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ABSTRACT

A POWER EFFICIENT DISASTER DETECTION SCHEME
USING WIRELESS SENSOR AND ACTUATOR
NETWORKS

In this work, a novel scheme is designed to exploit the fact that disasters occur
rarely, but the sensor network should be up and available for a long time. The pro-
posed scheme is devised for disaster recovery for wireless sensor and actuator networks.
The main goal is to minimize battery usage, increase network lifetime, and minimize
redeployment. The proposed model works even in the case that the disaster destroys
all nodes within the disaster area and also blocks communication unless there is line
of sight. The scheme works in an area where the actuators form a regular grid and
the sensors are randomly deployed. The scheme tries to maximize network lifetime
by reducing idle listening and protocol overhead while there is no disaster and rapidly
organizes nodes when the disaster strikes. Operation under disaster includes an alarm
phase, a grouping phase, and a routing phase. Grouping mechanism provides data ag-
gregation and reduces the overhead of the actuators. Furthermore, routing mechanism
allows nodes along the path to perform duty cycling and prevent them from becoming
bottlenecks. The proposed scheme is compared with the well known T-MAC algorithm

in terms of network lifetime and shown to produce better results.



OZET

KABLOSUZ ALGILAYICI VE ERISIM DUZENEGI
AGLARINI KULLANAN GUC VERIMLI BIR AFET
SEZIMI SEMASI

Bu caligmada, afetin az goriildiigii fakat algilayici agin uzun bir siire calisir
ve miisait olmasi gerceginden yararlamlarak yeni bir sema tasarlanmistir. Onerilen
sema afet sezimi amach kablosuz algilayici ve erigim diizenegi aglari i¢in planlanmigtir.
Ana amaclarimiz pil kullanimini azaltmak, ag émriinii arttirmak ve tekrar konuglanma
sayisini en aza indirmektir. Onerilen sema afetin afet alanimdaki tiim diigiimleri bozdugu
ve gbz gorlgii yoksa iletisimi de engelledigi durumlarda bile ¢aligabilmektedir. Sema
erisim diizeneklerinin diizenli bir 1zgara olugturdugu ve algilayicilarin rastgele dagitildigi
bir alanda ¢aligmaktadir. Sema herhangi bir afet yokken aylak dinlemeyi ve protokol
ek yiikiini azaltarak ag omriini etkili bir sekilde azami mertebeye erigtirmeye, afet
vurunca da diugimleri hizli bir sekilde diizenlemeye calismaktadir. Afet sirasinda op-
erasyon uyari evresi, gruplama evresi ve rota tespit etme evresini igerir. Gruplama
mekanizmasi veri kiilmelemeye ve erisim diizeneklerinin ek yiiklerinin azalmasina olanak
saglar. Ayrica, rota tespit mekanizmasi yol tizerindeki diigtimlerin gorev dongtisii yap-
masina izin verir ve onlarin darbogaz olmalarini engeller. Onerilen sema, iyi bilinen
T-MAC algoritmasi ile ag 6mrii tabaninda kargilagtirilmig ve daha iyi sonuclar iirettigi

gozlenmistir.
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1. INTRODUCTION

Wireless sensors are battery operated low cost devices with limited processing
and communication capabilities. A wireless sensor mainly consists of four components:
sensing unit, processing unit, power unit, and transceiver. They differ from traditional
sensors since they can process the sensed data and communicate through wireless
channel. The phenomenon to be sensed can be ambient temperature, humidity, motion,

seismic activity, etc.

Large number of these nodes are deployed to form a WSN (Wireless Sensor Net-
work). In a WSN, sensor nodes sense the environment for some sort of activity and
report the collected data to a sink node. Sink nodes have more processing power than
an ordinary sensor and are usually assumed to have unlimited power. A WSN should

have at least one sink.

A WSAN (Wireless Sensor and Actuator network) is a WSN that contains actu-
ator nodes besides sensor nodes and sink. Actuator nodes have more processing power
and more power than an ordinary sensor. Moreover, they can communicate to much
longer distances than regular sensor nodes. An actuator node costs less than a sink
and may be used for coordination in WSNs that are deployed for monitoring a large

area in a cost effective way.

A WSN can operate in different ways depending on the context it is used for. An
application may require constant monitoring in which nodes should report collected
data to the sink periodically. Some WSNs operate in a query based fashion where sink
propagates a query into the network and some relevant sensors report back to the sink.
Another type of WSN operation is for event detection. In this type, collected data is

usually irrelevant to the sink unless some sort of event occurs.

In this thesis, a new scheme, Power Efficient Disaster Detection (PEDD), is

proposed for detecting rarely occurring events such as forest fires. PEDD includes



network deployment and initialization methods in addition to energy efficient operation
before and during disaster. Group formation is postponed till the disaster strikes to
reduce energy consumption. When a fire starts, the network reports an alarm about the
fire to the sink within a reasonable amount of time in addition to periodic measurement
reports subsequently. Furthermore, we want to extend the lifetime of the network to

minimize cost and harm to the environment due to the batteries in the sensor nodes.

Most of proposed protocols for WSNs assume that communication unit of nodes
are always on. However, it is known that idle listening (listening the channel for possible
communication) consumes nearly the same energy as reception. Therefore, in order to
obtain a network with a longer lifetime, sensors’ transceiver units should be turned
off to save energy. The trade-off for this action is increased packet latency. Even if
transceiver unit is shut down, sensing and processing units still consume power. To
have a long lived network, one should also shut down those units whenever possible,

putting nodes into sleep mode in which they consume negligibly small amount of energy.

Event detection using WSNs has been studied in the literature. In these works
events are assumed to have small effect area and sensor nodes can operate as usual
during an event. However, an event like fire that can cover a large area may destroy
the sensor circuitry and make them inoperable if they are within the area enclosed by
fire. Moreover, it can affect the communication channel (depending on the fire) so that
two nodes separated by fire may not be able to communicate although they are within

each other’s transmission range.

The contribution of this thesis is the introduction of a complete solution for

disaster recovery with the following features:

e Communication, and thus, power expenditure is kept at minimum as long as there
is no observed disaster to prolong network lifetime.
e In the case of a disaster, an alarm is produced and transmitted over several paths

to guarantee early warning.



e Group formation is delayed until the disaster and applied only in the area of
disaster.
e A new routing algorithm is proposed with alternating paths to avoid routing

failures due to battery exhaustion on the shortest path.

The proposed scheme has three operation modes:

1. normal operation of the network without any event,
2. reporting the phenomenon and group formation for reporting data in case of an
event,

3. routing collected data to actuator nodes.

The organization of the thesis is as follows. In Chapter 2, background information
about WSNs are given together with related work from literature. Since PEDD covers
different aspects that are usually studied separately, a detailed literature survey is
performed. Chapter 3 explains the proposed scheme in detail. Simulation parameters,
scenarios and results are given in Chapter 4. Finally, we conclude the thesis and explore

future study areas in Chapter 5.



2. BACKGROUND INFORMATION

In this section, we first discuss the general structure of a WSN and then pro-
vide detailed information and proposed solutions for sleep scheduling, clustering, and

routing problems in the literature.

2.1. General Information

A WSN is composed of a large number of connected sensor nodes with sensing,
processing, and communication capabilities [2]. Nodes are battery operated, tiny, and
inexpensive devices with limited communication range. A node may be specialized
in just sensing a single phenomenon or it may sense a couple of different aspects of
the environment including but not limited to temperature, humidity, seismic activity,
intrusion, etc. A WSN is deployed in an ad-hoc manner and sensors are usually placed
randomly in ROI (Region of Interest). A WSN does not require a fixed communication

infrastructure so it can easily be deployed.

In addition, ROI is usually a remote and /or hostile area so after initial deployment
nodes should organize themselves as a network. After deployment, nodes monitor
the data and report back to sink. Since ROI may be huge, there can be thousands
of sensors. To ease up communication and coordination, actuator nodes with more

processing capability and power may also be deployed.

WSNs are used in both civil and military applications. For civil applications,
the usage may range from monitoring a patient’s health to monitoring a habitat. On
the other hand, for military applications, the aim may be border surveillance or target

tracking.

As sensors have limited power supply, their lifetime is also limited. Since they
are deployed in a remote area, accessing the ROI after deployment may not be an

easy task. Moreover, since a WSN consists of a large number of sensors, recharging



or replacing the battery of each sensor is not a feasible solution. When designing a
protocol, these inherent disadvantages should always be considered and the protocol

should try to maximize network lifetime.

In a sensor unit, transceiver circuitry expends most of the energy compared to

other units. Some sources of energy wastage due to communication can be listed as:

e idle listening where a node listens the channel for possible communication,

e packet overhearing where a node hears a packet while it is not the intended
receiver,

e protocol overhead due to message exchanges required by the protocol employed,

e packet collisions when two transmitters transmit a packet at the same time with-

out knowing each other’s transmission and a receiver that hears both of them.

First two cases can be avoided by putting radio to sleep mode whenever possible.
For the third case, protocol must be designed carefully in order not to induce too much
overhead. Finally, for the last case, some clever medium access schemes should be

employed to avoid collisions.

Sensors have a limited communication range, they may not be able to reach to
the sink directly. Even if they could, transmitting a packet to a long distance costs
more energy than transmitting it in hops. To increase network lifetime, one should use
multihop communication whenever possible to reduce the energy expenditure. Another
aspect of multihop communication is that it causes a couple of nodes to expend less
energy rather than just one node to use too much battery power, providing a little

degree of evenness in consumed energy.

Another difficulty of WSN comes from the fact that nodes have limited process-
ing power and memory. There is no overall coordination of the network and global
knowledge of the network at any given time cannot be obtained without incurring a
huge communication cost. Even if this is tolerable, the state of the network may change

until all the information is collected at the sink due to delay. That is to say, a protocol



designed for WSNs should be distributed and each node should take its own actions
depending its current state, its neighbors, and environment to be monitored. Moreover,

due to large number of nodes, the protocol should be scalable.

When the purpose of WSN is event detection, nodes do not need to report peri-
odically to sink unless the event of interest has occurred. It is obvious that the traffic
load is very low in this case. However, when the event occurs, especially the nodes
close the event need to report periodically. The type of event is very important in the
design of a protocol. Depending on the event, protocol may need to satisfy some strict
requirements. For instance, if radioactive material leakage is to be detected from a re-
actor, even seconds may be important. On the other hand, if the event to be detected
is forest fire where the response time is rather long, delay requirements may not be that
strict. In this thesis, we focus on the second type of events where delay is important

but not that crucial.

Duty cycling is a commonly used term in WSNs to refer to the case when nodes
switch between on and off states to save energy. A DC (Duty Cycle) with a value 0.01
means that a node is in the on state for one unit of time and in the off state for 99
units of time. In the on state, all units of a node are on whereas, depending on the
protocol, the off state may refer to the case where just the transceiver circuitry is off
or all units are off. A low DC leads to a longer lifetime for the network but it may also
cause unacceptable delays. Therefore, depending on the context both of these metrics

should be balanced carefully.

2.2. Related Work

Sleep scheduling in WSNs can be defined as putting nodes into sleep mode when-
ever possible to save energy in an organized manner such that some latency require-

ments are met.

A new channel is introduced for pipelined tone wakeup in [3]. Wakeup radio

is on for Tyon. and off for Tge., where Tyone + Tseep = 1. When a node has a



packet to send, it sends a tone to wakeup channel that lasts for 7,,. Wakeup tone does
not contain the identity of the receiver so any node with active wakeup channel and
within transmission range switches to data channel. T, is set to T + Tione so that
all neighbors become awake. Transmitter first notifies the receiver so other neighbors
go back to sleep whereas receiver begins to wakeup its neighbors to minimize delay.
Similar wakeup radio schemes are also used in [4], [5] and [6]. The problem with these
schemes is that a sensor with an extra wakeup channel is not feasible to manufacture
both industrially and cost wise. In addition, since wakeup radio is assumed to be low
power, its transmission range would be shorter than the data channel so a transmitter

may not be able to reach all its neighbors on the wakeup channel.

A sleep scheduling scheme for high density cluster-based WSNs is proposed in
[7]. It is assumed that clusters are already formed, nodes have variable transmission
ranges, and each member node knows its distance from its CH (Cluster Head). Three

different sleeping mechanisms are discussed.

e Randomized scheduling: Each member node goes to sleep with the same proba-
bility, 0.

e Distance-based scheduling: [ is a function of the distance from CH. This scheme
favors the nodes far from CH to sleep more since they use more energy to com-
municate with CH.

e Balanced-energy scheduling: This is a special case of distance-based scheduling
where expected energy usage does not depend on the distance from CH by care-

fully selecting (3, function.

It should be noted that in this work, energy expenditure due to idle listening is not

considered.

