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Abstract

In recent years, wireless sensor networks are getting lots of attention due to their ex-
tensive applications, such as environment monitoring, battlefield surveillance, and in-
telligent home. However, they are characterized by extremely limited resources, such as
energy and computing capability. To address this, my thesis develops a novel scheduling
algorithm called EDEC (Event-Driven Enhanced Coverage) specifically for scheduling
sensing units. The EDEC reduces the sensing redundancy by separating the monitoring
phase and event observing phase, decreasing sensing overlap among densely-deployed
sensors, and employing Busy-Tone technology. In the meanwhile, the original sensing
capability of a sensor network, i.e. coverage degrees, can be maintained. The experi-
mental results show that the EDEC can greatly prolong the network lifetime without
decreasing the network capability, and the load can be evenly distributed to all nodes.
In addition, the EDEC is flexible enough to be integrated with many existing commu-

nication protocols without too many changes to their original designs.
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Chapter 1

Introduction

In recent years, the continuing improvements in VLSI (Very Large Scale Integration),
MEMS (Micro-Electro-Mechanical System) and wireless radio technologies leverage
the emergence of the tiny wireless networked sensors which combine low power sig-
nal processing, low power computation, and low power, low cost wireless networking
capability in a compact system. These sensors usually depend on battery to operate and

are equipped with wireless radios to be able to communicate with each other {1][2][3].

1.1 Wireless Sensors

A sensor is any device that maps a physical quantity from the environment to a quanti-
tative measurement [4]. Compared to the traditional sensor, a modern sensor is usually
considered to have the following features: embedded microcontrollers, microprocessors,
and analog-to-digital and digital-to-analog converters (ADCs and DACs), the ability
of digital communication [5]. IEEE defines a smart sensor as a sensor “that provides
functions beyond those necessary for generating a correct representation of a sensed or

controlled quantity. This function typically simplifies the integration of the transducer
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Figure 1.1: The structure of a sensor node [1].

into applications in a networked environment” [6]. The most basic capability of a mod-
ern sensor (or so-called smart sensor) hence is the ability to communicate in non-analog
fashion.

Figure 1.1 gives a common view of the structure of modern sensors. Generally, sen-
sors are equipped with sensing unit, processing unit, transmitting unit and power unit.
In some applications, sensors are also equipped with location finding system (LFS),
mobilizer, and power generator [1]. LFS makes sensors aware of geographic informa-
tion, mobilizer makes sensors to be able to move around the interesting phenomena,
and power generator makes sensors to be able to replenish their energy.

Figure 1.2 shows a sensor called “uAMPS-1 DSP module” which is developed by
MIT pAMPS Project. While it is small in size, it can be integrated to accomplish

complex tasks as Figure 1.3 presents.

1.2 Wireless Sensor Networks (WSN)

Wireless sensor networks are to deploy tens, hundreds, or even thousands of sensors into

the environment to observe the interesting phenomena. These sensors are usually able
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Figure 1.2: A small sensor node [7].

to communicate among themselves for data fusion and data aggregation in wireless
fashion and route the processed and compressed data to BS (Base Station). As the
previous section says, networking is the most important capability for a modern sensor.
The reasons behind this and the motivations to network these sensors mainly include
but are not limited to: [§]

1. Cost saving: Simplified service, operation and maintenance, reduced wiring and
rapid start up can be expected. Elimination of large, unwieldy bundles of cables and
the associated mess is an obvious advantage.

2. Reliability: A complex, expensive and big sensor could be easily broken and
stop providing services due to equipment failurc, destructive natural phenomcna, or
premeditated attacks; however individual sensor’s failure would not affect the overall

task of a sensor network. This is one of the merits of distributed systems.



(a) Precision agriculture: sensors detect temperature, (b) Wireless sensors measure the amount of chemical
light levels and soil moisture. plume.

(c) Locations and identities of players provide
contextual keys to understand the status of a soccer o K ol o, AP ST}
game even without seeing the ball position. (d) Acoustic multi-target tracking.

Figure 1.3: A variety of sensor network applications.

3. More accurate measurement: Sensors in a network can be deployed multi-
dimensionally in everywhere of an interesting area so that providing a full-coverage
with accurate and precise measurements because each sensor delivers sensing data just
around its vicinity.

Figure 1.4 gives a common scenario that sensor networks are organized. Sensor

nodes are deployed in the target area to observe interesting events. They exchange the

detected information in some way while doing data fusion and data aggregation so that
data overlap and implosion [9] can be avoided and data amount decreases for saving the

bandwidth. Then sensors route processed data to the Sink by either multi-hop way or



Internet and
satellite

Task manager node

Sensor field

Sensor nodes

User

Figure 1.4: The sample structure of a sensor network.

direct transmission. Even if sensor networks use direct transmission, the transmission
only happens between a few nodes and Sink because transmission between nodes and
Sink are typically long distance hence energy intense. It is usually forbidden that all

nodes directly transmit data to BS.

1.3 Applications and Scenarios

Sensor networks can be applied to a variety of applications. Actually, it induces a new
era of ubiquitous computing in everywhere around us: everyday life, smart environment
and so on.

For example, WSNs have been deployed for many environmental monitoring ap-
plications, which involve collecting data over time across a physical space. In [10],
scientists have been monitoring the microclimate throughout the volume of redwood
trees, helping form a sample of entire forests. Redwood trees are so large that entire

ecosystems exist within their physical envelope. Traditionally, scientists have measured
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Figure 1.5: Wireless sensor node for environmental monitoring. An entire wireless
microweather station fits in a tube about the size of a film canister.

ecosystem by moving a suite of instruments, weighing around 30 lbs, up and down a
tree with serial cables.

However, WSN makes this much simpler and easier. Figure 1.5 shows a modern
sensor used for environmental monitoring, which is about the size of a film canister.
There are different sensor units for light, solar radiation, relative humidity, barometric
pressure, and temperature. The weather-protected center of the tube contains a small
computer, data storage, battery, and low-power radio to collect data, process it, and
route information among the nodes to the Base Station. This provides a cost-effective
means of obtaining simultaneous measurements at many points in the tree.

Figure 1.6 shows a temperature profile over three days, collected from 16 nodes at
four elevations in a 35-meter high tree.

Another type of sensor network applications is object tracking. For example, pro-
tection of personnel has a high priority in peacekeeping missions. When a military
unit establishes a base, they want to set up a security system as quickly as possible.

Currently the army has different sensor systems, including footstep detectors, a battle-
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Figure 1.6: WSN climate data. The WSN samples climate data every five minutes
and computes an average temperature at each elevation.

field radar and trip wires. These systems have several disadvantages including single
points of failure and constant personnel attention. Thus, there is a need for a sys-
tem that is easy to deploy and does not require an existing infrastructure or constant
checkup by humans. More specifically, this system should report the location of the
object and possibly other information about a detected object, such as speed and di-
rection. Information about the detected object should be acquired and shared among
the sensor nodes. This shared information will be used to generate precise information
about the object and to improve the reliability of the object detection and classification
(Individual sensor’s reading might be inaccurate or even wrong due to environmental
interferences).

Paper [11] describes an object tracking application for the Ministry of Defense. A
passive infrared (PIR) sensor is chosen to detect objects, especially humans. This PIR
sensor is connected to a Mica2 node, a commercially available sensor node. The PIR

sensor is able to detect humans and provide an estimation of the direction of move-



ment. There are software modules for the PIR sensor, detecting movement, sending
messages (multicast), and a top-level module for the tracking algorithm. These modules
are written in nesC for the TinyOS operating system, that runs on the Mica2 nodes.
Experiments with the object tracking system show that the system can track an object,
calculate its speed, and report this information to a base station. The speed calculation
is relatively accurate, but can be influenced by the orientation of the sensor.

Besides environment monitoring and object tracking, sensor networks can also be

applied to fields such as [1][3][12]:
e Health (e.g. vital sign monitoring)
o Home (e.g. motion detection)
e Manufacturing (e.g. assembly line fault-detection)
e Entertainment (e.g. virtual gaming)
e Digital lifestyle (e.g. parking spot tracking)

These applications share common features while they also have unique characteris-
tics. In the following paragraph, we will classify them according to different perspec-
tives.

Sensor networks can be classified as static and dynamic. The redwood tree mon-
itoring example is a static application of WSN. The phenomena, sensors themselves
and observer (Base Station) are all static. Previous studies have shown that localized
algorithms can be used in an effective way [12]. The sensors in localized algorithms
communicate with nodes in their locality. An clected node relays a summary of the
local observations to the observer, perhaps through one or more levels of hierarchy.
Such algorithms extend the lifetime of the sensor network because they trade-off local

computation for communication [4].



In dynamic sensor networks, either the sensors themselves, the observer, or the
phenomenon are mobile. For example, a plane might fly over a field periodically to
collect information from a sensor network. This is a mobile observer. Another example
is traffic monitoring implemented by attaching sensors to taxis. This belongs to mobile
sensors. The object tracking example is an instance of mobile phenomena.

Whenever any motion occurs, it may break the connection from the observer to the
phenomenon. If a sensor which is part of the route between observer to phenomenon
moves out of the range, either the observer or this concerned sensor must take the
initiative to rebuild a new route. The observer-initiated approach is a reactive approach,
where path recovery action is only taken after observer realizing a broken path. Another
sensor-initiated approach is a proactive approach where path recovery operations begin
in anticipation of a future broken path.

As the previous sections stated, communication is one of the most important factor
in sensor network field. Generally, communication within a sensor network can be clas-
sified into two categories: application and infrastructure. Application communication
relates to the transfer of sensed data (or information obtained from it) with the goal of
informing the observer about the phenomena. Within application communication, there
are two models: cooperative and non-cooperative. Under the cooperative sensor model,
sensors communicate with other sensors to realize the observer interest. In-network data
processing is an example of co-operative sensors [13][14][15]. Non-cooperative sensors
do not cooperate for information dissemination.

Infrastructure communication refers to the communication specifically for configur-
ing, maintaining, and optimizing operations. Because of the ad hoc nature of sensor
networks, sensors must be able to discover paths to other sensors of interest and to the
observer regardless of sensor mobility or failure.

As infrastructure communication represents the overhead of the protocol, it is im-
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portant to minimize this communication while ensuring that the network can support
efficient application communication. However, investing in infrastructure communica-
tion can reduce application traffic and optimize overall network operation under certain
conditions.

On the other hand, sensor networks can be classified in terms of the data delivery
required by the application (observer) interest as: continuous, event-driven, observer-
initiated and hybrid. In the continuous model, the sensors communicate their data
continuously at a pre-specified rate. The authors of paper [16] showed that clustering is
most efficient for static networks where data is continuously transmitted. In the event-
driven data model the sensors report information only if an event of interest occurs. In
this case, the observer is interested only in the occurrence of a specific phenomenon or
a set of phenomena. In the observer-initiated (or request-reply) model, the sensors only
report their results in response to an explicit request from the observer (either directly,
or indirectly through other sensors). Finally, the three approaches can coexist in the
same network; we refer to this model as the hybrid model.

For any of the above models, we can classify the routing approach as: flooding
(broadcast-based), unicast, or multicast.

It is likely that the interaction between the data delivery model from the application
and the routing model employed by -the network protocol will significantly impact the
performance of the network [12]. For example, considering a scenario where a sensor
network is deployed for intrusion detection, the data delivery model is event driven, if
the network level routing model is flooding based, problems raise: (1) the probability
of loss of critical information; and (2) the latency in event reporting [12].

From an operational perspective, it is interesting to see the relationship between the
properties of ad hoc routing protocols and the sensor network classification. The more

dynamic the network is, the better the reactive approaches are.
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We believe that it is useful to decouple the application communication used for
information dissemination from the infrastructure communication used to configure
and optimize the network. This separation will aid network designers in selecting the
appropriate sensor network architecture that will best match the characteristics of the

communication traffic of a given application.

1.4 Design Analysis

While sensor networks share many features with ad hoc networks, researchers also found
many distinctions between them as the research is going on. To deeply understand these
distinctions will be very helpful in designing and developing a sensor network.

Table 1.1 shows some of the differences.

