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Abstract

The Wireless Sensor Networks (WSNSs) represent the essential
element of many applications in the Internet of Things (10T) and the smart
cities in the current days and Future. The deployment nature of these
devices in many applications leads to an increase in the volume of
redundant data transferred over the loT network. This can lead to
degradation of the network performance and deplete the limited battery
power of the smart devices. Therefore, it is important to deal with this
problem by turning off the redundant sensors that transmit the similar data
to the sink and activating a smaller number of sensor nodes in the loT
network. This reduces the redundant sensed readings and decreases the

overhead of communications, thereby, extending the WSN lifetime.

In this thesis, an Energy-efficient scheduling approach using
clustering and encoding in WSNSs is proposed. The proposed approach is
implemented at two levels: sensor nodes and the gateway. The sensor
nodes capture the data and compress them using either Modified Run
Length Encoding (MRLE) or Huffman Encoding (HE). At the gateway
level, the sensor nodes are scheduled based on the clustering methods to
produce the best schedule of sensor nodes that stay active in the next
period. The sensor nodes are clustered based on the received vectors of
data into groups and one sensor will be elected in each group to stay active

in the next period.

The simulation results (Custom simulator-based Python language)
are conducted to prove the effectiveness of the proposed technique, where
it provides competitive results in comparison with some other work in
terms of energy consumption, active sensor ratio, transmitted data ratio,

and percentage of lost data. The agglomerative and Modified Run Length

Vi



Encoding (AgglomMRLE) decreased respectively the transmitted data and
consumed energy from 94.3% up to 98.8% and from 99.5% up to 99.8%
compared to the Prefix Frequency Filtering (PFF). The Kmeans and
Modified Run Length Encoding (KmeansMRLE) decreased respectively
the transmitted data and consumed energy from 75.9% up to 78.7% and
from 95.3% up to 98.1% compared to the PFF. The AgglomMRLE
decreased the percentage of lost data from 5.3% up to 21.1 % compared to
the PFF.
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Chapter One

General Introduction

1.1 Introduction

Low-power WSNs have been introduced as a result of recent
advancements in wireless communication technology and the production
of inexpensive wireless devices. Due to their ease of deployment and the
multi-functionality of the sensor nodes of WSN, it becomes more popular
and highly grown in the last years, Therefore, its uses and applications

increased [1].

WSNs are networks consisting of a lot of small, isolated sensors that
are dispersed across defined regions and communicate with one another
via wireless connections [2]. The major role of these sensor nodes is to
monitor numerous physical variables in their environment and
communicate their values to a network component called a Base Station
(BS), that collects all the information to be further processed. This last
device is called the "Base Station (BS)", "Gateway", or "Sink" [3].

In general, more sensor nodes are deployed than required (compared
with the optimal placement) to implement the suggested task [4]. This
dense deployment of nodes in the target area can result in optimal target

monitoring and ensure maximum coverage of the area.

On the other hand, data transmission operations to the BS may
increase, which leads to drain the sensor nodes' energy. The depletion of
node energy does not affect the node only but also affects the overall

network lifetime due to sending similar data from more than one sensor
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node to the BS. This leads to the early death of the node and this increases

the need to exploit the energy-saving strategies.

Several methods have been introduced to save energy and improve
sensor batteries' lives while monitoring a specific sensor field such as
routing [5], clustering [6], aggregation [7], schedules [8], and data

compression [9], etc.

One promising solution suggested by this thesis is to provide periodic
sleep scheduling for sensors, which means keeping part of the sensors in
the sleeping state and the other in the active state. In addition, the main
objective of sensor activity scheduling is to decrease the number of active
sensor nodes; therefore, the power consumption will be saved in a balanced
way and the transmission of similar data from different nodes will be
significantly reduced while maintaining an acceptable level of required

performance.

1.2 Problem Statement

In WSN, the high-density deployment of sensor nodes in the area to
be monitored led to an increase in the redundant data transmitted to the
sink node and caused unnecessary power consumption since many nodes
remain active and sense the same data. In addition, the sensor nodes are
usually powered only by batteries, and it is infeasible and costly to replace
once sensor nodes have been deployed, so energy efficiency is always a
primary concern in WSNs [10]. Therefore, we need a method for
scheduling the sensor activities (sleep/active) in an energy-efficient way in
WSN to minimize the redundant in the data transmitted to the sink while

maintaining an acceptable level of data accuracy, and eventually, save the
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power of the sensor nodes since the power is the most important constraint

in the sensor nodes that must consider when designing WSN.

1.3

1.
2.

1.4

Main Objectives of this Thesis

Propose an energy-efficient clustering approach in WSNs.

Integrate the scheduling approach with data encoding to further
reduce the transmitted data towards the sink.

Extensive simulations based on the selected network simulator and
by using real measures.

Comparison with other works and publications is one of our goals.

Main Contribution of this Thesis

The primary contributions of this thesis are:

1.

Suggests an Energy-efficient scheduling approach using clustering
and encoding in WSNSs for decreasing the transmission cost and
saving energy thus extending the lifetime in the WSNSs.

Propose Scheduling Algorithm based agglomerative Algorithm that
integrated with MRLE or HE encoding to minimize the size of sent
data to the gateway and preserve the power of sensor batteries thus
extending the 10T network lifetime.

Propose Scheduling Algorithm-based k-means Algorithm that
integrated with MRLE or HE encoding to exploit the temporal and
spatial correlation between the sensor nodes and remove the
redundant data using compression and scheduling the sensor nodes.
The sensor nodes are clustered based on the received vectors of data
into groups and one sensor will be elected in each group to stay

active in the next period.
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4. Several experiments using custom simulator-based python
programming language are conducted using real data from the
sensors deployed in Intel Lab. To show the superiority of the
proposed technique in comparison with one method named PFF
[11]. The results based on various measures like the active sensor
nodes ratio, transmitted data ratio, energy consumption, and
percentage of lost data illuminate that the suggested technique can
decrease the energy usage, and transmitted data with a suitable

number of active sensor nodes per period.

1.5 Literature Review

The main aim of this review is to thoroughly examine published
works of literature on employing scheduling techniques to extend the
lifetime of WSNs like in {[11] [12], [13], [14], [15], [16], [17],[18], [19]
, and [20]} .

Bahi, J. M. et al. in (2014), proposed the approach for data
aggregation in sensor networks. Our data aggregation method works in two
phases, the first one at the nodes level, which we call local aggregation and
the second at the aggregators level. At each period p each node sends its
aggregated data set to its proper aggregator which subsequently aggregates
all data sets coming from different sensor nodes and sends them to the sink.
used the Jaccard similarity function to estimate the similarity between sets

of data measures

Feng, J. and Zhao, H. (2018), proposed a distributed and Energy-
Balanced Multisensory Scheduling Strategy (EBMS). This considers the
scheduling of sensing and communication modules for each one of the

nodes in the target tracking WSNSs. The network in "EBMS" is orderly into
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clustering structures. Adaptively, a sleep time is assigned by each one of
the cluster heads to its cluster members based on their position. EBMS can
also be used to balance the energy consumption of sensor nodes by
adopting an energy-balanced measurement metric in the procedure of

multisensory node scheduling [12].

Mhatre, K. P. and Khot, U. P. (2020), developed an ENS _OR
algorithm with sleep mode to reduce energy wastage due to passive
listening regarding the nodes in ENS_OR. The suggested approach puts
nodes that are not involved in packet data relaying to sleep or turns them
on. The suggested sleep algorithm is intended to function in conjunction
with opportunistic routing to enhance the ENS OR's energy conservation

and network performance [13].