A delay efficient sleep scheduling scheme is discussed in [8]. They assumed perfect
node synchronization and low traffic load such that no interference or collisions occur.
The number of slots is fixed and slot length is defined as the time required to successfully

receive a packet. They tried to minimize DD (Delay Diameter) that is defined as the



maximum delay among the shortest path for all pairs. A node is wake 1/k of the time
slots. In their central algorithm, all nodes start with the same slot for wakeup and then
each node picks up the slot that minimizes DD in turn. Algorithm is run until a finishing
time. In their distributed algorithm, each node only knows the slot assignments of its
neighbors and selects a slot that minimizes DD based on that knowledge. If node’s
current slot is updated, it informs its neighbors who in turn run the algorithm again.

This algorithm is run at each node for a predefined number of iterations.

Exponentially distributed node sleep times and per hop delays are assumed in
[9]. Each transmitting node appends a timestamp to its packet that shows how long
it has been waiting. Per hop delay constraint {7, p.} is met when per hop delay is less
than 7 with probability p,. After waking up nodes estimate the ongoing activity based
on the timestamps of waiting packets and update their DC accordingly.

Another distributed algorithm is proposed in [10]. Slot length is again the time
required for successful reception of a packet and all nodes are synchronized. Another
assumption is that a node can only receive in its active time whereas it can transmit at
any time. A stochastic distributed algorithm where each node only knows the schedules

of its neighbors is used with different objectives that can be listed as:

e min-max: minimize the maximum delay to its neighbors,

e min-max-degree: minimize the delay to the neighbor with the highest degree
(number of neighbors),

e min-avg: minimize the average delay to all its neighbors,

e min-avg-degree: minimize the weighted average delay where weights are the de-

grees of its neighbors.

A protocol for HWSNSs is introduced in [11] and [12]. Geographic routing with
FCSs (Forwarding Candidate Sets) is used. A node’s FCS is the set of neighbors that
are closer to sink than itself. A random asynchronous wakeup scheme is discussed in
[12] where each node in FCS wakes up one in every slot, stay awake for a predetermined

period of time, and go to sleep again. On the other hand, active time is a function



of node’s energy in [11]. Nodes exchange their energy levels by using beacons and
each node knows the energy levels of its neighbors. A node’s active time is given
by max(Eyw/Eqyg, wyy) where E, is the current energy level of the node, E,,, is the
average energy level of its neighbors, w is the normal wakeup duration, and wy, is
the minimum wakeup duration. Since actuator nodes have higher battery capacities
compared to ordinary nodes, this scheme forces them to be active more and sensor

nodes sleep more often.

A pipelined mechanism is offered in [13]. A static sleep schedule is used when
there is no query. If sink broadcasts a query nodes adapt to dynamic schedule. Static
sleep schedule forms a pipeline based on the node’s hop count from sink. Suppose
that nodes A, B, and C are one, two, and three hops away from sink, respectively.
Then their sleep schedule looks like the one shown in Figure 2.1. But whenever sink
broadcasts a query the sleep schedule becomes dynamic. If hop count of destination
from sink is known, schedule is modified to form a reverse pipeline. Otherwise nodes
closer to the sink remain active until they hear from their neighbor that is further from
the sink. These two cases are shown in Figure 2.2. This approach brings energy savings
and with its pipeline mechanism latency is at minimum. However; it cannot be used

for other usage cases.

v

Figure 2.1. Static sleep schedule without a query

An adaptive sleeping discipline for diffusion stimulus is explained [14]. Diffusion
stimulus is defined as a phenomenon originating at a source and constantly spread-

ing outward like a leakage. Sensor nodes assumed to be equipped with GPS (Global
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A A
A A A
B B B
C C C
(a) Destination hop count known (b) Destination hop count unknown

Figure 2.2. Dynamic schedule during a query

Positioning System). Sensors can be in one of the three states, which are restricted,
non-restricted, and covered. Covered state means that sensor is already inside the
stimulus. Restricted state implies that although sensor is not inside the stimulus, it is
close to the stimulus boundary and may become covered soon. Finally, non-restricted
state means sensor is far enough from stimulus. Non-restricted nodes follow their DC
as normal. Restricted ones modify it in such a way that they are awake when stimulus
comes close to them. Covered nodes are always in the active state. There are four

types of messages that are as follows:

e wakeup: When a non-restricted node wakes up, it broadcasts a wakeup message,

e present: A covered sensor who hears a wakeup message replies with a present
message. A non-restricted node goes to restricted state upon hearing this mes-
sage.

e detection: A node that detects the stimulus goes to covered state and broadcasts
a detection message. Non-restricted nodes who hear this message go to restricted
state.

e clapsed: Covered nodes that hear the detection message reply back with elapsed
message that contains the elapsed time between their detection time and current

time.
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By making use of the elapsed messages and GPS coordinates, nodes estimate
local velocity of the stimulus and arrival time. Based on these values, restricted nodes

wake up more often, update their velocity and arrival time estimates.

A sleep scheduling scheme for rare event detection is proposed in [15]. Network is
assumed to be consisting of two layers, primary nodes and secondary nodes. Primary
nodes are selected in such a way that they maintain sensing coverage with minimum
number of nodes. They are rotated periodically. On the other hand, secondary nodes
have a very small DC. The proposed algorithm assumes synchronized nodes and con-

centrates only on how to rotate the primary nodes. The algorithm is as follows:

Step 1 : Each primary node selects a wake up time randomly,

Step 2 : Each primary node recalculates its wakeup time, exactly once in each
iteration based on recent neighbor schedules. A node continues to iterate until
it does not receive updates from neighbors and thus has not changed its wakeup
time. When a node updates its wakeup time, it broadcasts this information to

inform its neighbors.

The problem with this scheme is large overhead for communication during each itera-

tion.

A sleeping discipline for data gathering is offered in [16]. The network is assumed
to be like a tree where sink is at the root. Nodes start to send to their neighbors at
the upper level when they wake up. DC of a node consists of time for reception, time
for transmission, and time for sleep. Nodes transmit their messages just at the time
when their parents wakeup for reception, which is illustrated in Figure 2.3. Additional
mechanisms are employed to improve the algorithm. When a node has more data to
send, is sets up a more data flag in MAC header to inform the receiver. Receiver stays
awake for an additional slot, which improves latency. Sibling nodes at the same level
may race for channel, a parent that receives a packet from one of its children stays
awake for another time slot in case another children may send a packet to prevent

starvation.
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recv | send sleep recv | send sleep

recv ] send | sleep recv ] send | sleep

recv ] send | sleep recv ] send | sleep

recv | send | sleep recv | send | sleep

Figure 2.3. Pipelined wakeup scheme for data gathering

S-MAC protocol is introduced in [17]. Nodes exchange schedules and sleep and
listen at the same time. A node receiving multiple different schedules adapt to both
of them. This scheme provides virtual clustering among nodes. Slot length is fixed.
IEEE 802.11 DCF (Distributed Coordination Function) is used and nodes overhearing
RTS (Ready to Send) or CTS (Clear to Send) packets go to sleep mode during data
packet transmission. Message passing ,where long messages are fragmented into small
fragments and transmitted in bursts, is used. RTS and CTS messages are exchanged
just for the first fragment, but all fragments require ACK (Acknowledgment) messages.
Each fragment and ACK have duration field to prevent hidden terminal problem. The
problem with S-MAC is that since nodes form virtual clusters, a node receiving a packet
has to wait until the next slot to transmit it to its neighbor. At each hop, a latency

equal to slot length is incurred.

T-MAC also uses IEEE 802.11 DCF for communication and schedule exchange
mechanism for virtual clustering [18]. Unlike S-MAC active period of a node is adaptive.
Active period of a node ends when no activation event occurs for a time period of T'A.

Activation events can be listed as:

e firing of a periodic timer,

e data reception,

e sensing of communication (collision),
e ending of a packet transmission,

e overhearing a data exchange by a neighbor.
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To prevent asymmetric communication problem (also called the early sleeping problem)
where a future receiver goes to sleep without knowing it is the receiver of packet in
the near future two workouts are explained. First one makes use of a so called Future
RTS packet. Node receiving the Future RTS packet do not go to sleep, which reduces
latency. Second workout is taking priority on full buffers. A node with a full buffer
prefers transmitting to receiving. To achieve this task, whenever it hears a RTS packet

destined for itself, instead of replying with a CTS, it immediately sends its CTS.

Another MAC Protocol, TEA-MAC is introduced in [19]. TEA-MAC employs
short but frequent sleeps with simplified IEEE 802.11 control frames. There are sleep
counters and wakeup counters that operate antagonistically. That is to say, whenever
sleep counter reaches zero, node wakes up and whenever wakeup counter reaches zero,
node sleeps. Depending on the packet a sensor receives or transmits, its wakeup counter
may be reset to a new value. For instance, when a node receives a packet, its wakeup
counter is reset to the value of the packet duration plus processing delay and sleep
counter is set to zero. It is argued that when the value shared by both counters is
small, nodes wakeup frequently, which provides higher throughput. Since wakeup time
is small, idle listening is reduced. Moreover, since nodes in the same locality share
the same counter values, they sleep and wake at the same time, which achieves virtual
clustering. However, the cost between switching between sleep and active states is
not considered in this work and can become significant if such state change occurs

frequently.

Schedule based access schemes are proposed in [20] and [21]. TRAMA (Traffic
Adaptive Medium Access) protocol assumes time slotted channel and offers a dis-
tributed election mechanism based on schedules [20]. It consist of the following three

components:

e Neighborhood Protocol : Nodes obtain two hop neighborhood information.
e Schedule Exchange Protocol : Schedule information is established based on the

traffic of the receiver.
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e Adaptive Election Algorithm : A hash function is used to select the transmitter

for the current slot.

Moreover, some mechanisms for channel reuse when the selected transmitter has no

data to send are employed to select a new transmitter.

FLAMA (Flow Aware Medium Access) is very similar to TRAMA but this time
instead of traffic, flows are used to select the transmitter for a particular slot [21].
FLAMA is designed for query based WSNs whereas TRAMA is designed for a general

case.

Clustering protocols group nodes into clusters and selects one of them as the
cluster head. Member nodes usually just communicate with CH (cluster head). CH is
responsible for aggregating gathered data and sending it to the sink. With clustering

hierarchy, some benefits for WSNs can be obtained that can be listed as follows:

e TDMA scheme is used for member nodes to access the CH. With its inherent
duty cycling, TDMA provides energy savings.

e CHs are responsible for coordination and management of member nodes, which
reduces the burden of the sink and also the burden of the network as a whole.

e [t is assumed that different clusters use different codes for communication and

TDMA scheme is used within a cluster. Hence, interference is reduced.

Besides these advantages of clustering, the main disadvantage is that CHs con-
sume more energy than member nodes since they are active all the time. To prevent
CHs to die quickly, they need to rotated periodically, which induces significant protocol

overhead.

LEACH (Low Energy Adaptive Clustering Hierarchy) is introduced in [22]. In
LEACH, single hop architecture is assumed, where CHs can reach the sink in one hop.
All non-CH nodes transmit their data to CH, which aggregates the data and transmits
it to sink. Operation of LEACH is divided into rounds. Each round begins with a setup
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phase in which, the clusters are organized, followed by a steady-state phase where data

is transferred from member nodes to CH and from there to sink.

In the setup phase, each node elects itself to be a CH with probability P;(t), which
is chosen such that the total number of clusters is equal to a predetermined value, k.

That is

where N is the total number of nodes. To ensure all nodes become CH the same number
of times requires each node to be a CH once in N/k rounds on the average. Let, C;(¢)
be the indicator function determining whether or not node i has been a CH in most
recent (r mod(N/k)) rounds (C;(t) = 0 if node i has become a CH, 1 otherwise), then

each node chooses to become a CH at round r with probability:

k
Pt)y=4 N—Fkx (r mod(£))
0 if C;(t) = 0.

if Cy(t) = 1

After CH selection step, elected CHs broadcast an advertisement message. Non-
CH nodes receiving these messages select which cluster to join and transmit a join-
request message. Then, CHs set up a TDMA schedule and transmits the schedule to
the members of the cluster. After schedule is known to all nodes in the cluster, steady
state transmission begins. During steady state transmission phase, each node uses
power control and adjusts its power just enough to reach the CH. Moreover, radio of

each node except CH is turned off until its allocated transmission time.

A refined version of LEACH is presented in [23]. The aim of refinement is to
achieve better evenness of energy load distribution over the whole network. To accom-
plish this goal, remaining energy levels of candidates and their cost for transmission is

considered.
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The main idea of the algorithm is to avoid selecting nodes with lower residual
energy and higher energy dissipation as cluster heads. Modified threshold function

becomes:

o k Er,residual - Er,dissipate
- N
N — k x (T mod (?)) Er,auerage - Er,dissipate

Pi(t)

where F, ;esiquar 18 the node’s initial residual energy in last round 7, E, guerqge is the
average initial energy of all nodes in the cluster in round r and F, gissipate 15 the total

energy dissipated by node for data transmission in last round r.