Table 1.1: The distinction between WSN and MANET.
| Mobile Ad-hoc Network

| Sensor Network

Often use broadcasting

End-to-end communication

Sensors are deployed to co-operate for
one target

Ad-hoc generally does not support co-
operative dissemination

Number of nodes is relatively high

Number of nodes is relatively low

Individual sensor evolves stronger in
power, computational capacity, and
memory but is still limited compared
to desktop or handheld

Unlimited in power, computational ca-
pacity and memory

Low-level radio frequency communica-
tions (AM/FM)

Bluetooth, 802.11 and ultrawideband
(UWB)

Flooding and other improved commu-
nication protocols

TCP (UDP) / IP communication pro-
tocols

Sensor networks often have several orders of magnitude higher number of nodes
than in other networks. Their addresses are defined as location-based, or capability
or attribute based. In order to prolong the network lifetime, sensor nodes are densely

deployed. Sensors could be mobile. However, its mobility issue is much different than
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other ad hoc networks because observers are not interested in sensor mobility, instead,
observers care about how the sensor mobility could influence observed phenomena. Sen-
sor networks are often regarded as “active” network, because nodes not only relay the
message but also make decision of route selection based on their own local knowledge.
All these constraints and characteristics lead to a summary of design factors that are
important to the following sections.

1. Fault Tolerance

The failure of sensor nodes should not affect the overall task of the sensor network.
This is the reliability or fault tolerance issue. Fault tolerance is the ability to sustain
sensor network functionalities without any interruption due to individual sensor node
failure.

2. Scalability

The density can range from a few sensor nodes to a few hundred sensor nodes in a
region, which can be less than 10 meters in diameter.

3. Production Costs

Since sensor networks consist of a large number of sensor nodes, the cost of a single
node is very important to justify the overall cost of the network.

As a comparative example, Bluetooth radio system is less than US$10. The cost
of a sensor node should be much less than US$1 in order for the sensor network to be
feasible for many WSN applications [1].

4. Topology

We can examine the deployment and put topology in three phases:

o Pre-deployment and deployment: Sensor nodes can be thrown from planes or

placed one by one by human or robot.

o Redeployment of additional nodes: Additional sensor nodes may be added into
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the network due to replacement or task re-scheduling.

e Post-deployment: After deployment, topology may change due to sensor’s posi-

tion, reachability, available energy and malfunctioning.

Thus, sensor network design should be able to address dynamic topology issue.

5. Power Consumption

In many application scenarios, replenishment of power resources might be impossi-
ble. The lifetime of the whole sensor network shows a strong dependence on battery
lifetime.

Power consumption can be classified into three categories: sensing, communication,
and data processing. Some sort of trade-off among computation and communication
should be considered because experiments show that the execution of 3,000 instructions
by a sensor’s processor consumes the same amount of energy as sending a bit over 100
meters by radio [12]. This trade-off encourages the design of most existing sensor

network communicating protocols.

1.5 Contributions

This thesis develops a novel scheduling algorithm for wireless sensor networks. Its main

contributions can be summarized as:

1. It separates the tasks of optimizing network communication and scheduling sens-
ing units such that the scheduling algorithm can be optimized specifically for

sensing units.

2. It separates the monitoring phase and event observing phase such that coverage
degree is low during the monitoring phase where it can be as high as original

during the event observing phase.
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3. A communication module implemented by busy-tone (BT) technology has been in-
troduced specifically for scheduling sensing units. Therefore, the EDEC proposed
in this thesis is flexible enough to be integrated with many existing communication

protocols of wireless sensor networks.

4. A coverage calculation rule and the operation of such rule have been introduced
such that the original coverage degree can be preserved even though a number of

nodes turn off their sensing units.

1.6 Publication Generated from the Thesis Work

1. D. Yang, D. Wang, and J. Zhao, Event-driven enhanced coverage for sensor net-
works, Proc. Wireless Networks and Emerging Technologies (WNET 2006), Banff,
Alberta, Canada, July 3-5, 2006.

1.7 Thesis Organization

The rest of the thesis is organized as follows. Several important topics — sensing cover-
age, network lifetime, and routing protocols — will be discussed in Chapter 2. Chapter
3 will propose the EDEC (Event-Driven Enhanced Coverage) algorithm. Chapter 4
will introduce the simulation models and give the experimental results and evaluations.

Chapter 5 will conclude the thesis and point out our future research.



Chapter 2

Related Work

In this chapter, we will introduce several important topics which draw the most atten-

tion in recent years in the field of wireless sensor networks.

2.1 Coverage

Currently, many new algorithms have been proposed to try to set up sensor networks
to provide good services for observing the physical phenomena. But, how well are these
networks observing the physical phenomena? Coverage is one of the most important
metrics for measuring the service quality. Generally speaking, we all try to achieve the
goal that each location in the physical space of interest is within the sensing range of
at least one sensor.

The reasons why coverage is an important measurement are:

e Many applications need to achieve required coverage, or hope to know the current

coverage,

For example, the well-known problem, Art Gallery Problem, asks to determine

the number of observers and their placement, necessary to cover an art gallery

15
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room such that every point is seen by at least one observer. Here, it requires
100% coverage. On the other hand, some applications may desire to obtain the
current coverage so that they can know how much confidence they could have on

the data provided by their sensor networks.

Some applications require location-based data;

For example, user may be interested in the geographic position where a specific
event occurs. Coverage algorithms often contain the function to discover neigh-
bor nodes with their relative distance and angular information. This is because
coverage is intrinsically a global issue based on all nodes’ location information

[17].

Coverage is the most important decisional factor for the scheduling algorithms;

Many nowadays sensor networks take advantage of dense deployment to prolong
the network lifetime. This is because the sensor node is easy to fail, and highly
limited on energy. Thus, if they keep active all the time sensors will drain out
their energy quickly, therefore stop service earlier. To densely deploy sensors and
then correctly schedule them so that only a few of them are active during one
period while others are sleeping to save energy, sensor network’s lifetime will be
prolong greatly. However, how to schedule the nodes is the key issue and coverage

is the most important decisional factor for such scheduling algorithms.

Randomly distribution issue impacts the coverage;

Randomly distribution is one of the most attractive characteristics among modern
sensor networks while it is also the biggest challenge which makes coverage prob-
lem complex. We could imagine how easy it would be if we can pre-determine each

sensor’s position to give a full coverage on the target region. However, many sen-
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sor networks are deployed to unreachable places, such as battlefield and seabed.
We will have to distribute the sensors randomly. In this way, 100 percentage cov-
erage is hardly achievable theoretically. However, by post-deploying extra sensors

to the “vacant” area, full coverage can be obtained [17].

2.1.1 Classification of Coverage

While the topics of coverage problem can be extensive, the most discussed concerns from
the literature can be classified in the following types: area coverage, point coverage,

and barrier coverage [18] as Figure 2.1 shows.

@ ) (e)

Figure 2.1: (a) area coverage, (b) point coverage, and (c) barrier coverage [18].

In Figure 2.1 (a), sensors are deployed to monitor the rectangle area. An event
occurring at any point within that rectangle should be in at least one sensor’s sensing
range. This is called “area coverage”. In Figure 2.1 (b), sensors are deployed to monitor
a few points which are represented by small rectangles. As long as each of these small
rectangles is in at least one sensor’s sensing range, the effective sensing coverage is

achieved. This is called “point coverage”. In Figure 2.1 (c), sensors are deployed to
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monitor a barrier. Thus, sensors should be deployed along that barrier to assure that
any point of that barrier is in at least one sensor’s sensing range. This is called “barrier
coverage”.

Among different types of coverage, area coverage is the much more focused topic

and we will concentrate on it, too.

2.1.2 Nodes Coverage

In paper [19], Carle et al. developed an algorithm, Area-Dominant Set (ADS), for
coverage problem from an interesting perspective. The ADS is a subset of nodes which
have the same coverage as what all nodes can achieve, and they can maintain the
network connectivity, too. Apparently, the ADS does not improve the coverage of the
given sensor network. Instead, it tries to save energy as much as possible without
compromising the original coverage degree. Its simulation results show a big benefit
of energy saving because of this redundancy prune. Besides, the authors’ perspective
is novel that a node is defined to be covered when its sensing sphere is covered by its
neighbors. Thus, instead of computing how area is covered which might be complex
geometrical problems, we just need to compute each node and its neighbors.

However, it only satisfies 1-degree coverage while some critical applications may
require k-degree coverage for more reliability. (k-degree coverage is defined as for any
point p in the target area, at least k nodes’ sensing spheres cover it.) In addition, it
tightly combined communicating unit and sensing unit together to produce the ADS.
But we believe that sensing and communicating are different tasks. To separate them

will increase the flexibility for either communicating design or sensing design.
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2.1.3 Geometrical Computation of Coverage

In paper [17], Meguerdichian et al. gave an important proposal which cited the fa-
mous geometry concepts (Voronoi diagram and Delaunay triangulation) to compute
the coverage.

In 2-Dimensional plane shown in Figure 2.2, the Voronoi diagram of a set of discrete
points partitions the plane into a set of convex polygons such that all points inside a
polygon are closest to only one point. This construction effectively produces polygons
with edges that are equidistant from neighboring points. Figure 2.2 shows an example

of a Voronoi diagram for a set of randomly placed points.

Figure 2.2: Voronoi Diagram of a set of randomly placed points in a plane [17].

Another structure that is directly related to Voronoi diagrams is the Delaunay tri-
angulation. The Delaunay triangulation can be obtained by connecting the sites in the

Voronoi diagram whose polygons share a common edge. It has been shown that among
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all possible triangulations, the Delaunay triangulation maximizes the smallest angle
in each triangle. Also, neighborhood information can be extracted from the Delaunay
triangulation since sites that are close together are connected. In fact the Delaunay
triangulation can be used to find the two closest sites by considering the shortest edge
in the triangulation.

The authors used these properties of the Voronoi diagram and Delaunay triangula-
tion to solve for best and worst case coverages.

The authors defined the worst case as “Breach-Based Coverage” which means trying
to find a PATH through field A, with end-points I and F' and with the property that
for any point p on the PAT H, the distance from p to the closest sensor is maximized.
Then with Voronoi diagram, we can easily say that this path should be some edges of
those convex polygons. Because if any point p on the PAT H deviates from Voronoi line
segments, by definition, it must be closer to at least one sensor. Thus, the rest problem
becomes how to choose one of the edges as the part of the PAT H in each step from [
to F', which is apparently easier than constructing Voronoi diagram [17]. After finding
this type of path, if new sensors can be deployed or existing sensors can move such that
this path is no longer the biggest breach, then the worst-case coverage is improved.

On the other hand, if one tries to move in among the sensors while minimizing
distance from sensors, one must attempt to travel along straight lines connecting sensor
nodes. Since the Delaunay triangulation produces triangles that have minimal edge
lengths among all possible triangulations, the best path must lie on the lines of the
Delaunay triangulation of the sensors. Then we choose the path with biggest “support-
weight” as the place where we should probably put more scnsors. Here, “support
weight” is the maximum distance from the closest sensors that an agent traveling on
any path through the field A (from I to F) must encounter at least once. If additional

sensors can be deployed or existing sensors can moved such that support weight is
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decreased, then the best-case coverage is improved.

Another elegance of this algorithm is that by analyzing a given field and selecting
the proper number of sensor nodes, certain levels of coverage can be expected even
when sensor deployment cannot be performed according to an exact plan.

As the authors claimed, the simulation results show that the conversion to graphs
and weight assignments can be accomplished in linear time and therefore do not add

any significant overhead to the computation.

2.1.4 Practice for “Critical Density Threshold”

In paper [20], Adlakha et al. evaluated the critical number of nodes required for target
detection in a sensor network. The physical characteristics of sensors and target have
been used to derive the R; and Ry, where R; is defined as the sensing range inside
which any event occurring can be surely detected while R, is defined as the sensing
range outside which any event occurring cannot be detected at all. Using these radii,
the authors estimated the critical density for coverage in a sensor network.

The physical characteristics of sensors and target discussed in [20] are summarized

¢ Sensor model. The sensing ability of a sensor decreases as the distance between

the target and the sensor increases, as shown in the following equation:

S(evp) = == C8)

where the constant A depends on the sensor calibration, s is the sensor, p is the
target, k is the signal decay factor, and ||s — p|| is the Euclidean distance between

s and p.
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e Exposure model. This basically means how to detect the signal. Some applica-
tions may declare detection when the received signals are above an pre-determined
threshold; the other applications may declare the detection when the variation of

detected signals is above an threshold.

e Detection model. An individual sensor can make a decision if it can announce
the detection of an occurring event. Or, at least k sensors co-operate together to

decide if an event is occurring.

o Target characteristics. The target can be static or moveable. And it can move in
constant speed or variable speed, straight line movement or complicated moving

tracks.