Banerjee, P. S. et al. in (2020), proposed a temperature adaptive
intelligent sleep-scheduling strategy (RL-Sleep) for the wireless sensor
nodes. This approach depends on Reinforcement Learning that allows a
node in a network to detect its surroundings and decide autonomously on
an activity (sleep, listen, transmit) that is beneficial to the network's
stability. As a result, the RL-SLEEP shields the sensor nodes from power
exhaustion and allows them to make a state transition in response to
changes in the ambient temperature. It also creates intermediate states
between sleeping and active modes, allowing sensor nodes to move

between them intelligently [14].

Khan, M. N. et al. (2020), A Content-based Adaptive and Dynamic
Scheduling (CADS) employing two ways communication model in WSNs
Is proposed as a novel approach. CADS adopts a new state depending on
contents regarding detected data packets and dynamically adjusts a node

state during data aggregation to eliminate duplicated data values and limit
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forwarding of superfluous data packets. CADS is used to avoid redundant
data values and reduce the forwarding of unnecessary data packets. Four
states (Active-Live, Sleep-Live, Active-Sleep, Sleep-Sleep) have been
defined and controlled by using control messages transmitted by the

analyzer module of BS [15].

Feng, W. et al. (2020), a joint power allocation and secure routing
strategy (JPASR) is suggested for optimizing the routing secure connection
probability (RSCP) under power restrictions. The secure uplink
transmission and energy-saving might be ensured when combined with a
level-by-level sleeping scheduling approach. In the downlink, the energy-
first multipoint relays set selection mechanism (EFMSS) was utilized to
choose the backbone nodes that will broadcast messages, while backbone
nodes are woken up using an identical level-by-level sleep scheduling
technique as in uplink. The key occurrences are handled suitably in the
two-step procedure, while the responses are disseminated to the whole
network [16].

Khan, M. N.et al., in (2020), for addressing the energy efficiency
problem of cloud energy in embedded networks. The authors proposed an
Energy-Efficient Adaptive Tabulation Scheme (EASS), in Wireless Sensor
Mesh Networks. A sensor node configures and schedules its
functions/roles according to the contents of sensed data packets and
frequency of generated traffic. Four states (Probe/Listen/Sleep/Active)
were specified depending on internal components regarding the sensor
node. The contents related to the sensed data packets have been used for
configuring the four-state model. When the contents of detected data
packets stay the same for three consecutive inputs, the node state is

changed. The contents/pattern of sensed data packets determine which of
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such 4 states is selected. Energy consumption is reduced and energy

efficiency is improved through state-based sensing [17].

Yang, G. etal. in (2020), in wireless body area networks, an energy-
efficient approach for scheduling and routing is presented. The number of
broadcast flooding is lowered depending on the distance between CN, and
nodes CN during the protocol's initialization stage, reducing the time
required for collecting network information. Energy-balanced routings are
chosen at the routing setup phase by taking into account the channel
condition, node location, and node type. The time slot is assigned in the

slot allocation step based on the node data requirements and priority [18]

Mahendran, N., et al., (2020), the researchers suggested a Packet
Rank Based Data Scheduling (PRBDS), a new algorithm for optimizing
and ranking the incoming data packets depending on multi-attributes
decision-making approach, and packet ranking and the schedule was
conducted by PRBDS for ensuring data packet delivery within the
stipulated time for reaching the base station. Packet priority, size, and
deadline are the metrics used by the algorithm for ranking the incoming

data packets

Ramadhani Sinde et al., (2020), the researchers suggested an
Energy-Efficient Scheduling using the Deep Reinforcement Learning
(DRL) (E2S-DRL) algorithm in WSN. E?S-DRL contributes three phases
to prolong network lifetime and to reduce network delay that is: the
clustering phase, duty-cycling phase, and routing phase. In the first phase,
the clustering operation functions via the ZbC scheme that is executed
through a hybrid PSO and AP algorithm that reduces energy consumption
during data aggregation. The second phase enhances network lifetime

through duty cycling. Duty cycling is performed using a DRL algorithm
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that schedules each sensor node in a distributed manner. Each scheduling
slot considers three modes that are sleep, listen and transmit. In the last
phase, routing is performed to reduce data transmission delay by finding
the best path between source and cluster head. Ant Colony Optimization
(ACO) algorithm is used to choose multiple paths between source and
cluster head [20].

The following table (1.1) presents how the scheduling process can
be used to conserve energy and extend the lifetime of wireless sensor
networks, highlighting the Proposed method, Proposed Algorithm,
Evaluation Metrics, and Simulation results, arranged by the publication

year.

Table 1.1: Summary of published researches scheduling in WSNs

Method and algorithm Evaluation : .
i Simulation results
Proposed Metrics

Results show significantly

Percentage of lost |~ ec the number of

Measures, duplicate data and
[11] Data Aggregation — (PFF) data accuracy: P ;
outperforms in terms of
overall energy data accuracy and ener
dissipation y 9y

consumption.

The experiments proved
that EBMS outperformed
the state-of-the-art
approaches.

Average energy
consumption, and
network lifetime.

Scheduling and, clustering —

[12] (EBMS)




Chapter One

General Introduction

Average of
Residual Energy
(ARE).’ Standard The simulation results
deviation of
Residual Ener show that the new
[13] Routing, and (SRE) netwo?lzl modified ENS_OR with
Scheduling — (ENS_OR) e . sleep mode conserves the
lifetime, First network energy and
Dead Node im rovegy
(FDN), and proved.
Received Packet
Ratio (RPR).
Packet delivery Simulation results exhibit
ratio, average a good performance of the
Sleep-scheduling strategy based node-energy goodp .
i g . proposed approach in
[14] | on Reinforcement Learning — consumption, :
L terms of sustainable
(RL-Sleep) sustainability of .
operations of the network
the network. L
and connectivity.
Live-Node, status | . The results Shov‘.” .'t
of each sensor’s | MCTeases energy efficiency
A Content-based Adaptive and component in terms of network
[15] | Dynamic Scheduling scheme — numbgr of C1H lifetime by 9.65% in 100
(CADS) . nodes-network, 11.36% in
selection
rocedure 150 nodes-network, and
P ' 0.94% in 300 nodes.
Extensive simulations
Network lifetime, results demonstrate that
Scheduling and routing — energy the energy-saving and
[16] consumption, security performances of
(JPASR) o
security index. the proposed method are
superior to the existing
ones.
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[17]

Scheduling, and clustering —
(EASS)

Energy
efficiency,
network lifetime.

The results show that
EASS increases energy
efficiency by 50% due to
the four-states model,
62.5% due to alive nodes,
92.60% due to minimized
Cluster-Heads overhead,
and 38.11% due to the
reduction in dead nodes
ratio.

Network lifetime,

The simulation results
show that the proposed

[18] Routing, and scheduling the residual protocol not only saves

energy. energy but also improves
channel utilization.

Energy A simulation result shows
efficiency, delay | PRBDS not only provides

[19] Packet Rank Based Data packet delivery less energy consumption

Scheduling — (PRBDS) ratio, lifetime, but also significantly

packet dropping reduces the packet drop

ratio. and increases the lifetime.