Another modification of LEACH is introduced in [24]. The main difference is
that cluster sizes are more predictable than LEACH since in this protocol each elected
CH broadcast the advertisement message within a predefined range. This predefined

range may be calculated by some theoretical analysis for dense networks.

An energy-efficient version of LEACH for event-driven applications is presented in
[25]. This time member nodes use E-TDMA (Energy-Efficient TDMA) to communicate
with the CH. This time when a member node wakes up, it does not send any data to
CH, if it has no significant data to send. This scheme provides major energy savings

and thus, an increased lifetime.

Shortcomings of LEACH are discussed and an ACW (Adaptive Contention Win-
dow) based algorithm is proposed in [26]. Disadvantages of LEACH can be listed

as:

e unsuccessful probability of head election,
e probability of inaccurate number of elected heads,

e probability of sufficient separation distance.

In the proposed algorithm, each node selects a random backoff value from the con-
tention window (between 0 and C'W) and the one with the minimum backoff value

becomes the CH in its region.
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CW value of each node is modified based on one of the three schemes below:

e Long-term fairness based: Initial value of CW is the number of nodes in the
network and it is not modified. In the long run, each node becomes CH approxi-
mately the same number of times.

e Medium-term fairness based: In this scheme, C'W value for each node is modified

at each round based on the formula:

where C'W;, denotes the CW value and FE;, denotes current remaining energy
for sensor ¢ in round r. Though it is impossible to know each node’s energy, the
overall energy of the network (nominator) is estimated by using the energy level
of the cluster.

e Short-term fairness based: In this scheme, all non-CH nodes decrease their CW
value by one in each round whereas CH nodes update their CW value as infinity

so they do not become CHs for the next N rounds.

An iterative clustering protocol, HEED is proposed in [27]. HEED is designed to

meet the following requirements:

e whole process is distributed,

e clustering terminates within a fixed number of iterations,

e at the end of a clustering period, each node is either a CH or a member of exactly
one cluster,

e clustering is efficient (low processing complexity and message exchange),

e CHs are well-distributed over the network and have high average residual energy

compared to other nodes.
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Before the first iteration, each node sets a probability of becoming a CH that is
given by:

CHprop = Cprob%

where C), is the desired percentage of CHs among all nodes, Ejcsiduq is the remaining
energy of the node, and FE,,,, is the energy of a fully charged battery. During any
iteration i, i < Nj,, where Ny, is the maximum number of iterations (predefined),
every non-CH node elects to become a CH with probability C'H,,.,. After step ¢, the
set of tentative CHs -Sg- is set to { CHs after step i — 1 | new heads selected at step
i }. A node, s;, selects its CH to be the node with the lowest cost in Sg, (S, may
include s;). Every node than doubles its C'H,,., and goes to the next step.

If a node elects to become a CH, it broadcasts an announcement message con-
taining its ID and status. In this message status is set to tentative CH if its C'H,qp
is less than 1, or final CH if its C'H),, has reached 1. A node is said to be covered
if it hears an announcement message, otherwise it is uncovered. An uncovered node,
announces itself as a CH with state as final CH. A tentative CH can become a regular

node at a later iteration if it finds a lower cost CH.

Though HEED performs better than LEACH in terms of network lifetime, its

iterational nature brings considerable delays and overhead to form clusters.

A modification of HEED is proposed in [28]. In the first phase, each node checks
if its cost is the least among its neighbors. If it has the lowest cost, it sets itself as core

head, otherwise it sets the least cost neighbor as core.

After core election, CH selection excludes non-core nodes. Every node has an
initial probability C'H,... During each iteration, each uncovered node becomes a
tentative CH with a probability of C'H,,,.;, and resolves conflicts with neighbor tentative
CHs by using residual energy level as criteria. All nodes double their C'H,,,, for each

iteration. The election process repeats until the values for C'H,,,;, of all nodes reach 1.
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In the final round, final CHs are considered as CHs and tentative CHs as non-CHs.

Uncovered nodes run the algorithm to elect extra CHs.

A sink coordinated algorithm is presented in [29]. It is assumed that sink knows
location of all nodes in the network. During each setup phase, sink gathers information
from all sensors about their current energy. Then, sink computes the average node
energy of the network and chooses a subset -S- of nodes whose energy values are above

average as tentative CHs.
The steps of the algorithm are as follows:
. From S, select two nodes s; and sy that have maximum separation distance,

. Group remaining nodes with either s; or s, whichever is closest,

. Balance the two groups so that they have approximately same number of nodes,

[

. Split S into two sets S and .Ss.

The algorithm is applied recursively until the desired number of clusters is ob-
tained. After clusters are formed, sink chooses the lowest-energy routing path and
forwards this information to sensor nodes together with the details on clusters and

CHs. The network uses multihop architecture.

A clustering protocol for HWSNS is offered in [30]. The algorithm uses the initial
and residual energy of the nodes to select CHs. To avoid global knowledge of the
network by each node, the algorithm estimates the average energy of the network
by using the initial energy of the network and energy spent for each round. The
general structure of the algorithm is very similar to LEACH but this time probability
of becoming a CH differs for ordinary and advanced nodes based on their initial energy

levels.

An unequal clustering mechanism for multihop communication is presented in
[31]. The logic behind the idea is that nodes closer to the sink become hot spots and

die quickly. Each node has a competition range for becoming a CH that decreases as
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a node’s distance to the sink decreases. The result is clusters closer to the sink have

smaller cluster sizes.

In the network deployment stage, sink broadcasts a hello message at a certain
power level. By hearing this message, each node computes its approximate distance to
the base station based on received signal strength. For clustering phase, first several
tentative CHs are selected. Every node becomes a tentative CH with same probability
T that is predefined. Other nodes keep sleeping. For a tentative CH s;, its competition
range is defined as:

RO

comp

dmam - dmzn

d —d(s;, B
Si-Rcomp _ <1 . mazx (317 S))

where d,,q, and d,,;, denote the maximum and minimum distances between sink and
nodes in the network, d(s;, BS) is the distance between s; and sink, ¢ is a constant,
and Ry, is the maximum competition range.

For selecting CHs, each node broadcasts a compete head message that contains
its power level and competition radius with power level just enough to achieve a radius

of RO

comp- Tuach tentative CH forms a list of adjacent CHs, S, that are closer than its

competition radius. After receiving all compete head messages, s; becomes a CH if it
has the most residual energy among all nodes in S.,. In this case it broadcasts a final
head message, otherwise it broadcasts a quit election message. Selected CHs broadcast
advertisement messages. And other nodes join the closest clusters based on received

signal strength and broadcast a join cluster message.

A similar unequal clustering mechanism for single hop WSNs ,where each CH
reaches sink directly, is discussed in [32]. This time clusters far from the sink should
have smaller sizes, since they consume more energy reaching to sink, than clusters
nearby the sink. The algorithm is similar to the one in [31], but this time after CHs
are selected, each node decides its cluster based on a cost function that is a weighted

sum of the distance of CH to the sink and distance of node to the CH.
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After observing that some of the coverage ranges can be fully covered by other
sensors in the area, it is proposed that coverage based scheduling methods may not
work well for heterogeneous environments where monitored measure changes quickly in
some sub-regions but slowly on others [33]. Moreover, it may be the case that readings
of two neighboring sensors may be significantly different due to a boundary (e.g., one

is under the sun and the other is in the shadow).

The proposed approach is to cluster the sensors based on accumulated data. Then
only some of the sensors from a cluster are active in a round and others are asleep. Of
course, active sensors in a cluster change in turn. The logic behind this approach is that
since these sensors have similar readings now, they will also have similar readings in
the future. With this approach, the authors tried to achieve energy saving and quality

guarantee. Even if a reading of a sensor changes, it is still detected with a minor delay.

The whole protocol is built on top of the sink. Sensors only have a simple sched-
uler module that simply extracts the schedule obtained from the sink and make the
sensor active or asleep based on the schedule. On the other hand, the sink has the

following modules:

e Data storage module: It stores all sampling data received form sensors.

e Dissimilarity measure module: It calculates the pair wise dissimilarity measure of
time series for each sensor. Note that dissimilarity measure is application specific.

e Clustering module: With given dissimilarity and a maximal dissimilarity thresh-
old, this module divides the sensors into clusters.

e Sensor node working schedule generator: It generates a working schedule for each

sensor node based on the clusters.

In the implementation, single-hop architecture is assumed, that is, all sensors can
directly reach the sink. Another assumption is that, sensor nodes are time synchro-

nized. Moreover, they make only one sensor active in each cluster at any time.
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Clustering problem has also attracted interest for mobile adhoc networks and
metaheuristics are used for the problem. A simulated-annealing based technique is

proposed in [34]. A weighted metric that uses the weighted sum of a node’s

sum of distances of members of the cluster,

average speed of the nodes in the cluster,

accumulative time of that node being the cluster head,

degree (number of neighbors) difference.

After introducing the metric, simulated annealing is applied to find a solution to the
problem. The main drawback of the approach is that a neighborhood scheme is not
specified, in each iteration a random solution is produced and tested for acceptance
criteria. The problem with the algorithm is that, it is central, not distributed. The

same metric is also used in [35] where genetic algorithm is used for optimization.

Two budget based algorithms ,where nodes have local growth budgets to allocate
for neighbors, are offered in [36]. The first algorithm is called Rapid and produces of
clusters of bounded size whereas the other one called Persistent always tries to produce

a cluster with specified size.

For Rapid algorithm, the initiator is assigned a budget of B, of which it accounts
for itself and evenly distributes B — 1 among its neighbors by sending a message to
each of them. An arbitrary set is chosen if there are more neighbors than the budget.
The neighbors receive the message account for themselves and distribute the remaining
among all their neighbors except the parent. The messages propagate until the budget
is exhausted. Each node that receives the message sends an acknowledgment to its
parent when either the budget is exhausted or it has received acknowledgments from
all its children. The algorithm terminates when the initiator receives acknowledgments

from all neighbors that it sent message.

Persistent algorithm is similar to Rapid algorithm. But in this case, each node

that receives the message does not send acknowledgments to its parent immediately
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or receiving acknowledgments from its children. It computes the size of the subtree
and compares it to the budget allocated to it. It distributes the shortfall among
its neighbors that either was not explored previously or met all previously allocated
budgets. When either the budget is met or when further growth is not possible, it
returns an acknowledgment to its parent. The algorithm terminates when the initiator
determines that the bound has met or when no further growth is possible (there are

not enough nodes around to join the cluster).

The problem with both algorithms is that initiators need to be spaced apart both
in time and space to avoid collusions. An exponentially distributed timer is used to

minimize collisions.

CuMPE protocol consisting of routing part and MAC part is introduced in [37].
Routing part uses the selective flooding to propagate messages and to find upstream
node with lowest cost, and a greedy algorithm to choose the minimum cost path. MAC
part finds the critical path in the tree and schedules the nodes to send messages without
extending the tree. CuMPE has four steps, which are CH election, route setup, TDMA
scheduling, and data transfer. For CH election, existing algorithms such as LEACH

are used.

In route setup, protocol finds the path to CH with minimum cost. Instead of
flooding the same information through network, protocol only propagates new infor-
mation when a node finds a lower cost path. In this phase, elected CHs first broadcast
advertisement messages. Any node receiving the advertisement knows the ID of the
CH and signal strength of the packet that is used for calculating the cost to CH. The
node then broadcasts a message to tell other nodes about the cost information. Any
node receiving the message knows the ID of the sender, cost from sender to CH and
cost to sender. Then it calculates cost to the CH by adding the two cost values, it
compares this value with its current cost. If new cost is higher, it is discarded, other-
wise sender node becomes the new upstream node and new information about cost is

also broadcasted.
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After clusters and routes are set up, TDMA schedule is used to ensure collision
free transmission. The protocol first selects the node with greatest number of down-
stream and blocking nodes and schedules them as early as possible in order to minimize
overall transmission delay. A node X is said to block node Y if and only if transmission
range of X covers the upstream node of Y. When X sends data, it also reaches the
upstream node of Y and if Y also transmits at the same time, their packets collide
at the upstream node of Y. To build the TDMA schedule, each sensor sends its down-
stream node list and downstream-blocking node list. Then sink, creates the schedule
and broadcasts it to all nodes. To construct the two lists, each node sends a message
containing a type field that is set to upstream and an ID field that is set to the ID of its
upstream node. A node receiving the message puts that node to its downstream node

list if the ID field matches its own ID or downstream-blocking node list otherwise.

Balancing the energy consumption throughout the network ,which also leads to
increasing coverage time of the network, is also an important criterion. It does not nec-
essarily mean minimizing consumed total energy. To tackle this problem, a signomial
optimization problem is formulated and solved using generalized geometric program-
ming for two different approaches in [38]. The first approach is routing-aware optimal
cluster planning, in which clustering is performed for shortest hop count inter cluster
routing. The second one is clustering aware optimal random delay, in which routing
is done for load-balance cluster topologies. In this approach, a CH probabilistically

decides either to relay the traffic to the next hop CH or deliver it directly to the sink.

