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ABSTRACT

CONNECTIVITY AND COVERAGE PRESERVING
SLEEP SCHEDULING MECHANISM WITH
PREDICTIVE COVERAGE AND MULTIPLE MODE
SELECTIONS IN WIRELESS SENSOR NETWORKS

Eyuphan Bulut
M.S. in Computer Engineering
Supervisor: Assist. Prof. Dr. Ibrahim Kérpeoglu
July, 2007

Wireless sensor networks, which consist of a large number of sensor nodes com-
municating with each other in order to sense the environment, is an emerging field
in the area of wireless networking. One of the significant objectives in the design
of these wireless networks is the efficiency of energy consumption. Since these
networks are densely deployed, sleep scheduling, which puts some sensor nodes
into sleep mode and uses only a necessary set of active nodes, is a commonly used
technique to extend the network lifetime.

A sleep scheduling algorithm should be distributed, simple, scalable and en-
ergy efficient. In this thesis, we investigate the problem of designing a sleep
scheduling algorithm which extends the network lifetime while maintaining a
user defined coverage and connectivity. We consider three basic units of a sensor
node (sensing, processing, and communication) independently and turn a unit
on whenever it is necessary. Furthermore, we analysed the expected overlap of
a node’s sensing area by its neighbors’ sensing areas and created a predictive
algorithm in the decision of a node’s status. By this way, we reduced the number
of messages for maintenance procedures. We evaluated our algorithm via simu-
lations and compared the performance of our algorithm with another distributed
algorithm which maintains both coverage and connectivity. As a result, we ob-
served that our algorithm provides a significant increase in the network lifetime
and overcomes the other algorithm in all cases.

Keywords: Wireless Sensor Networks, Sleep Scheduling, Network Lifetime, Con-
nectivity, Coverage.
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OZET

KABLOSUZ DUYUCU AGLARINDA KAPSAMA VE
BAGLANTIYI KORUYAN, TAHMIN EDILEBILEN

KAPSAMA VE BIR COK DURUM SEGMELI UYKU
DUZENLEMES]I

Eyuphan Bulut
Bilgisayar Miihendisligi, Yiiksek Lisans
Tez Yoneticisi: Assist. Prof. Dr. Ibrahim Korpeoglu
Temmuz, 2007

Cevreyi duymalk icin birbirleriyle haberlesen ¢ok sayida duyucudan olusan kablo-
suz duyucu aglari, kablosuz ag alaninda ¢igir agan bir teknolojidir. Bu kablo-
suz aglarin tasariminda en onemli amaclardan biri verimli enerji tiikketimidir.
Bu aglarda yiiksek sayida duyucu bulundugundan, bazi duyuculari uyutan ve
gerekli sayida aktif duyucu kullanan uyku diizenlemesi ag émriinii uzatan genel
bir tekniktir.

Duyucu aglari i¢in tasarlanmis bir uyku diizenleme algoritmasi dagitik, basit,
olceklenebilir ve enerji kullaniminda verimli olmalidir. Bu tezde kullanica taniml
kapsama alani ve baglanti durumunu siirdiirerek ag omriinii uzatan bu tarz bir
dagitik algoritma tasarimi sorununu inceledik. Bir duyucunun ¢ iinitesini de
ayr1 diigindiik ve her {initeyi gerekli oldugunda aktif hale getirdik. Ayrica, bir
duyucunun algi alaninin komsu duyucularin algi alanlar: ile beklenen 6rtiismesini
analiz ettik ve duyucularin durumunu karar vermede tahmin edici bir algoritma
yaptik. Bu yontem sayesinde, algoritmanin islemleri i¢in gereken mesaj sayisini
azalttik. Algoritmamiz simiilasyonlarla degerlendirdik ve performansini kapsama
ve baglantiy1 siirdiirebilen bagka bir dagitik algoritma ile karsilagtirdik. Sonug
olarak, algoritmamizin ag hayatini onemli miktarda arttirdigini ve diger algorit-
madan daha iyi sonuclar verdigini gozlemledik.

Anahtar sézciikler: Kablosuz duyucu aglari, Uyku diizenlemesi, Ag omrii,
Baglant1, Kapsama Alan1 .
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Chapter 1

Introduction

In recent years, advances in wireless communications and electronics have enabled
the development of low-power and small size sensor devices. A Wireless Sensor
Network (WSN) consists of a large number of these sensor nodes deployed in a
geographic area. Fach sensor node has three basic units; sensing unit, processing
unit and communication unit. Depending on the type of the sensor it uses, the
sensing unit can sense light, temperature, humidity, sound, motion, vibrations,

etc. around its location [1].

Sensor networks are utilized in a wide range of applications. Some of the

application areas and how they can utilize sensor networks are the following;:

e Military: Battlefield surveillance and monitoring to detect enemies, guid-

ance systems of intelligent missiles, detection of attacks by weapons.

e Home: Remote control of home devices, providing comfortable and smart

home environment.

e Environment: Forest fire and flood detection, habitat exploration of ani-

mals.

e Public: Vehicle tracking, providing security to malls, buildings, monitoring

traffic in a city.
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e Health: Patient diagnosis and monitoring, automatic heart rate and blood

pressure detection with attached sensors on patients.

e Commercial: Monitoring product quality, managing inventory systems.

In a wireless sensor network, each sensor unit senses data and the transmission
unit sends the data to a base station or sink possibly via multihop routing. The
base station is assumed to have abundant energy, sufficient memory and complex
processing capabilities. The processing unit is responsible for managing the sensor

capabilities and dealing with the contents of the sensed data.

Sensor nodes are deployed in an area either deterministically or randomly.
For instance, in remote and inhospitable physical environments, the nodes may

be thrown from an airplane.

One of the most significant issue regarding the design of sensor networks is
energy consumption. The only source of energy for a sensor node to handle sens-
ing, processing and communication operations is mostly a small battery cell. But
these batteries can provide limited energy. Once the sensor nodes are deployed
into an area, it is not always possible to replace their batteries or recharge them
when their energies get exhausted. Therefore, efficient usage of the available

energy in sensor nodes is necessary to operate a sensor network for a long time.

Figure 1.1 shows the architecture of a simple sensor node. The sensing, pro-
cessing and communication units are three basic units of a sensor node. These
units get their energy from a power unit which is responsible for distributing the

energy generated by a power generator.

Energy consumption in a sensor node occurs in all its three basic units. The
most energy consuming operations are data receiving and data sending which are
provided by communication unit. Sensing unit energy consumption is usually

assumed to be less than these communication unit operations. However, in some

studies such as [2], it is assumed that energy dissipated to sense a bit is approxi-

mately equal to the energy dissipated to receive a bit. Processing operations also
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Sensing Unit Processing Unit ~ Communication Unit
Sensor| ADC | <> Processor < | Transceiver
Storage
- . Power |
Power Unit ' Generator !

_________

Figure 1.1: Architecture of a simple sensor node

contribute to the energy consumption. But energy consumption due to process-
ing is remarkably low compared to energy consumption due to receiving, sending,

and sensing.

Several schemes are proposed for minimizing the total energy consumption in
a sensor network in order to increase the network lifetime. In sufficiently dense
networks, a common technique is to put some sensor nodes into sleep mode and
use only a necessary set of active nodes for sensing and communication. This
technique is called sleep scheduling or density control. Sleep scheduling of nodes
in a sensor network controls the number of active sensor nodes and lets the
sleeping nodes conserve their energies for future use. A sleep schedule has to
provide an even distribution of energy depletion among sensor nodes so that the
network can function for a long time. Using only a small subset of nodes as active
nodes instead of all of the deployed nodes not only provides energy conservation
but also reduces the network traffic, thus decreases packet forwarding delay and

avoids packet collisions.

A sleep scheduling algorithm has to decide when and how to determine the
active nodes in a sensor network. While deciding which nodes will be operating,
the sleep scheduling algorithm should fulfill two requirements: maintenance of
connectivity and maintenance of coverage. A sensor network is connected if every
functioning node in the network can reach to the sink via one or multiple hops.
Coverage is defined as the area that can be monitored by the active sensor nodes
which can reach to the sink. The nodes that cannot reach to the sink but can

sense their environment do not contribute to the coverage of a sensor network
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because the sink cannot be informed by the sensed data of these nodes. It is
usually assumed that a sensor node can monitor all the points within a certain

range around itself. This is called the sensing range.

1.1 Motivation

There is already some work done in this area. The studies reported in [3] and
[4] give a detailed description and comparison of the most recent energy saving
algorithms based on sleep scheduling technique. Considering different application
design goals, they have different assumptions about the properties of sensor nodes.
Only two of the studies on the topic (OGDC [5] and CCP [6]) can maintain
sensing coverage and network connectivity at the same time. In most of the
sensor network applications almost full coverage of the sensor field is required
and the active sensors are supposed to be connected so that they can send their
data to the sink.

Another important issue is that, some of the previous algorithms require quite
high amount of message exchange for some maintenance operations. Although
high message exchange affects the overall energy consumption dramatically, it is
ignored while measuring the energy performance of the algorithms. Obviously,
some message exchange is unavoidable, however, the amount of message exhange

should be reduced as much as possible for better energy conservation.

Moreover, in most of the algorithms, sleep scheduling scheme is designed inde-
pendently from the routing scheme. It is assumed that the proposed algorithms
can be applied with any routing protocol. However, we think that when sleep
scheduling algorithm and the routing protocol are designed together, some re-

dundant operations can be avoided.