10
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Network lifetime,

The simulation results
reduce energy
consumption, reduce

[20] Schedule, clustering, and routing coniﬂ(:r:gi/ion delays by up to 40%, and
— (E?S-DRL) throughput ’ enhance throughput and
delay ’ network lifetime up to
' 35% compared to author
methods.
The simulation results
show decreased the
transmitted data from
Active sensor 94.3% Uup to 98'80/.0’
. . decreased the transmitted
ratio, transmitted data from 75.9% up to
Our Compression, clustering, and data ratio, energy 78.7% decréased the
work scheduling consumption, I

percentage of lost
data.

consumed energy from
99.5% up to 99.8%, and
decreased the consumed
energy from 95.3% up to
98.1% compared to the
PFF.

11
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1.6 Thesis Organization

The following parts make up the remainder of this thesis as follows:

Chapter 2 — Wireless sensor networks are described in detail in this

chapter.

Chapter 3 - Details a description of the proposed method which is an

energy-efficient scheduling-based clustering approach.

Chapter 4 — This chapter analyses and explains the results and also
discusses the validity of the results. To evaluate the performance of

proposed approaches several performance parameters are used.

Chapter 5 — This chapter presents the conclusion for the thesis as well as

some suggestions for future works.

12
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Chapter Two

Theoretical Background

2.1 Introduction

This chapter presents a theoretical background of the WSNs
including their architecture, applications, challenges, and energy-saving
technologies to save the energy of the sensors and prolong the Network
Lifetime. In addition, different types of data correlation that are usually
exploited to energy-saving and network lifetime extension are provided.
As well as, some of the performance metrics that we used to assess our

work.
2.2 Wireless Sensor Networks (WSNs)

WSNs are self-configured networks that are containing a large
number of sensor nodes (see Figure 2.1). These sensor nodes are generally
fitted with low-power batteries [21], which are often difficult, costly, and
impossible to replace after nodes are installed, furthermore it, sensor nodes
can monitor a wide range of physical characteristics such as temperature,
radiation, light, noise, humidity, and other characteristics. These nodes

gather data and send it one-hop or multi-hop to a Base Station (BS).

In addition, these sensors have a small size, low cost, and wireless
data transfer capability. As a result, sensor networks are projected to be
widely utilized in a variety of application areas, including for monitoring
purposes, in healthcare [22], military applications [23], environment
monitoring [24], smart homes [25], smart factories [26], and disaster
management. Although WSNs are considered extremely dynamic ad-hoc

networks, network topology management, in particular resource

14
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management, scalability, dependability, and efficiency, has been a major

Issue in these networks [27].

()
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Figure 2.1: Wireless Sensor Network Architecture [28].

1) Node Architecture

The common architecture of WSN’s node is described in Figure 2.2.
The components of the sensor node are shown one by one. A "Processing
Unit", "Sensing Unit", "Power Unit", and "Communications Unit" are the
4 main components of a typical node [29], The communications unit,
which involves data transfer (reception and transmission) [30]. Uses a
considerably high proportion of available energy than the other

components. The following sections will go over each component in detail.

1. Sensing units:  responsible for sensing the data from an
environment where the node deployed, process it and sends it to the
communication unit to get transmitted via the transceiver.

2. Processing unit: The sensor node's core is the processing unit. This

unit, in conjunction with a small storage unit, controls the processes
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that allow the sensor node to interact with other nodes to execute
sensing duties.

3. communication unit: it is represented by the transceiver, which
receives the data from the sensing unit after the processing and
transmits it via wireless links. The transceiver has the ability for
bidirectional communication, however, some applications need only
transmission (TX) or reception (RX) capabilities.

4. Power Unit: energy consumption is a basic weakness of sensor
networks. methods for conserving energy might in extending the
lifetime of the sensors. The sensor nodes are typically powered
through either energy storage devices or energy scavenging. The
first technique uses a set of tiny batteries to provide power. The latter
technique uses energy scavenging from the environment to keep the
sensor node running continuously. The most widely used energy

provide technique is solar radiation.

Tt — s — e —

»! Location finding system | | Transceiver |«

|
|
|
Sensing unit < -»| Processing unit |«

! !

— Power Unit <—

Power
generator

Figure 2.2: The Components of a Sensor Node [31]
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Additional components, like a position locating system, a mobilizer,
and a power generator, are dependent on the application. A location-
finding system is usually included in a sensor node since most sensor
network routing strategies and sensing activities require high-accuracy
position knowledge. a location-finding system is generally incorporated in
a sensor node. A mobilizer could be required in some cases to move sensor

nodes whenever needed to complete the assigned function.
2.3 WSN Applications

WSNs are collections of small-size, inexpensive nodes that monitor
a specific environment and transmit the data to a Base Station (BS) for
more processing. WSNs support a wide domine of important and useful
applications thanks to their advantages such as ease of deployment, safe of
use, and low cost. Subsequently, an extensive variety of applications are
potential as represented in Figure 2.3. and which will be presented briefly

in the following section.

Application
Medical Stru_ctural EnV|ro'nm§ntaI Agricultural Military
monitoring Monitoring sector

Figure 2.3: Wireless Sensor Network Applications
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2.3.1 Medical Applications

Sensor nodes are very useful in diagnosing and monitoring patients.
since the patient's physiological parameters, like heart rate and blood
pressure, are monitored using sensors implanted in the body. Since the data
so collected is sent to inform the doctor of the detected event. this gives
patients a big deal of freedom of movement instead of staying in a hospital

bed for a long time [32].

2.3.2 Military Applications

WSNs are becoming one of the integral parts of the military
command, intelligence, communications, control, and surveillance.
Sensors may be utilized to detect, monitor, and track the presence of
soldiers and vehicles, allowing for close surveillance of enemy forces [33]
[34].

2.3.3 Environmental Monitoring

WSNs have been developed for use in Environmental Monitoring
and earth science research. This includes flood detection, sensing
volcanoes, gas leakage, Forest fires detection, etc. The data is sensed using
the sensors and is sent to the BS via the Internet. As the network provides
early detection and prediction of all these environmental events, it helps in
taking a safety measure on time and at a high level of accuracy. which helps
in taking the necessary measures by specialists before a calamity occurs
[35].

2.3.4  Agricultural sector

Sensor networks can help with a variety of activities in the field of
agriculture. Used to monitor operations in the agricultural field like

measurement of moisture level in soil, watering of the plants, crops
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harvesting, pesticide distribution, animal control, and so on. For example,
the sensors in a humidity level measuring scenario monitor the humidity
level in the crops or soil and wirelessly communicate data to the Gateway
site. The necessary actuators can be engaged based on the specified
threshold values, such as the water pump motor turning on and off, the
motor pump speed control, crop harvesting, crop sowing, pesticide

distribution across the crops, and so on [36].

2.3.5 Structural monitoring

Structural monitoring applications can benefit from the usage of
sensors. The goal is to develop "smart structures” which can self-diagnose
issues and prioritize necessary repairs. This technique is appealing to
earthquake-prone areas. Although mild tremors may not cause visible
damage, however, it can develop and lead to cracks that can cause the
building to collapse in the event of an earthquake of greater strength. so,

sensors are useful in this regard.

2.4  Challenges in WSNs

There are many challenges and issues placed on the deployment of

sensor networks. That will impact the design, efficiency, and performance

of the WSNs, now let bring up briefly some design challenges.