Another method for balancing the energy consumption is considered as balancing
the size of the clusters [39]. In the initial phase of the protocol, nodes adjust their power
in such a way that its number of neighboring nodes is about a predefined threshold.
That is to say, nodes that have more neighbors than threshold shrink their transmission
power with certain power level in each step until the desired number of neighbors is
achieved. The procedure operates the opposite way around for nodes that have fewer
neighbors than the threshold. The aim of this setup phase is to balance the energy

expenditure of each node.
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For cluster formation, an existing protocol like LEACH can be used. After par-
titioning of network into clusters, all nodes within a cluster send their energy level to
the CH. Then, CH selects the node with the maximum power as the new CH and an-
nounces this change. Although this scheme provides balanced sized clusters, it induces

excessive overhead.

Cluster radius configuration is also studied in [40]. In this work, CHs are assumed
superior to ordinary sensors with high energy capacity and more processing capability.
Moreover, it is also assumed that sink knows the position of all CHs. The protocol is

able to regulate the cluster radius for energy savings.

In initial phase, CHs deployed at random construct a triangle to determine a
CRDP (Cluster Radius Decision Point). The distance between CRDP and each point
is used to estimate the radius of the cluster. Delaunay triangulation is used for con-
structing an approximate equilateral triangle consisting of three CHs. The construction

of an equilateral triangle leads to balanced energy consumption of CHs.

In the second phase cluster radius is controlled. The radius of each cluster con-
stituting the triangle is controlled by using CRDP as a pivot point. Two types of
algorithms are used: NLP (Nonlinear Programming) based approach and VC (Vector
Computation) based approach.

Some design guidelines for cluster based WSNs are proposed in [41]. In general,
the analysis focuses on communication within a cluster to decide when single hop
communication should be used to reach to CH and when multiple-hop should be used
for the same purpose. A hybrid approach is also proposed, in which nodes alternate
between single hop and multi hop communication. The problem with single hop is
that nodes far from CH consume more energy. On the other hand, with multi-hop

communication, nodes nearby the CH become hot spots and die quickly.

All of these works about clustering assume constant monitoring over the ROI.

An event-based clustering mechanism for HWSNs is discussed in [1]. Actuator nodes
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provide communication between CH and sink. In this work, a sensor can be in one of
the four states, which are given in Table 2.1. Transceiver state T, R means node can
both transmit and receive, whereas R means it can only receive incoming packets.

Table 2.1. Sensor states for the event-driven clustering scheme [1]

State | Processor | Memory | Sensor, ADC | Transceiver
So Active Active On T, R

St Active Active On R

So Active Active On Off

S3 Active Sleeping On Off

In the initialization phase, every node is in S; state. Sink broadcasts a control
packet that includes a threshold value (such as critical temperature) leading to the
state change of sensors. A sensor receiving the value stores it and goes to S3 state. If
an event occurs, all sensors that sense the event and whose data exceeds the threshold

goes to state Sy.

Once an event occurs, each sensor node near the event broadcasts its energy to
a close gateway node. Gateway nodes exchange sensor energy information with each
other. One of them sorts the values, selects k nodes with highest energy as CHs, and
broadcasts the information. Then each CH broadcasts an advertisement and non-CH

nodes choose the nearest one as their CH based on received signal strength.

In steady phase, each CH sets up a TDMA schedule to avoid packet collusions
and transmits the schedule to member nodes. Then CH collects the data, aggregates
it, and transmits the data to gateway node. Gateway node transmits the collected data

to sink in single hop.

Routing in WSN is the process of collecting gathered data from sensor nodes
at sink. In a single-hop architecture where nodes communicate directly with sink, no
routing structure is needed. Although it is simple, this scheme does not benefit from
the energy savings obtained by use of a multihop architecture. Moreover, since sensors

have limited communication range, communicating with the sink directly may not be



27

possible at all times. Therefore, to design a scalable protocol, multihop routing should
be employed. For an ordinary WSN, nodes do not change location so proactive routing
protocols cause too much overhead. On the other hand, on-demand routing protocols

incur a large delay.

In [40], the network is modeled as a graph and the objective is to find a balanced
spanning tree originating at the sink with minimum number of edges and same number
of child nodes. The logic behind this idea is that this formation minimizes the total
energy consumption and balances the energy expenditure of all nodes. It is assumed
that sink knows locations of all nodes priori by some means like GPS. The steps of the

algorithm are as follows:

Step 1 : Path construction is started from sink.
Step 2 : In each iteration, minimum weighted edge as much as the decided child

number of nodes from a vertex in the tree to a vertex not in the tree is selected

N7nR?

o where N is

and added to the tree. Number of child nodes is calculated as
the total number of sensors, R is the transmission range of a sensor, and A is the
area of the field. The weight of an edge is calculated as the energy expenditure
for both transmitting and data aggregation.

Step 3 : When neighbor node is found over the limit of the search, the node is
labeled as a leaf.

Step 4 : This procedure is repeated until all nodes are added to the tree.

Step 5 :After a specified number of rounds, sink recomputes the routing infor-

mation excluding the dead nodes and resetting the number of child nodes.

Graph abstraction is also used in [42]. Edges exist between all pair of nodes
with a corresponding weight, which is the transmission cost between each pair. Let L
denote the maximum possible lifetime of any node and C' denote maximum transfer

cost between any two nodes. A scaling factor ¢ is defined as £ = é

The lifetime of a path is bounded by the lifetime of all nodes along the path, thus

lifetime of a path can be defined as the minimum lifetime of all nodes along the path.
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The cost of a path is the sum of all costs calculated between two consecutive nodes
along the path from source to destination. The path selecting parameter 3 is defined

as:

5, = Lifetime of path;
" &(Cost of path;)

The algorithm selects the path with largest 3 value, which in turn implies the path
with higher lifetime and lower cost. With this selection, the algorithm tries to find a

balance between the two competing factors.

A reliable routing scheme is offered in [43] that maintains connectivity after node
failures. The approach is to create and maintain a spanning tree that connects all nodes
to the sink. The tree is dynamically maintained. Reconfiguration procedure -in case of
node failures- should be energy efficient. Reconfiguration neighborhood is limited that
bounds the energy required. This limitation also implies that some node failures may

cause nodes to be isolated from the tree although a tree can still be constructed.

To construct the spanning tree, flooding approach is used. Sink broadcasts a par-
ent message with its ID. Nodes without parents, that receive message set their parent
and grandparent information and broadcast their own parent messages. Neighboring
nodes that already have parent, set their children and sibling information based on

parent messages they receive.

When a faulty node is found, the path must be reconfigured. There are three
flow directions: HIGH, LOW and UNKNOWN. When a node finds a neighbor that
guarantees a cycle free path, it sets neighbor relationship to HIGH (higher in the
tree). A neighbor that cannot be used to send to sink is set to LOW. Otherwise, it is
UNKNOWN. Steps of the reconfiguration phase are as follows:

Step 1 : Whenever a node needs a new parent because of failure of its current
parent, it broadcasts an [ need parent message with its ID, ID of its parent, and

grandparent. Any node that is not child or sibling of that node, receiving the
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message checks if it can provide HIGH direction based on its local information and
information in the message. If so, it acknowledges the message. After receiving
all acknowledgments, initiator node selects the one of them as its parent and
broadcasts the selection. By means of broadcast, children of initiator also update
their grandparent information.

Step 2 : If the initiator cannot find a cycle free path, it broadcasts a Cannot find
cycle free message. Then each sibling of initiator tries to find its own cycle free
path by broadcasting [ need parent message. If a sibling finds a cycle free path,
it acknowledges the initiator and thus initiator finds its new cycle free path.
Step 3 : If initiator has still no parent, it sends I cannot be your parent message
to its children. Then all children of initiator start to find their own cycle free
path by broadcasting I need parent messages. If any of the children finds a new
path, then it acknowledges this by a broadcast message and initiator has a new
path from that child.

Step 4 : If initiator still has no parent, it knows that neither its siblings nor its
children can provide a HIGH flow direction. Then, the node tries to obtain more
local information from its neighbors. It broadcasts an I need information message
and gets acknowledgments from its neighbors that contain their neighbors. With
this information, initiator tries to capture local connectivity. LOW flow direction
neighbors are discarded. It selects a node with UNKNOWN direction and sends
a path find message to that node. Path find message propagates upwards in the
tree and each node checks for a possible configuration. If a new configuration
exists, the initiator is acknowledged. If a path cannot be found, initiator tries
other UNKNOWN direction neighbors. If there are no such nodes, then initiator

stops the search.

A central algorithm that takes network topology as a graph input is introduced in
[44]. Each node is assigned a degree of importance. Degree of importance is calculated
as the number of disconnected cluster that results as that node dies. The algorithm
then tries to use important nodes as little as possible since their death results in

disconnected components.
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A Laplacian matrix is used, which is formed as:

d, ifu=w
L(u,v) =9 —1 if v and v are adjacent

0 otherwise

where d, is the degree of node v. After importance of each node is assigned, routing is
done in such a way that minimizes the total importance degree of the nodes along the

path.

A sink driven routing strategy that facilitates a node to know the information of
one hop destination node that is nearest to the sink is presented in [31]. Algorithm

steps are given below:

Step 1 : Every node broadcasts hello messages to each other in order to construct
neighbor lists.

Step 2 : Sink starts the route by sending out a route request packet.

Step 3 : The node receiving the route request packet, record sink as their next
hop node and transmit it to their neighbors.

Step 4 : The nodes receiving the message, record sender’s ID as their next hop
node and relay the packet with their own ID.

Step 5 : Go to step 4

In [45], directional flooding is used for initial route setup. Sink broadcasts a query
message into network with TTL equal to zero. Whenever a node receives the message,
it increments TTL. If the TTL value is lower than the node’s distance in number of

hops to the sink (which is infinity initially), the node modifies its distance to the sink.

After this setup phase, when a node decides to send a packet to the sink, it checks
whether its upstream neighbor exists. If that is the case, it sends its packet to that
node. Otherwise it wakes up all neighbors, broadcasts an election message, and starts

a timer. Any node receiving the election message compares the TTL field with its
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hop number to the sink. If the node is one hop closer to the sink, it marks itself as a
candidate, calculates service time that is a function of its remaining energy, and replies
with an election_reply message. When the timer expires, the initiator node checks the
messages received and selects the node with the highest service time as its leader. Then
the node sends data out to the leaders. Other upstream nodes are shutdown to save

energy and avoid overhearing.

A probabilistic routing scheme is offered in [46]. Node degree and link loss are
the main parameter affecting the selection of next hop node. Node i sends its packet

to upstream neighbor j with probability F;;, which is given by:

(Outdegree of 7)*(1 — pi;)°
>~ (Outdegree of k)*(1 — py.)?

VkeK

Py =

where K is the set of upstream neighbors of 4, p;; is the probability of link loss between

¢ and 7, and o and 3 are adjustment parameters.

A routing scheme for clustered WSNs is discussed in [47]. In this architecture,
each node has a primary membership to one cluster and a secondary membership to
another cluster. The CH selection algorithm is similar to HEED, but this time a node
selecting the lowest cost CH as its (primary) CH also selects the second lowest cost CH

as its secondary CH.

Secondary CHs are used for route discovery. During route setup phase, each
CH broadcasts a route request. All member nodes receive this request, forward it
to their secondary CH, and the procedure continues in the same manner as that CH
also broadcasts a route request message to its members. Although the idea may seem

charming at first, it is not much different than flooding the whole network.

Another routing mechanism for clustered WSNs deployed for a water shed mon-
itoring project is proposed in [48]. The protocol is designed for a large number of

stationary sensors that are required to be as simple as possible. CHs are static and
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have more advanced communication equipment and larger power supply than ordinary
sensors. For the application, it was necessary for all sensors transmit data so data
bundling and aggregation is used for energy conservation. Routing paths for each clus-
ter are discovered independently with a beacon based approach. Periodically, each CH
sends a beacon. Every node that receives the beacon evaluates the information and
possibly updates its routing information. If an update has been done, receiving node
also forwards the beacon to other nodes for each node to discover a maybe better path
to CH. Beacon header contains a link rank part that indicates the cumulative link rank
up to the receiving node and updated at each node. It may be based on hop count,
remaining battery life or an aggregation of the two. Then each node selects the path
with the minimum link rank towards the CH. The protocol also runs on CHs in order

to find the path from each CH to sink.
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3. POWER EFFICIENT DISASTER DETECTION

The main contribution of this work is to design a scheme for disaster detection.
Basic goal of PEDD is allowing nodes to sleep whenever possible to increase the lifetime
of the network while achieving tolerable delay. To operate a long-lived network, message
exchanges need to be minimal since transceiver is the most energy consuming unit of
a sensor. Moreover, nodes should be put to sleep whenever possible where the energy

expenditure is minimum. These are the main aspects for the proposed scheme.

In this chapter, we first discuss the implemented network topology together with
some assumptions and constraints. Initialization of the network is discussed subse-
quently. Then, we explain the operation of the network without any disaster. Finally,

operation of the network under a disaster is discussed.