Another interesting discussion is the two new definitions of sensing radius proposed
by the authors. One is “complete influence” radius within which targets will be surely
detected; the other one is “no influence” radius beyond which targets will not be able
to be detected at all. The authors derived an equation to obtain the desired radius
given features listed above. This is valuable because the sensing range is the base to
analyze coverage or design the density of sensors. (The EDEC develops new definitions
about different sensing ranges which are originated from this.)

In short, the most valuable contributions of this paper are the definition of the two
sensing radius and revealment that in practical applications the sensing radiuses could

be different and influenced by giving specific characteristics as listed above.

2.1.5 Coverage Problem in 3-Dimension

In paper [21], Ravelomanana et al. focused on extending coverage problem to 3-

Dimension space. A common model of sensor network could therefore be defined by a



23

pair n and R, where n homogeneous sensor nodes are randomly thrown in a given re-
gion R of volume V'=|R|, uniformly and independently. The authors then analyzed the
neighborhood discovery and code assignment problem within 3-Dimension background.
In particular, the authors considered how to design a poly-logarithmic protocol to al-
low the nodes to almost surely discover their neighborhoods asymptotically, and how
to color the nodes of a graph in such a way that any two of adjacent nodes are assigned
two different colors.

Moreover, the authors gave results about the relationships among the sensing range,
transmission range, the number of nodes, and the volume of the region to be monitored.
In particular, these results showed how to quantify the minimum and maximum degrees
of a network.

There are several interesting and important characteristics of the sensor networks
proposed in this paper:

1. Degrees of the reachability graph. The degree of a node v represents the number
of its neighbors in the graph. So what is the required value of the transmission range
Rrrans to have a reachability graph with a given minimum or maximum degree?

2. Diameter. The hop distance between two nodes u and v is defined as the length
of the shortest path (in terms of the number of hops) between them. The diameter of a
graph is the maximum value of hop distances between any two pair of nodes. So what
is the typical diameter of the reachability graph of a random sensor network?

3. Degrees of coverage. It is called k-degree coverage if every point of the con-
sidered region is covered by at least k nodes. Given the volume V of R, what is the
required value of the sensing range Rspnse to achieve a specified coverage degree k?
More precisely, the authors were interested in values of the sensing range Rsensg such
that “each point p of the considered region R is covered by at least k spheres of ra-

dius Rsgnsg”. Similarly, degrees of connectedness are interesting depending on the
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transmission range.

The authors gave a quantitative analysis on a randomly-distributed sensor network
about coverage problem. However, the application-dependent design is encouraged in
sensor networks because of their varieties in terms of physical characteristics of events,
environments, and sensors themselves [20]. For example, given a specific sensing capac-
ity, signal-noise ratio, exposure model, decision model, and target characteristic, the
performance using application-specific protocols could be better than using comparably-
generic algorithms in paper [21]. However, the most valuable part of this paper is to
give a general guideline on designing a sensor network and present a general relationship

among different factors quantitatively.

2.2 Lifetime of WSN

Besides the coverage, the lifetime of the network is another important metric for a WSN.
Because the current wireless sensors usually operate on battery, they have extremely
limited capacities. Furthermore, replenishing or replacing battery of sensors is often
impossible or very costly in many scenarios such as battlefield surveillance and seabed
monitoring. Therefore, sensors tend to run out of their energy shortly and stop services
so that the whole network’s service would be affected. In recent years, many papers
discussed this issue and contributed different algorithms on how to resolve the energy
bottleneck of a WSN.

In paper [22], Handy et al. proposed a new approach to define the lifetime of a
wireless sensor network, which are FND (First Node Dies), HNA (Half of the Nodes
Alive), and LND (Last Node Dies).

FND is used to denote that the network quality decreases as soon as the first node

dies. HNA denotes an estimated value for the half-life period of a sensor network. LND
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gives an estimated value for the overall lifetime of a sensor network.

This approach presents a general perspective for the lifetime of a sensor network in
terms of the number of the dead nodes. However, most sensor network applications do
not care when an individual node dies or how many nodes are currently dead. Instead,
they are often interested in the time when the network quality starts to decrease due
to the dead nodes, or the time when the amount of the effective monitoring data starts
to be lower than some pre-defined value due to the dead nodes.

In paper [4], Heinzelman designed a simulation model for a sensor network. In this
model, the total initial energy of the network is known by deploying 100 nodes and
assigning 2J ! energy to each node. The unit energy for activities of sensors such as
transmission and data processing are pre-defined. During the simulation, the energy is
removed from a sensor whenever it is doing one of those activities. A sensor is dead
when it runs out of its energy and then cannot do any activity. The whole simulation
will end when the number of alive nodes are less than 5. By this model, the authors
compared the two communication protocols — MTE and LEACH - in terms of the
network lifetime given same total amount of energy. In addition, the energy efficiency
can also be compared in the form of “pJ/bit”.2

The second measurement, lifetime, may conflict with the first measurement, energy
efficiency. For example, the LEACH algorithm assumes all nodes in one cluster observe
the same event such that high ratio of data fusion can be achieved. While data fusion
itself consumes energy, the greater saving can be obtained from avoiding long distant
communicating with large amount correlated data. This way seems to compromise the
energy efficiency from view of base station, but it actually gives much longer lifetime

of the whole network.

1J stands for Joule. pJ and nJ are also used in the rest of the thesis, where 1nJ = 10~°J and
1pJ = 10~12J.
2pJ /bit represents the total energy consumed for 1 bit data.
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The sources of energy consumption can be classified as sensing, communication, and

data processing. Before we discuss their relationship, we look at the physical properties

of radio communication.

Paper [4] proposed a simple model where the radio dissipates Er, —eiec = 50 nJ/bit to

run the transmitter or receiver circuitry and Er,_gmp = 100 pJ/bit/ m? for the transmit

amplifier to achieve an acceptable performance as shown in Figure 2.3.
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Figure 2.3: Energy Dissipation.
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In fact, it is very hard to try to model radio transmission in reality. The authors

stated that when distance keeps increasing, radio signal attenuation becomes larger

hence the amplifier may have to become much bigger, as shown in the following equa-

tions:

ETI (l, d) = ETa:—elec (l) + ETz—amp (l7 d)

Ers(I,d) =

lEelec + lEfriss—a,mpd2

d < dc’rosso'ue'r

lEelec + lEtwo—ray—ampd4 d 2 dcrossover

(2.2)

(2.3)
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ERJ: (l) = ERx—elec (l) = lEelec (24)

where Er; is the transmission energy, [ is the size the message in terms of bits, d is
the distance between transmitter and receiver, E. is the electronics energy depending
on factors such as the digital coding and modulation, €riss—amp and €two—ray—amp ar€
signal attenuation, and Fpg, is the receiving energy.

According to this model, we can conclude that in order to be energy-efficient, not
only long distance but also number of sending or receiving need to be optimized. (We
assume that the transmission is symmetric that transmission of Node A to B consumes
same energy as Node B to A.)

Sometimes, we need to make a good balance between long distance communication
and the number of communications. For example, when distance is 1 meter, according
to this radio model, amplifier is 0.1 nJ and circuit including sending or receiving is
about 50 nJ. The consumed energy of amplifier could be neglected. However, when
distance increases to 100 meters, the amplifier becomes 1000 nJ and the circuit is still
50nJ.

In paper [23], Lindsey et al. proposed an interesting computation to induce the most
optimal up-bound of sensor network’s lifetime. In their protocol, PEGASIS, there are
totally 100 nodes within the given area 50meters x 50meters, base station resides in
remote about [25 meter, 150 meter|, each node will be assigned to communicate with BS
once every 100 rounds. Besides, node will send and receive locally once in each round.
An initial energy in each node is set to be 0.25J. The long distant communication uses
d* and intra-network communication uses d?. Thus, the network can run 1100 rounds
approximately. Considering some overhead such as data processing and static energy

dissipation, the optimal should be less than 1000 rounds. By this model, PEGASIS
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simulation shows that it can achieve 800 rounds which are close to the optimal solution.
Finally, different sensor products have a little bit different physical properties which
might influence the performance of the protocols. For example, UC-Berkeley developed

three different sensors: Pico-Radio, Mote, and SmartDust.

2.3 Scheduling

The EDEC algorithm proposed in this thesis is actually a scheduling algorithm. As
discussed in Section 2.2, power constraint can be the bottleneck of WSNs while units
of a sensor, such as radio module and sensing device can be the main sources of energy
consumption. Thus, we should consider to schedule different units so that some of them
may turn off the circuits to avoid idle consumption.

Scheduling has been taken advantage of in earlier time by wireless network. For
example, 802.11 MAC Layer has power save mode which enables the radio NIC to
conserve battery power when there is no need to send data [24]. With power save mode
on, the radio NIC indicates its desire to enter “sleep” state to the access point via a
status bit located in the header of each frame. The access point takes note of each
radio NIC wishing to enter power save mode, and buffers packets corresponding to the
sleeping station. In order to still receive data frames, the sleeping NIC must wake up
periodically (at the right time) to receive regular beacon transmissions coming from the
access point. These beacons identify whether sleeping stations have frames buffered at
the access point and waiting for delivery to their respective destinations. The radio
NICs having awaiting frames will request them from the access point. After receiving
the frames, the radio NIC can go back to sleep.

In WSNs, scheduling can be setup in different network layers. The following table

lists a few existing scheduling algorithms running on Application Layer, Network Layer,
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and MAC Layer.

Table 2.1: Scheduling Algorithms in Different Layers [24][25][26].

[ Approach J Protocol Layer
TinyDB Duty Cycling Application
S-MAC Scheduled Listening MAC
Flexible Power Scheduling Network
A Coverage-Preserving Node Schedul- | above Network
ing Scheme
SPAN between Network and MAC

When designing a scheduling algorithm, we should consider the following factors:

e The scheduler should allow as many nodes as possible to turn off working units
such as their radio receivers most of the time, since an idle receive circuit can

consume certain amount energy.

e On the other hand, it should assure as much capacity as the original network,
such as the network connectivity or the coverage degree. This implies that enough

nodes must stay awake to form a backbone.

e A good scheduling algorithm should inter-operate correctly with protocols either
in other network layers or for other types of units. For example, it should not
make many assumptions about the link layer’s facilities for sleeping; it should
work with any link layer that provides for sleeping and periodic polling, including

802.11°s ad hoc power save mode.

In paper {27], Xu et al. proposed GAF protocol which is Geographic Adaptive
Fidelity. GAF divided the network area into fixed zones to form a virtual grid. Inside
each zone, nodes collaborate with each other to play different roles. For example, nodes
will elect one sensor node to stay awake for a certain period of time, and then the rest

will go to sleep. This node is responsible for monitoring the field and reporting data to
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the BS on behalf of the nodes in the zone. Hence, GAF conserves energy by turning
off unnecessary nodes in the network without affecting routing requirement. Each node
uses its GPS-indicated location to associate itself with a point in the virtual grid. There
are three states defined in GAF: discovery, for determining the neighbors in the grid;
active, for reflecting participation in routing; and sleep, for turning off the radio.

In paper [26], Tian et al. proposed a Coverage-Preserving Node Scheduling Scheme.
This algorithm allows as many nodes as possible to be turned off in most of the time
while it is still able to preserve the initial sensing coverage. It pursues ideal cases that
a set of working nodes can cover the same monitored area as if all nodes are in working
mode.

Most of the algorithms schedule the nodes from the communication perspective
without considering the WSN’s sensing coverage, while paper [26] uses the coverage as
the main criteria. In fact, in wireless sensor networks, the main role of each node is
sensing. Unusual event could happen at any time at any place. Therefore, if we turn
off nodes only according to their participation in data forwarding, certain areas in the
deploying area may become “blind points”. Important events may not be detected.
Paper [26] comes up with a solution to answer two questions which are basic and
common in most scheduling algorithms. First, what is the rule that each node should
follow to determine whether it should turn itself off or not? Second, when should nodes
make such decisions?