24.1 Energy

Sensor nodes require energy for many tasks. Where a lot of energy
Is expended in collecting, processing, and transmitting data. The sensors
are normally powered by a battery that has to be recharged or replaced after
or when its power runs out. For certain cases, neither of the solutions are

appropriate for modifying or recharging sensor batteries due to cost
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constraints or the installation of sensor nodes for extreme, dangerous, or
remote regions. Consequently, energy conservation is the most often
important problem for a WSN [37, 38].

2.4.2 Security

The deployment of sensors in an unattended area makes the
networks exposes to several possible attacks. Therefore, privacy is crucial
in WSNs to save the data and information that goes between the network's
sensor nodes or even between sensors and the base station; otherwise,

communications might be spied on, resulting in a security breach [38, 39].

2.4.3 Quality of Service

The level of service provided by the sensor networks to its users is
known as Quality of Service (QoS). The authors describe QoS for sensor
networks as the optimum number of sensors sending data to sinks or a BS.
The QoS in WSN is difficult because the network topology may constantly
change. This dynamic nature of sensor networks makes the availability of

precise state information next to impossible [39].

2.4.4 The Dynamic Topologies

In industrial environments, because of link failure or node location
change, the topology and connectivity of the networks may change. In
addition, sensor nodes may also be exposed to high humidity levels,
vibrations, dust, and dirt, as well as other circumstances that impair
performance. These external factors and the dynamic topology of the

network may cause certain sensor nodes to fail [40].

2.4.5 Hardware Limitations

At the absolute least, each sensor node must have a "Sensing Unit", a
"Processing Unit", a "Transmission Unit", and a "Power Supply". the
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nodes could contain several built-in sensors or external devices like a
system of localization. Every additional function, however, comes at a
cost, increasing the power consumption of the node. Therefore, added
functionality has to be weighed continually against costs and power

consumption [41].

2.5 Energy-Efficient Mechanisms in WSNSs

WSNs are employed in many applications because sensor nodes in
such networks have limited battery life, therefore, energy becomes the
most precious resource for them [42]. To optimize the usage of energy
resources, thus the research community is attempting to provide energy-
efficient solutions for WSNs to extend the network's lifetime. The

following are some of the most well-known energy-saving techniques:

2.5.1 Schedule Mechanism

As previously stated, sensors are energy-constrained, and
conserving their energy is critical as the lifetime of the network is limited
by battery lifetime. In many cases, recharging or replacing the sensor
node's battery is not possible. In addition, sensors are usually deployed in
huge numbers, so they don't need to work with all sensors at the same time.
Working schedules including active and sleeping schedules can be
considered to run the sensors more effectively since the sensors consume
much smaller energy in their sleeping time compared to the time, they are
being active. In such a case, rather than having all sensors transmit the
similar data, it has a higher efficiency for the selection of a few

representative nodes to tell the sink node about an observed event.

Sensor networks have different working modes, i.e., (1) active
mode, (2) idle mode, and (3) sleep mode. In active mode, the sensor can

"Collect Data", "Send/Receive messages”, "Process Data", and do other
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computations [43]. When the node is in idle mode, it continues to listen to
the medium even when no messages are being sent and it consumes tens to
thousands of times the current when compared to sleep mode. When the

sensor's CPU is switched off, this mode is also known as the Sleep mode.

For that, the motivator for establishing sleep scheduling mechanisms
Is to minimize the idle state energy consumption, focusing on sleep mode
that will prolong the network lifetime. Several methods are proposed to

address the challenges of idle listening, for example.

A. Duty Circling

When designing WSN consisting of nodes with limited resources and
battery-powered, we expect maintenance-free operation for long years.
Therefore, the node must temporarily turn off its radio to reduce energy
consumption and ensure adequate lifespan. The technique in which the
nodes go periodically into sleep and wake up only for a short period is

called duty cycling

Duty circling, also known as the “sleeping schedule mechanism” is
the part of the time in which the sensor is in the “sleep" working state
in a pre-defined period. The main purpose of duty circling is to
minimize the idle mode that is the dominant factor in most sensor
network applications. A robust and suitable duty circling mechanism
can prolong the lifetime of a WSN [44]. Carrano et al.[45] have created
a survey of duty-cycling mechanisms, dividing them into synchronous,

asynchronous, and semi-synchronous as shown in Figure 2.4 [46].

e Synchronous Wake-up Mechanism: In this type, all the
sensors use a common time reference i.e. all sensors turn
on or off in the same period to exchange information.

Although this kind of is easy and uncomplicated, it faces
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many problems due to the synchronization delay as well as
extra control traffic [44].

Asynchronous Wake-up Methods: Asynchronous sleep-
wake scheduling refers to the fact that nodes wake up to
transmit regardless of whether or not other nodes are
awake to receive. Because of this, Asynchronous schemes
do not need time Synchronization [47]. it is an effective
way to save energy by appropriately arranging sensor
nodes to sleep or wake.

Semi-synchronous Wake-up Method: This type is also
called hybrid, where the switches between the two types
mentioned previously, depending on the conditions of the
network. The choice to switch between the two modes is
based on the idea that asynchronous methods perform
better under light load situations, while synchronous

methods perform better under heavy load conditions

Wakeup scheduling

synchronous asynchronous hybrid

Figure 2.4: Wake up Scheduling Schemes classification
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B. Active and Passive Wake-Up Radio

Currently, used radio transmitters consume approximately the same
amount of energy when they receive data and when they listen to the
channel waiting for upcoming transmissions (idle listening). Hence, to
reduce energy consumption the WSN nodes switch the radio between
active and sleep modes. In the active mode, a node can receive and transmit
packets, while in the sleep mode it completely turns off its radio to save
energy. Since frames cannot be exchanged unless both the transmitter and
the receiver are active, the node must either be aware of its neighbors’
wake-up time or be able to wake up its neighbor node. The common
technique used in WSN is duty-cycling when the node sleeps most of the
time and wakes up periodically only at scheduled moments. These
moments are known to the transmitter which must wait a certain time for
waking up its neighbor to exchange data. This issue has a direct and
negative impact on the latency of the network. The scheduled duty-cycling
technique is always a trade-off between energy consumption and delay in
delivering the frame to the target node. The delay problem can be alleviated
by an additional wake-up radio (WuR) [48]. The idea is to use an additional
receiver with such a low power consumption that it can be active all the
time. A node will be woken up only on demand, which decreases
communication delay and which is important in time-critical applications
[44].

2.5.2 Clustering

Clustering methods for WSNs have been proposed as a major energy
conservation goal in the last years [49]. Data clustering can be defined as
a"Machine Learning" approach that groups a set of data points into clusters
such that points within each cluster are similar to each other [50]. it is a
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common method that divides a network into two layers. The nodes located
in the same layer are grouped into clusters. To efficiently distribute the
management tasks among the nodes, some of them are elected to be the
head of each group (cluster), which are usually called cluster heads (CHSs).
Because large amounts of the data created by sensors in WSN are
comparable, clustering takes advantage of data correlation and aggregates

it to reduce network load, leading to more effective energy consumption.

The common architecture of clustering is shown in (Figure 2.5.)
Here, clusters are provided with "Cluster Heads", and the sensors in the
first layer sense the region and then transmit the data to their related Cluster
Head. The CHs in turn, receive this data in the 2" layer, and after carrying
out several operations, and send it to BS. Eventually, the user receives data
from BS via the Internet. In this way, we will reduce the power needed to

transmit and receive, and balance the power consumption.
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Figure 2.5: Clustering in Wireless Sensor Networks [51]

With clustering approaches, two phases are often taken into
consideration: CH selection, and cluster formation. The important aspect
in any approach is the CH selection process which determines the
network's energy efficiency. In addition to the energy efficiency, other
objectives such as full-field coverage might be pursued as the main goal of

the clustering strategy in addition to energy-saving [49].