3.1. Network Topology

We constrain that two nodes within communication range of each other cannot
hear each other’s transmission if they are separated by the disaster. In other words,
disaster distorts the channel considerably. As an illustration, a couple of cases are

shown in Figure 3.1.

Figure 3.1. Communication in case of a disaster

We assume that ROl is a huge area. In this case, addition of actuator nodes to the

network is a good idea. With their powerful batteries, they can reach farther distances
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than an ordinary sensor, which decreases latency and saves energy for the sensor nodes.
We assume that an actuator can reach the sink in one hop. This assumption can be

relaxed by deploying a simple routing algorithm between the actuators.

We assume that the network has a grid structure where each grid point has an
actuator node on each corner. As an example a 2x3 grid sized network is given in
Figure 3.2 where the big dots represent the actuators and small dots represent the
sensor nodes. We call a grid point as a grid area. Considering the few number of
actuators and assuming a large distance between them, their regular deployment is a
reasonable assumption. The reader should note that the sink is located outside ROI
and is not depicted in the figure. The logic behind using four actuator nodes per region
is that a sensor node may not be able to reach to its nearest actuator because of a

blocking disaster. With extra actor nodes, it is more likely that a sensor node can

reach at least one actuator.
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Figure 3.2. A two by three network

For sensor nodes, we assume random deployment where sensors are uniformly

scattered over the field. By random deployment, not all grid areas have exactly the

same number of sensors.
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From this point on, we are focused on just a single grid area. We assume that
actuator nodes are well coordinated and a message delivered to an actuator node is
guaranteed to be delivered to sink. That is to say, coordination and communication
of actuator nodes with each other is beyond the scope of this work. When talking
about actuator nodes we refer to them as NWAN (North-West Actuator Node), NEAN
(North-East Actuator Node), SWAN (South-West Actuator Node), SEAN (South-East
Actuator Node).

Most of the sensors manufactured today have power control capability which al-
lows a node to adjust its power level. In the literature, a sensor’s transmission strength
is usually assumed to be a continuous variable. In this work, we assume a discrete
model where a node’s transmission power level can take one of the values built in to
the sensor. This is a realistic assumption since sensor transceiver units are not complex
enough to allow a continuous power level selection. Furthermore, this assumption holds
with the real implementation of the sensor nodes. Besides power control, each node has
a predefined normal transmission range, tx,ormal, and a maximum transmission range,
tTmaz- tTnormar 18 predefined and may be built into the node whereas tx,,,, depends

completely on the hardware.

3.2. Network Initialization

In the network initialization phase, nodes form neighbor lists. Each node keeps
five lists for its neighbors. allNeighbors list contains all neighbors of a node, whereas
NEneighbors, NWneighbors, SEneighbors, SWneighbors contain the neighbors of the
node that are closer to NEAN, NWAN, SEAN, and SWAN, respectively. Moreover,
each node keeps the number of hops to each of its neighbor actuator in the vari-
ables hopCountN E, hopCount NW , hopCountSE, hopCountSW , which are all zero

initially.

After deployment, all nodes are in the active state with all units on. Then, SWAN
broadcasts a flood message that contains a hop count field. Initially this field is set

to zero. The packet’s SWAN flag is set to 1 to indicate it originates from SWAN. In
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addition, t4,,. value that causes the nodes to go into disaster state is included in this

message.

A node receiving the packet performs the steps given by Algorithm 1 in Appendix
A.1. It first adds the transmitter to its allNeighbors list if it is not already in there.
Then, receiver checks if its hopCountSE needs an update. If so, it is updated and
the transmitter node is added to the SWneighbors list. In addition, the receiver node
waits for some random time and transmits its own flood message with its own hop
count to SWAN with tx,,0,me. The waiting time is selected randomly between 0 and
floodCW,,.. to prevent collisions. The selection of floodCW,,,, is important because
a large value may cause unnecessary energy wastage whereas a small value may increase

collisions.

The algorithm is same for flood packets originating from other actuators. The

only difference is that receiver uses its hop count to that particular actuator.

When the flood packet reaches to the opposite actuator (NEAN for SWAN), the
next actuator can begin sending its own flood packet after waiting for a period of time.
This waiting time, temeout 4, ensures there are no ongoing transmissions when the
next actuator begins its transmission. The reader should note that only in this stage,

nodes use a four way handshaking mechanism since the traffic load is high.
3.3. Normal Operation
When the final actuator’s flood packet reaches the opposite actuator, it waits for
a timeout 4y period of time and broadcasts a startDC packet with power level enough
to be heard by all nodes in the network.

Normal operation of PEDD uses a slotted channel. There are two types of slots:

e Normal slots: In these slots only a subset of nodes in the network are active;

others are in sleep state. By sleep state, we mean all units of the sensor are
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off except a timer. Our approach differs from the sleep states usually found in
the literature where a sleeping node’s transceiver unit is off but its sensing and
processing units are active.

e Random access (RA) slots: All nodes in the network are active in these slots with
all their circuitry on. These slots are used for delivering important packets such

as alarm packets to actuators in a quick way.

Duration of normal slots and RA slots are equal to each other and just as long to
facilitate transmitting a packet and receiving an acknowledgment. RA slots are less
frequent than normal slots. Namely, one RA slot succeeds each RA_frequency number
of normal slots. Therefore, for K, normal slots, number of slots in a frame, K, is given

by Equation 3.1. The structure of a frame is shown in Figure 3.3.

K,
K=K,+][ (3.1)
RA_frequency
[normallnormallnormallhormal| - — = — — — — [RAT ————— — — [normalfnormalfnormaljnormal] - — — — — — — [ RA |

I I
RA_frequency

Figure 3.3. Frame structure

Each node wakes up for only one normal slot and for all RA slots in a frame. A
node can receive a packet only during its selected normal slot or at RA slots but it can
transmit at any particular slot. It is assumed that all nodes are synchronized. This

can be done with periodic heart beats from actuators.

When a sensor receives a startDC packet, it selects its normal slot, normalSiot,

which is given as:

(sensorlD mod K,,) — 1
RA_frequency

RA,fre;uency + ((sensorID — 1) mod K,,) if sensorID mod K,, =0

+ (sensorID mod K,,) if sensorlD mod K, # 0
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where sensorlD is the unique ID of a node. It is assumed that all nodes have integer
unique IDs. If that is not the case, MAC addresses can also be used. Since nodes
are distributed uniformly random over ROI, selected slots of nodes are also uniformly

random.

After selecting its normal slot, a sensor goes to sleep mode to wakeup at either
next RA slot or its normal slot, whichever is closest. When a node wakes up, it stays
awake for at least a timeout amount of time. If it does not hear anything on the

channel and its sensed value is below t;,,. it goes to sleep after a period of timeout.

During normal operation, sensor nodes periodically send their reported data to
the closest actuator once in every Tepo+ amount of time using alive messages. The
first sending time is selected randomly between 0 and Tepo to distribute traffic load.
This mechanism provides actuators a picture of the network and they may guess which
nodes may be dead already. To increase lifetime, 7,0 should be as large as possible.
When a node’s time for transmitting alive message comes, it first finds the closest
actuator node by looking at the hop counts to each actuator. Then, it checks neighbor
list corresponding to that actuator node and finds the node whose selected normal slot
is closest. alive message is scheduled to be transmitted during that slot. If transmission
is successful, the receiver performs the same steps. If not, transmitter finds another
node from the list whose selected normal slot is closest and schedules transmission
at that slot. Note that, transmissions are performed with a power level to achieve a

transmission range of tx,ormai-

With this mechanism, nodes do not need to know each other’s selected normal
slots. Since they know all their neighbors’ IDs, they can calculate them. Hence, it is
not necessary for nodes to exchange schedules. A per hop delay of frameLength/2 is
incurred on the average. Since alive messages do not contain time sensitive data, this

does not constitute a problem.
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When sending a packet, a node first listens to the channel for a waitingTime of

time, which is given as:

waitingTime = backof f Period + CW % random(0, 1) (3.2)

where backof f Period is the fixed backoff time and CW is the contention window size.

The reader should note that, IEEE 802.11 DCF is not employed to minimize
energy usage since traffic load is very low during normal operation, especially when

Tyeport 1s large.

3.4. Operation during a disaster

Before discussing the details of operation under the disaster, first we explain the
disaster model. We model the disaster as two nested ellipses. The inner ellipse is
called the core and the outer is one called the shell. An example disaster is given in

Figure 3.4.

Figure 3.4. Disaster model
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The nodes inside the core are assumed to be completely destroyed and do not
function anymore. The ones between the core and the shell sense values above t,.
Every point inside the core has its phenomenon value over t,,,., the maximum value
a sensor can operate. We assume that the value of the phenomenon gets the value 4,
just on the shell, t,,., just on the border of the core, and is linearly distributed between

two borders. That is, a point has a phenomenon value of

dns (tmax - tthr)

tthr + d

where d,,; is the distance between the node and the point closest to the node on the
shell, and d,. is the distance between the shell and the core on the line that connects
the closest point on the shell and the closest point on the core to the node. This line
passes through that particular sensor node. The mathematics of finding these points

is given in Appendix B.

3.4.1. Alarm Mechanism

When a node’s sensed value exceeds t;,,, it schedules an alarm packet to be
transmitted during the nearest RA slot and goes to sleep. The pseudo code of the
algorithm is given by Algorithm 2 in Appendix A.2. When it wakes up during the RA
slot, it again senses the channel for a duration of waitingTime, given by Equation 3.2.
If there is no activity on the channel, it transmits its packet. On the other hand, if it
receives an alarm packet, it cancels its packet, forms a new alarm packet, and schedules
its transmission for the nearest RA slot. The algorithm is the same for nodes inside

and outside the disaster region.

Alarm packets have four flags that show whether the packet is intended for a
particular actuator. For instance, intendedSFE flag indicates whether the packet is
intended for SEAN, or not. In addition, the packet also has four fields that contain
transmitter’s hop count to a particular actuator. As an example, hopCount NW shows
the transmitter’s hop count to NWAN. The algorithm for forming the new alarm packet
is given by Algorithm 3 in Appendix A.3. Basically, it checks the set flags of the
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received alarm packet and compares the receivers hop count to that actuator with the
received packet’s hop count to the same actuator. If the difference is greater than one,
newAlarm’s corresponding flag is set and corresponding hop count field is assigned. If
all flags of the newAlarm is set to FALSFE, the algorithm returns NULL, otherwise
it returns the newAlarm. Alarm packets are transmitted at maximum power level
to a transmission radius of tx,,,,. The logic behind seeking a difference greater than
one when comparing received alarm packet’s hop count and receiver’s hop count to
the same actuator is that we assume t2,,4. > 2tZ,0rma, and we want the packet to
propagate as much as possible. Therefore, an alarm packet propagates at least two

hops for each RA slot.

Although an alarm packet may be sent to the closest actuator, the path may be
blocked due to disaster. We take the safer approach and send it to all four actuators.
By using flags and hop counts, only one alarm packet is sufficient instead of four

packets destined to each actuator.

3.4.2. Grouping Mechanism

Nodes that sense, that value of the phenomenon (either during their normal slot
or RA slot) is above t, try to send the alarm message. These nodes abandon their
normal DC and start grouping process during the normal slot following the closest RA

slot.

We do not employ a probabilistic approach like LEACH [22] for grouping, because
probabilistic approaches require number of desired heads a priori. Since the location of
the disaster is not known at deployment time, the number of heads cannot be known
a priori. In case it is known, another problem with probabilistic approaches is that
they do not guarantee coverage. That is to say, some nodes may be left without
heads. As an example let’s consider the case where all heads are located to the left
of the core as given in Figure 3.4. In this case, nodes to the right should execute the
algorithm again. Moreover, there are more group heads on the left than necessary,

with few members, diminishing the benefit of grouping. Although, this problem could



42

be avoided by increasing the probability of becoming the head, it would still result in

groups with few members.

On the other hand, an iterative approach like HEED [27] has the disadvantage of
protocol overhead since nodes need to exchange messages for each iteration. This also

increases the time required for group formation, which in turn increases response time.

Considering these factors, we use a contention window based approach, where
the size of the contention window is modified. The node with the lowest selected value
starts sending its group head advertisement first and becomes the group head in its

locality.

The properties of a group head can be listed as follows:

e Group heads should be selected from nodes that have higher residual energy
compared to other nodes in their neighborhood.

e By considering the model we use for the disaster, we want the group head to be
close to the middle of the core and the shell. The logic behind this is that the
group head should cover more area in the disaster region, have more members,
and thus, be utilized efficiently. Another approach is selecting nodes that are
close to the shell. However, since nodes outside the shell do not send any data,
these group heads are ineffective. The same argument also applies to the case
when group heads are selected close to the core. The cases where group heads

are selected close to the middle versus close to the shell are shown in Figure 3.5.

