duty percentage vs.D at 95% confidence level

N | D=0.020 | 0.035 | 0.063 | 0.116 | 0.209 | 0.396 | 0.761 | 1.474 | 3.007 | 6.619
300 0-0 0-0 0-0 0-1 0-2 2-5 | 6-13 | 26-34 | 65-71 | 91-94
250 0-0 0-0 0-0 0-1 0-3 1-5 | 5-11 | 21-30 | 61-68 | 83-93
200 0-0 0-0 0-0 0-1 0-2 0-4 | 3-10 | 15-27 | 53-62 | 86-91
150 0-0 0-0 0-0 0-1 0-1 0-3 2-7 | 11-22 | 45-56 | 82-88
100 0-0 0-0 0-0 0-1 0-1 0-3 0-6 | 6-18 | 30-45 | 74-83
50 0-0 0-0 0-0 0-0 0-2 0-4 0-6 | 2-14 | 12-30 | 52-68

Table 7.5: Nearest_neighbor_based node scheduling scheme: confidence range of cov-
erage loss percentage vs.D at 95% confidence level

N | D=0.020 | 0.035 | 0.063 | 0.116 | 0.209 } 0.396 | 0.761 | 1.474 | 3.007 | 6.619
300 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-4
250 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-5
200 0-0 0-0 | 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-6
150 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-5
100 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-5
30 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 0-8

Table 7.6: Nearest_neighbor_based node scheduling scheme: confidence range of av-
erage sensing degree vs.D at 95% confidence level

N | D=0.020 | 0.035 | 0.063 | 0.116 | 0.209 | 0.396 | 0.761 | 1.474 | 3.007 | 6.619

300 30-32 30-31 | 30-31 | 30-31 { 30-31 | 29-31 | 27-29 | 20-22 | &10 | 1-2

250 25-26 25-26 | 25-26 | 25-26 | 25-25 | 24-26 | 23-24 | 18-20 | 8-9 1-2

200 20-21 20-21 | 20-21 | 20-21 | 20-21 | 20-21 | 18-20 | 15-17 | 7-9 1-2

150 15-16 15-16 | 15-16 | 15-16 | 15-16 | 14-16 | 14-15 | 11-13 | 6-8 1-2

100 10-10 10-10 | 10-10 | 10-10 | 10-10 | 9-10 | 9-10 | &9 o-7 1-2

50 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-4 3-4 1-2
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Table 7.7: Neighbor_number_probability_based node scheduling scheme: confidence

range of off-duty percentage vs.K at 95% confidence level

N | K=1K=2|K=3|K=4|K=5|K=6|K=7|K=8|K-= K =10
300 | 95-99 | 92-96 | 88-94 | 84-92 | 81-89 | 79-88 | 75-85 | 73-83 | 69-81 | 67-77
250 | 94-98 | 90-96 | 85-93 | 82-91 | 80-87 | 73-85 | 72-81 | 69-79 | 66-75 | 61-72
200 | 93-98 | 87-95 | 81-91 | 78-88 | 74-85 | 70-81 | 62-78 | 58-72 | 56-69 | 52-65
150 | 90-97 | 82-93 | 76-89 | 68-84 | 63-79 | 60-75 | 54-69 | 44-64 | 44-58 | 35-54
100 | 87-97 | 77-89 | 62-82 | 56-77 | 49-69 | 39-62 | 32-52 | 26-47 | 21-38 | 13-33
50 | 76-92 | 54-80 | 32-66 | 24-52 | 12-38 | 832 0-20 0-12 0-8 0-6