As a result, we devised a new energy efficient sleep scheduling algorithm to

eliminate the problems mentioned above.
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1.2 Contributions

In this thesis, we propose a new distributed sleep scheduling algorithm which
maintains both a desired sensing coverage and connectivity. As an original part
of this work, we also utilize different sleep modes of sensor nodes. We consider
the different units of the sensor nodes (sensing, processing, and communication)
independently and turn them on only whenever they are necessary. Besides, we
also limit the message exchange and provide a routing scheme using which sensor
nodes can communicate with the sink node. These issues were not addressed in

most of the previous studies.

The basic features and novelties of our solution are the following:

e It is a distributed solution which is a natural approach to take for sensor

networks that require self adaptation.

e Location information of sensor nodes are utilized but in a localized manner.

(no global knowledge required)
e Both the sensing coverage and connectivity of the network are maintained.

e Different units of a sensor node are considered separately for turning off
and as part of this approach two kinds of functioning modes are defined

and utilized.

e A predictive coverage technique is utilized to reduce the messaging over-
head. While doing this, coverage maintenance is not violated and same

performance is achieved.

e A complete protocol is provided including a routing scheme (based on

shortest-path routing) and a sleep scheduling algorithm.

e Maintenance of partial coverage is also considered. This is different than

the previous studies which only consider full or no coverage.
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1.3 Thesis Structure

In Chapter 2, we start with a background information about wireless sensor
networks. Basic concepts related with sensor networks are introduced in this
chapter. It also talks about the sleep scheduling problem in sensor networks
and includes a detailed discussion of the previous sleep scheduling algorithms in
the literature. They are categorized as centralized and distributed algorithms.
Chapter 3 gives an analysis of the coverage issue regarding a sensor node and its
neighbors. The analysis basically focuses on the problem of “how many neighbors
are sufficient to cover x% of the sensing area of a node?”. In Chapter 4, we
describe our sleep scheduling solution in detail. The steps of our solution and the
related algorithms are presented. Chapter 5 presents our simulation model and
provides the results of our simulation experiments. In this Chapter, we compare
our algorithm with another algorithm in terms of energy efficiency and coverage.

Finally, the thesis ends with conclusions and discussions in Chapter 6.



Chapter 2

Background and Related Work

In this chapter, we first introduce some basic concepts that are widely used in sen-
sor network models. After this brief introduction, we talk about sleep scheduling

technique and discuss some of the algorithms devised in the literature so far.

Depending on the application, a sensor network must provide some design
requirements such as data delivery ratio, quality of service and robustness. Be-
sides, as the common requirements, a sensor network application must satisfy a
certain level of coverage and connectivity of sensor nodes. Although these two
issues must be considered in the design of a sensor network, there are few sleep
scheduling algorithms which satisfy these two requirements at the same time. We

will also discuss which algorithms satisfy which requirements.

2.1 Basic Concepts

A sensor network is composed of a large number of sensor nodes which have
limited capabilities. Energy, processor speed, and memory size of the sensor
nodes are usually very constricted. Each sensor node is responsible for sending
its data to a sink node which is located at a specific location in the field. After

gathering data from sensor nodes, the sink node can transmit it further to a
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Figure 2.1: Transmission (R;) and Sensing Ranges (R;) of a sensor node.

backbone and a server via Internet or a wired communication infrastructure.
The sink is assumed to have abundant energy and memory resources and higher

computation capabilities than other nodes.

Sensor nodes can sense various metrics about the environment. Temperature,

sound and motion are the most common ones.

Each sensor node has two associated ranges: transmission range (R;) and
sensing range (Rg) as shown in Figure 2.1. It is assumed that a sensor node can
detect every event happening within a circular area with radius Rs and centered
at the location of the sensor node. No event can be sensed outside this area by
this sensor node. Similarly, a sensor node can communicate with all other sensor

nodes located within the circular region with radius R; around the sensor node.

Sensor nodes send their data to the sink depending on a data reporting model.
These models include event-driven, time-driven, query-driven or a combination
of them. In a time-driven model, sensor nodes periodically sense the environment

and send their data to the sink. But in an event-driven model, sensor nodes send
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Figure 2.2: Tiers numbers in a sample network. Nodes that can communicate
with each other are connected with a line.

data to the sink whenever a specific event occurs. In a query-driven model, nodes
send data only when they receive a query from the sink or any other node in the

network. In this thesis, we assume that time-driven data reporting model is used.

Hop count and tier number are commonly used terms in multihop sensor net-
work models. Sink is assumed to have tier number 0. The nodes which can reach
to the sink with one hop are in tier 1; nodes which can reach to the sink with
two hops are in tier 2, and so on. Figure 4.2 shows the tier numbers of nodes in
a sample network. Note that in the decision of hop counts, transmission range
of sensor nodes is considered. If a node is in the transmission range of another

node, these nodes are assumed to be one hop distant from each other.

The nodes having one hop distance from a node are called as neighhbors of
that node. In some studies, however, two or more hop distant nodes are also
considered as neighbors. In this thesis, unless otherwise stated, we use the term

neighbors to imply one-hop distant nodes.
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2.2 Sleep Scheduling in Wireless Sensor Net-

works

Sensor networks are usually deployed with high densities (up to 20 nodes/m? [7])
to have extended network reliability and lifetime. However, if all the sensor nodes
in such as dense deployment scenario operate at the same time, excessive energy
consumption will occur. Moreover, packet collisions will also increase due to large
number of packets forwarded in the network. In a dense deployment, sensing areas
of the sensor nodes may overlap and same data may be sent to sink from different
sensor nodes. This creates a redundancy in data transport and high correlation
among the adjacent sensor nodes. To avoid these disadvantages, sleep scheduling

algorithms are applied in sensor networks.

The sleep scheduling algorithms should be simple, distributed and localized.
It should be applicable to many types of applications with minor modifications.
Due to the distributed nature of sensor networks, a sleep scheduling algorithm
should be as well distributed. Since nodes can reach directly only to the nodes
within their transmission range, the sleep scheduling algorithm must be localized

and use only local information.

There are many sleep scheduling algorithms proposed in the literature. They
differ from each other in terms of their assumptions about several issues including
transmission and sensing range ratio, detection model, failure model and location
information. Network structure and sensor deployment methods are also other

differences of these algorithms.

Since the proposed schemes are designed for different applications, they have
different assumptions. Therefore, to make a fair comparison with them, we should

carefully consider their assumptions and their approaches to reach the objective.

Sleep scheduling schemes can be categorized using different aspects. One of
the most significant aspects that separates them is whether they are centralized or
distributed. Sensor nodes have limited energy resources and they are supposed to

use most of their energies for sensing and transmitting data rather than control
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messages used by the sleep scheduling schemes. The basic difference between
centralized and distributed algorithms emerges from this fact. In a centralized
scheme, all knowledge about the nodes in the network is known by the sink node.
The sinkn node then finds the optimum number of active nodes and decides
about the status of the nodes. Furthermore, in each round or periodically the
sink node sends control messages to inform the sensor nodes about their status.
On the other hand, in distributed schemes every sensor node knows only about
its neighbors and tries to decide about its status by this limited information and

independently from other nodes.

There are many schemes proposed in both centralized and distributed man-
ner. Below, we will briefly mention about the most significant schemes in both

categories.

2.2.1 Centralized Algorithms

Two similar centralized solutions are proposed in [8] and [9]. They assume a dense
deployment of nodes and try to achieve an energy efficient design that maintains
area coverage. Deployed nodes are divided into disjoint sets, such that each
set can independently accomplish monitoring the area. The sets are activated
periodically while the nodes in other sets are put into low-energy mode. By this
way the area is monitored by only a necessary number of nodes belonging to only
one set and energy conservation is achieved. In this solution, the main issue is
determining the disjoint sets and increasing their numbers as much as possible.
This idea performs well in case the number of nodes deployed is much greater

than the optimum number of nodes required to monitor the area.

Another centralized solution approach is some sort of ILP technique using
the knowledge (i.e. remaining energy) about deployed nodes for deciding on
the active nodes needed. The works [10] and [11] utilize this approach in their
proposed solutions. Use of ILP can give optimal solution for minimum energy
conservation in the network, however, it may be not be practical to obtain the

results quickly and efficiently for large networks.
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In [12] and [13], authors propose two different greedy algorithms to determine
the active nodes in a round. While [12] selects the nodes which provide maximum
benefit in terms of area coverage as active nodes, [13] tries to select first the nodes
with maximum remaining energy. Although they are centralized, the resulted

network may be far from optimum since they follow greedy approach.

2.2.2 Distributed Algorithms

In [14], Geographic Adaptive Fidelity (GAF) algorithm divides a region to be
monitored into equal-sized grid cells and tries to leave only one node active in
each grid. Each cell of the grid is square shaped with one size being smaller than
or equal to R/v/5, where R is the sensing range of sensor nodes. The sensing
range of nodes are assumed to be the same. Nodes switch between sleeping,
discovery and active states and the algorithm tries to keep only one active node

in each grid.

One of the first distributed sleep scheduling algorithms is PEAS. In
PEAS [15] [16], a node decides locally and independently whether it will go into
sleep mode or not. For that, a node probes its local environment to check if
there are any neighbors active. If it does not sense any active neighbor, the node
decides to be the active one in that vicinity. Then it remains active until it dies.
But if the node senses an active neighbor from which it can get a reply to its
probe message, it decides to go to sleep. It wakes up after some exponentially
distributed time interval, and do the same check again. This is a simple and

efficient scheme, however, it does not guarantee coverage.