In paper [24], Chen et al. proposed SPAN which adaptively elects “coordinators”
from all nodes in the network. SPAN coordinators stay awake continuously and perform
multi-hop packet routing within the ad hoc network, while other nodes remain in power-
saving mode and periodically check if they should wake up and become a coordinator.

SPAN achieves four goals. First, it ensures that enough coordinators are elected so

that every node is in radio range of at least one coordinator. Second, it rotates the
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coordinators in order to ensure that all nodes share the task of providing global connec-
tivity roughly equally. Third, it attempts to minimize the number of nodes elected as
coordinators, thereby increasing network lifetime without suffering a significant loss of
capacity. Fourth, it elects coordinators using only local information in a decentralized
manner.

However, SPAN focuses only on communication, and it does not consider the cover-
age at all. Thus, it is not suitable for sensor network applications with the monitoring

coverage requirement.

2.4 Energy Efficient Routing Protocols

Routing is a challenging issue in WSNs. Routing protocols for WSNs need to setup
paths between multi-nodes and BS while handling dynamic scenarios of sensor nodes,
BS or the phenomenon as discussed in Section 1.3. The communication along these
paths could be the biggest source of energy consumption. Therefore it caught consid-
erable research attention.

Figure 2.4 presents an overview of the OSI layers which have been simplified and
narrowed down because of sensor networks’ specific features and functions. It is proved
to be effective to make use of crossing layer interactions for many sensor network sce-
narios. For example, when application decides to enter into sleeping mode, it would
be beneficial to notify power management such that power management can adjust the
power saving schedule for lower layers such as network layer and link layer. Therefore,
analysis on routing technique helps us design interaction between scheduling algorithms
and network layer protocols.

In this section, we analyze different routing protocols in network layer, focusing on

two points: energy efficiency and energy even distribution. Uneven energy consumption
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Application layer

Transport

Network layer

Data link layer

Physical layer

Figure 2.4: Protocol stack of WSN [1].

could make some sensor nodes die much faster even though all nodes could be deployed
with the same amount of power. This often leads to break coverage of the whole sensor

network. According to these perspectives, we have two criterions to route messages.

o Available power of each node;

e The energy required for transmission along the routes.

Therefore, we could have four ways to select a route as shown in Figure 2.5:

1. Maximum available power route. The route having greatest available energy will
be the candidate. According to the energy even distribution principle, this route

should be selected as it contains the greatest energy. In Figure 2.5, the route
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between node T and Sink should be passing node C, node B, and node A, because

their total available power (“PA”) is the highest.

2. Minimum energy route. This route consumes the least energy along it. According
to energy efficiency principle, this route should be selected as it consumes the least
energy. In Figure 2.5, the route between node T and Sink should be passing node
B and node A, because the total consumed power is the least (The sum of a;, as,

and ay is 3).

3. Minimum hop route. This route contains the least number of nodes along it. As
mentioned in Section 2.2, it is energy inefficiency that too many nodes in a short
path join routing, because sensor circuit running, radio transmitting and receiving
are also sources of energy consumption. In Figure 2.5, the route between node T

and Sink should be passing node D.

4. Maximum minimum available power node route. In this path, the least energy of
a node along the path should be greater than any other nodes’ energy in other
paths. In Figure 2.5, there is no such a route between node T and Sink that

satisfies this criterion.

These criterions are used in many existing power-saving protocols. In the following
sections, we will introduce them based on the network structure: flat routing, hierar-

chical routing, and location-based routing [15].

2.4.1 Flat Routing
2.4.1.1 Flooding

Each node broadcasts the packets it received or sensed until the destination is arrived

or the maximum hops are reached [28].
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Figure 2.5: Power aware protocols.

Advantages of flooding:
e There is no need for topology maintenance and complex route discovery
algorithm;
o Generally, it can ensure the packets receiving by destination.
Disadvantages of flooding:
e Implosion. One node often has to receive the same data packets from many

different neighbors.

e Collision. Once an event is occurring, sensors around it start to transmit

almost at the same time, which could result in serious collision.

e Overlap. Data packets from sensor nodes often have common contents when

those sensors are observing the same area.
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e Energy inefficiency. Because of the above disadvantages, energy is consumed

inefficiently.

2.4.1.2 Gossiping

To avoid the weakness of flooding, gossiping makes each sensor node randomly choosing
only one neighbor to receive the packet [1]. But this often results in taking longer time

to propagate the message to all sensor nodes or arrive the destination.

2.4.1.3 Sensor Protocols for Information Via Negotiation (SPIN)

SPIN is a three-stage protocol as sensor nodes use three types of messages, ADV, REQ,
and DATA, to communicate [9][28]. ADV is used to advertise new data, REQ is used
to request data, and DATA is the actual message itself. In the very beginning, the
BS sends queries to certain regions and waits for data from the sensors located in
the selected regions. Since data is being requested through queries, attribute-based
naming or meta-data is necessary to specify the properties of data. Figure 2.6 shows
SPIN operation procedure. Node A starts by advertising its data to node B. Node B
responds by sending a request to node A. After receiving the requested data, node B
sends out advertisements to its neighbors, who in turn send requests back to node B.
SPIN can resolve the overlap and implosion issues in WSNs. Figure 2.7 shows the
implosion issue where node D gets two copies from its neighbors node B and node C.
As SPIN uses ADV and REQ as well as meta-data, node D will know that it already
received the same data such that node D will not respond with REQ), therefore avoiding
the implosion issue. Figure 2.8 presents the overlap issue where node C gets overlapping
data from node A and node B because they have overlapping sensing area. As SPIN
uses meta-data to identify different data, as long as the application-specific meta-data

can be setup, the overlap issue can be resolved.
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The other advantage of SPIN is that topological changes are localized since each
node needs know only its one-hop neighbors. SPIN provides more energy savings than
flooding, and meta-data negotiation could almost halve the redundant data. However,
SPIN’s data advertisement mechanism cannot guarantee delivery of data. For example,
assuming that the nodes that are interested in the data are far away from the source
node, and the nodes between source and destination nodes are not interested in that

data, such data will not be delivered to the destination at all.

(e) U}

Figure 2.6: How SPIN spread the data from one node to the whole network.
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Figure 2.7: Implosion.

Figure 2.8: Overlap.

2.4.1.4 Directed Diffusion

Directed diffusion [14][29] is a novel data-centric routing protocol for sensor networks. It
has following features: reinforcement of the empirically best path, and in-network data
aggregation and caching. These features can enable highly energy-efficient and robust
dissemination in dynamic sensor networks, while minimizing the node configuration.

Directed diffusion consists of several elements. Data is named using attribute-value
pairs. A sensing task (or a subtask) is disseminated throughout the sensor network as
an interest for named data. This dissemination sets up gradients within the network
designed to “draw” events. Events start flowing towards the originators of interests
along multiple paths. The sensor network reinforces one, or a small number of these
paths (Shown in Figure 2.9).

Directed diffusion is different from SPIN because all communication in directed

diffusion is neighbor to neighbor while each node has the capability to perform data
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aggregation and caching. Unlike SPIN, there is no need to maintain global network
topology in directed diffusion. (SPIN assumes that BS could be any node within the
network therefore the data has to be spread to all nodes. This is why global network
topology has to be maintained; but directed diffusion only needs to keep the paths be-
tween source and BS.) However, directed diffusion may not be applied to applications
that require continuous data delivery to the BS (For instance, environmental monitor-
ing). This is because the query-driven on-demand data model may not help in such
areas. Moreover, matching data to queries might require some extra overhead at the
sensor nodes. This makes it unsuitable for one-time queries, as it is not worth setting
up gradients for queries that use the path only once.

In directed diffusion, each node has same capacity to do aggregation, because the
sources could be from different nodes. But in SPIN, the overlap data is simply cast

aside in some nodes nearby source.

Srouce %Smk Srouce %&nk

(a) Propagate interest (b) Set up gradients
o O
Srouce Sink

(c) Send data and path reinforcement

Figure 2.9: Directed Diffusion.
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2.4.1.5 Minimum Cost Forwarding Algorithm for Large Sensor Networks
(MCFA)

In paper [30], each node maintains the least cost estimate from itself to the sink node.
When receiving a message, the node checks if it is on the least cost path between source
node and sink. If so, it will forward the message by broadcasting. The idea behind this
algorithm is somewhat similar to the natural gravity field that drives waterfalls from
top of mountain to the ground. At each point water always flows along the shortest
path. By this algorithm, in an initial phase, sink sends out an advertisement message
with the cost set to zero. Each node sets cost as infinity. Then once receiving the
advertisement message, the node checks if cost in that message plus cost of current link
is smaller than its own cost. If so, the node will update the advertisement message with
new cost as well as its own cost estimate and then broadcast the advertisement message.
Finally, all nodes will get their own estimates of the least cost between themselves and
sink.

The MCFA assures the energy efficiency that message always takes the shortest
path. However, in some applications, it will break the load even distribution principle,
because every node always takes the same path. When there is some hot spot where
interesting events happen more frequently, nodes along some paths will die much faster.

MCFA does not address this issue.

2.4.1.6 Other Flat-based Routing Protocols

In paper {31}, the authors proposed another variant of directed diffusion, called gradient-
based routing (GBR). The key idea in GBR is to memorize the number of hops when
the interest is diffused through the whole network. As such, each node can calculate a

parameter called the height of the node, which is the minimum number of hops to reach
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the BS. The difference between a node’s height and that of its neighbor is considered
the gradient on that link. A packet is forwarded on a link with the largest gradient.

In the GBR, three different data dissemination techniques have been discussed:

e A stochastic scheme, where a node picks one gradient at random when there are

two or more next hops that have the same gradient;

e An energy-based scheme, where a node increases its height when its energy drops
below a certain threshold so that other sensors are discouraged from sending data

to that node;

e A stream-based scheme, where new streams are not routed through nodes that

are currently part of the path of other streams.

The main objective of these schemes is to obtain balanced distribution of the traffic
in the network, thus increase the network lifetime.

In paper [32], the network is treated as a huge distributed database system. The
key idea is to use declarative queries in order to abstract query processing from the
network layer functions, such as selection of relevant sensors. The BS is responsible for
generating a query plan that specifies the necessary information about the data flow
and in-network computation for the incoming query, and sends it to the relevant nodes.

There are some other flat routing protocols presented in [33]{34].

2.4.2 Hierarchical Routing

Hierarchical or cluster-based routing methods have the advantages on scalability and
energy efficient communication in WSNs. In a hierarchical architecture, higher-energy
nodes can be used to process and send the information, while low-energy nodes can only

be used to perform the sensing. The creation of clusters can also greatly contribute
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to overall system scalability and lifetime because lower energy consumption within a

cluster is needed for routing as well as better data aggregation.

2.4.2.1 Low-Energy Adaptive Clustering Hierarchy (LEACH)

The LEACH [4][16]{35] randomly chooses some sensor nodes as cluster heads. All
other sensor nodes in the network select one of the heads as its own head. Instead
of communicating with base station, sensor nodes communicate with their head nodes.
Head nodes are responsible for relaying messages to base station (Shown in Figure 2.10).
There are two phases in LEACH. In the initial phase, all sensor nodes are competing to
be cluster heads. According to conditions such as available energy, a few of nodes are
selected as heads and then each head node is broadcasting an advertisement globally.
One node may receive advertisements from several head nodes and chooses one of them
as its own head node and then informs that head node its decision. Finally, the head
node will schedule time slots for all its member nodes for communication in a TDMA
manner. The second phase is the steady phase. During this phase, nodes are constantly
communicate with cluster head nodes and cluster head nodes communicate with BS.
Generally, steady phase is much longer than initial phase. At the end of steady phase,
the network re-starts the whole procedure. LEACH is energy-efficient, especially for
static sensor network. The authors claimed that it could extend the life of sensor

network by a factor of 8 compared to multi-hop routing protocols.

2.4.2.2 Threshold Sensitive Energy Efficient Sensor Network (TEEN)

The TEEN [36] employs the cluster formation strategy of LEACH. But it adopted a
different way in data transmission phase. When the monitored value exceeds a threshold
a, nodes just store the value and wait for their own time slots to transmit. If the

monitored value increases above another threshold 3, nodes will transmit the value



42

.
hA TR L g

Y

Figure 2.10: How the LEACH manages the communications between nodes and BS.

right away.