The following section will be presented general CH selection

methods, objectives of clustering, and clustering algorithms.
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A. General CH Selection Methods

Cluster Heads (CHs) selection strategies might enhance the network
efficiency by identifying nodes that are better suited to be CHs [52]. There

are several general ways for selecting CHs as in the following:

e Resource-rich nodes are predefined as CHs in several clustering
approaches [53]. The issue with this approach is that the majority of
WSNs are resource-constrained and homogeneous. As a result, the
approach is inapplicable in several situations. Furthermore, even in
the case when a resource-rich node in a heterogeneous network
might be identified and designated as a cluster head, being a CH for
an extended period can rapidly deplete the node's power, resulting
in node death.

e In many clustering approaches, randomization is the solution for
choosing who will be CH among nodes. While such technicality is
important in inhomogeneous networks, any unbalancing or
dynamicity in WSNs might result in severe problems, including run-
time issues such as unbalanced resource consumption or continuous
energy consumption in a few CHs.

e The most common approach for cluster head selection has been
referred to as the conscious CH selection, and it is mostly dependent
on network and nodes conditions. This concept has been proposed
in many articles in literature as a basis for clustering approaches.
CHs are chosen using such procedures depending on a variety of
factors like the location, available resources, number of neighbors,

and so on.
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B. Objectives of Clustering

Clustering the nodes in WSNs is performed with different purposes and
objectives. The most significant and common goal of all such goals is
energy conservation. These objectives are classified into primary and
secondary. The primary objectives are the most important and substantial
in the clustering process. On contrary, the secondary objectives are not
substantially important for the network and they have been indirectly

achieved through clustering the nodes [54].

A few of such goals are briefly described as follows:

1. Maximize network lifetime: As mentioned previously, extending
the lifetime of the network as much as feasible is a major difficulty
in WSNs. A clustering process that meets such goals can help extend
the network's lifespan. For instance, in the case when CHs are
positioned in the node population’s center, the role of CH is correctly
rotated between nodes, and sleeping schemes are efficiently
exploited, then we can expect a good life for the network.

2. Data aggregation/fusion: This is an important technique to prevent
the transmission of repeating data in the network since a large
amount of data in WSNSs is the same.

3. Scalability: The scalability of networks can be increased well by
dividing them into some clusters. In the case where a node in the
cluster requires to connect with a different node in a different cluster,
it has to know certain information regarding the related cluster head
of the cluster where the other node has been located. Which
improves the network'’s scalability and results in a large reduction in
routing table sizes.

4. Stabilized network topology: Because the nodes are divided for

some of the clusters, CHs can control changes in node position at the

28



Chapter Two Theoretical Background

cluster level. Each CH in a clustered WSN has information regarding
its members, like their location and energy; thus, if a node moves to
another cluster or dies, the CHs are notified right away.

Increased connectivity: This goal might be as simple as possible,
guaranteeing that a path exists from each cluster head to base station,
or it might be more restrictive through setting a bound-on path's
length. In the Worst-Case situation, the k-connected network will be
disconnected if k nodes fail. Particularly in large-scale WSNs,
clustering the nodes enhances performance. This is because, in
contrast to a flat architecture with clustered nodes, there must be a
minimum of one path from each cluster head to the base station for
achieving connectivity, not between every node in the network and

base station.

C. Clustering Algorithms

Clustering algorithms are divided into 2 types, which are: equal-size

clustering and unequal-size clustering.

Equal-sized clustering algorithms: Equal-sized clustering
approaches have extensively been explored by many researchers.
The main idea behind this type is creating clusters that are of rather
equal sizes, to keep the number of the clusters to the minimum,
distributing them evenly over the network.

Unequal-sized clustering algorithms: Typically, in unequal
clustering, there is a hot-spot problem in which Cluster Heads closer
to BS tend to die faster, the basic reason is that cluster heads that are
located in BS’s vicinity have to relay more data in comparison with
the farther cluster heads. As a result, energy is dropped at a faster

rate. Therefore, these algorithms are suggested for balancing
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2.5.3

consumption of the energy amongst the clusters, where sizes of the
cluster near sink node are considerably smaller in comparison with
clusters that are far from the sink node to save more energy in the

intra-cluster and inter-cluster communications.

Energy-efficient Routing

Sensor nodes have limited energy and bandwidth. To optimize the

lifespan of sensor nodes, the network layer tries to find ways to establish

up Energy-Efficient routes and reliable data relaying from sensors to sink.

This provides a balanced power consumption for the networks. Various

data collection algorithms are used to reduce transmitting distances for

such networks through routing [55]. An example of some data routing

methods is demonstrated below [56].

1. Hierarchical Routing: In this method, sensors forward their

readings to higher-level nodes to be sent finally to the base station
(BS). Clustering and tree-based routing are included in this
classification. Sensing data is transmitted in multiple hops to deal

with the long distance from all sensors to the BS.

. Flat Routing: in this type, all the nodes in the network are given

equal roles to perform the sensing tasks. For example, random
walks (RWs) are randomly chosen among sensors to initiate some
routing. Sensors randomly choose one of their neighbors to
forward their readings for the next RWs. Through RWs, the
sensing data will be collected at the BS until the last RWs reach

the BS, also randomly.

. Location-Based Routing: Before sending sensor readings to the

BS, several data collection approaches for the WSNs require

location information for the sensors for the calculation of the data

30



Chapter Two Theoretical Background

transmission distances between 2 sensors or across the entire
network. According to this, the amount of energy used for the
transmission of the data may be calculated and chosen, allowing
for the lowest energy consumption. Sensors' local information

can be used to route data in an energy-efficient manner.

2.5.4 Energy Harvesting Techniques

The main energy source of the WSNs is mainly based on battery
power. When the battery runs out, the sensor cannot complete its task [57].
Besides, may lead to early death to the network. To overcome these
problems and also extend the operating time for the sensor node, the energy

from the surrounding environment is utilized .

Energy harvesting (EH) is the process to obtain energy from the
outside environment like the wind, vibration, flow energy, acoustic, and
thermal energy, solar, and more. The technologies utilized in energy
harvesting convert the energy from the environment to electrical energy,
which may be utilized in the WSNs [58]. EH system opens up potential
technologies for the WSN environments that remotes the dependence of
sensor buttons on battery power, significantly improving the cost-
effectiveness and performance needed for the WSNs. The combination
between the EH source and sensor node architecture is depicted in (Figure
2.6) EH sources are becoming the current way, especially for small and
low power devices such as WSNSs to be a complete replacement for battery

use.

On the other hand, highlight the continual unavailability of energy
harvesting sources; as a result, a buffer has been suggested to store energy
for later uses, employing a battery-free sensor node and low-powered

capacitors as the buffers. Solar energy, for example, is unable to gather at
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night, because of the absence of the sun. This presents a problem. As a
result, special devices of energy harvesting could be put in-network for

scavenging the energy and transferring it to nodes wirelessly.
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Figure 2.6: Energy Harvesting Techniques [56]

2.5.,5 Data compression

Because data communication has been considered as the most energy-
exhausting task which is undertaken by a sensor, and sensor nodes have
limited energy, sending data directly to the sink is wasteful; additionally,
reducing energy consumption in each sensor node has become necessary
to improve the lifetime of WSN. Consequently, we want strategies for

removing redundancy and consolidating data to produce information with
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high quality at the sensor nodes which will minimize the number of packets
that will be sent to the sink and thus lead to conserving both energy and

bandwidth [59]. To achieve this data compression can be used.