By considering the two factors above, we devise three functions. The first one
takes the sensor reading, tsens0r, into account, and the second one takes battery status

of the sensor, peyrrent. Our final function is the multiplication of the two.
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(a) Group head in the middle (b) Group head near shell

Figure 3.5. Possible group head locations

( 0-95(tsensor - tthr)

1— i fine < Eoensor < Lertite)

0-5(tmaz - tthr) o tthr = 2

g(tsensor) - 1 — 095( mar tsensor) lf (tmaertthT) < tsensm’ < tmax(33)
0-5(tmaw — tthr) 2 -
\ 0 otherwise
0'95pcurren
h(pourrant) = 1- ! (34)
Prull

f(tsensorapcurrent) = g(tsensor)h’(pcurrent) (35)

9(tsensor), given in Equation 3.3 is a triangular function and favors nodes that have

sensor readings close to W

. That is, nodes close to the middle of two ellipses are
more likely to become group heads. On the other hand, h(peyrrent) in Equation 3.4 is
a monotonically decreasing linear function of p.yrent and favors nodes that have more

energy.
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These two functions are depicted in Figure 3.6 and the sketch of f(¢sensors Peurrent)
is given in Figure 3.7. Both functions take values between 0.05 and 1. A node with
a reading value greater than or equal to t;,, selects a random number between 0 and
[ (tsensors Peurrent) * CW. We do not want neither of the functions to get the value of
0, since this destroys the affect of the other, and cause a node with a reading value of

% to become group head, no matter what its battery level is.

& (tsensor) h(peurrent)

A A

14 1

0.05 , . 0.05

> tsensor » Pcurrent
Lihreshold tmax + Uthreshold tmax Pfut

2

(a) Graph of g(tsensor) (b) Graph of h(pcurrent)

Figure 3.6. Sketch of g(tsensor) and h(pewrrent)

With this algorithm, all nodes try to send their advertisements. The nodes that
have more energy and close to the middle are more likely to win the channel. A
node hearing an advertisement cancels its own advertisement. If a node hears multiple
advertisements, it selects the transmitter based on received signal strength. In other

words, it selects the closer transmitter.

Nodes that hear the advertisements send join requests to the selected group head.
The group head than forms a TDMA schedule and transmits it to member nodes. Each
node has a reserved slot in the schedule. An additional slot is used by the group head.
In this slot, the group head may send control packets. Nodes wait for at least timeout
amount of time during this slot, and if there is no incoming transmission from the

group head, they go to sleep. TDMA schedule is used for determining at which normal
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slot a node wakes up. Both group head and member nodes also wake up at RA slots.
Member nodes abort their current duty cycle and send their collected data to the group
head in their reserved slot specified by the TDMA schedule. The group head collects
the data and aggregates it. During this state, member nodes adjust their transmission

power to the minimum level required to reach the group head.

3.4.2.1. Re-grouping. Most approaches in the literature use periodic clustering; nodes

periodically run an algorithm to form new groups. The reasoning behind this approach
is that the cluster heads should be rotated since they consume too much energy. For
applications that require constant monitoring, this is a reasonable approach. On the
contrary, for long lived event driven applications, overhead of rotating the cluster heads
may be unbearable and nodes are not able to report data during setup phase for the
new cluster. Moreover, for most cases re-grouping may not be necessary since group
heads can handle the burden during disaster most of the time and new nodes need
to be deployed around the disaster area anyway. Considering these factors, we avoid
constructing groups as long as there is no disaster. When the disaster strikes, we form

groups among sensors around the disaster for data aggregation.

In our scheme, when a group head’s energy falls below periticar Per cent of P,
it starts the re-grouping procedure. The group head first sends a poll message to its
members in its reserved slot. In the next cycle, each member node sends its residual
battery level to the group head. The group head, which already knows the readings
of the member nodes, decides on the next group head based on f(tsensors Peurrent)s
broadcasts this new group head, and passes along path information to the new group
head. The distance between a member node and the new group head may be more
than tx,0me. However, this does not constitute a problem since member nodes adjust

their transmission ranges accordingly.
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3.4.3. Routing

After groups are formed, group heads collect data from member nodes and aggre-
gate it. Group heads need to forward this aggregated data to the actuators. Problems
with disaster still exist in this phase. That is some neighbors and some actuators may
be impossible to reach. An easy solution may be sending data just like alarm pack-
ets during RA slots. Although, this scheme is easy to apply, it has some drawbacks.
Firstly, unlike alarm packets that are sent just once after initial sensing of the disaster,
aggregated data is sent periodically after each TDMA cycle. In addition, the group
head does not know which actuator is reachable. So, it needs to be sent to all four actu-
ators. This creates an unnecessary burden on the network. Secondly, alarm packets are
sent with maximum power to achieve a transmission range of tx,,,, to inform about
the disaster as soon as possible. On the other hand, sending aggregated data with
maximum power level is too power consuming since it needs to be sent periodically.

Finally, using just RA slots increases latency.

We employ a scheme that uses both RA slots and normal slots that allows duty
cycling. We first build paths from the group head to the actuators. These paths show
which actuators are reachable and some possible paths to those actuators. To achieve
this, the group head sends a routeRequest packet. Similar to alarm packet, this packet
has four flags that show the intended actuators and four fields that indicate hop count
of group head from those actuators. Initially, all flags are set. Packet also contains the
IDs of the nodes along the path that just contains the ID of the group head initially,
and a bitmap that indicates whether the corresponding node in the list is a group head,
or not. The group head sends this packet during its first RA slot after becoming the
group head with a power level to achieve a transmission radius of 2tx,ma. We use
a range of 2tx,.-ma because the group head may be very close to the core and only
nodes that are in the disaster area may be reachable. In this case, we do not want
non-group head nodes to participate in the routing process. An example case is shown
in Figure 3.8. In this example, group heads just above and below the core are very far

from the shell and not able to reach nodes outside the disaster area.
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Figure 3.8. An example case with two group heads unable to reach nodes outside the

disaster area

By using a range of 2tx,,rmal, it is guaranteed that another group head is able
to hear this message. A node hearing this message discards it if it is not a group head
and its sensor reading is above ty,,.. Other nodes compare the hop count fields in the

packet with their hop counts to actuators and update the packet’s flags accordingly.

A node outside the disaster area receiving the routeRequest packet modifies flags
of the packet, appends its ID to the packet, and schedules it for transmission during

the next RA slot. Unlike group heads, ordinary nodes transmit at a range of tx,0rmai-

Eventually, routeRequest packet reaches to an actuator. Only one dedicated
actuator is responsible for dealing with path selection. An actuator receiving the
routeRequest informs the dedicated actuator for the reception of the new path. Dedi-
cated actuator first checks whether this is the first routeRequest packet that is received
from that group head. If that is the case, it starts a timer that fires just after path-
Timeout amount of time. If this is not the case, than that path is added to the list of

paths for that actuator node.
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When the timer fires, the dedicated actuator node selects the shortest maxPath-
Count number of paths from the list of available paths. This selected path information
is broadcasted during the nearest RA slot to all nodes in the network in a route Return

packet.

A node receiving the routeReturn packet checks if its ID is contained in any of the
paths. If its ID does not exist in the list, it continues its normal operation. Otherwise,
it calculates the normal slot during which, it is awake for data reception. The following
normal slot is used for data forwarding. Moreover, the node also knows its previous
and next hop neighbors along the path. From that moment on, the sensor node is in

the on state during these two slots, its regular wakeup slot, and RA slots.

As an example, let us assume that a routeReturn packet that contains the follow-
ing path information {13, 7, 9, 8, 22, 30}, {13, 15, 41, 44, 88}, {13, 26, 32, 10} and node
13 is the only group head node that is contained in the packet. Node 13 is the initiator
that started the path formation process and all the other nodes are outside the disaster
area. Assuming that this packet is received during slot n (that needs to be an RA slot),
upon receiving the packet, node 20 does not modify its schedule whereas, node 7 is
awake during slots {n+ 1, n+ 3 x RA_frequency + 1, n+ 6 * RA_frequency + 1, ...}
in addition to its regular slot and RA slots (Since its previous hop is the group head
that sends the aggregated data during RA slot). On the other hand, node 41 is awake
during slots {n+ RA_frequency+2, n+ RA_frequency+3, n+4x RA_frequency +2,
n+ 4% RA_frequency + 3, n + 7 x RA_frequency + 2, n + 7 x RA_frequency + 3,
... }. Node 41 receives data from node 15 during the first slots of the given pairs and

forwards it to node 44 during the next one.

When there is another group head contained in the packet, initiator group head
sends its aggregated data to that group head during an RA slot. Receiving group head

transmits received data during the next RA slot to the next hop.

Although, a bit complex, this scheme provides duty cycling for the nodes on the

path. Furthermore, in each slot data moves one hop closer to the sink. If only RA slots
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are used for routing, a delay of (RS_frequency + 1) % slotLength would be incurred
for each hop.

3.4.4. Returning to Normal Operation

We employ a simple mechanism for nodes to return back to normal operation
when the disaster in ROI ceases to exist. When a group head’s collected data is below
tinr for all members for 2xpathCount TDMA cycles, it sends an endGroup message to its
members during its reserved slot. Nodes hearing this message break their associations

with their group head and return to their normal operation.

For the nodes on the routing path from the group head, they return to their
normal operation when the aggregated data they get from the group head is below ¢,

twice.

New nodes need to be deployed inside the core to achieve satisfactory coverage,
since all nodes inside are destroyed. Moreover, after this redeployment, network initial-
ization algorithm needs to be executed again in order to form neighbor lists of recently

deployed nodes.

3.4.5. Packet Sending

We choose not to use RT'S/CTS scheme since it incurs a large overhead and we
do not expect a high traffic load anyway. In our scheme, when a node broadcasts a
packet whose destination is not known like alarm or routeRequest, it does not require
an ACK packet, assuming that a node receives it correctly. On the other hand, packets
that are transmitted to a specific neighbor like alive packet or report packet, require
an ACK. If transmitter node does not get an ACK back, it schedules that packet for
transmission until its retransmission count reaches a predefined maximum number of

retransmissions. After that, the packet is dropped.
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4. SIMULATION RESULTS

In this chapter, we first give the simulation scenario and parameters. We present

and discuss simulation results, subsequently.

4.1. Simulation Scenario and Parameters

For simulation, we assume deployed nodes are MICAz nodes from Crossbow [49].
Their specifications are given in Table 4.1. Although MICAz nodes come with three
battery options (250 mA-hr, 100 mA-hr, 3000 mA-hr), we use 2.5 mA-hr battery in our
simulations to decrease simulation time. Radio current for transmission is not given
in the table since nodes adjust their transmission power based on the required output
level.

Table 4.1. Sensor parameters

Full Battery Level for a Sensor Node | 2.5 mA-hr
Processor current at full operation 8mA
Processor current at sleep 8uA
Radio current in receive mode 8mA
Radio current in sleep mode 2uA
Sensor board current at full operation 5mA
Sensor board current at sleep SuA

Other parameters that are related to the network topology and sensor nodes are

given in Table 4.2. Parameters of PEDD are given in Table 4.3

In each of our runs, the same topology that is generated randomly, is used to
be consistent. We simulate PEDD for two different scenarios. In the first scenario,
no disaster occurs during the lifetime of the network. In the second scenario, disaster
starts in the field just after the initialization phase is completed. We compare the

results of our algorithm with T-MAC [18] protocol.



Table 4.2. Topology and other sensor parameters

Field Size 1000 m x 1000 m
Number of sensor nodes 2000
tinr 50 °C
tmaw 100 °C
tTnormal 45 m
tTmaa 100 m
Bandwidth 16 Kbps
Table 4.3. PEDD parameters
K, 100
RA_frequency 10
K 110
SlotLength 500 msec
timeout 100 msec
backof f Period 30 msec
cw 50 msec
Maximum Retries for a Packet 3
max PathCount 5
timeout 4 3000 msec
floodCW 4z 100 msec
Treport 21600 sec
Packet Size 500 bytes
ACK Size 20 bytes
Packet processing time 20 msec
Peritical 4

52
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T-MAC [18] protocol uses a four way handshaking system for communication. It
also uses a timeout scheme. Nodes exchange schedules and perform virtual clustering.
That is neighbor nodes sleep and wake up at the same time in a frame. Active period
of a node is adaptive. When a node senses communication in the channel, it stays
awake since it may be the future receiver of the packet. Otherwise it goes to sleep after

T A amount of time.

In order to be fair, when comparing PEDD with T-MAC, we assume that virtual
clustering is already performed and nodes are synchronized. Without this assump-
tion, T-MAC requires all nodes to exchange schedules periodically, incurring a large
overhead. All nodes wake up at the same time, which is the start of a new frame.
In addition, to make T-MAC more effective, we assume data aggregation through the
network. For instance, if a node receives a packet and it already has a packet to send
in its buffer, it aggregates their data. In our model, aggregation always results in a

single packet. By doing this, we favor T-MAC by the use of in-network processing.