Another pioneering algorithm in distributed sleep scheduling is AFECA [17].
It defines three operating states for a node: sleeping, listening and active. Initially
nodes are in sleeping state. After T time period, a node switches to listening
state. When in listening state, the node has its radio turned on and listens
for messages for a time period T;. If a routing message is received during this
time interval, the node participates in routing. If the node decides to send data,

it switches to active state. Otherwise, the node returns to sleeping state after
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the time period 77 has elapsed. AFECA algorithm uses the advantage of inter-
changing activities among nodes in a dense network. This approach increases the

lifetime of the network as node density increases.

In SPAN [18], nodes are seperated into two groups: coordinators and non-
coordinators. Coordinators are assumed to be the necessary nodes that the traffic
of all active nodes are forwarded. Therefore coordinators consume more energy
than non-coordinators do. Each node decides about its role (coordinator or non-
coordinator) according to the coordinator eligibility rule. If two neighbors of a
non-coordinator node cannot reach each other either directly or via one or two
coordinators, the node should become a coordinator. At the beginning all nodes
are assumed to be non-coordinators. After some random back-off time, each
node runs the coordinator eligibility rule. The random back-off is used in order
to avoid coordinator announcement contentions. The nodes with higher energy
levels are assigned smaller back-off times. In this way, the probability that nodes

with higher energy levels become coordinators is increased.

In [19], the authors propose a solution that also focuses on preserving certain
coverage. They show a way of finding the overlapping sensing area between a
node and its neighbors. In order to find the common sensing area, only a specific
angle is needed and only the area of common sector between the sensing areas of
nodes is considered. However, the protocol only considers the one-hop neighbors
of a node while finding the overlapping sensing area, which may not be enough

as we will discuss later.

The common property of the algorithms above is that they do not guarantee
the connectivity and initial coverage of the network at the same time. For exam-
ple, [19] guarantees coverage but not connectivity; [18] guarantees connectivity
but not coverage; and [15] do not guarantee either. These algorithms may be
useful for some applications, however, in most of the sensor network applications,
both coverage and connectivity are very important factors that should not be vio-
lated. As far as we know, there are two algorithms published so far that preserve
both connectivity and coverage: OGDC [5] and CCP [6].

In [5], Zhang and Hou prove that coverage implies connectivity if the ratio
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between the transmission range and sensing range is at least two. Depending on
this, they propose Optimal Geographic Density Control (OGDC) algorithm to
maximize the number of sleeping sensor nodes with coverage guarantee. A sensor
node is active only in the case it minimizes the overlapping area with the existing
working sensor nodes and it covers an intersection point of two sensors. A sensor

node decides this by using its own location and working sensor nodes’ locations.

In [6], Wang et al. propose coverage and connectivity configuration protocol
(CCP) which tries to maximize the number of sleeping nodes while maintaining
k-coverage and k-connectivity. Here, k-coverage means each point in the moni-
toring area of the sensor network is sensed by at least k different nodes of the
network. The authors prove that k-coverage implies k-connectivity and to decide
k-coverage, a node only needs to check whether the intersection points inside its
sensing area are k-covered. Similar to OGDC, CCP assumes the transmission
range is at least twice the sensing range. But if it is not the case, it combines
its algorithm with SPAN so that SPAN can control connectivity. In this case, a
node decides to sleep if it satisfies the eligibility rules in both schemes. Otherwise

it stays active.

When we consider these algorithms, it seems that we notice that CCP is quite
general and effective sleep scheduling scheme, because it preserves both coverage
and connectivity at the same time for any ratio between transmission range and
sensing range. However, when combined with SPAN, it may cause too much
control message overhead in the network. Furthermore, as all other schemes, it

does not provide an efficient routing structure or protocol for the active nodes.



Chapter 3

Expected Overlap Analysis

Before going through the details of our algorithm, we want to discuss coverage
issue in sensor networks. In most of the algorithms, if there is a check to decide
whether a node’s coverage area is covered by other nodes in the network, only
the effect of one-hop neighbors are considered. However, some nodes which have
overlapping sensing areas with the node may not be reached by one-hop from
that node. Further its effect may be significant in deciding the result of coverage
check.

Consider the example illustrated in Figure 3.1. The nodes B, C, and D are
one-hop neighbors of the node A, and the nodes F, F, (G, H are other nodes
which have common sensing areas with node A. If node A only considers its
one-hop neighbors while deciding whether it is sensing area is covered by other
nodes (that is, it is coverage eligible or not), it decides to be non-eligible, since the
sensing area of node A is not totally covered by one-hop neighbors. However, if
other closer nodes to A could be considered, the sensing area of node A is totally
covered by other nodes. Hence, we should also consider the effect of other nodes
which are closer than 2R, to a sensor node, while applying coverage check on the

node.

On the other hand, even a node cannot communicate with another node having

an overlapping sensing area, this may not have a critical effect on coverage check.

15
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Figure 3.1: Node A’s sensing area is totally covered by not only the one-hop
nodes of A but also another node H.

Moreover, it may cost too much to communicate with such nodes and maintain
their information in a table. In Figure 3.1, for example, even though node H is
not far away from node A, node A can communicate with node H over 4 hops.
When the hop count increases to reach such nodes, messaging overhead to learn
about these nodes increases as well. Hence, there is a tradeoff between good
coverage check by the help of these nodes and messaging and storing overhead

due to the communication with these nodes.

In addition, most of the algorithms assume a certain ratio between trans-
mission range and sensing range of sensor nodes. Usually their coverage check
depends on this ratio. In today’s sensor node technology there are different ratios
between these two ranges. The possible ratios lie in the interval [1/2, 3]. There-
fore, a coverage check algorithm should also consider this ratio while deciding a

node’s eligibility to go to sleep.

To utilize all nodes having overlapping sensing area with a node and to reduce

the amount of messages while maintaining neighborhood tables, we propose a
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Figure 3.2: Overlap of node #’s sensing area by a neighbor j.

predictive coverage check to decide whether a sensor node’s sensing area is covered

by a certain amount by other nodes in the vicinity:.

3.1 Expected Overlap With One Neighbor

Assume we have a node 7 with only one neighbor in its transmission range and
the nodes are identical, i.e. all nodes have the same Ry and R;. The nodes are
also distributed uniformly and randomly over the region. We want to find the
expected result of “how much of a node’s sensing area is covered (overlap) by
only one neighbor?” In other words, we are interested in node ¢ and how much

of its sensing area is covered by another node.

Let ¢(x) denote the overlap of the node 7’s sensing area by another node which
is z meter far from the node 4 i.e. if jis such a node, dist(4,j) = z meter. We define
the overlap as a normalized value which is equal to the ratio of the overlapping
sensing area to the whole sensing area of the node of interest.Hence overlap is a

real number between 0 and 1.
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Let Z4, 4, be a random variable that indicates the overlap of the node 7’s
sensing area by a node j, such that d; < dist(i,j) < ds. Possible values z of Z are
0<z<1.

Then, E[Zg4, 4,) is the expected overlap of the node i’'s sensing area by a node
j where dy < dist(i,5) < ds.

Let X denote a random variable indicating the distance of the sensor node i
to a node in its transmission range. Possible values z of X are 0 < z < R;. The

probability density function for X is:

2rx 2z

fx(z) = TR
Then, the expected overlap (p) of the node i's sensing area by a node which

is one-hop away from node ¢ can be denoted as E|[Zj g,| and is given by:

=R

p=Elzar)= [ cl@)fx(@)dx

=0

To calculate F[Zy g,] we need to compute c¢(x). fx(z) is given above.

Consider the illustration in Figure 3.2. The shaded area shows the overlapping
sensing area of the node i by one of its neighbors, j. Let dist(i,j) be 2. Then, ¢(z)
is the ratio of the overlapping sensing area to the whole sensing area of node 1.

A(CKDL)

olw) = w2

Let u denote the length of |KL| in Figure 3.2. Note that u is a function of x, and

vice versa. We can calculate A(CKDL) and z as follows:

A(CKDL) = 2A(CDL)
— 2(A(ODLC) — A(ODC))

Rs - (U/2>)
Rs

AODC) = /R2 — (R, — (u/2))2(Ry — u/2) and
x = 2[Rs— (u/2)]and u=2R, — x

A(ODLC) = RZcos™!(
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Besides, since node j is a neighbor of node i then,

2

fx(z) = Et?and
Ju(u) = 2(2RR+?_U)

When z is in the interval [0,R;], there is an overlap between the node i’s
sensing area and the node 7’s sensing area. In that interval, u takes the values
between 2R.-R; and 2R,. As a result:

p = E[Zoﬂt]
u=2R, _ u u u.\ 2(2Rs — u)
_ 2 11 o 2 _ N2 _ 2 s
af <Rscos (- 55) \/Rs (R, — 5)2(Ry 2)) o

The above equation is valid when R; < 2R,. When R; > 2R, the equation

becomes:

2R,

p = E[Zo,r] = EZo2r,]( R )?

When R; = Ry, the equation gives the value 0.5865. In other words, if a sensor
node has a neighbor, the 58.65% of its sensing area is expected to be covered by
that neighbor when R, = R,. The results of this equation for different R;/R;
ratios are shown in Figure 3.3. Note that the graph decreases linearly until the

ratio 2, then it decreases with a curvic behaviour.

3.2 Expected Overlap With Multiple Neighbors

We have calculated the expected overlap of a node’s sensing area by one of its
neighbors. If the number of neighbors increases, it may not be easy to derive a
mathematical formulation as in one neighbor case. However, by using a proba-

bilistic approach we can find out the overlap of multiple neighbors.