The APTEEN (Adaptive Periodic TEEN) [37] is another improvement for LEACH.
It offers a lot of flexibility by allowing the user to set “count time” (the maximum
time period between two successive reports sent by a node). Thus threshold values for
energy consumption can be controlled by changing count time. The main drawback of
this scheme is the additional complexity required to implement the threshold functions

and count time.

2.4.2.3 Power-Efficient Gathering in Sensor Information Systems (PEGA-
SIS)

PEGASIS [23] is an enhancement over the LEACH protocol. The basic idea of this
protocol is that in order to extend network lifetime, nodes need only communicate
with their closest neighbors, and they take turns in communicating with the BS. When
the round of all nodes communicating with the BS ends, a new round starts. Unlike
LEACH, PEGASIS avoids cluster formation and uses only one node in a chain to

transmit to the BS instead of multiple cluster head nodes. To locate the closest neighbor
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node in PEGASIS, each node uses the signal strength to measure the distance to all
neighboring nodes and then adjusts the signal strength so that only one node can
be heard. A chain in PEGASIS will consist of those nodes that are closest to each
other and form a path to the BS. The aggregated form of the data will be sent to
the BS by any node in the chain, and the nodes in the chain will take turns sending
to the BS. Its good performance is achieved through the elimination of the overhead
caused by dynamic cluster formation in LEACH. Although the cluster forming overhead
is avoided, PEGASIS still requires dynamic topology adjustment since a sensor node
needs to know about the energy status of its neighbors in order to know where to
route its data. Note also that PEGASIS introduces excessive delay for distant nodes
on the chain. Finally, although in most scenarios sensors will be fixed or immobile as
assumed in PEGASIS, some sensors may be allowed to move and hence seriously affect

the protocol functionality.

2.4.2.4 Other Hierarchical Routing Protocols

There are many other hierarchical routing protocols such as minimum energy commu-
nication network (MECN) [38], and self-organizing protocol (SOP) [39].

The main idea of MECN is to find a sub-network that will have fewer nodes and
require less power for transmission between any two particular nodes. In this way, global
minimum power paths are found without considering all the nodes in the network. This
is performed using a localized search for each node.

The SOP was proposed to build architecture to support heterogeneous sensors.
Furthermore, these sensors can be mobile or stationary. Some sensors probe the envi-
ronment and forward the data to a designated set of nodes that act as routers. Router
nodes are stationary and form the backbone for communication. Collected data are for-

warded through the routers to the more powerful BS nodes. Each sensing node should
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be able to reach a router in order to be part of the network.

2.4.3 Location-based Routing

Location-based routing makes sensor nodes addressed by means of their locations. The
distance between neighboring nodes can be estimated on the basis of incoming signal
strengths. Relative coordinates of neighboring nodes can be obtained by exchanging
information between neighbors [40][41] or directly by communicating with a satellite

using GPS if nodes are equipped with a small low-power GPS receiver [27).

2.4.3.1 SPAN

SPAN (24] is a position-based algorithm which selects some nodes as coordinators based
on their positions. The coordinators form a network backbone that is used to forward
messages. A node should become a coordinator if two neighbors cannot reach each other
directly or via one or two coordinators (three-hop reachability). In the next chapter, we
will introduce SPAN more in detail because the EDEC can be integrated with SPAN
to optimize the sensor network scheduling.

There are other location-based routing protocols presented in [42][43].



Chapter 3

The Proposed Event-Driven

Enhanced Coverage Algorithm

Wireless sensors usually run on the battery. The limitation of battery of each sensor
is hence the biggest constraint of a sensor network. Applications always hope the
network can provide service as long as possible, while individual sensor tends to drain
out its energy quickly and then stops working. Straightforwardly, there are two ways
to solve this problem. One is to improve energy efliciency of sensor running, from data
gathering process to data transmission to BS. In the previous chapter, we introduced
many works that contribute to this. However, the requirement of network lifetime is
often much more than what optimized energy efficiency can achieve. Therefore, there
comes another way which is to increase the number of sensors of a network so that the
total amount of energy of the network can be increased.

However, deploying a lot of redundant nodes will compromise the energy efficiency
because the redundant nodes keep active all the time as the other nodes. And they
will drain out their energy as fast as other nodes. Therefore, a scheduling algorithm

is needed to arrange redundant nodes to be in power saving mode and wake them up

45
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only when it is necessary.

The other reason why a scheduling algorithm is important to WSN is due to the
deployment of sensors. Wireless sensor networks are often used to undertake monitoring
tasks or object tracking in an interested field. As the sensing range of each sensor is
limited, different parts of this field needs to be monitored by different sensors. If we
use pre-determined way to deploy sensors such as manually, it is easy to assure that
each piece of the area is monitored by at least one sensor node. However, this is not
always the case. For example, in hostile environments such as seabed and battlefield,
it maybe impossible to precisely deploy sensors. Thus randomly deploying sensors is
necessary in many applications. Uniformly distribution of sensors is hard to achieve by
random deployment which means some parts of the area may have a lot of redundant
sensors where other parts of the area are vacant. This breaks another important metric
of WSN: full coverage. Paper [17] proposed a good way to find out these vacant areas
and post-deploy extra nodes to repair the broken coverage. These extra nodes and
those original redundant nodes may compromise the energy efficiency, too. Thus, with
this un-uniform deployment, a scheduler is needed to let the redundant nodes keep in
power saving mode.

As we mentioned, sensing coverage is another important quality of WSN besides the
network lifetime. To achieve the full coverage, sensing unit of each sensor needs to co-
operate together to assure that each point of the interesting field is effectively monitored
by at least one sensor. Thus, this bring another energy consumption source because
sensing units could consume quite amount of energy too. As WSN is one category of
ad hoc wireless network, a lot of papers discussed how to design the energy-efficient
communicating protocols for ad hoc wireless network, and many papers discussed how
to adapt these protocols specifically for WSN [23][24][32](36][37]. However, most of

them are not dedicated to scheduling sensing units energy-efficiently such that existing
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communication protocols can be integrated flexibly. As introduced in Section 1.1, a
sensor typically consists of three main parts: power unit which provides the power,
communicating unit which sends and receives data, and sensing unit which senses the
environment and generates data. Most researches are on the power unit and communi-
cating unit, and a few papers focus on how to combine all of them together to design a
specific protocol for all parts of a sensor, power unit, sensing unit, and communicating
unit {19]. In this thesis though, the proposed algorithm explores the possibilities of
designing a protocol specifically for sensing unit and power unit and can combine with
other existing communicating protocols of WSN which optimize the communicating
aspect of the network.

Therefore, a scheduling algorithm which is able to handle redundant nodes in terms
of communicating units as well as sensing units is necessary. It should separate the
scheduling into two independent sub-tasks, one is to schedule sensing units, and the
other one is to schedule communication units. Thus, sensing units are scheduled to
be in working mode or sleeping mode such that at any time, a subset of sensing units
exists to be working without breaking the sensing coverage where the number of nodes
in this subset is minimum. Furthermore, the network connectivity can be maintained
by other existing power-aware protocols so that at any time point, the communication
units of another subset of nodes keep in working status.

To meet these requirements, we propose a new algorithm EDEC (Event-Driven
Enhanced Coverage). This algorithm is able to schedule redundant sensing units of
sensors. It has the following features:

1. Because of the random distribution of sensors, or intended deployment of re-
dundant sensors in expectation of longer lifetime, redundant sensors need to be well
scheduled. The EDEC takes advantage of this redundancy and makes good scheduling

so that nearly maximum number of sensing units in network keep their sensing units in
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sleeping mode without compromise the full coverage of the original network.

2. Moreover, not like [19][21](26][44], which are dedicated to achieve 1-degree or
k-degree coverage by only one sensing range, the EDEC separates the sensing range
for monitoring from another type of sensing range for event observing. This can avoid
wasting a great deal of energy on maintaining full coverage while no events happen at
all. The sensing range used for monitoring can be much bigger than the sensing range
used for observing. Thus, the number of nodes that are used to achieve full coverage
could be much less. However, the working nodes in this network must be sparse. When
events occur, the nodes around them could be too far to provide anticipated precise
and accurate sensing data, although these nodes are able to tell that some interested
events are happening. Therefore, some additional nodes which are in sleeping mode
need to be waken up so that the event is within shorter sensing range.

3. The EDEC takes advantage of the BT channel technology to implement the
listening and notifying functionality. As in the EDEC, sensors need to wake up nodes
around an event to let this event be within at least one node’s Ry range, a listening
and notifying mechanism is necessary. The BT channel technology is very simple and
cheap where the sleeping nodes do not need to periodically check if an event in their Ry
range is happening. This is very beneficial because if we let sleeping nodes periodically
check if it should change its status, how to choose this period becomes a problem. If
this period is too long, the latency could be serious while if the period is too short, the
energy efficiency would be compromised badly.

4. The EDEC separates the design of communication of WSN from the design of
sensing of WSN. This makes the EDEC to be able to combine with a lot of existing
protocols dedicated to improving communicating aspect of WSN, such as [4][9][24].

5. The EDEC can potentially increases coverage degree. Although the EDEC only

provides low coverage degree because it uses coarse sensing range, the coverage degree
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of partial network, or we called precise and accuracy of partial network, can be very
high when those areas have occurring events. This is not like [26] which only satisfies
1-degree coverage, the EDEC can achieve much higher coverage degrees as if all sensors
in the network are actively monitoring the field.

6. For some types of WSN applications such as object tracking system, the EDEC
is able to potentially decrease latency. Because when the sensors are detecting an inter-
ested object, they will wake up their neighborhood with pre-defined range to increase
the observing accuracy. This range can be defined big enough so that at every direction
that object could be going to move, there are enough alert nodes available to “catch”

it with no detecting latency.

3.1 Eligibility Rule

3.1.1 Calculation of Eligibility

A lot of papers have been proposed for scheduling nodes into sleeping mode or working
mode under some conditions. For instance, paper [27] put the interesting field as
grids. In each grid, only one sensor will be in working mode; paper [24] put the
sensors into sleeping mode when they find that turning on their communication units
cannot improve the network capacity. Both of these two papers are more focusing
on reducing communicating redundancy. Paper [45] proposed a probing algorithm in
terms of sensing coverage. A sensor periodically sends out a probing message locally.
If it gets reply message, it will close its sensing unit because there is working node in
neighborhood; otherwise it will turn itself on. However, this algorithm cannot assure
full coverage.

In the EDEC, we use a simple perimeter coverage scheme as presented in [26]. The
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sensing area of a sensor is defined as a disk, centered at this sensor with a radius equal to
the sensing range. Nodes within certain range of a sensor are regarded as its neighbors.
Furthermore, neighbors of a node can be classified into two types, neighbors of sensing
units and neighbors of communicating units, because communicating radius can be
different from sensing radius. Therefore, the group of neighbors of communicating
unit of a sensor can be different from its “sensing neighbors”. Figure 3.1 illustrates
the definition of “sensing unit neighbor”. In this figure, each black dot represents a
sensor, and the circle around it represents its sensing area. Nodes in (a) and (b) are not
neighbors, even though nodes in (b) do have a small overlap (This can avoid complicated
geometrical computation.). Nodes in (c¢) and (d) are neighbors. In the next paragraph,
we will explain how to simplify the sensing coverage calculation. The EDEC only takes

neighbors to calculate coverage.

(a) (b)

(c) (d)

Figure 3.1: Sensing neighbors.

Figure 3.2 presents the sensing neighbors and the way to calculate their crescent-
shaped overlaps. As shown in Figure 3.2 (a), nodey4 is fully covered by its neighbors
nodep, nodec, and nodep. In Figure 3.2 (b), we use angle f5_- 4 to represent the shadow

part of nodes covered by its neighbor nodep. Although there is a small difference
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between shadow area and the angle, the use of # can greatly simplify the calculation
and it will not affect calculation accuracy and correctness. As shown in Figure 3.2 (a),
as long as the sum of angles 0p_~ 4, c_< 4, and 0p_- 4 equals to 360°, node 4 is regarded
as fully covered. 6 can be calculated by the following equation:

2XT

0p->4 = 2 x arccos (d A5 ) 0<d(A,B)<r (3.1)

where d(A, B) is the distance between nodes and nodeg, r is the sensing radius. Ac-

cording to equation(3.1), 654 is within range [120, 180).
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(a) A is fully covered by B, C, (b) Angle is used to represent the
and D. covered area.