Can be defined Data Compression as the process of coding data to
reduce its size [60]. Data Compression is one of the most important
Energy-Saving processing methods it will decrease both: the transmissions

and receiving energy.

The studies previous and current illustrate that the communication
process is has a higher power consumption compared to the calculation,
Sensing, and Processing, therefore, minimizing the size of the data before
the transmission in wireless medium has been found efficient in the
reduction of the total consumption of the power. This is why it is

advantageous for the WSNSs to utilize approaches of data Encoding.

"Data-Encoding” techniques hold the promise of decreasing
communication energy [61]. This is done by compressing the sensor data
before sending it without affecting the integrity of the data. Due to the
limitations of computing resources such as RAM, the algorithm also needs
to be lightweight and computationally efficient. In this thesis, we use two
algorithms for encoding (as described in the practical part). One of the
ways encoding data is Run Length Encoding (RLE), and the other is

Huffman. and will explain this below:

Data compression is commonly utilized in a wide range of areas. The
fundamental data compression goal is minimizing the number of bits that
are needed for coding information or methods of data compression is
categorized generally into 2 classes, which are: Lossy and Lossless

compression.
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Lossy compression: those methods encounter information loss
while decompressing compressed information. Those approaches
may be implemented in the images, graphics, and digitalized audio.
Many of those are altered to various quality levels, giving higher
precision in transferring fewer effective compressions [62].

Lossless compression: Those methods accurately code data and
transfer them; there won’t be any loss type in the data whereas
decompressing compressed information [62]. Which is applied for
storing database records, word files, spreadsheets, and so on.
Huffman coding and RLE are examples of approaches utilized in

the compression of data [63].

This section reviews only lossless compression techniques used in this

thesis, such as Huffman coding and RLE.

A.Encoding RLE

Run-Length Encoding: As has been stated earlier, sensor nodes may
take the same (or very similar) readings several times when a time
slot is very short. This is why results will include a repeating string
of similar values. This is why, to reduce the amount of data
transmitted, the RLE encoding approach is employed for more
compression. RLE is a very basic and powerful encoding strategy.
The nearby grouping of symbols that happen in succession is
exploited by RLE. and replaces” run” of symbols by a tuple
containing the symbol and the number of times it has been repeated.
For instance, considering the string, AAABBBBBBCCCC is
encoded as [A,3] [B,6] [C,4], and will explain the algorithm used in
chapter 3.
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B. Huffman coding

Huffman coding has been considered the most common approach
for the generation of prefix-free codes. Where this coding is commonly
utilized in data compression areas. This is why the Huffman algorithm
Is one of the optimum lossless data compression methods. In Huffman
coding, symbols that have a high likelihood of occurrence have been
more emphasized. This compression approach has been found
sufficient for the data for which there is a high occurrence frequency.
Where Huffman’s algorithm [64] works from the leaves to the root in
opposite orientation [63]. Algorithm 2.1 introduces the Huffman
encoding algorithm implement in sensors level. and Algorithm 2.2

introduces the Huffman decoding implement in gateway level.

Algorithm 2.1: Huffman Encoding
Input: D: input file, Mx

Output: CF: compressed file.

1: LT« QUEUE ();

2:forj«— 1toMxdo

3:  Nd <« Node {Dj};

4: LT. PUSH(Nd);

5:end

6: while LT. Size () # 1 do

7: Nd <—NewNode ();

8: Nd. Left < X« LT. POP ();
9: Nd. Right —Y«—LT. POP ();
10: Freq (Nd)« Freq (X) + Freq (Y);
11: LT. PUSH(Nd);

12: end

13:CF « LT

14: return CF,;
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Algorithm 2.2: Huffman Decoding

Input: Rt: the root of Huffman tree,

Bt: bit stream is needed to be decoded.

Output: Df: decompressed file.

1:
2:
3:

CEl S

11:
12:
13:

14

Ms « Sizeof (Bt);
for j— 1 to Ms do
Df<—Rt;
while Df. LEFT= NULL and Df. RIGHT # NULL do
if (Btj = 0) then
Df—Df.LEFT;
end
else
Df—Df.RIGHT;
end
jith
end
end
. Return Df;

2.6 Data Clustering

Clustering

algorithms are widely classified into two types in recent

research: hierarchical and partitional [65].

2.6.1 Partitional Clustering Algorithms

Those partitional approaches have been common in a variety of

study areas as a result of their ability for clustering large datasets in WSNs

for the classification of sensors to improve coverage and lifetime. In

addition, The K-means algorithm can be defined as the most basic

partitioning concept of clustering known yet, it remains commonly utilized

and popular for high dimensional datasets as a result of its simplicity and
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the lower computation complexity [66, 67] more about it will be explained

later.

k-means: The k-means clustering approach is an unsupervised
algorithm of machine learning, it is the most widely used partitional
clustering algorithm. It is utilized for the identification of the clusters of
the data objects in the dataset. It begins with the selection of K
representative points as initial centroid values. Every one of those points is
assigned after that to the nearest one of the centroids, according to a
specific measure of proximity that has been selected. As soon as the
clusters have been formed, the centroids for every one of the clusters will
be updated. After that, this algorithm performs an iterative repetition of
those 2 steps to the point where centroids don’t change or another

alternative relaxed criterion of convergence is met [68].

2.6.2  Hierarchical Clustering Algorithms

The hierarchical algorithms of clustering have been developed for
overcoming some drawbacks that are related to the partitional-based

approach of clustering.

The hierarchical approaches may classify as "Agglomerative
Hierarchical Clustering” (AHC) and "Divisive Hierarchical Clustering"
(DHC) approaches. The agglomerative method starts by taking the
singleton clusters (containing a single object in each cluster) at the bottom
level and keep to merging 2 clusters each time to build a bottom-up
hierarchy of clusters, more precisely it merges the two points that are the
most similar until all points have been merged into a single cluster. It is
also called the bottom-up approach. Divisive approaches, however, begin

with all data objects in a massive macro-cluster and continuously split them
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into 2 groups, generating a top-down cluster hierarchy, it is also called the
top-down approach. Agglomerative methods are the focus of our attention

in this thesis and it will be explained in more detail later.

AHC is one of the important traditional unsupervised hierarchical
clustering methods, it is a bottom-up method that starts with clusters, each
of which includes exactly one object. It recursively partitions the dataset
into a tree structure through a series of merge operations based on
proximity measures. And finally, it forces all the clusters into a single
cluster [69].

2.7 Data Correlation

Data collection is an important application of WSNs. For example, in
environmental monitoring, the physical variables, such as temperature,
light illumination, and humidity, etc. are often sensed and sent from sensor
nodes to the sink via "Single-Hop™ or "Multi-Hop™ routing. Because
sensor nodes typically have limited power supplies, one of the major goals
of data collection is to get the needed sensing data with the least amount of
energy consumption, therefore extending the network lifetime. Since the
physical variables describing natural occurrences are usually locally
regular and WSNs nodes are often deployed redundantly to get complete
environmental monitoring data, the sensing data often have a high spatial
or temporal correlation. As aresult, several researchers employ spatial and
temporal correlation to reduce network energy usage by sending only a

portion of sensor data or aggregating it [70, 71].