Similar to our algorithm, T-MAC also requires neighbor information at each
node. We use the make strategy we use in our scheme to form neighbor lists available
to T-MAC. Each node keeps the list of its neighbors that are closer to a particular
actuator. The initialization process can be seen as a setup phase that is the same for
both algorithms. We exclude energy consumption in this stage since it is the same for

both algorithms and we want to see the big picture more clearly.

T-MAC uses randomized shortest path routing scheme; that is, a node selects
the receiver from the lists of neighbors that are closer to the destination in a random
fashion. For our topology, nodes try to send their data to the closest actuator and
select the next hop neighbor randomly from the list of neighbors closer to the specified
actuator. T-MAC uses a fixed contention interval and waiting time is selected randomly

from the interval. Parameters for the T-MAC algorithm are given in Table 4.4.
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Table 4.4. Parameters for T-MAC

TA 100 msec
Contention Interval 50 msec
Frame Length 2000 msec
Maximum Retries for a Packet 3
Packet Size 500 bytes
ACK Size 20 bytes
Packet processing time 20 msec
RTS Size 20 bytes
CTS Size 20 bytes
Tyeport 21600 sec
4.2. Results

As stated before, both algorithms are run for the same topology that is generated
randomly. Each case is run for ten times with different seeds for the random number
generator and their average is depicted in the figures. Both algorithms are analyzed
in terms of network lifetime, number of dead nodes at any time, packet latencies, and
average battery consumption of nodes. Node deaths percentages are given in figures,
where five per cent node death means five per cent of all nodes in the network are
dead either because of battery exhaustion or disaster. The reader should be reminded
that the simulations are run with an initial battery level of one per cent for the sake

of shorter simulation time.

4.2.1. Lifetime without fire

In this section we give the results of PEDD and T-MAC for no disaster case. In
this case, after network initialization and neighbor list formation, the only packets that

are exchanged with neighbors are alive packets that are generated very infrequently.

The average network lifetimes for PEDD and T-MAC are shown in Figure 4.1
where FND denotes first node death. It is observed that since PEDD is designed
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Figure 4.1. Mean network lifetime without fire

for rare event detection, it is superior to T-MAC when there is no event. Moreover,
PEDD balances energy consumption during regular operation. This can be seen from
the figure where all node death times are close to each other after five per cent node
death. On the other hand, T-MAC follows approximately a linear model, since it does
not balance energy consumption throughout the network. In addition, our algorithm
is scalable in terms of energy expenditure. For an application that requires even longer

network lifetime, K,, or RAf,equency Mmay be increased to achieve that goal.

Standard deviation for network lifetime for both algorithms is given in Figure 4.2.
The effect of balancing energy expenditure can be seen in this figure. T-MAC has
higher standard deviation that causes less predictable network lifetime. Predictability
is an important criteria in disaster detection, since deploying new sensors early is
more costly and more harmful to the environment due to sensor batteries. On the
other hand, performing redeployment late may make the ROI more vulnerable. Lower

standard deviation makes it easy for the designer to decide on the redeployment time.
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Figure 4.2. Standard deviation of network lifetime without fire

Average number of dead sensors for both algorithms is shown in Figure 4.3. As
can be seen from the figure, most sensors suddenly die in T-MAC, whereas sensor death
in PEDD is distributed over time. PEDD owes this feature to its ability to balance
energy expenditure more efficiently. Nodes survive for similar durations, and then,

large number of nodes die in a relatively short period of time that favors our argument.

Average of total energy consumption for a node over ten runs is given in Fig-
ure 4.4. It is apparent that both curves are linear, and T-MAC has a steeper curve

indicating it results in higher battery consumption.

Statistics about alive packets are given in Table 4.5. T-MAC outperforms PEDD
in terms of latency of alive packets, which is expected. Since alive packets do not
contain data that is of great importance, their large latency will not constitute a
problem. That is why during the design of our scheme, we trade off their latency with
conserving energy. We believe that benefit of conserving energy outweighs delays in

the detection of some individual sensors.
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4.2.2. Lifetime with fire
After analyzing network lifetime without fire, we move on to the case where a

fire occurs. We start the fire just after initialization phase and it exists until the end

of simulation. We simulate three different cases.

4.2.2.1. Case 1. In this first case, we start a fire in the middle of the field. The

parameters of the fire are given in Table 4.6

Table 4.6. Parameters for fire for case 1

x Coordinate for Both Ellipses | 500
y Coordinate for Both Ellipses | 500

Radius at x Axis for core 50
Radius at y Axis for core 40
Radius at x Axis for shell 100
Radius at y Axis for shell 80

Average network lifetimes for both algorithms in this case are given in Figure 4.5.
The death time of the first node is not given in the graphs since it occurs just at the
start of the fire. PEDD again proves to be superior to T-MAC as can be seen from the

figure. Reasons for this can be stated as follows:

e Although, we simulate T-MAC operation using data aggregation, in-network ag-
gregation is not as efficient as aggregation performed by group heads.

e The routing mechanism used by T-MAC consumes too much energy since T-MAC
always tries to send the data to the same actuator by using similar paths. On
the other hand, PEDD allows nodes along the path benefit from duty cycling.

e Four-way handshaking in T-MAC brings an overhead.

The reader should also note that in a case where the path to the nearest actuator
is blocked due to the fire, reporting node fails to send its data to the actuator in T-

MAC. Moreover, since it may not know that the path to nearest actuator is blocked, it
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Figure 4.5. Mean network lifetime with fire for case 1

keeps transmitting its data that results in useless energy expenditure and traffic load
to the network. On the other hand, PEDD tries to find paths not just to the closest
actuator but to all actuators so that the alarm and information packets are received

even in the case of a “blocking” fire.

Standard deviation of network lifetime for both algorithms for the case with fire
is given in Figure 4.6. Even though, our algorithm’s standard deviation is large at first,
it diminishes rapidly. The initial large value can be attributed to the fact that five per
cent and 10 per cent node death times are much larger than those of T-MAC, thus the

variation is also larger.

Average node deaths are given in Figure 4.7. Again, our algorithm distributes

energy expenditure and most sensors die at the very end of the lifetime of the network.

Average of total energy expenditure for a node for all runs is shown in Figure 4.8.
Both algorithms produce linear curves, especially after the start of the fire. Again,

PEDD maintains a smaller slope, implying its efficiency in saving energy.
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We do not incorporate alarm mechanism for T-MAC; an actuator concludes there
is fire whenever it receives a report message. Response times for informing the actuators
about the fire are given in Table 4.7. It is apparent that our algorithm has a large
response time for informing the actuators about the fire. This can be attributed to
just using RA slots for sending the alarm packets. Although, it can be decreased by
decreasing the period of RA slots or using not only RA slots but also normal slots, we
do not favor this approach to keep PEDD simpler. Moreover, for a slowly spreading
disaster like fire, a mean response time of 55 seconds is not a large value. For more
mission critical applications,response time may be decreased by trading off with energy
saving.

Table 4.7. Response times in seconds for case 1

PEDD | T-MAC

Mean 55.18 16.79
Standard Deviation 7.67 0.17
Minimum 45.26 16.69

Maximum 65.56 17.15
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To see the efficiency of grouping, we collect statistics about group heads. The
statistics about the number of group heads is available in Table 4.8. It can be observed
that the number of group heads does not vary too much, showing the robustness of the

scheme.

Table 4.8. Statistics about number of group heads for case 1

Mean Number of Group Heads 7
Standard Deviation of Number of Group Heads | 0.66
Minimum of Number of Group Heads 6
Maximum of Number of Group Heads 8

Statistics about battery level of selected group heads are given in Table 4.9.
Battery levels given in this table are percentages of the full battery level.! Since we
start the fire just after initialization, group head energies are close to full battery.
Very low standard deviation stems from the fact that out algorithm balances energy
expenditure and early start of fire does not allow very much differentiation in battery
levels.

Table 4.9. Statistics about battery level of group heads just after becoming group
heads (percentage of full battery) for case 1

Mean Battery Level 84.9
Standard Deviation of Battery Level | 0.032
Minimum Battery Level 84.8

Maximum Battery Level 85.1

Group head statistics related to the sensed value and number of nodes in a group
are given in Tables 4.10 and 4.11, respectively. Mean value of sensed value is close to
W, which is 75 in our case. However, after observing the tables, one may see
that there are group heads that are very close to the core and also group heads with
no other sensors in their group. After carefully analyzing the data, we observe that
these nodes are the same nodes that are beyond the reach of the other group heads.

Although, their calculated f(tsensors Peurrent) vValue is very high, they eventually become

1By full battery, we mean one per cent of the total capacity of the battery. It is explained in
Section 4.1 that we start with one per cent of the battery capacity for the sake of shorter simulations.
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group heads since they are not covered by any group heads. We consider these nodes
as outliers.

Table 4.10. Statistics about sensed value of group heads in °C for case 1

Mean Sensed Value 80.52
Standard Deviation of Sensed Value | 10.18
Minimum Sensed Value 04.27
Maximum Sensed Value 98.78

Table 4.11. Statistics about number of nodes in a group for case 1

Mean Number of Nodes 5.41
Standard Deviation of Number of Nodes | 2.90

Minimum Number of Nodes 1

Maximum Number of Nodes 12

Statistics for route setup delay for PEDD are given in Table 4.12. Route setup
takes a rather long time but the benefit of having routes can be seen in Table 4.13.
Although route setup procedure causes a long delay initially, it significantly reduces
latencies of report packets. Moreover, this setup delay occurs just after the grouping
process once, whereas report packets are sent periodically during the fire, which justifies
the route setup delay. Finally, path formation allows nodes along the path to perform

duty cycling, which results in energy savings.

Table 4.12. Route setup delay for PEDD in seconds for case 1

Mean 86.67
Standard Deviation | 25.39
Minimum 49.00
Maximum 142.51

4.2.2.2. Case 2. This time we double the parameters of the fire. By doubling, we

mean radius of both core and shell are doubled on both x and y axes. The parameters

of fire for this case can be seen in Table 4.14.
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Table 4.13. Latencies of report packets with fire in seconds for case 1

PEDD | T-MAC
Mean 4.63 23.42
Standard Deviation 0.34 18.61
Minimum 3.78 6.99
Maximum 5.33 524.75

Table 4.14. Parameters for fire for case 2

x Coordinate for Both Ellipses | 500
y Coordinate for Both Ellipses | 500

Radius at x Axis for core 100
Radius at y Axis for core 80
Radius at x Axis for shell 200
Radius at y Axis for shell 160

Average network lifetimes for both algorithms is shown in Figure 4.9. Since the
parameters for fire are doubled, five per cent node death occurs just at the start of
the fire. The pattern in the figure is very similar to the one for the first case. T-MAC
resembles a linear pattern whereas PEDD balances energy consumption effectively and
has a higher network lifetime. This can be observed from the figure where node death

times are very close to each other after 20 per cent node death.

Standard deviation of network lifetime is shown in Figure 4.10. Standard devia-
tion of PEDD is higher for 15, 20, and 25 per cent node death times but it diminishes
and stabilizes rapidly. Since network lifetime of PEDD is larger compared to T-MAC,

higher standard deviation values may occur.

Average number of dead sensors can be seen in Figure 4.11. T-MAC resembles a
linear pattern. On the other hand, PEDD seems to stabilize number of dead sensors
for quite a while. The rapid increase at the end for PEDD shows that nodes die in

bursts which is another indication of balancing energy consumption.
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Average battery consumption for this case is given in Figure 4.12. Both algo-
rithms follow a linear pattern with PEDD having a smaller slope indicating its success

in saving energy.

Statistic related to response times for case 2 are given in Table 4.15. Again
T-MAC has a better response time. Since we increase the area of the fire, nodes
between the shell and core are closer to the actuator so a decrease in response times is
expected. As we can see, PEDD has benefited more from this situation. If we compare
this with the response times for the first case, we observe that the margin between
the two algorithms gets smaller. If we look at the size of the groups, since group head
advertisements are broadcasted to a range of tx,,-me and sensor nodes are distributed
randomly over the area, size of the groups is predictable. Again, there are groups with

just a group head due to outliers.