(¢) Directional information is (d) Overlap should be taken into
needed for coverage calculation. account.

Figure 3.2: Eligibility calculation.

In Figure 3.2 (d), nodes has sensing neighbors nodeg, nodec, nodep, and nodeg.
The sum of the angles is greater than 360°. However, nodey4 is not fully covered because
of the overlaps among the shadow areas. Therefore, the direction information needs to
be brought in to precisely remove the overlaps. In the 2-dimension graph, as long as
nodes know their location information such as the values of z and y coordinates, the

angle ¢ (shown in Figure 3.2 (c)) can be obtained to represent the direction of covered



53

angle 8. Thus, all overlaps can be taken into account when calculating the coverage.

The angle ¢p_- 4 can be computed by the following equation:

$B->a = arctg (M) (3:2)
Ip—TA

where T4 and y4 are the values of x and y coordinates of nodea, and zg and yp are
the values of z and y coordinates of nodeg.

The location information of a node is required for eligibility calculation. The EDEC
assumes every node in the network knows its position represented by (x, y). In fact, this
information plays a very important role in many WSN designs as [46] states “Sensing
data without knowing the sensors location is meaningless.”. It can be obtained by
GPS (Global Positioning System), triangulation technology, or combination of both
[14][15][27][44].

3.1.2 Eligibility Rule Operation

Eligibility rule is basically used to schedule the sensing units. It is only one sub-
component of the network hence needs to be integrated with other components. For
example, it needs information provided by the communicating part of the network. One
of the design goals of the EDEC is to avoid increasing the system complexity and take
advantage of the existing WSN protocols. As we analyzed, location information and
probably some other information such as energy can be obtained from communicating
part of the network, because most of the communicating protocols of WSN exchange
some control information either pro-actively or re-actively for infrastructure setup. In
this way, the tasks of communicating and sensing are allocated to the proper network
components and the interface for data between communicating part and sensing part

can be created without too much update on original communication design.
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On the other hand, when a sensor finds that it does not satisfy the eligibility rule,
it enters into working mode; however, when a sensor finds that the eligibility rule is
satisfied, it cannot decide to close sensing unit right away because of the “blind point”
issue. Figure 3.3 presents such a scenario. nodey is fully covered by nodeg, nodec,
nodep; and nodec is fully covered by nodey, nodeg, noder. If both nodes and nodec
enter into sleeping mode, the blind point embraced by white line will appear, the full

coverage is then broken.

Figure 3.3: Blind point.

Papers [19][24][26][47] addressed such a problem by broadcasting and setting up
back-off mechanism, when nodes compete to enter into sleeping mode. But this will
increase the complexity of data interface between communicating unit and sensing unit
and add overhead of network running. The EDEC, however, can adaptively address
this issue by two different ways depending on the combined communication protocols:

1. Cluster-based communicating protocols, such as LEACH, usually have globally-
broadcasting function for network setup. Therefore, what the EDEC only needs to do

is to add the EDEC specific information in those broadcasting messages, every node
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then will be able to keep a table with enough information of all other nodes, such as

their location information. Then, the following procedure will be taken:

e Sort nodes by energy level, node ID, or combination of both;
o Apply eligibility rule to each node in that sorted list in a descending order;

e Each node will calculate out if it is eligible to shut down its sensing unit without

any further exploring.

Sorting the nodes by energy and node ID is the way to increasing the load uniform
distribution so that nodes with more resources should work longer with higher probabil-
ity. And it also solves the “blind point” problem without further ad hoc broadcasting.

After this procedure, many sensing units will enter into sleeping mode while a few
nodes keep their sensing units on to fully cover the field.

2. For communicating protocols without globally broadcasting, the EDEC requires
two-hop neighbor’s information. Figure 3.4 illustrates the concept of two-hop neighbor.

As shown in Figure 3.4, nodep is the “sensing neighbor” of nodes because it is in
sensing range of nodey. Also, nodec is the sensing neighbor of nodeg, and it is not the

sensing neighbor of node4. Then, we call nodec as the two-hop neighbor of node,4.

>

Figure 3.4: Two-hop sensing neighbor.
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After nodes know locations of their neighbors and two-hop neighbors, they can make
eligibility decision for most of the cases. In Figure 3.5 (a), nodea is covered by nodeg,
nodec, nodep. But it cannot decide if it can enter into sleeping mode right away.
Instead, it needs to obtain its two-hop neighbors’ information, which are information
of nodeg and noder. Then, node,s knows that its neighbors nodeg, nodec, nodep will
not close their sensing units for sure. (We call the neighbors of nodeg4, such as nodeg,
nodec, nodep, “unclosable neighbor” because they will not close their sensing units in
any conditions due to the full coverage requirement.) node4 then will safely enter into
sleeping mode. However, in Figure 3.5 (b), node4 finds that among its neighbors that
can fully cover it, there is one neighbor nodep that is also covered by nodea, nodeg,
noder. (We call the neighbors of node,, such as nodep, “closable neighbor” because it
could close its sensing unit under some conditions.) In this situation, node4 will have
to make decision based on the node ID and energy. For instance, if the current energy
of node, is less than nodep, node4 will choose to close its sensing unit according to the
load balance principle; otherwise, it will keep its sensing unit on. In the case that both
nodes have equal amount of energy, node ID plays the decisive role such that node,
closes its sensing unit if its node ID is bigger than nodep; otherwise, it keeps on. (There
could be some further solution for this situation by adopting simple broadcasting of the
decision of becoming working node or sleeping node. This will increase the number of
sleeping node by trading off with overhead of broadcasting. We will leave this to the

future work.)

3.2 R;and R; of Full Coverage

We believe that providing full coverage is a task that is different from the task of

observing occurring events with enough precision and accuracy. An application requires
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(@) (b)

Figure 3.5: Two-hop neighbor coverage.

full coverage such that the observer should be able to be alerted whenever an event is
happening at any point within the monitoring field. This does not necessarily requires
the same accuracy and precision as the observer needs to provide when observing the
event. However, most of the recent papers in WSNs regard both as the same task that
the interested field has to be under full and accurate monitoring. In fact, this may
waste a lot of resources to keep precise devices on when the happening frequency of
interested events is very low. Recently, [20] proposed a set of new definitions of sensing
range:

R1 is referred as radius of complete influence. “For a particular sensor, it is defined
as the distance from the sensor such that all targets originating within this radius are
surely detected.”

R2 is referred as radius of no influence. “For a particular sensor, it is defined as
the distance from the sensor such that the sensor cannot detect any target originating
beyond this radius.”

Originated from separation of R1 and R2, EDEC develops new definitions of sensing
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range:

R, — Coarse sensing range. It is defined as the distance from the sensor such that
all interesting events occurring within this radius can be surely detected.

R; — Fine sensing range. It is defined as the distance from the sensor such that all
interesting events occurring within this radius cannot only be surely detected, but also
be observed with enough accuracy and precision.

Apparently, R, and Ry are highly application-dependent. They could have the same
values in some applications where in many others, they can be much different. In this
thesis, our target is to explore how this design can bring the benefit for WSN. In terms
of full coverage, the number of nodes working for coverage using R, could be much less
than using Ry when R, is bigger than Ry. Therefore, instead of using Ry, we tried to
use bigger values of sensing radius for full coverage task.

In Figure 3.6, sign “*” represents the working node and sign “+” represents the
sleeping node. As shown in Figure 3.6 (a) and (b), when the value of sensing radius
increases, the working nodes are more sparse, which satisfies the EDEC’s goal of main-

taining a minimum number of working sensing units to implement the full coverage.



100 T —— - T T
" P D A B T 00nodes1 B -
%0 N + + stoff-duty-15.6" X
. . ¥ S
+ + +
80 M . N i
& - N + h 4 b
70 | A ){+ . D Gl
4 . + .
60 A FON o o i
7 . N
> 50| N e ]
’ ‘,f/: /‘:/T e
40 F W ; \< 4
X . SN
30 s J>< - .
20| ’ = - /1
IR # %
0r v > o7 : ]
5 + & e » * +
0 >< Y 1 1 N Xl 1 L ! 1 ! 1
0 10 20 30 40 50 60 70 80 80 100
X
(a) Re=15.
100 T T ~— T - T T T T
L ) o '100nodes 1.kt +
% : . + + o off-duty-20.xtt
. * +
+ + 4
80 [ . ) ]
+ + . + N .
70 . + . ?+ *: 71
.+ . + +
60 | i + + E
> 50} + -
v +
40 P Y SN
30t X o s ) e |
20 + o . Lt + * 4
+ . + +
10 + >< . +- + .
5 e v ol ’ + - ~
0 x L 1// x/ 7 L 1 1 \f i L Xl
100

Figure 3.6:

(b) Re=20.

Different values of R, in 100 nodes distribution.



60

In Section 4.3, we will present how different values of R, and Ry will affect the

system performance.

3.3 BT Module for Sensing Units

As stated in previous section, we use R, to provide full coverage to monitor the inter-
esting field. However, when some events happen, those sensing units in working mode
may not be able to provide enough accuracy or precision, although they can detect the
occurring of the event. Figure 3.7 presents such an example. In this figure, node4 is in
working mode while other nodes are in sleeping mode. When an event is happening,
because it is in R, range of nodey, nodes can detect it. However, because it is on the
edge of the Ry of nodes, nodey may not be able to provide enough precision. Thus,
node4 needs to wake up its neighbors so that nodep will be waken up to join the ob-
serving group. As the event is in the R; range of nodeg, enough precise information
can be obtained as application needed.

Therefore, a listening-notifying mechanism is required for the EDEC to enhance
the coverage degree when events happen. This is a communicating work that could be
put in communicating protocols. However, it will increase the complexity of combining
the EDEC with existing communicating protocols. Because a notifying mechanism not
only requires simple data, but also potentially changes the original working flow of the
existing communicating protocols. For example, a sensing unit detects an event, and
requests its communicating unit to broadcast an alert to the neighbors so that the
neighbors can wake up their sleeping sensing units. This requires the communicating
unit of the monitoring sensor and all its neighbors to be in working mode; otherwise,
the necessary neighboring sensing units could not be waken up in time. This conflicts

with many power-saving communicating protocols because they are tending to schedule
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Figure 3.7: Listening and Notifying.

the radios in sleeping mode too for most of the time. Therefore, requiring the radios of
neighbors to turn on for listening possibly conflicts with the communication schedules.

In addition, as stated in paper [48], existing communicating units are designed for
data transmission and reception that require good channel quality, high speed, and thus
complex and power consuming hardware. The task of listening and notifying, however,
is only to get a binary information about whether a packet targeted at this node is
coming. Therefore, the EDEC designed a separate communicating module specifically
for listening and notifying. This module uses BT (Busy Tone) technology. BT technol-
ogy is used to broadcast on the channel for specified duration. The advantages of using

BT technology are as follows:
e No information is encoded in the BT.
e Radio system only has to detect energy on channel rather than decode packet.

o The hardware is simple.
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e The detection time is short.
e There is no need to handle collisions.

Plus, BT consumes much less power compared to data transmission module. Prelim-
inary research showed that the wake-up radio may only take around 1uW, comparing

to 10mW of a CDMA radio in monitoring mode [46][48][49].

3.4 Combining with Communication Protocols

3.4.1 Combining with Hierarchical Protocols

The LEACH, Low-Energy Adaptive Clustering Hierarchy, is the most famous protocol
of representation for hierarchical WSNs [4]. In this section, we will theoretically present
how to combine the EDEC with the LEACH.