Assume we have a sensor node of interest located at point O. Let X denote

a random variable indicating the distance of the sensor node to a point in its
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Figure 3.3: Expected overlap of a node’s sensing area with different R;/ R ratios.

sensing range (Rg). Possible values z of X are 0 < x < R,. The probability

density function for X is:

B 2rx 2

[x(z) = R

Assume that the probability of a point P that is inside the sensing area of
the node and that is x m away from the node is covered by a neighbor of the
sensor node is p(z). It is obvious that this probability is not same for all points
and it depends on the distance x of the point to the sensor node. When there
are n neighbors of the node, we can formulate the probability that a point is not
covered by any of these n neighbors as (1 — p(x))™. Then the probability that a
point is covered by any of these neighbors becomes 1 — (1 —p(z))". As a result, if
we can find p(z) for each point and integrate it over the sensing area of the node,

we can find out the expected overlap in multiple neighbors case.

Consider the Figure 3.4. We have the sensor node located at point O. We
want to find p(z) of point P. For point P to be covered by a neighbor of the
sensor node there should be a neighbor inside the shaded region. In other words,
a neighbor which is not more than R, distant from point P and which is inside
the communication range of the node should exist. Therefore, for point P, p(x)

is equal to the ratio of shaded area in Figure 3.4 to whole communication area of
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Figure 3.4: Probability that a point P inside the sensing area is covered by a
neighbor of the node is proportional to the shaded area.

the sensor node, i.e., 7 R?.

To calculate the area of the shaded region, we first put our model into an 2~y
coordinate plane as it is shown in Figure 3.5. Since the shaded region is enclosed
by two circle equations, we find their equations depending on y value, take their
difference and integrate it with respect to y. Lower limit for y is 0, whereas upper
limit for yis h. An important issue in this calculation is, in some cases we cannot
calculate the required region as it is told. Because, in some cases such as in
Figure 3.6, the integral of the difference of the circle equations can not give the
total area of the required region. In these cases, we first find the complementary
region and subtract it from the whole communication area. For instance, we first
find A(NKTL) and then subtract it from 7 R?. By this way we can calculate the

correct value of the area.

These two different cases seperate from each other in the border where the
height of the required region becomes R;. Figure 3.7 shows this case. The points
which have longer distance to the center (i.e. sensor node) than this point use
the first approach, whereas the points which have closer distance to the center

use the second approach.
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(0,0)

Figure 3.5: Height of the region projects on the right of center O.

(0,0)

Figure 3.6: Height of the region projects on the left of center O.

22
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Figure 3.7: Height of the region projects on center O.

In Figure 3.5, let x denote the distance between the sensor node and the point

(i.e. x=|OP]). Note that, = is not the z—axis value anymore for this analysis.
Let |OS| = b; then |PS| = x — b, and:
V+h = R
h*+ (z —b)? = R?
h? +2° —2xb+ b = R?
R +2°—22b = R

By R? — R? +
N 2x
ho= JRE -1
y=h
A(TKML) = 2 <\/R§ —y+ R =g - x) dy
y=0
A(TKML)
A

And in Figure 3.6, let |OS| = b again. Then |PS| = x + b, and in a similar
way:
R? — R} + 2
2x

N

A(TKML) = =wR?— A(TKNL)



CHAPTER 3. EXPECTED OVERLAP ANALYSIS 24

=h
A(TKNL) — 2/;0 <\/R§ —y—JR -+ 93) dy
A(TKNL)

pr— 1 —
P2(7) T R?

The border value of z that separates these cases can be calculated as:
Lhorder = \V Rg - th

As a result when R, < Rj, the expected value of the probability (E[p(X)])

that a point inside the sensing area is covered by a neighbor is:

p=Fp(X)] = [ pla)fx(a)ds

r=Rs— Rt
p=Ep(X)] = [ 7 (R/R) x(@)de +
/w=$border pz(x)fx (z)dz n
r=Rs— Rt
[ m@)fx)ds where
fx(z) = %dm

Note that, p is used for the general notation of the expected overlap of a node’s
sensing area by one of its neighbors. Then, p = F[Zj g,], which is computed in
the previous section. When R; > R, we can find p in a similar way. But there
are two different calculations in this case. The border situation is illustrated in
Figure 3.8, R; = R.\/2.

When R, < R; < R, v/2:
r=Ri—Rs

=0 (Rs/Re)” fx (z)dz +

T=ZTbhorder

p2(r) fx (z)dx +

p:

o

=Rt—Rs
r=Rs

p1(x) fx(x)dw

S~

T=ZTborder

When R, V2 < R, < 2R,:
r=Ri—Rs
p = /_0 (Ry/Ry) fx(2)dz +

=R
/ p2(2) fx (x)d
r=R:—Rs

+—
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Figure 3.8: Border case when R; > R,.

Now, let pp 4,4, denote the expected overlap of a node 4's sensing area by
n nodes, where these nodes have distance from the node in the interval [dy, ds].
And, let p,, denote the expected overlap by n one-hop neighbors. Then, p,=py o g,
When n=1, it is equal to p.

Assume there are n nodes in interval [0,R;] after deployment. Then,

r=Rs

po=pnor = [ (1= (1= p(a)")fx(a)dr

=0

To validate the correctness of this probabilistic approach, we have also ob-
tained the overlap in multiple neighbors case from a simulation. We created ran-
dom multiple neighbors to a node within its transmission range and calculated
the overlap of the node’s sensing area by its neighbors. Besides for each multiple
neighbor count, the simulation is run 1000 times and the result is obtained as the

average of them. The Figures 3.9, 3.10 and 3.11 show the comparison of formula

and simulation results in three different R;/Rs values. According to the results,

our probabilistic approach gives same values with the simulation.
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Figure 3.9: Expected overlap values from simulation and formula when R;/R;=1
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Figure 3.11: Expected overlap values from simulation and formula when
Rt / R3:15

3.3 Expected Overlap With Multiple Hop

Counts

A sensor node may not have only one hop neighbors but also multiple hop neigh-
bors which have overlapping sensing area with the sensor node. Especially, when
the R;/Rs value gets smaller, multiple hop neighbors create a significant overlap
on the node’s sensing area. To see the effect of multiple hop neighbors we need
to calculate expected overlap as in one-hop neighbor case. Again, the overlap is

expressed with a value between 0 and 1.

Consider the Figure 3.12. The expected overlap by a two-hop neighbor (p”)

can be denoted as pg, 2r, and it can be calculated as follows:

:EZRt A
Po,ry = / fx(fﬁ)dx

-0 mRt?
x=2R; A + B
_ AEZ (@)
man = [, r(2Rey ¥ ()
' [ i dx@d
P = PR.2R, w=r; T(2Rt)?2 — TR *
4po2r, — Po,R,

3
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Figure 3.12: Expected overlap of a two-hop neighbor

For example, when R; = Ry;

po,r, = 0.5865
po2r, = 0.2
' =pror = (4(0.25) —0.5865)/3 = 0.1378

Furthermore, if there are n two-hop neighbors of a node, using the same

probabilistic approach we can formulate the expected overlap by these two-hop

nodes as:

/::RS (1= (1 —=p(2))")fx(z)dz where,

=0
B
]0(1’) = 37T—Rt2

Pn,R:,2Rs

Let pp, n, denote the expected overlap by n; one-hop and ny two-hop neigh-

bors. Then, to find the expected value of p,,, ,, we again use the same probabilistic
approach and combine the expected overlap of each hop. For instance, if there are

n1 one-hop neighbors and ny two-hop neighbors, the expected overlap by one-hop
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0 1 2 3 4 S 6 7 8

0 0.1378 | 0.2544 | 0.3532 | 0.4372 | 0.5086 | 0.5696 | 0.6218 | 0.6665

0.5865 | 0.6502 | 0.7035 | 0.7482 | 0.7856 | 0.8171 | 0.8435 | 0.8658 | 0.8847

0.8088 | 0.8401 | 0.8661 | 0.8877 | 0.9057 | 0.9206 | 0.9331 | 0.9435 | 0.9522

0.906 | 0.922 | 0.9352 | 0.9461 | 0.9551 | 0.9626 | 0.9688 | 0.9739 | 0.9782

0.952 | 0.9604 | 0.9673 | 0.9729 | 0.9776 | 0.9815 | 0.9846 | 0.9872 | 0.9894

0.9748 1 0.9793 | 0.983 | 0.986 | 0.9885 | 0.9905 | 0.9922 | 0.9935 | 0.9947

0.9865 | 0.9889 | 0.9909 | 0.9926 | 0.9939 | 0.995 | 0.9959 | 0.9966 | 0.9972

0.9927 | 0.994 | 0.9951 | 0.996 | 0.9967 | 0.9973 | 0.9978 | 0.9982 | 0.9985

O =W+ O

0.996 | 0.9967 | 0.9973 | 0.9978 | 0.9982 | 0.9985 | 0.9988 | 0.999 | 0.9992

Table 3.1: Expected Overlap Table of a node when Rs=R;=100. Rows indi-
cate number of one-hop neighbors, whereas columns indicate number of two-hop
neighbors.

and two-hop neighbors together can be calculated as:

P = [ (= (= pla, D)™ (1= pl(w,2))") fx (2)do

Here p(z,1) and p(x,2) are:

A

1) = ——

B
9 = —
p(z,2) 37 R2

Consequently, when a node knows the number of one-hop and two-hop neigh-
bors, it can find the expected overlap of its sensing area by these nodes. As an
example, when R, = R;, we calculated the expected overlap for different n; and
ng values. Table 3.1 shows expected overlap ratios of a node for all cases when 0
<n; <8and 0 < ny <8 Rows indicate values for ny, whereas columns indicate

values for ns.