1. Spatial correlation: WSN applications require spatially dense
sensors deployment for achieving required coverage. As a result,
several sensors in the sensor field collect similar data about a single

event. In this case, instead of having all sensors reporting the same
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data, it is more efficient to choose a few representative nodes to
report the sink node about the detected event. A representative node
reports the event information of a given specific region on behalf of
a collection of nodes that gather similar information in the same area.

2. Temporal correlation: many applications of the WSNs may need a
lot of sensors to periodically perform the observation. As a result of
the physical event’s nature, there’s an important temporal
association amongst every consecutive sensor node observation. For
instance, in daily sampling for the temperature carried out at every
minute, the temperature might not significantly vary. In which case,
it is not required to report new reading each minute, because the
earlier reported reading is matching the actual one.

3. Spatio —Temporal Correlation: When the data collected include
both the two previously mentioned correlations. The spatial
correlation, due to their proximity to each other, and the temporal
correlation because the current reading correlated with the previous
one, this is called Spatio-temporal correlation.

Some scheduling solutions can exploit both correlations for node
scheduling to decrease the send data to the sink and conserve the

network energy.

2.8 Network Lifetime

As previously said, a WSN made up of low-cost, and energy-
constrained sensors are used to monitor physical events. As a result,
network lifetime becomes an important consideration in WSN design.
Several definitions of network lifetime age can be provided as in the below:
1. The term "network lifetime" refers to the time between the moment of

deployment and the time when the network is considered nonfunctional.
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For instance, when the first sensor dies, or several sensors die, leading
to a loss of coverage [72, 73].

2. The lifetime of a network is defined as the time that it takes from the
start of the network operation to the end of the energy of the first node
within the network [72].

3. It is defined as the maximum period after which a network cannot do
tasks as required [74].

4. it has been defined as the time between the first transmissions of nodes
within the network into a low percentage of the node compared to the
value of the threshold that was determined depending on the type of
application [74, 75].

5. Network lifetime based on application requirements some authors
consider that network is alive as long as application functionalities are
ensured [73].

2.9 Energy Consumption Model

WSNs often consist of large number of linked sensors. It can sense
and compute in addition to communicating with each other. The WSNs are
systems with significant energy consumption restrictions, and extending
the battery life of sensor nodes is a critical need for network autonomy. To
achieve this aim, you must first have a deeper knowledge of how energy is

consumed in a sensor node.

The methods proposed in this thesis are based on reducing costs (in
terms of energy) by distinguishing and reducing redundant data while
maintaining the integrity and accuracy of information. The proposed
technique employed the energy consumption model proposed in [76]. This
model took into account only the consumed energy of transmitting and
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receiving. Hence, to send an h-bits message for distance, the model

computes the energy consumption as follows:

ETX (h, dis) = Eelec * h + Bamp * h * dis> ... (2.1)

The consumed energy is computed for the reception as follows

ERX(h) = Eelec*h L (2.2)

Where the consumed energy of the electronics of the radio is indicated by
Eelec. The amplifier consumed energy is described by the Bamp. Each
sensed data is considered 64 bits. Therefore, the size of the data packet is

the number of transmitted readings multiplied by 64 bits.

2.10 Performance metrics

The suggested approach that is explained in detail in chapter three has
been evaluated using a variety of performance measures such as Active
Sensor Ratio (ASR), Energy Consumption (EC) in Joules, Transmitted
Data (TD) in KB, and Percentage of Lost Data (PLD). These measures are

briefly explained below:

1. Active Sensor Ratio (ASR): One key performance metric is to
reduce the number of active sensors that take on the sensing task
during the next period while maintaining an acceptable data
accuracy at the sink node, it is the average number of active nodes
in each period.

2. Energy Consumption (EC) in Joules: This is a measure of the

consumed energy during the transmission and reception in each
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period over the network based on the energy consumption model
proposed by Heintzelman. [76].

3. Transmitted Data (TD) in KB: This is the rate of data transmitted
to the BS by the active nodes.

4. Percentage of Lost Data (PLD): This measure refers to the amount
of data that is not sent to the BS (sleep nodes’ data) and also, they
do not exist in the data received by the sink node from the active
sensor nodes. so, we must balance the energy expenditure on the one
hand and the percentage of data loss so that there is no significant
data loss, which leads to a loss of coverage and the required

accuracy.
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2.11 Summary

In this chapter, an overview of the WSN has been given. Several
application fields such as environment monitoring, military applications,
and medical monitoring have been presented also the main challenges in
WSN have been described, the explanation of the clustering approach has
been illustrated, which is aimed to decrease the consumed energy of the
WSN, The Energy-efficient mechanisms in WSNs are shown. Data
encoding and Data Correlation are explained. Energy Consumption Model
is given. Some definitions of the Network lifetime are provided. Finally,

performance metrics are discussed.
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Chapter Three
The Proposed Approach

3.1 Introduction

This chapter provides a detailed description of the proposed Energy-
efficient Sensor Activity Scheduling approach for the lifetime
enhancement of WSN. The proposed approach work into rounds. Each
round is composed of two periods. The first period consists of three steps:
data collection, compressed data transmission, and scheduling-based
clustering. The second period consists of only collection and compressed
data transmission (See Figure 3.1). The proposed approach is implemented
in two levels: sensor nodes and the gateway. The sensor nodes capture the
data and compress them using either Modified Run Length Encoding
(MRLE) or Huffman Encoding (HE). At the gateway level, the approach
applied the agglomerative clustering approach or k-means algorithm to
produce the best schedule of sensor nodes that remain active in the next
period. Sensor nodes are clustered based on the received vectors of data
into groups and one sensor will be elected in each group to stay active in
the next period (the sensor with the highest energy is chosen to remain
active). In the following sections, a detailed description of the proposed

methods is given.

3.2 The Framework of the Proposed Work

In this section, we will present the proposed approach for extending
the lifetime of sensor nodes in WSNs networks in more detail. The
proposed approach is described in Figure 3.1.
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either HE or MRLE
Send compress data from sensor level
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L 4 Send compress data from
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Figure 3.1: Flowchart of Proposed Approach
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The goal of this approach is to reduce transmitted data, activate the
least number of sensors, and minimize consumption of energy thus
extending network lifetime while maintaining suitable accuracy. The
proposed approach combines two energy-efficient techniques i.e. data
compression and sensor activity schedule which will save energy and
reduce the redundant data transferred from wireless sensor nodes to the

getaway node.

3.2.1 Sensor level

At this level, the sensor achieves two main functions.

e Data collection: In this step, the all sensor nodes are wake up in
the first period of each round, sensing the area of interest for a
predefined fixed time of the period, and then save these data
temporarily for the next step in this period. The data collection in
the next period in each round will achieve by only the active sensor
nodes that are notified by the gateway.

e Compressed data transmission: The objective of this phase is to
minimize the amount of collected data before sending it to the
gateway by eliminating the redundant data without affecting the
data integrity. The collected data is compressed using either
Huffman coding (See Algorithm 2.1) or modified Run Length
Encoding (See Algorithm 3.1) and then send the compressed file to
the gateway. When the gateway gets all of the sensor nodes'
compressed data files, it reconstructs these data using the Huffman
Decoding algorithm (See Algorithm 2.2). or using modified Run
Length Decoding algorithm (Algorithm 3.2) This algorithm is
executed for each received file of sensor nodes to return the original

data reading. The original LRE is a lossless encoding method deal
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with the character, while the Modified RLE is lossy encoding
method and the ratio of data loss depend on a predefined threshold.
Moreover, MRLE deals with numerical values. Algorithm 3.1
introduces the MRLE algorithm.