Table 4.15. Response times in seconds for case 2

PEDD | T-MAC
Mean 33.20 13.22
Standard Deviation 3.21 1.35
Minimum 28.99 10.26
Maximum 37.59 14.76

The average number of groups can be seen in Table 4.16. It does not show too
much variation and we can say that the average number of group heads is predictable.
Statistics about battery levels and sensor readings for group heads are given in Ta-
bles 4.17 and 4.18, respectively. Statistics about the size of the groups are given in
Table 4.19. As we can see, battery levels are selected from a very narrow interval and
group heads are selected from nodes that have their battery almost full. Furthermore,
as the disaster area is expanded, the average sensor reading of group heads is very close
to % However, there are group heads very close to the shell and the core as we
observe sensor readings very close to ty,, and t,,... As stated before these nodes are

outliers.
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Table 4.16. Statistics about number of group heads for case 2

Mean Number of Group Heads 24.8
Standard Deviation of Number of Group Heads | 1.87
Minimum of Number of Group Heads 23
Maximum of Number of Group Heads 28

Table 4.17. Statistics about battery level of group heads just after becoming group
heads (percentage of full battery) for case 2

Mean Battery Level 84.9
Standard Deviation of Battery Level | 0.003
Minimum Battery Level 84.8

Maximum Battery Level 85.0

Table 4.18. Statistics about sensed value of group heads in °C for case 2

Mean Sensed Value 74.48
Standard Deviation of Sensed Value | 14.86
Minimum Sensed Value 50.23
Maximum Sensed Value 99.74

Table 4.19. Statistics about number of nodes in a group for case 2

Mean Number of Nodes 6.41
Standard Deviation of Number of Nodes | 6.25

Minimum Number of Nodes 1

Maximum Number of Nodes 21
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Route setup delay for PEDD is given in Table 4.20. As the disaster area is
larger, reporting nodes are closer to the actuators compared to the first case, so some
improvement is obtained for route setup delay. If we look at the latencies for report
packets for this case in Table 4.21, we can see that PEDD is still significantly superior
to T-MAC thanks to its pipeline based approach. Moreover, standard deviation is also

low compared to T-MAC that causes more predictable packet arrival times.

Table 4.20. Route setup delay for PEDD in seconds for case 2

Mean 75.01
Standard Deviation | 17.15
Minimum 43.51
Maximum 98.54

Table 4.21. Latencies of report packets with fire in seconds for case 2

PEDD | T-MAC
Mean 4.72 22.93
Standard Deviation 0.39 18.72
Minimum 3.28 5.79
Maximum 5.22 41.72

4.2.2.3. Case 3. In this final case, we designate the fire such that some of the nodes

cannot reach their nearest actuator since the fire is blocking the path. Parameters of
fire for this case are given in Table 4.22. The size of the fire is the same as in the first
case. However, it is very close to SWAN that is located at (0,0). That is, some nodes

on the right of the fire are not able to reach their nearest actuator.

Average network lifetime for this case is depicted in Figure 4.13. Since nodes
always select the closest actuator for sending their data in T-MAC, some nodes are
blocked by the fire. These nodes spend useless energy. Moreover, these nodes also
cause nodes listening the channel to waste energy. This effect can be seen in the figure,
where the lifetime of T-MAC is very low. On the other hand, PEDD achieves a similar

lifetime to the one in the first case.
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The standard deviation of network lifetime is shown in Figure 4.14. Although,
PEDD has a larger standard deviation at first, it diminishes rapidly just after five per

cent node death. In this case, both algorithms have very low standard deviations.

The average number of dead sensors and average of total energy consumption are
depicted in Figures 4.15 and 4.16, respectively. Although number of dead sensors
for PEDD is slightly higher than T-MAC, useless energy consumption causes nodes
to die very quickly in T-MAC. PEDD continues to operate for a longer duration and
again most nodes die at the end of the network lifetime. Average of total energy
consumption follows a linear pattern for both algorithms with PEDD having a smaller

slope compared to T-MAC.

Response times for both algorithms is given in Table 4.23. Since the disaster is
very close to SWAN, response times are low for both. Although SWAN is just one hop
away for some of the nodes in the disaster area, the larger values for PEDD stems from
the fact that PEDD only uses RA slots for alarm packets. That is to say, the delay for
PEDD includes the time between the sensing of the fire and the nearest RA slot.
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Table 4.23. Response times in seconds for case 3

PEDD | T-MAC

Mean 2.51 0.78
Standard Deviation 0.27 0.16
Minimum 2.28 0.69

Maximum 2.80 1.13
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The average number of groups can be seen in Table 4.24. As in this case, the
disaster area is equal to the one in the first case, we expect similar values. Indeed, the

values are very close, which shows the robustness of PEDD.

Table 4.24. Statistics about number of group heads for case 3

Mean Number of Group Heads 7.22
Standard Deviation of Number of Group Heads | 0.67
Minimum of Number of Group Heads 6
Maximum of Number of Group Heads 8

Battery levels shown in Table 4.25 is similar to the previous cases. Sensed values
of group heads is again close to W as can be seen from Table 4.26. Statistics
about number of nodes in groups can be seen in Table 4.24 which shows a resemblance
to the first case.

Table 4.25. Statistics about battery level of group heads just after becoming group

heads (percentage of full battery) for case 3

Mean Battery Level 84.9
Standard Deviation of Battery Level | 0.002
Minimum Battery Level 84.8
Maximum Battery Level 85.0

Table 4.26. Statistics about sensed value of group heads in °C for case 3

Mean Sensed Value 78.49
Standard Deviation of Sensed Value | 11.34
Minimum Sensed Value 53.77
Maximum Sensed Value 97.40

Route setup delay statistics for PEDD are given in Table4.28 and latencies of
report packets for both algorithms are given in Table 4.29. Since the disaster is very
close to SWAN;, some group heads do not need to find routes as they are one hop away
from SWAN. The large values for route setup delays stem from the fact that some nodes

cannot reach the nearest actuator so they need to find paths to other actuators. As
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Table 4.27. Statistics about number of nodes in a group for case 3

Mean Number of Nodes 4.71
Standard Deviation of Number of Nodes | 3.39
Minimum Number of Nodes 1

Maximum Number of Nodes 8

the disaster is very far from other actuators, it takes long time to find paths. The same
discussion also applies to latencies of report packets. Blocked group heads send their
data to further actuators and thus, the latency values are high. Even though, T-MAC
has smaller latency, some nodes cannot send their packets to the nearest actuator since
they are blocked. Thus, some of the disaster area remains unmonitored. Furthermore,
they cause useless energy expenditure throughout the network, causing serious effect
on network lifetime.

Table 4.28. Route setup delay for PEDD in seconds for case 3

Mean 85.42
Standard Deviation | 49.26
Minimum 5.02
Maximum 175.51

Table 4.29. Latencies of report packets with fire in seconds for case 3

PEDD | T-MAC

Mean 6.86 2.12
Standard Deviation 7.68 6.64
Minimum 0.28 0.68

Maximum 41.32 237.15
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5. CONCLUSION AND FUTURE WORK

In this thesis, a new scheme is proposed for detecting rarely occurring events (such
as forest fires) using wireless sensor and actuator networks. The proposed scheme in-
cludes network deployment and network initialization in addition to efficient operation
before and during disaster. Groups are immediately formed and routes are established
when the disaster strikes. The main aim of the scheme is to minimize energy expen-
diture and overhead to increase lifetime. Increased lifetime offers lower cost and less

harm to the environment due to fewer disposal of sensor batteries to the nature.

The algorithm is compared with T-MAC [18], which is a well known and well
studied sleep scheduling algorithm in the literature. Comparison is done in terms of
network lifetime, energy consumption, packet latency and number of dead nodes for
cases with and without fire. T-MAC is complemented where necessary to provide fair
comparison. The proposed scheme outperforms T-MAC in network lifetime. Moreover,
with our protocol, network lifetime is more predictable which is an important factor

for redeployment phase. The properties of the selected group heads are also studied.

The drawback of the proposed scheme is the longer delay in the alarm delay
and initial path setup time (up to one and two minutes, respectively). Since the
considered scenario is rarely occurring events (like forest fires) where these delays are
partly tolerable, delay is tolerated for longer network lifetime (lifetime is approximately
doubled). In case shorter delays are required, scheduling parameters may be easily

adjusted.

As future work, we plan to work on cases where actuator nodes are randomly
distributed throughout the network instead of forming a grid, expanding or shrinking

the disaster area, and operation under multiple disasters.
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APPENDIX A: PSEUDO CODE FOR ALGORITHMS

A.1. Neighbor Discovery Algorithm

Algorithm 1 Neighbor discovery algorithm
. if floodPacket.senderID ¢ sensor.allNeighbors then

—_

N

sensor.allNeighbors < sensor.all Neighbors U flood Packet.senderI D

3. end if

N

. if sensor.hopCountSW > packet.hopCount + 1 A sensor.hopCount == 0 then
5: sensor.hopCountSW «— packet.hopCount + 1

6: sensor.SWneighbors < sensor.SWneighbors U flood Packet.senderI D

7: newFlood Packet.hopCount «— sensor.hopCountSW

8: Wait for some time

9: sensor.send Packet(new Flood Packet)

10: end if




7

A.2. Alarm Sending Algorithm

Algorithm 2 Alarm Sending Algorithm

1: Wait for waitingTime

2: if no activity on the channel then

3: send alarm packet

4: else

5: if receivedPacket.type == alarm packet then

6: cancel my alarm packet

7: newAlarmPacket «— formNewAlarm(received Packet)
8: if newAlarmPacket == NULL then

9: exit

10: else

11: schedule newAlarmPacket for next RA slot

12: end if

13: end if

14: end if
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A.3. Form New Alarm Algorithm

Algorithm 3 Form New Alarm Algorithm (Part 1)
1: if packet.intendedSFE is TRUFE then

2: if sensor.hopCountSE < packet.hopCountSE — 1 then

3: newAlarm.intendedSE «— TRUFE
4: else

5: newAlarm.intendedSE «— FALSE
6: end if

7: else

8: newAlarm.intendedSW «— FALSE

9: end if

10: if packet.intendedSW is T RUE then

11: if sensor.hopCountSW < packet.hopCountSW — 1 then

12: newAlarm.intendedSW «— TRUFE
13: else
14: newAlarm.intendedSW — FALSE

15: end if

16: else

17: newAlarm.intendedSW «— FALSE

18: end if

19: if packet.intended N E is TRUE then

20: if sensor.hopCountSE < packet.hopCountNFE — 1 then

21: newAlarm.intendedNE «— TRUE
22: else
23: newAlarm.intendedNE <+ FALSE

24: end if
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Algorithm 4 Form New Alarm Algorithm (Part 2)

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

else
newAlarm.intendedNE «— FALSE
end if
if packet.intended NW is TRUE then
if sensor.hopCount NW < packet.hopCount NW — 1 then
newAlarm.intendedNW «— TRUFE
else
newAlarm.intendedNW «— FALSFE
end if
else
newAlarm.intendedNW «— FALSFE
end if
if newAlarm.antendedSE==FALSE N newAlarm.intendedSW==FALSE N
newAlarm.intendedN E==FALSE N  newAlarm.intendedNW==FALSE
then
return NULL
else

return newAlarm

end if
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APPENDIX B: FINDING CLOSEST POINT ON AN
ELLIPSE TO A GIVEN POINT

We study the case when the given point lies outside the ellipse. The same analysis
also applies to the case when given point lies inside the ellipse. The reasoning is
explained below. If the center point of the ellipse iS (Zcenter, Yeenter), the ellipse is
defined by the equation:

(ZE — l’center)z (y - ycem&efr)z -1 (Bl)

a? + b2

a and b in Equation B.1 denote the semimajor and semiminor axes of the ellipse,

respectively. The length of the x axis is 2a and the length of the y axis is 2.

(Xnode, Ynode)

core)

gnter, YCenter)

Figure B.1. A simple scenario for finding the coordinates of a point on the ellipse

A simple scenario is given in Figure B.1. (Z,0de, Ynode) denote the coordinates of
the node and (Zcore, Yeore) 18 the point we are looking for. (Zcore, Yeore) satisfies the ellipse
equation. Moreover, since it is on the line connecting (Znode, Ynode) a0 (Zeenter, Yeenter ),
it also satisfies the equation of that line. We represent the line with the equation
y = mx + ¢ where m and ¢ are given by Equation B.2 and Equation B.3, respectively.
The reader should note that, the only point where we use the coordinates of the node
is, for finding the coefficients of the line. Since line equation does not change when
the node lies inside or outside the ellipse, we can easily say that the analysis applies

to both cases.
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o Ynode — Ycenter

Tnode — Lcenter

c= ycenter — M center (B3)

If we plug (Zeore, Yeore) and ¢ into the line equation, we obtain Yeore = MTeore +
Yeenter — MTeenter- 1N addition, (Zeore, Yeore) 18 also on the ellipse so it satisfies the ellipse
equation given by Equation B.1. So, if we plug (Zeore, Yeore) into the ellipse equation
and substitute Y. and perform the following steps, we obtain ... By plugging x ...

into the line equation, we can easily get yore-

(mcore - xcenter)Q (ycore - ycenter)2

+ =1
a? b2
2 2
(mcore - xcenter) + (mxcore + ycenter — MIcenter — ycenter) . 1
a? b2 n
2 2 2
(*rcore - xcenter) + m (xcore - l‘cente’/‘) - 1
2 2 o
a b
2. 2 2 2 212
(a m~+b )(wcore - xcenter) = a’b
212
(xcore - xcenter)Q ¢ b
a*m? + b?
ab )
Leenter + 5 5 5 lf Tnode > Leenter
e va mb +b
core —
a .
Teenter — —— otherwise

vazm?2 + b2
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