Furthermore, we summarize the meanings of all symbols used in our expected

overlap analysis in Table 3.2.
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Symbol

Meaning

c(z)

Overlap of a node’s sensing area by a neighbor
that is x meter away from the node

Zdy d

Random variable indicating the overlap of
a node’s sensing area by another node which has
a distance to the node in the interval [dy,ds)]

E[Z(LRt] orp

Expected overlap of a node’s sensing area by
a one-hop neighbor

X (in Section 3.1)

Random variable indicating the distance of
a sensor node to another node in its transmission
range

X (in Section 3.2)

Random variable indicating the distance of
a sensor node to a point in its sensing range

fx(z) The probability density function of X

p(z) The probability of a point P that is
inside the sensing area of the node and that is
x m away from the node is covered by
a neighbor of the sensor node

Dn,dy,do Expected overlap of a node’s sensing area by
n nodes, where these nodes have distance
from the node in the interval [dy, ds]

Dn Expected overlap of a node’s sensing area by
n one-hop neighbors

PRi2r, O P Expected overlap of a node’s sensing area by

a two-hop neighbor

/!
pn,Rt,ZRt or pn

Expected overlap of a node’s sensing area by
n two-hop neighbors

Pnynag

Expected overlap of a node’s sensing area by
ny one-hop and ny two-hop neighbors

Table 3.2: All symbols used in the analysis

30



Chapter 4

Our Solution

Our goal with this thesis is to design a distributed sleep scheduling algorithm
which preserves both the coverage and connectivity of the functioning nodes and
reduces the number of messages used for maintenance procedures. In this chapter,
we first describe our network model and give our assumptions. After that, we

give the details of each step in our algorithm.

4.1 Network Model

We assume that sensor nodes are uniformally and randomly deployed in a square
area. There are N nodes including the sink node and the sink node is located at
the center of the area, at origin point (0,0). The sink node is assumed to have
abundant energy, enough memory resources and higher computation capability

than other sensor nodes.

The sensor nodes in the network are assumed to be identical, and have con-
stant transmission range (R;) and sensing range (R;). Besides, we assume that
all nodes know their locations. This may be achieved by GPS devices or some
GPS-less localization algorithms [20, 21, 22, 23, 24]. Besides, the location infor-

mation of each node may be hard-coded inside the device. Moreover, all nodes

31
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Figure 4.1: Running order of the phases during the network lifetime.

are assumed to be time synchronized with each other and they are not mobile,

i.e., the network is static.

4.2 Our Algorithm

Our algorithm is a distributed and localized algorithm such that each sensor node

gives its decisions based on only local information (i.e neighbors’ location).

The algorithm consists of four phases; tier assignment, neighborhood table
construction, mode selection, and operation phases. While the first two phases
are run only at the beginning, the later two phases are run in each round. But
in some conditions tier assignment process may be run throughout the network

lifetime. Figure 4.1 shows the phases during the lifetime of the sensor network.

In tier assignment phase, nodes are assigned tier numbers starting with tier
number 0 at the sink node. In neighborhood table construction phase, each node
constructs a table of its one, two and three-hop neighbors. In mode selection
phase, each node determines its mode that it will stay during the rest of the
round and in operation phase each node fulfills its responsibilities depending on
the mode it selected. After this brief introduction to phases, we give detailed

information about each phase in the next sections.
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4.3 Tier Assignment Phase

After sensor nodes are deployed, the sink node initiates the process of assigning
tier numbers to all nodes in the network. It creates a TierAssignment message
containing its ID with tier number zero and broadcasts it. Then, each node re-
ceiving a TierAssignment message creates its own TierAssignment message by
incrementing tier number by one and putting its own ID. As the next step, the
node broadcasts this new message to all of its neighbors. If a node receives multi-
ple TierAssignment messages, it only considers the message which has lower tier
number than the its current tier number. Furthermore, among the TierAssign-
ment messages having same tier number, the one coming from the closest node
is considered. This can be determined by measuring the received signal strength

value.

Figure 4.2 shows the result of tier assignment process in a sample network.
The sink node is assigned the tier number 0; the nodes which can reach to the
sink with one hop are assigned the tier number 1; nodes which can reach to sink

with two hops are assigned the tier number 2, and so on.

In this phase, our aim is to create a tree-like network structure rooted at
the sink to be used in routing of the packets. The active nodes in the network
sense the environment and forward their data together with their descendants’
data towards the sink. In forwarding data towards the sink, nodes use their tier
number with respect to the sink as a reference and send their data to one of their
neighbors with smaller tier number. For example a node with tier number 3 sends
its data to a parent node with tier number 2. By this way, shortest path routing
in terms of hop counts is achieved and the possible routing loops are avoided.

Moreover, data aggragation is used while forwarding the data packets.
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Figure 4.2: Tiers are assigned to all nodes.

4.4 Neighborhood Table Construction

Since sensor nodes need information about their local neighborhood during the
phases in rounds, they start a discovery phase for detecting the sensor nodes
in the vicinity and constructing a neighborhood table. In order to give a good
decision to sleep or not, each sensor node needs to find out all other sensor nodes
which have overlapping sensing areas with itself. In this thesis, we consider the
neighbors up to three hops and within 2R, distance. This is because in a dense
sensor network, even if the R;/Rs value is quite small (i.e. 0.5), the neighbors
which are more than three-hop away cover either minor or no part of the node’s

sensing area as shown in Chapter 3.

At the beginning of the Neighborhood Table Construction phase, each sensor
node broadcasts a Discovery message which contains the ID and location of itself

and a TTL value. Since each node searches for up to three hops, the TTL is set
to 3 initially.

Each node receiving this Discovery message records the ID and location value
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in the message into its Neighborhood Table, unless the node originating the mes-
sage is further than 2Rs. Moreover, the receiver node decreases the TTL by 1 and
if the TTL is still bigger than zero, the node forwards the message to other nodes
within its transmission range. If a node receives multiple Discovery messages
with the same ID (same source), a similar procedure as in Tier Assignment phase
is applied. The messages with higher TTL value have priority over the messages
with lower TTL value. Furthermore, among the Discovery messages having the
same TTL value, the message coming from the closest node is considered. Mea-
suring the signal strength value for the received message can help in determining

closeness.

For example, for the sample network illustrated in Figure 4.4, the Neighbor-
hood Table of node 1 is constructed as in Table 4.4. Nodes which are one, two
and three hops away from node 1 and which are within 2R, distance are recorded
into the Neighborhood Table of node 1. Note that, even though node 17 is three
hops away from node 1, it is not recorded into Neighborhood Table of node 1
because it is not within 2R, distance from node 1. Since at the beginning all
nodes are assumed to be active, the status of each node in Neighborhood Table

is assigned to be active initially.

4.5 Mode Selection Phase

Since our algorithm has a distributed approach, each node in the network should
be able to decide which mode it will be during the round, using only local infor-

mation. In our algorithm, each node can be in one of the following modes:

e ON-DUTY: All three units (sensing, communication, and processing units)

of the sensor node are turned on.

e TR-ON-DUTY: Only the transmission and processing units of the sensor
node are turned on. Sensing unit is turned off. The node does not sense

the environment.
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Figure 4.3: A sample network
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Neighborhood Table for node 1
1-hop
ID | Location Status
2 Locy Active
3 Locs Active
4 Locy Active
5 Locs Active
2-hops
ID | Location Status
7 Locy Active
13 Locys Active
8 Locg Active
9 Locgy Active
10 Locyg Active
6 Locyy Active
3-hops
ID | Location Status
11 Locg Active

Table 4.1: Neighborhood Table of node 1 in the sample network shown in Fig-
ure 4.4.
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e DEEP-SLEEP: All units of the sensor node are turned off.

The necessary information for a sensor node to decide its new mode is obtained
by the construction of a neighborhood table as it is described in the previous
section. Mode selection phase consists of three parts; backoff delay computation,
coverage eligibility check and connectivity check. Each node must check not only
whether its sensing area is covered by the nodes in its neighborhood table as
much as a user defined threshold value but also check whether the connectivity
is violated in the case of its mode change. However, due to the independent and
distributed processing of sensor nodes, some closer nodes may want to decide its
mode at the same time. This causes message contention and provides unhealthy
results for eligibility checks. Therefore, we assign randomized backoff delays for

each node to resolve contention.

Figure 4.4 shows the overall mechanism in mode selection phase. At the be-
ginning of each round, each node assigns a backoff delay time and waits until this
time expires. In the waiting period, its mode is TR-ON-DUTY because sensing
time has not started yet and the other nodes can only need communication with
this node. When the backoff timer expires, the node first applies our coverage
check algorithm. If it coverage check cannot be passed, the node decides to be in
ON-DUTY mode, otherwise the node applies a second algorithm on itself: con-
nectivity check. In case it passes the connectivity check, the node decides to be in
DEEP-SLEEP mode, otherwise it goes into TR-ON-DUTY mode. Furthermore,

when sensing time comes, each node fulfills the requirements of its new mode.