The LEACH is set to be globally round-based. This is popular for most of the hier-
archical protocols, because they need an initial phase to set up the clusters throughout
the network. In the network initialization phase, every node in the network will decide
if it should be the cluster head. According to the design, only a few nodes will be cho-
sen to be cluster heads. The rest of the nodes select one of the claimed cluster heads
to be its cluster head and join that cluster. Ideally, nodes always choose to join the
cluster where they are geographically close to each other. Nodes then broadcast this
join-message globally so that cluster head nodes know what are their cluster members.
Cluster heads then create time slots for each of their member nodes so that members
can be in sleeping mode most of the time. Only at its own time slot, it will wake up
and send data to cluster head. This TDMA schedules are broadcasted by cluster head
nodes. Then, the network enters into steady phase which is much longer than setup

phase. Cluster member nodes can only communicate with their cluster head nodes, and
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cluster head nodes are responsible for communicating with base station because this is
typically long-distance communication, and it should be avoided as much as possible.
Figure 3.8 (a) shows the time-line of LEACH operation, Figure 3.8 (b) shows the time-
line after combining the EDEC with the LEACH. In fact, the only difference is in the
set-up phase where every node adds a new process: eligibility calculation. There is no
extra time-line except set-up and steady-state, and there is no extra time-line within

set-up and steady-state. This makes the combination very smooth.

-4— Set-up —P~4————— Steadu-state ——————

Clusters formed I Slot for node i I Slot for node i

> Time

<4— Frame —P

(a) Original LEACH

[

—————— Set-up Steadu-state —————— P

Clusters formed | Nodes apply eligibility rule I Slot for node i I Slot for node i

4—  Frame —P

(b) Combination of EDEC&LEACH

Figure 3.8: Timeline.

When events happen, some monitoring sensing units will detect and wake up their
neighbors so that more sensing units are turning on to observe the events. After events
end, sensing units will return back to their original sensing status. This process is
completely within the EDEC algorithm without involving LEACH at all, because the
EDEC has a separate BT module to do notifying-listening work. This is why LEACH
can keep almost unchanged on its own time-line. On the other hand, in original LEACH,
every node will send data to its cluster head at its time-slot. However after employing

the EDEC, nodes will send data only when they have effective data for detected events.
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This is another benefit by decreasing a number of radio communications.

3.4.2 Combining with Flat Protocols

In this section, we present the theoretical analysis and design of combining the EDEC
with the SPAN. The SPAN (A power saving technique for multi-hop ad hoc wireless
networks) is proposed in paper [24]. It is a flat protocol focusing on data communicating.

The SPAN has some special features. First, “it adaptively elects coordinators from
all nodes in the network. SPAN coordinators stay awake continuously and perform
multi-hop packet routing within the ad hoc network, while other nodes remain in
power-saving mode and periodically check if they should wake up and become a co-
ordinator.” The time-line of this procedure likes the EDEC’s eligibility rule, but it is
for communication units. Second, “SPAN elects coordinators using only local informa-
tion in a decentralized manner — each node only consults state stored in local routing
tables during the election process.” Thus, each sensor in SPAN is independent, and
distributed. It independently makes decisions such as when to broadcast, when to col-
lect neighbor information, and when to enter sleeping mode. Accordingly, the EDEC
cannot reply on global round-based design. Instead, each sensing unit in the EDEC
should collect sensing information on its own, and make its own decision such as closing
sensing unit or not. The following is the original operation of SPAN:

1. A node periodically broadcasts HELLO messages that contain the nodes status
(for example, whether or not the node is a coordinator), its current coordinators, and
its current neighbors. From these HELLO messages, each node can construct a list
of its neighbors and coordinators, and for each neighbor, a list of its neighbors and
coordinators.

2. Periodically, a non-coordinator node determines if it should become a coordinator
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or not according to SPAN coordinator election rule.

3. Each coordinator periodically checks if it should withdraw as a coordinator
according to SPAN coordinator withdrawal rule. This happens after a node has been a
coordinator for some period of time.

To adapt the EDEC into the SPAN, the operations are modified as following:

1. In the SPAN’s first phase when nodes broadcast HELLO messages, the EDEC will
add some extra information in HELLO messages. This phase is actually an information-
collecting phase, therefore the necessary information for the EDEC should be also
arranged to be obtained in this phase.

2. In the SPAN’s second phase when sensors periodically determine if they should
become coordinators, the EDEC eligibility rule should be applied to make decision
whether it needs to close its sensing unit or not. At this point, the sensors have
necessary information for the SPAN and for the EDEC. The periodical determination
can be regarded as “individual round” which helps nodes rotate status and distribute
evenly both tasks: communicating and sensing.

3. A coordinator checks if it should withdraw, and also its sensing unit checks if it
should turn off or turn on itself for the sensing task.

Table 3.1 presents the updated HELLO message in which node position is added for
the EDEC. And another piece of required information can be either node ID or node
available energy, or both. They are useful when the EDEC prioritizes the neighbors.

Figure 3.9 shows the updated time-line of the SPAN-EDEC. (Note that both com-
munication unit and sensing unit are turned on in the initialization phase.) When there
is an event occurring, sensing-active nodes will wake up all neighbor sensing units. This
will not affect the SPAN, because the EDEC use a separated BT-channel to do this
listening-notifying job. After the event ends, involved sensing units will return back to

their original sensing status.
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Table 3.1: Hello message for SPAN and EDEC.

Hello message
SPAN specific information

L

Is coordinator

Is tentative

Coordinator list

Neighbor list

EDEC specific information
Node ID

Node position

Node energy
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Figure 3.9: Timeline of the updated SPAN.

Figure 3.10 shows how the EDEC operates when combining with the SPAN.

3.4.3 Summary

From the discussion of Section 3.4.1 and Section 3.4.2, we can find that the interface
between the EDEC and the communication protocols are fairly simple. The exchanged
data crossing the interface are location information, remaining energy, probably plus
node ID. To combine with the EDEC, the communication protocols do not need to

change their process no matter they are cluster-based protocols or multi-hop protocols,
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Figure 3.10: Flow graph of EDEC with SPAN.

globally organized or self-setup. This makes the EDEC flexible enough to adapt to

different existing communication protocols for extensive sensor network applications.



Chapter 4

Experimental Results and

Evaluations

This chapter presents the experiments design and results analysis of the EDEC al-
gorithm. In simulation, the EDEC algorithm is adapted into LEACH (Low-Energy
Adaptive Clustering Hierarchy) [4], and the simulation results are compared with origi-
nal LEACH in terms of network lifetime, amount of effective data delivered, and energy
dissipation. Although the proposed algorithm can be combined with any other com-
munication protocols, we select LEACH because its NS-2 simulation code is available
in the Internet and it is one of the most famous communication protocols suitable for
wireless sensor networks [26).

The simulation is performed using Network Simulator 2 [50].

4.1 Simulation Models

This section describes the models that were used for channel propagation, communica-

tion energy dissipation, and computation energy dissipation.

68
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4.1.1 Channel Propagation Model

In a wireless channel, the electromagnetic wave propagation can be modeled as falling
off as a power law function of the distance between the transmitter and receiver. In
addition, if there is no direct line-of-sight path between the transmitter and the receiver,
the electromagnetic wave will bounce off objects in the environment and arrive at the
receiver from different paths at different times. This causes multi-path fading. In [4],
both the free space model and the multi-path fading model were used, depending on the
distance between the transmitter and receiver as defined by the channel propagation
model in NS-2. In this paper, we use the same channel propagation model as [4] for
both communication radio and BT radio for the sake of comparability.

If the distance between the transmitter and receiver is less than a certain cross-
over distance (derossover), the Friss free space model is used (d? attenuation), and if the
distance is greater than derossover, the two-ray ground propagation model is used (d*
attenuation). The cross-over point is defined as follows [4]:

(4.1)

4mv/Lh.h,
dc‘rossover = _T—
where
L > 1 is the system loss factor not related to propagation,
h, is the height of the receiving antenna above ground,
hy is the height of the transmitting antenna above ground, and

A is the wavelength of the carrier signal.

If the distance is less than dgossover, the transmit power is attenuated according to

the Friss free space equation as follows [4]:
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P.(d) = P,GiG )2
T (4nd)’ L

(4.2)
where

P, (d) is the receive power given a transmitter-receiver separation of d,

P, is the transmit power,

G; is the gain of the transmitting antenna,

G, is the gain of the receiving antenna,

A is the wavelength of the carrier signal,

d 1s the distance between the transmitter and the receiver, and

L > 1 is the system loss factor not related to propagation.

This equation models the attenuation when the transmitter and receiver have direct,
line-of-sight communication, which will only occur if the transmitter and receiver are
close to each other. If the distance is greater than d..gssover, the transmit power is

attenuated according to the two-ray ground propagation equation as follows [4]:

 RGG, IR

P (d) = =2

(4.3)
where
P, (d) is the receive power given a transmitter-receiver separation of d,

P, is the transmit power,

G; is the gain of the transmitting antenna,
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G, is the gain of the receiving antenna,
h, is the height of the receiving antenna above ground,
h; is the height of the transmitting antenna above ground, and

d is the distance between the transmitter and the receiver.

In this case, the received signal comes from both the direct path and a ground-
reflection path.

In the experiments described in this thesis, an omni-directional antenna is used
with the following parameters [4][50]: G; = G, = 1, hy = h, = 1.5m, no system

loss (L = 1), 914 MHz radios, and A = Q?ﬁ%s = 0.328m. Using these values, we get

dc’rossover = 86.2m.

4.1.2 Radio Energy Model

Different assumptions about the radio characteristics, including energy dissipation in
the transmit and receive modes, will change the advantages of different protocols.
Therefore, we choose the same radio energy model as [4] for comparability reason.

To transmit a I-bit message over a distance d, the radio expends:

By (l: d) = Erz—clec (l) + ETz—amp (l, d) (4.4)

IE, e + l&' Ti88—am,; d2 d < d ossover
Erg(Ld)={ o oreemame crosaove (4.5)
lEelec + l“s‘two—ray—a'rnpd4 d 2 dc’rosso'ue'r

and to receive this message, the radio expends [4]:

ERJ’ (l) = ERz—elec (l) = lEelec (46)
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Figure 4.1: Radio energy dissipation model.

As shown in Figure 4.1, the electronics energy FEe.. depends on factors such as the
digital coding, modulation, and filtering of the signal before it is sent to the trans-
mit amplifier. In addition, when using DS-SS, the electronics energy accounts for the
spreading of the data when transmitting and the correlation of the data with the spread-
ing code when receiving. Researchers have designed transceiver baseband chips that
support multi-user spread-spectrum communication and operate at 165 mW in transmit
mode and 46.5 mW in receive mode [4]. For the experiments described in this paper,

we set the energy dissipated per bit in the transceiver electronics to be

Eetec = 50n.J /bit (4.7)

The parameters €friss—amp and €iyo—ray—amp Will depend on the required receiver
sensitivity and the receiver noise figure. We take the deduced results from [4] and will

use these radio energy parameters for the simulations described in this chapter:

€ friss—amp = 10pJ/bit/m? (4.8)

Etwo—ray—amp = 0.0013pJ/bit/m* (4.9)
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All the associated parameters are summarized in Table 4.1:

Table 4.1: Radio characteristics and parameter values.

needed for successful re-
ception

Description Parameter | Value

Cross-over distance for | dgossover rhely

Friss and two-ray ground

attenuation models

T2
. € friss—ampRpd d<d

Transmit power })t friss—ampilb . crossover
5twa—ray—amprd d 2 dcrossover
Efrias—amprGtGr)\l d<d

Receive power P. (4)* - crossover
5two—ra’y—amprGtGrht hr d Z dcrosso'uer

Minimum receiver power | Pr_ihresh 6.3nW

Pr—thrash (47!')2

Radio amplifier energy & friss—amp fGiGr a2
Etwo—ray—amp m

Radio electronics energy | Fepec 50nJ /bit

Compute energy Epr 5nJ/bit

Bitrate R, 1Mbps

Antenna, gain factor G, G, 1

Antenna height above the | hy, h, 1.5m

ground

Signal wavelength A 0.325m

Cross-over distance for | derossover 87m

Friss and two-ray ground

attenuation models

. . € friss—amp 10pJ/bit/ m?
Radio amplifier energy Erworay—amp | 0.0013p./bit Jm#

4.1.3 NS-2 Implementation

To implement the EDEC, we added several features to NS-2, an event-driven network
simulator with extcnsive support for simulation of wireless network protocols. The
extensions include supporting multiple wireless physical network interfaces, BT com-

munication energy dissipation, and the protocol architecture discussed in this thesis.