Table 7.8: Neighbor_number_probability based node scheduling scheme: confidence

range of coverage loss percentage vs. K at 95% confidence level
N | K=11K=2|K=3|K=4|K=5|K=6|K=7|K=8|K= K =10
300 | 19-74 | 6-38 1-17 0-12 0-6 0-5 0-3 0-2 0-1 0-1
250 | 20-70 | 4-39 1-20 0-12 0-7 0-4 0-3 0-2 0-1 0-1
200 | 18-75 | 5-40 1-20 0-14 0-7 0-5 0-2 0-2 0-1 0-1
150 | 17-68 | 4-38 1-23 0-12 0-6 0-5 0-3 0-2 0-1 0-1
100 | 16-67 | 5-38 1-17 0-14 0-7 0-3 0-2 0-3 0-3 0-1
50 | 14-67 | 5-38 1-19 0-12 0-6 0-2 0-2 0-1 0-1 0-0

Table 7.9: Neighbor number_probability_based node scheduling scheme: confidence

range of average sensing degree vs.K at 95% confidence level
N | K=1\K=2|K=3 K=4|K=50|K=6|K= K=8|K-= K =10
300 | O-1 1-2 1-3 2-4 3-5 3-5 4-7 5-7 6-9 7-9
250 | 0-1 0-2 1-3 2-4 3-5 3-6 4-7 6-8 6-9 7-8
200 | 0-1 0-2 1-3 2-4 3-5 3-6 4-9 5-8 6-8 7-9
150 | 0-1 1-2 1-3 2-4 3-5 3-5 4-6 5-7 6-8 6-9
100 | 0-1 1-2 1-3 2-4 3-5 3-5 4-6 5-7 6-8 7-8
50 0-1 1-2 1-3 2-4 3-4 3-4 4-5 4-5 4-5 4-5
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Table 7.10: Nearest_neighbor_probability_based node scheduling scheme: confidence
range of off-duty percentage vs.D at 95% confidence level

N | D=20.020 { 0.035 | 0.063 | 0.116 | 0.209 | 0.396 | 0.761 | 1.474 | 3.007 | 6.619
300 0-0 0-0 0-0 0-1 0-2 1-5 | 6-12 | 26-36 | 65-76 | 91-96
250 0-0 0-0 0-0 0-1 0-1 0-4 | 511 | 21-33 | 60-73 | 88-95
200 0-0 0-0 0-0 0-1 0-2 0-3 | 4-10 | 17-28 | 49-67 | 87-94
150 0-0 0-0 0-0 0-1 0-1 0-3 0-9 | 9-23 | 43-58 | 80-93
100 0-0 0-0 0-1 0-1 0-2 0-3 0-4 | 5-19 | 28-49 | 74-88
50 0-0 0-0 0-2 0-2 0-2 0-2 0-4 | 2-12 | 14-34 | 52-78

Table 7.11: Nearest_neighbor_probability_based node scheduling scheme: confidence
range of coverage loss percentage vs.D at 95% confidence level

N | D=0.020 | 0.035 | 0.063 | 0.116 | 0.209 | 0.396 | 0.761 | 1.474 | 3.007 | 6.619
300 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 | 1-30
250 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 | 2-30
200 00 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 | 4-30
150 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 | 3-38
100 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-1 0-2 | 338
50 0-0 0-0 0-0 0-0 0-0 0-0 0-1 0-2 0-4 | 6-35

Table 7.12: Nearest_neighbor_probability_based node scheduling scheme: confidence
range of average sensing degree vs.D at 95% confidence level

N [ D=0.020 | 0.035 | 0.063 | 0.116 | 0.209 | 0.396 | 0.761 | 1.474 | 3.007 | 6.619
50 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 3-4 1-2
100 10-10 10 9-10 | 9-10 | 9-10 | 9-10 | 9-10 | &9 o-7 1-2
150 15-16 15-16 | 15-16 | 15-16 | 15-16 | 14-15 | 14-15 | 11-13 | 6-8 1-2
200 20-21 20-21 | 20-21 | 20-21 | 20-21 | 20-21 | 18-20 | 14-17 | 6-9 1-2
250 25-26 25-26 | 25-26 | 25-26 | 25-26 | 24-26 | 22-24 | 17-20 | 7-10 | 1-2
300 30-32 30-32 | 30-32 | 30-32 | 29-30 | 29-30 | 27-29 | 19-22 | 7-10 | 1-2
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