4.5.1 Backoff Delay Computation

At the beginning of each round, all sensor nodes decide their modes that they
will stay throughout the remaining time of the current round. Since the main
objective is energy conservation, we need to put as much nodes into sleep mode
as possible and try to choose the ones which have higher remaining energies as
active nodes. If the nodes attempt to determine their modes at the same time,

message contention occurs, thus no reasonable results may occur. We resolve the
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contention problem by using a backoff delay mechanism similar to the one that
SPAN [18] applies. Each node chooses a backoff value and delays the decision of
its mode as that amount of time. When the exact time for mode selection comes,
it decides its mode according to the states of the nodes in its neighborhood table

at that moment.

In the light of our energy conservation objective, we should highlight the effect
of the remaining energy levels of nodes. The nodes with lower energies should
have priorities for energy conservation. In other words, if a chance exists for them
to close some or all of their units, they could be permitted to go to sleep earlier
than the nodes having higher remaining energy. Let F,(i) denote the remaining
energy at the battery of node i and F;(i) denote the total energy available at
the beginning. The nodes having smaller value of F,(i)/F;(i) can have higher
priorities for shutting down their functions, because they suffer from energy lack

more than the others do.

Furthermore, the nodes which have more neighbors in their transmission range
should have longer backoff time than the nodes having less neighbors so that they
will be more likely to stay active. Because as long as these nodes are active, they
contribute to the coverage of more neighbor nodes and provide a connectivity
between them. In other words, when these nodes stay active, more nodes benefit
from their coverage while coverage eligibility check is performed. Let N (i) be the
neighbor count of node i and N4, be the maximum of N(7)’s in a network. The
nodes having higher value of N(i)/Npq4, shuld have lower priorities for turning

on their units due to their effect on coverage and connectivity.

If we combine these issues, we propose the following as our random backoff

delay equation:

E, (i)
1210

N (i)
Nmaa:

backof faelay = (a( )+ 6( )+ R) x T (4.1)

Here R is a uniform random value in the interval [0,1-a-(], T is the size
of random backoff time choices, and «, 3 are weights of energy and coverage

parameters.



CHAPTER 4. OUR SOLUTION 41

Although this delay mechanism produces different delays, it is possible that
some nodes may have same or very close backoff delays. Because of these cases,
some nodes may decide their status at the same time, thus some blind points that
are covered by no node may occur. To prevent such kind of these cases, we force
each node to wait a short period of time T, after deciding its status. This time
interval should be enough to receive possible status messages from a neighbor. If
a message is received from a neighbor in 7T;, time period, the node recalculates its
off-duty eligibility. Otherwise, it continues in standard procedure and changes its
status to what it has decided. Besides it sends a status message to its neighbors.

Choosing bigger T values can also decrease the contentions.

In this thesis, we use the round time as the period of the execution of our
algorithm. We assume that in each round, each node sends its data to the sink
node multiple times. Furthermore, we assume that each round in the network
lifetime is large enough so that we can have a large backoff time selection window.
By this way, each node can select a backoff value such that the difference between
its backoff value and the nearest backoff value of other nodes provide enough time

to do all required operations for determining its status.

Another issue is that, starting from the beginning of each round, each node
can receive messages from its neighbors. Even backoff time of the node has not
expired yet, the node can receive some messages from other neighbors and it
replies them accordingly. For instance, a StatusMessage from a one-hop neighbor
can be received and Neighborhood Table of the node is updated. But, the states
of two-hop and three-hop nodes are updated when they are needed. We will talk

about this in the next section.

Furthermore, there is always a possibility to lose messages due to collisions.
To avoid these situations, a general approach of ACKs and retransmissions can
be utilized. In this thesis, we do not address this issue and ignore the message

loss due to collisions.
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4.5.2 Coverage Eligibility Rule

As soon as the delay time expires for a node, it runs a coverage eligibility check
algorithm with its current neighborhood information. Knowing the locations of
nodes in its neighborhood table, each node checks whether its circular shape
sensing area with radius R is covered by its neighbors with a ratio greater than
a threshold value k or not. Here k is a user defined parameter of the algorithm
(0<k<1).

Deciding how much of the sensing area of a node is covered by the neighbors
is not a simple problem. Up to now, there are various approaches proposed in

different studies. The most remarkable ones are the following:

e The first aproach is to build a grid over the sensing area of the node and
check whether each grid cell is also covered by any of the neighbors. (Fig-
ure 4.5) We simply calculate the distance between the center of a grid cell
and its neighbor. If it is smaller than R, the grid cell is also covered by
that neighbor. Thus, to find the overlap of neighbors over a sensor node’s
sensing area, we simply take the ratio of the number of grid cells covered
by neighbors to all cells in the node’s sensing area. This approach is ba-
sically straightforward and is quite accurate. However, it has quite large

time complexity.

e Another approach is the one used in [19]. The only required decision criteria
to find out the coverage is the angle between the node and the intersection
points of the node’s sensing area with its neighbors’ sensing area. If all
angles extracted from each neighbor sums up to 2w, then a full coverage
by neighbors is assumed. Therefore, a node can decide this by only dealing

with the predefined angles.

e In [5], a simple way of dealing with coverage decision is proposed. It proves
that if all intersection points of all other nodes’ sensing areas inside the
node’s sensing area are covered, the area is also covered. In this method,

we need to find the defined intersection points.
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Figure 4.5: The sensing area of a node is divided into grid cells for coverage area

calculation.

e In [25], it is proved that if the perimeter of sensing areas of sensors are k-
covered then the area is k-covered. Here £ is a positive user defined number

and k-covered means the specified area is monitored by £ different nodes.

Among the above methods, only the first one can give us the overlap ratio
by neighbors. The others can only decide whether there is a full coverage or
not. Therefore, in our solution we use this method which can simply be called as
GridCoverageCheck method. On the other hand, this method’s time complexity
must be reduced. As a solution, we propose to do a predictive and step by step

checking while deciding how much of a node’s sensing area is covered by other

nodes.

To achieve a good coverage check, a node should know all of other nodes which
have common sensing areas with itself. However the number of nodes within 2Ry
distance may be remarkably larger and this may require creating lots of control
messages to have an updated knowledge of these nodes’ status. Here, we propose

to utilize the expected overlap tables which are derived in the Chapter 3.
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An expected overlap table in a node contains the expected values of overlaps
of a node’s sensing area by n; one-hop and ns two-hop active neighbors of the
node. The table contains the expected overlap value for different values of n
and ns. In the table a cell (ny,n5) shows the expected overlap when there are n,

one-hop and nsy two-hop active neighbors of the sensor node of interest.

Algorithm 1 shows the pseudo-code of our coverage algorithm. Since nodes
know their Ry and R; values, they can compute the FExpected Overlap Table.
According to the desired overlap, which is a user defined parameter and which
indicates the minimum required overlap of other nodes to pass coverage check, the
node decides on the set of nodes in its Neighborhood Table that will be considered
in the coverage check. Here, if the required set is only one-hop nodes, no extra
message is needed because one-hop neighbor information is always updated via
StatusUpdate messages. However if the set also includes other nodes, the node
should learn their current status from its neighbors. By this algorithm, we not
only lessen the load of control messages which update the status of nodes in
Neighborhood Table but also make a good coverage check of a node depending

on its R and R; values.

When the node decides to use the nodes in two and three hops in coverage
check, it needs to update the status information of these nodes. The node creates
a StatusQuery message and broadcasts it with a TTL value. If the node wants
to learn the updated status of two-hop neighbors, TTL is set to 1, whereas if the
node wants to learn the status of three-hop neighbors, TTL is set to 2. If a node
receives a StatusQuery message, it decreases its TTL by 1. If it is equal to 0,
it replies back with a StatusReply message which contains the updated status of
one-hop neighbors in its N'T. Otherwise, the StatusQuery message is forwarded

to other nodes.

Our algorithm becomes simpler when R;/R; value exceeds 2. Since in this
case only one-hop neighbors will have overlapping area with the node’s sensing

area, the algorithm defines the coverSet to be the set of one-hop neighbors only.
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Algorithm 1 CoverageCheck(ny,desiredCoverageRatio)

if ExpectedOverlapTable(n;)> desiredCoverageRatio then
coverSet = { nodes in ny }
else
Broadcast StatusQuery message with TTL 1
Wait T, time for receiving StatusReply messages
ny = Number of two-hop nodes in ON-DUTY mode.
if ExpectedOverlapTable(ny,ny)> desiredCoverageRatio then
coverSet = {nodes in n; and ny}
else
Broadcast StatusQuery message with TTL 2
Wait T, time for receiving StatusReply messages

coverSet = {nodes in Neighborhood Table that are active}
end if

end if
coveredArea = 0;
desiredCover = desiredCoverageRatio x 7R>
for each node i in coverSet do
coveredArea = coveredArea U SensingArea();
if coveredArea > desiredCover then
return TRUE;
end if
end for
return FALSE;
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4.5.3 Connectivity Eligibility Rule

After a sensor node passes coverage check, as the next part of the mode selection
phase it runs connectivity check process. Even the sensing area of a sensor node
is covered by its neighbors with a ratio more than a threshold, the node may be
vital for the connectivity of sensors. The active nodes in a sensor network must

be connected to be able to send their data to the sink node.

For connectivity check of a node, we follow a different procedure than earlier
approaches. A node is connectivity eligible, i.e. can be turned off without harming
connectivity, if and only if its one hop neighbors can send their data to sink over a
path that does not contain this node. To figure out whether each of the neighbors
can achieve this, we use the tier number concept. After the Tier Assignment
phase, all nodes have tier numbers. Further each node assigns the node which
sent the tier assignment message to itself, as its parent node. By this way, we have
a tree structure for routing which enables shortest path to the sink node. This
also decreases possible energy consumption that may occur due to long paths
for routing. When a node wants to learn whether the routes of their one hop
neighbors’ to sink node include itself, it is sufficient to check only the nodes that

know this node as its parent node.