Program paradigms for these implementations can be found in Appendix A.
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One of the key updates for the EDEC node is to have a separated BT radio model
which is dedicated to waking up neighborhood when some events happen. In Figure 4.2,
(a) represents original NS-2 node, (b) represents LEACH node which has some updates
such as adding resource manager, (c) represents EDEC node which has separated set
of networking components such as MAC layer, Physical Layer, and Channel layer. The
signal coming from BT radio of a sensor node will trigger waking up its sensing unit as
well as making its communication unit to have effective data to send when turning to

its time slot.

4.2 Set-up of Experiments

In our experiments, the random 100-node network, shown in Figure 4.3 was used in a
100meter x 100meter plane. Each black dot represents a sensor (We assume that all
sensors are immobile during their lifetime after deployment.). The base station was
placed at location (x=50, y=175) (not shown in the figure). For some experiments such
as choosing R. and Ry, up to 50 different random distributions were used to get an
average result.

Table 4.2 lists the network parameters. For those parameters introduced from paper
[4], we use the same values. For parameters from the EDEC, we will explain them in
later sections.

As simulation starts, the first step is the cluster formation process which is the setup
phase of the LEACH. According to the LEACH, each node will be either competing
to be cluster head or choosing the best cluster to join by broadcasting ADV message
at least once. In this ADV message, we added information needed by the EDEC such
as location and available energy. Therefore, the eligibility is calculated such that every

node knows whether or not it should turn off its sensing unit when this phase is finishing,.
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Figure 4.3: 100 nodes distribution.

Next phase is the steady phase while we designed a scheduler to “create” events at some
nodes chosen randomly. Those nodes will broadcast using BT channel to wake up their
sensing neighbors. Nodes, no matter their sensing units are in sleeping mode or not
will set effective data for their communication units and remove the energy for running
sensing units. The energy are also removed for BT notifying and receiving. The effective
data are sent out when it turns to the node’s TDMA time slot. This steady phase is
going on until the LEACH decides to rotate the clusters. The whole simulation will
end at 3600 seconds, or if less than 5 nodes are alive. On average, one experiment runs
25 minutes or a bit more as each node is given 2J initial energy. In next sections, we
will present the specific experiments done for adjusting a few important parameters

separately.
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Table 4.2: Parameters of test network.

Parameter [ Description Value |
R, Radius of coarse sensing coverage | 20 meter
Ry Radius of fine sensing coverage 10 meter
Eensing—unit Energy to run sensing unit per sec- | 0.001J/second
ond
Fevent Frequency of event happening 50% (100%
means events
happen all the
time.)
Elasting How many seconds that sensing | 1 second
unit takes to detect an event
Nodes Number of nodes 100
Network size A square 100m x 100m
Base station location (50, 175)
Radio propagation speed 3 x 10%m/s
Processing delay 50us
Radio speed 1Mbps
Data size The data size in every packet sent | 500 bytes
by nodes

4.3 Choosing R, and Ry

One of the key features of the EDEC algorithm is to schedule nodes’ sensing units to
be sleeping or working while the original sensing coverage is maintained by R, instead
of Ry. However, R. and Ry are highly dependent on the physical characteristics of
sensing units and the application scenarios. That is, Rf may not be able to be defined
by us, instead, it is defined by the physical device. Therefore, instead of working out
the specific value of Ry, we will focus on revealing how different values of R, can affect
the whole network’s lifetime and energy efficiency, i.e. when Ry is fixed, how to adjust
R, so that the best result can be obtained. (In this simulation, we assume that all
sensors are identical in terms of physical properties such as sensing range.)

In our simulation, we designed and implemented the EDEC eligibility rule to be

able to take different values of R.. Table 4.3 presents the samples we used for exploring
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the value of R, by applying to different topologies (50 different random distributions).
Note that the main goal of R, is to make the number of active nodes as small as possible

while not compromising the original sensing coverage.

Table 4.3: R, and eligibility rule.

R, Number of | R, Number of
sleeping nodes sleeping nodes
10 11 15 44
20 69 25 76
30 78 35 79
40 80 45 81
50 81 55 82
60 82 65 82
70 82 75 83

As we can see, by applying the EDEC eligibility rule, 11 nodes can be turned off
when R, equals to 10 meters. Also, by varying the R.’s value from 10 meters to 75
meters, the number of sleeping nodes increases which is in our expectation.

We also tested with other different parameters such as node density. Figure 4.4
shows that increasing R, and increasing node density will increase the number of sleep-
ing nodes which is consistent with our design.

However, active node number does not remain constant over different deployed node
density when the sensing range are fixed. Instead, it increases as the the deployed node
number increases as illustrated in Figure 4.5. This is actually due to the increasing of
edge nodes (located at the boundary of the deployed area). Edge nodes do not have
chance to be turned off because all their neighbors are located on one side of them.
Intuitively, increasing edge nodes will increase the active node number, however, exper-
imental result shows that the EDEC eligibility rule still effectively limits the number
of active nodes. According to the figure, when the deployed node number is increased

from 100 to 300, the number of active nodes only increases about 30%.
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Figure 4.4: R, with node density and eligibility rule.
4.4 Energy of Running Sensing Device

The very core ideal of the EDEC algorithm is to shut down sensing units of some nodes
to save energy because they are redundant in terms of sensing coverage. Therefore, the
energy used to run sensing device is a very important parameter of the network. For
instance, if it is a very small amount compared to the energy running radio circuits,
even negligible, using the EDEC to shut down them may not be applicable because a
scheduling algorithm itself consumes energy on both processing and BT broadcasting.
However, what percentage of the energy a sensing unit takes in a sensor really depends
on specific application or types of sensors. Therefore, our task is to find out, when the
energy of sensing unit varies, how performance of the EDEC is going to be.

The LEACH put energy of sensing unit to be zero, we modified this to different
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Figure 4.5: Edge nodes.

values when they are used in the EDEC. Table 4.4 presents the sample values we used
for both LEACH and EDEC. (Note, we assume the event frequency for the EDEC is
0.25 at here; in next section, we will introduce how event frequency parameter will

affect the performance of the EDEC.)

Table 4.4: Sample values of sensing energy.

Egensing | Total amount of sens- | Total amount of sens- | Ratio of %’%
ing energy (LEACH) | ing energy (EDEC)

0.00005 | 1.03846 1.038 1

0.0005 21.04 16.06 1.31

0.001 32.51 22.27 1.46

0.005 96.81 58.22 1.663

0.01 138.77 81.68 1.699

As we can see, the more energy sensing unit consumes, the better performance

the EDEC achieves compared to the LEACH, because the ratio of the LEACH’s total
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amount energy of sensing over the EDEC’s keeps increasing when unit energy of sensing
increases. This implied that the EDEC takes better advantage of redundant sensing
energy than the LEACH.

Figure 4.6 shows the number of nodes alive over simulation time given different
values of Ejensing—unit- As we can see, for most of the values, the EDEC performs
longer lifetime than the LEACH. It agreed with the theoretical analysis that the more
percentage the energy of sensing unit takes, the much faster LEACH nodes died than

EDEC nodes because the EDEC avoids overusing the energy of sensing units.
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Figure 4.6: Network lifetime.

However, from Figure 4.6, we can observe that some of LEACH values are better
than the EDEC. This is also consistent to our expectation because those values are

all small amount energy (< 0.00005J) which implies that the overhead to run the
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EDEC algorithm is higher than the benefits the EDEC can trade-off. But for most of
the values of Esensing—unit, the EDEC performs better. Therefore, for those applications
where sensors need certain amount of energy to do sensing task, the EDEC will perform

better, and as that amount goes higher, the benefits the EDEC can obtain will increase.

4.5 Frequency of Event

The EDEC is an event-driven algorithm. Only interesting events will let the network
be “really active”. This is the key reason why the EDEC can have longer lifetime
because it stays at very low-level operation like “hibernation”. When interesting events
happen, the alert sensors will wake up neighborhood to co-monitor the environment.
Therefore, we can theoretically conclude that the less frequent the events happen, the
longer lifetime the network can live.

In the EDEC, we use frequency of event to simulate the real-life event happening.
For the LEACH, the parameter is always set to be 1, because it assumes that in every
time slot, each sensor has effective data. However, in the EDEC, we tried different values
from 0.1 to 1, to see how the EDEC algorithm performs under different scenarios.

Figure 4.7 presents the relationships between network lifetime and frequency of
events by applying different Foyens.

As we can see from Figure 4.7, the simulation results are consistent with the theo-
retical conclusion. With different values of Feyen:, EDEC performs longer lifetime than
LEACH. And as the values of F,,,;: decrease, the network died slower. This is be-
cause the time during which the network stay at low-level operation becomes longer
and longer so that the redundant consumed energy is effectively avoided.

As we observed Figure 4.7, when the Fi,.,; increases to 1, EDEC still performs a

little bit better than LEACH. This is because we use another parameter Ejgsting to
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Figure 4.7: Network lifetime by different Feent.

control how long a sensing unit needs to take to observe an event. Even when events
happen at each time slot, the sensing units could still sleep for a few seconds between
events.

Therefore, the simulation results show that the EDEC performs better for event-

driven monitoring tasks, especially for those event-sparse scenarios.

4.6 Other Simulation Results

In this section, we did the experiments to compare the LEACH and the EDEC in
different perspectives.

Figure 4.8 presents the number of data items received at BS for the LEACH and the
EDEC over time. For the comparability, we set the F,,.,; to be 1, thus the EDEC always

has event happening during each time-slot of each node, same as LEACH. The result
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is consistent with the expectation that both algorithms have almost the same number
of data items over time. This is very important, as [4] states that “one application-
independent method of determining quality is to measure the amount of data received
at the base station.” And Figure 4.8 shows that even though the EDEC schedules the
sensing units to put some of them into sleeping mode, the ultimate quality of network of
gathering effective data is not compromised. Moreover, the difference between LEACH

and the EDEC in Figure 4.8 is that the EDEC has longer lifetime than the LEACH.

25000 . . . r —
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Figure 4.8: Data received at BS over time.

Figure 4.9 presents how the EDEC performs better than the LEACH in terms of

energy saving over time.

Figure 4.10 shows the energy efficiency that how much effective data can be delivered
by certain amount of energy. As in each data communication, the size of the data is

fixed (500 bytes), we use the number of the data communications to represent the
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Figure 4.9: Energy dissipated over time.

output. It clearly shows that the EDEC performs about 30% better than LEACH.
Moreover, this is based on the configuration of {F,,en:=1} for the EDEC. For those
sparse events scenarios, the energy efficiency can be expected much higher, because of
the saving of energy of sensing units.

Figure 4.11 shows network throughput in terms of alive nodes over delivered data.

As seen from figure, the EDEC nodes can produce as much as 50% more effective data

than LEACH nodes.
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Chapter 5

Conclusions and Future Works

We proposed a new scheduling algorithm for sensing units such that the whole network
lifetime can be greatly prolonged while the original coverage degree can be maintained.
Another attractive feature is that the EDEC separates the tasks of sensing and commu-
nicating so that it can adaptively combine with many existing communicating protocols
without too many changes on their original designs. The EDEC also brings together the
BT technology, coarse/fine coverage, and eligibility calculation without extra communi-
cations such that the energy consumed for sensing task is optimized. The experimental
results have shown that the EDEC is effective compared to original communicating
protocol LEACH in terms of energy efficiency and network lifetime.

In order to more accurately simulate the real environment, we need to create an
event-driven simulator. Such a simulator would be able to measure the probability of
missed detections and false alarms of events occurring in the environment, especially
when testing different R, values. Thereby, we can get a more realistic and application-
specific determination of the network quality by taking account of the energy wasted
on the false alarms. This is a subject for our future work.

In addition, the coverage calculation process can be explored more by adopting
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simple broadcasting which is to broadcast the decision of being a working node or
being a sleeping node. This would increase the number of sleeping node therefore save
even more energy. However, as Section 3.1.2 stated, this broadcast will bring the extra
communication overhead. Moreover, as it needs to encode the message which indicates
the node status, BT module cannot do it. Instead, communication units have to do
this task and this probably influences the working flow of communication units. For
example, when a communication unit is deciding to enter into sleeping mode, it has
to consider the wake-up time when its sensing unit needs it to notify its neighboring
sensing units that this sensing unit has made the decision to be in sleeping mode. Thus,
there are tradeoffs between putting more sensing units in sleeping mode and increasing
the network overhead as well as complexity to combine communication protocols and

the EDEC scheduling. This is another subject for our future work.
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