If a node passes the coverage check, it changes its mode to READY-TO-
OFF. Then it broadcasts its new mode to the neighbors in its transmission range
via StatusUpdate messages. Receiving this message, each neighbor evaluates its
current condition and sends a reply message to questioning node according to the

following conditions.

1. If the parent node of neighbor node is not the questioning node, it sends
a Connectivity- Ok message, because it does not need the questioning node

for sending its data to the sink.

2. If the current parent node of neighbor node is the questioning node, it looks
for another possible parent node among its neighbors. The node 7 sends

a TierQuery message asking their tier numbers to its one-hop neighbors.
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According to the TierReply messages which contain the tier number of
neighbors, it creates a set of Possible Parent (PP) nodes which is defined
as follows:

PP(i)={j € N(1) | tier(j) = tier(i) — 1} (4.2)

e If PP(i) set is not empty, node i selects one of them as its new parent

node and sends a Connectivity- Ok message to the questioning node.

e On the other hand, if PP(i) set is empty, node i sends back a
Connectivity-Not-Ok message, because there is no way for node i to
send its data to the sink node without using the questioning node and

without possibly making the path longer.

As the next step, after waiting sufficient time for the operations above, the
questioning node checks whether it has received a Connectivity- Not-Ok message
or not. If it is the case, it changes its mode to TR-ON-DUTY mode in which only
transmission and processing units of the sensor node are functioning, i.e. sensing
unit is turned off. Otherwise, it passes the connectivity check as well and decides
to be in DEEP-SLEEP mode in the rest of the current round. Moreover, if the
node decides to be in DEEP-SLEEP mode, it informs each one-hop neighbor
about its mode via StatusUpdate messages so that its neighbors can update their
Neighborhood Tables.

Figure 4.6 shows the status of a network before and after a connectivity check
on a sample node, . The children of node E can connect another parent node

so that node F decides to be in sleep mode.

In each round, this connectivity eligibility algorithm is executed as usual.
However, if a node notices that it will probably die (lost its energy) in the next
round, it informs its situation to one hop neighbors via Bye messages and ask them
to make a local recovery about their tiers. As a consequence of these messages,

each child of this node tries to connect itself to one of the other nodes in its

transmission range following the process of PP set creation (sending a TierQuery
message and receiving TierReply messages). In the selection of a new parent

node, the one with minimum tier number and closest distance is considered first.
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Figure 4.6: The status of the network before (a) and after (b) connectivity check
on node F. The neighbors of node E can connect to another parent. Therefore
it changes its mode to DEEP-SLEEP mode.

If the tier number of a child changes, then it also wants its children to update

their tier numbers according to itself. This is achieved by TierUpdate messages.

Figure 4.7 shows two different cases of a dying node situation. In Figure 4.7a,
a sample network is shown. Node A detects that it will probably die due to loss
of energy in the next round. Therefore, it sends a Bye message to its neighbors.
In Figure 4.7b, the chidren of node A try to connect other parent nodes. Node
B can find a PP node, D, but nodes C' and D cannot find a PP node. Then,
node C' chooses node F (same tier with node F) as its parent node and sends a
TierUpdate message to its children. Finally, node C' becomes a PP node for node

P and node P selects node (' as it is new parent node.

However, in some cases some of the children of the dead node may not find
new parents. In these cases, these children send a GlobalTierAssignment message
indicating this condition to the sink node and a new global tier assignment process

is started by the sink node.



CHAPTER 4. OUR SOLUTION 49

Figure 4.7: (a) The node A informs its neighbors about its death in the next
round. (b) Tier numbers of children do not change (left enclosed region). No
TierUpdate message is required. Tier numbers of children change (right enclosed
region). Other children in the levels below are informed, and they update their
tier numbers accordingly.

4.6 Operation Phase

After mode selection phase, each sensor node decides its prospective status during
the rest of the round. According to the mode it selects, each node fulfills its duty

until the beginning of the next round. Each node is in one of the following states:

e ON-DUTY: All units of the sensor node are turned on. Node senses data
from the environment within its sensing range and sends it to the parent
node. Further it relays the traffic of other nodes if it is the parent node of

them.

e TR-ON-DUTY: Only the transmission and processing units of the sensor
node are turned on while sensing unit is turned off. The node only relays

traffic of other nodes.

e DEEP-SLEEP: All units of the sensor node are turned off. Only a synchro-

nized timer works within the sensor node. When the time of the next round
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comes, the node wakes up and decides its new mode according the updated

information of neighboring nodes.

Note that, in this thesis, we assume that nodes use data aggregation while

forwarding data towards to the sink node.



Chapter 5

Performance Evaluation of Our
Algorithm

In this chapter we report the results of our simulation experiments that we per-
formed to evaluate our algorithm. For the simulations, we designed a visual

simulator and implemented it using the Java platform.

We have done two kinds of simulations: 1) coverage performance tests; and
2) system lifetime tests. While the tests in the first category are done to see the
performance of coverage eligibility rule in our algorithm, the tests in the second
category are performed to see how long a network’s lifetime is extended with our

solution.

5.1 Coverage Performance Tests

In this part of simulations we wanted to see how effective our algorithm is in
putting the nodes into sleep mode, i.e. what percent of nodes can be put into sleep
mode without harming the network’s expected functionality, which is covering the
deployment area to sense and monitor and maintaining the connectivity of active

nodes.

51
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To test the performance of our coverage eligibility rule, we used a sensor
network model similar to the one used in CCP [6]. The model includes 100
randomly deployed static nodes, and the sensing and communication range of
each node is set to 10 m. The region to be monitored is a 50 m by 50 m region.
The coordinates of 100 nodes are determined in a random manner at each run of
the simulation experiments. To calculate the sensing coverage area of a node, we
used a common approach. We divide the region into 1x1 m small grid cells and
if the center of a grid cell is covered by a node, the whole grid cell is assumed to
be covered by that node. Besides, the results in the graphs are obtained as the

average of five different runs.

Figure 5.1 and Figure 5.2 show the working node count for different number
of deployed node counts. As it is seen in both graphs, our algorithm needs less
number of nodes than CCP-SPAN algorithm and nearly the same number of nodes
as CCP-SPAN-2Hop algorithm. However, the number of working nodes needed
in our algorithm include both ON-DUTY and TR-ON-DUTY nodes. Figure 5.3
shows the number of TR-ON-DUTY and ON-DUTY node count for the case in
Figure 5.1. As it is stated before, the nodes in TR-ON-DUTY mode turn off their
sensing units hence their energy consumption is less than the nodes in ON-DUTY

mode in which all three units are turned on.

Figure 5.4 shows a sample network with 100 nodes and Figure 5.5 shows the
resulting network after our algorithm is applied on this network. The nodes in

ON-DUTY mode are shown with a black circle and the nodes in TR-ON-DUTY

mode are shown with a white circle.

We have also made simulations to see the effect of R;/ R ratio on the number
working nodes. This time, we have decreased the value of R, to 6.25 m to see
the difference more clearly when R;/R; ratio is bigger. The number of deployed
nodes is 800 when the R;/R; ratio is 0.5, and 200 in all other ratios.

Figure 5.6 shows the the number of working node count for different R;/Rj
ratios. Our algorithm needs less number of nodes than CCP-SPAN algorithm
for all ratios. On the other hand the difference in the number of working nodes

needed by our algorithm and CCP-SPAN-2Hop algorithm is very small for all
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Figure 5.3: TR-ON-DUTY and ON-DUTY node count vs. Deployed node Count.
R,=10m and R;=10m.

ratios; our algorithm needs a little less number of nodes. When the R;/R; ratio
is 0.5 the difference is the biggest. This is due to our predictive coverage check

algorithm which gives better results for small R,/ Ry ratios.

While in CCP algorithm nodes always update the status of their one-hop
neighbors via HELLO messages, in CCP-2Hop algorithm, nodes update the status
of their two-hop neighbors. When they are combined with SPAN algorithm, each
node needs to update their two-hop neighbors because SPAN needs them for the
coordinator announcement rule. However, in our algorithm, at first we only know
the status of one-hop neighbors and whenever it is needed, we update the status

of two and three-hop neighbors.

We wanted to compare the overhead due to these kinds of messages used by
our algorithm and CCP-SPAN and CCP-SPAN-2Hop algorithm. Figure 5.7 shows
the total number of neighbors whose information is used by nodes to perform their
coverage check. Our algorithm uses slightly more nodes than CCP-SPAN algo-
rithm; however, it uses remarkably less number of nodes than CCP-SPAN-2Hop
algorithm. We see that our algorithm can achieve the same number of work-

ing nodes as CCP-SPAN-2Hop algorithm while using less number of neighbors
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Figure 5.4: A sample network with 100 randomly deployed nodes. Nodes in
transmission range of each other are connected with a link. The size of the area
is 50 m by 50 m and Ry = 10 m.
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Figure 5.5: The resulting network after our algorithm is applied on the sample
network in Figure 5.4. The nodes in ON-DUTY mode are shown with a black
circle and the nodes in -ON- mode are shown with a white circle.
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in coverage check. This figure only shows the total number of neighbors used
in coverage check, but if we consider the messaging cost, our algorithm needs
less messaging than both CCP-SPAN and CCP-SPAN-2Hop algorithm due to
two-hop neighbor updates required by SPAN algorithm.

5.2 System Lifetime Tests

In this part of simulations, we evaluated the energy efficiency and sensing coverage

performance of our algorithm.

In most of the early studies, while analysing the energy consumption of wire-
less sensor networks, only the energy spent in communication unit is considered.
However, sensor nodes consist of three different basic units that can consume
energy: sensing, processing and communication units. Since the energy con-
sumed while processing data is very small compared to the energy consumed in
other units, for most applications, we can assume that the energy consumption

in processing unit does not have a significant effect on the lifetime of the sensor
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network. That’s why this energy consumption is generally ignored in simula-
tions. However, in some simulations authors also ignore the energy consumption
in sensing unit. But, according to [2] and [26], the energy dissipated for sensing
one bit of information is approximately equal to the energy dissipated in receiving
a bit. Therefore, in our simulations we consider the energy consumptions in both

sensing and communication units.

In the communication unit, we use the following energy consumption model
for a node i in a network that applies a tree-based routing scheme. (Tiers create
a tree-based routing structure). This is the model used in [27]. We also assume
the sensor nodes in the network perform data aggregation while forwarding their

data.

Ei,C’ommunication = EReceiving * Ny ESending (51)

This indicates that a node ¢ spends energy while receiving data packets from

n; neighbors (children in the routing tree) and while sending the aggregated data
packet to the next node (the parent). The constants Egreceiving and Esending de-
pend on the communication technology. Some studies assume these constants to

be equal [27], and some studies consider the Egenging constant to be slightly
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larger than the FEpeceiving constant [28, 29]. We assume a ratio of 2/2.5 for

E Receiving / E Sending-

Besides, we also consider the energy consumption in sensing unit. As it is in-
dicated in [2] and [26], energy consumption while receiving a bit is approximately
equal to the energy consumption while sensing a bit worth of information. There-
fore, we assume energy consumption ratio while sensing, receiving and sending
data as 2:2:2.5, respectively. Moreover, if the size of a data message is ¢ times the
size of a StatusUpdate message, we assume that ¢ is 20 in all simulations. However,

we also made a simulation experiment showing the effect of the ¢ constant.

For energy and coverage performance experiments, we set the sensing range
to 10 m. Besides, to see the effect of range ratio, we performe three different
simulations for ratios 0.5, 1.0 and 1.5. The number of deployed nodes are 80,
150 and 300, respectively. The region is a square of 50 m x 50 m. The base
station is located at the center of the region. Initially, each node is assumed
to have 100 units of energy. In each round of communication, each node senses
the environment, packetizes the information, and sends it towards the sink. The

system is simulated until the coverage becomes very low.

Figures 5.8, 5.9, 5.10 show the coverage percentage, number of still alive nodes,
and total remaining energy in nodes respectively. The range ratio is set to 0.5,
that is, Ry = 5 m and R, = 10 m. Here, coverage percentage is calculated
considering only the coverages of nodes which can reach to the sink node, i.e.
which can send data to the sink node. This is different than some coverage
percentage definitions which consider the coverage of all sensors without looking

their reachibility to the sink node.
Figures 5.11, 5.12, 5.13 show the same metrics when the R;/R; ratio is 1.

Finally, Figures 5.14, 5.15, 5.16 show the same metrics when R;/ R ratio is
1.5. Here, we notice that the performance of CCP-SPAN-2Hop algorithm gets

closer to our algorithm. This is due to the fact that as R;/Rs ratio increases,
messaging cost of CCP-SPAN-2Hop algorithm decreases. We also observed this
fact in Figure 5.7.
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Figure 5.8: Coverage percentage in a sample run when R;/Rs = 0.5.
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Figure 5.9: Number of still alive nodes in a sample run when R;/R, = 0.5.
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Figure 5.10: Total energy in nodes in a sample run when R;/Rs = 0.5.
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Figure 5.11: Coverage percentage in a sample run when R;/R, = 1.
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Figure 5.13: Total energy in nodes in a sample run when R;/Rs = 1.
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Figure 5.14: Coverage percentage in a sample run when R;/Rs = 1.5.
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Figure 5.15: Number of still alive nodes in a sample run when R;/R, = 1.5.
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Figure 5.16: Total energy in nodes in a sample run when R;/Rs = 1.5.

We also made a simulation showing the effect of the ¢ constant (i.e. the ratio
of the size of a data message to the size of a control message). Figures 5.17, 5.18
and 5.19 show the remaining energy of nodes in a sample network when CCP-
SPAN-2Hop and our algorithm are applied, and when ¢ is equal to 10, 20 and
50, respectively. Note that, when ¢ increases, the energy consumption in CCP-
SPAN-2Hop and our algorithm get closer to each other. Our algorithm reduces
the amount of messages for maintenance and reduces the effect of these messages
in energy consumption. However, if the size of these messages gets smaller with
respect to data messages, then performance of our algorithm and CCP algorithm

get closer.
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Figure 5.17: Total energy in nodes in a sample run when ¢ = 10.
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Figure 5.18: Total energy in nodes in a sample run when ¢ = 20.
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Figure 5.19: Total energy in nodes in a sample run when ¢ = 50.



Chapter 6

Conclusion

In this thesis, we investigated the sleep scheduling problem for energy conserva-
tion in wireless sensor networks. Sleep scheduling aims keeping only a necessary
subset of sensor nodes active, which can satisfy some user defined requirements
such as certain coverage of the region. Besides covering the region adequately, a
set of active nodes should also be well connected so that they can send their data

to the sink.

We first did an analysis on the coverage of a node’s sensing area, and found
out that a sensor node can find the expected coverage ratio of its sensing areas
by considering its one-hop and two-hop neighbors. The coverage ratio depends

on the number of neighbors (density) and the transmission/sensing range ratio.

As the main contribution of the thesis, we provide a sleep scheduling solution
that inludes a connectivity and coverage preserving algorithm with predictive
coverage and multiple mode selections. In our solution, a sensor node can be in
one of the three different modes by considering its basic units separately. In ON-
DUTY mode, the sensor node has all its basic units (sensing unit, communication
unit and processing unit) turned on. In TR-ON-DUTY mode, the sensor node
has the sensing unit turned off, and communication and processing units turned
on. In SLEEP mode, the sensor node has all the three basic units turned off.

This is different than previous studies which only consider a sensor node as either
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active or sleeping.

Our algorithm is also flexible in terms of the range ratio (tranmission range
over sensing range). In other words, we do not assume a certain range ratio
for the transmission range and sensing range. This is also different from most
of the previous studies which provide a solution for only a certain tranmission
and sensing range ratio (R;/Rs). Our solution preserves a desired coverege and

connectivity independent of this range ratio.

Furthermore, our algorithm also reduces the number of control messages that
update the information about the states of the sensor nodes in the network. We

use the update messages only whenever they are required.

We have performed simulation experiments and compared our algorithm with
the only coverage and connectivity maintaining and distributed sleep scheduling
algorithm called CCP. We have seen that in most cases our algorithm outperforms
the CCP algorithm. Additionally, when the range ratio decreses, our algorithm

provides better reults.
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Appendix A

Message Types Used By Our

Protocol

In our sleep scheduling algorithm, different kinds of messages are used to maintain
the algorithm. The first 4 bits of a message shows the type of the message. When
a node receives a message, firstly it reads the first 4 bits of the message and reacts
according to the type of the message. The messages used in our algorithm and

the parts other than the message type field stored in messages are as follows:

e TierAssignment Message: It is used in Tier Assignment phase and consists

of the ID and the tier number of the source node.

e Discovery Message: In Neighborhood Table Construction phase, each node

creates this message. It includes the ID and location of the source node and
a TTL value.

o StatusUpdate Message: Nodes inform their status change via this message.
The message consists of the ID and status of the source node. There is no

TTL value, because the message is sent only to one-hop neighbors.

o StausQuery Message: This message is used when a node needs to ask the

current status of two or three-hop neighbors. The message contains the ID
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of the source node and a TTL value which indicates two or three-hop neigh-
bors. For two-hop neighbors TTL is set to 1 and for three hop neighbors
TTL is set to 2. Because, for instance, the updated status of a two-hop

neighbor can be found in the Neighborhood Table of a one-hop neighbor.

e StatusReply Message: When a node receives a StatusQuery message, it
replies back to the source node with this message. The message contains
the ID and status of the one-hop neighbors of the node and the destination
ID .

o TierQuery Message: Nodes ask current tier numbers of their neighbors via

this message. The message only contains the ID of the source node.

o TierReply Message: When a node receives a TierQuery message from a
neighbor node, it replies back with this message which contains its ID and

tier number.

e Bye Message: When a node notices that it will lose its energy in the next
round, it sends a Bye message to its one-hop neighbors so that they look
for another parent if it is necessary. The message contains only the ID of

the source node.

o TierUpdate Message: If a node changes its tier number throughout the
lifetime of the network, it informs its one-hop neighbors via this message.
The message contains the ID and tier number of the source node. Children
nodes, which send their data to sink via this node, then update their tier

numbers accordingly and they also send a new TierUpdate message.

o GlobalTierAssignment Message: When a node cannot find a new parent
node after the death of its parent, it sends this message to the sink node to

start a global tier assignment process.

e (Connectivity-Ok Message: If a node can connect to another parent node, it

broadcasts this message. The message contains only the ID of the node.

o Connectivity-Not-Ok Message: If a node cannot connect to another parent
node, it broadcasts this message. The message contains only the ID of the

node.