Algorithm 3.1 MRLE

Require: D: data readings, th: threshold
Ensure: C: compressed sensor data readings.
1: amount « 1

2: C«— @ [/l storing the encoded string

3: index « 0

4: while index <= (length(D)-1) do

5: ifindex = (length(D)-1) or Dif(Dindex,Dindex+1, th) #1 then
6 C « C U Dingex

1. amount «— 1

8: else

9 amount«—amount+1

10: index<«—index+1

11: endif

12: end while

13: return C

The function Dif return 1 if the difference between the Dindex and

Dindex+1 is less than or equal to threshold th, and it returns 0 otherwise.

3.2.2 Gateway level

In this level, the sensor activity scheduling is applied only in the first
period of each round. The proposed approach decodes each compressed
data file received from the sensor node k and saved in V*. It
reconstructs these data using the RL Decoding (RLD) algorithm (
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. This algorithm is executed for each received file of
sensor nodes to return the original data reading. After that, the variance
D* of each constructed vector will be calculated, according to variance

equation 3.1.

Algorithm 3.2 RLD

Require: C: compressed sensor data readings
Ensure: D: sensor data readings.

: M « read file C

: for each row in M do

L =rowz

D < Append (rowo)
end for

1

2

3

4: for xinrange(L) do
5

6

7: end for

8

> return D

The row; is the number of occurrences of reading row, and the rowy is the

reading in the compressed M file.
D* « Variance V% (3.1)
Where k represents the sensor node, V*decompressed data file, and

D* represents a value of variance. The variance is calculated using the

equation below (3.2).

2 = 2z w2 s (3.2)

n

Variance = o

Where Xx; represents the mean, u represents each value in the data,

and n means the number of values in the data set.
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Hence, each sensor node dataset is represented by its variance value.
To generate the sensor nodes’ schedule that takes a mission of monitoring
for the next period, high spatial correlation of the data between sensor
nodes reading in WSN is exploited in particular in dense sensor networks,
where nearby sensor nodes are supposed to sense similar data. Therefore,

the most similar sensor data are clustered in the same cluster.

The role of scheduling here is to keep only one sensor (the sensor
with the highest energy) transmitting the data, and the others of the sensors
go into sleep mode. The scheduling process here is by simulation process,
sending a notification (0 or 1), representing node states (i.e., active/sleep)
to each sensor node for the phase of the sensing in the current period. so, 0
refers to sleep mode in the next period, 1 refers to active mode in the next
period However, the scheduling process is achieved by k-means clustering

algorithm or hierarchical clustering algorithm (agglomerative Algorithm).

A. Scheduling based agglomerative Algorithm

The hierarchical clustering algorithm (As shown in Algorithm 3.3)
is utilized to cluster the close or similar data into groups defined as clusters.
The produced clusters are different and the properties of the whole objects
which belong to the same group are close or alike. There are two types of
this type of clustering: divisive and agglomerative clustering. More details
about hierarchical clustering are explained in detail in chapter two (See
2.6.2). In this thesis, we focused on the agglomerative approach. That it
begins from the bottom up by considering each data point as a single
cluster. After that, the similarity between every two clusters is calculated.
Every two clusters with minimum distance are merged in one cluster in the
upper level of the hierarchy. This operation is continued on the upper level
of the tree by calculating the distance between every two clusters and

merging the ones with minimum distances until providing one cluster. The
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similarity method that computes the distance between every two clusters
affects the final results. VVarious metrics can be used for calculating the
similarity between every two clusters such as maximum, Manhattan,
square Euclidean, and Euclidean distances. It is important to select the
metric that is used to merge two close clusters after computing the distance
between them. These metrics are single, complete, average, and ward
linkages. In the present approach, the ward linkage (According to equation
3.2) has been used by calculating the distance from the differences of the

sum of squared of the whole clusters.

—_ = —> 2 - — — 2
A (CRy, CRy) = ZjECRluCRZ Iy; — Merrucrz | ZjeCRl Iy; — mcpq |l

*NCR2

S — 2="cCR1 — — 2
- ZjECRZ I Yi — McRr2 I Imcry — Megal® .o (3.2)

Ncrit NcRr2

Where A represents the cost of merging clusters CR1 and CR2, while m j
refers to the cluster j center, and the number of values in the cluster is

denoted by n;.

The Euclidean distance equation (3.3)

Dist (x1,y1) = / Y(v1; —x1)®> ... (3.3)

Algorithm 3.3 shows the Scheduling Algorithm based agglomerative
clustering that will be executed during the first period of each round.
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Algorithm 3.3: Scheduling based agglomerative clustering

Input: V=1 ..., vns; NS: number of sensors
Output: S: the schedule of sensor nodes
1:forj« 1to NS do

2 ceni «—{vi};

3:end

4: Cl «{ceny, .... cenp};
5: while Length (Cl) > 1 do
6 dist (cen;, cen;) «—warddist (ceni, cen;), V cen;, cen; € Cl;

7 Add merged clusters (cen;, cen;) to Cl;

8 Cl« C1\ {ceni, cenj} // Eliminate cen; and cen; from ClI:

9: end

10: {Clus?, Clus?, ...., Clus¥} « Bring Clusters (Cl, K);

11: For each cluster j € Clus' do // j € K

12: Select Sj has higher remaining energy to be Active for each cluster j, Sj < 1;
13:  Set Sjin each cluster to be Sleep if i # 1, where S| < 0;

14: end for

15: return S;

The steps 1-10 are responsible for clustering the sensor nodes based on
their variances into K groups Clusl, Clus2, ...., Clusk. The steps 11-14
select one sensor node from each cluster to represent the cluster in the next
period as active node. This node is selected based on the higher remaining
energy node in the cluster. The gateway sends a notification packet based
on the the schedule of sensor nodes S to notify the sensor nodes to stay
active or go to sleep mode. In the second period of each round, only the

active nodes will gather and sent the compressed data to the gateway node.
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B. Scheduling based k-means Algorithm

In this experiment, we used the k-means clustering algorithm. Since it
Is one of the easiest unsupervised learning methods used for data
clustering. It is a simple and easy approach to group the data with a
predefined number of clusters (k). is employed by the proposed scheduling
algorithm by which the sensor nodes are clustered according to their
correlated data. High correlation of the spatial data between readings of
the sensor nodes in the WSN can be exploited particularly in dense sensor
networks, where nearby sensor nodes are supposed to sense similar data.

Therefore, the most similar sensor data are clustered in the same cluster.

The clustering algorithm is applied to conduct the scheduling of sensor
nodes. After grouping the sensors into clusters, each cluster will contain
the sensors whose readings are the same. The role of scheduling here is to
keep only one sensor transmitting the data, and the others of the sensors go
into sleep mode. The scheduling process here is by simulation process,
sending a notification (0 or 1), representing node states (i.e., active/sleep)
to each sensor node for the phase of the sensing in the current period. so, 0
refers to sleep mode in the next period, 1 refers to active mode in the next
period. Algorithm 3.4 shows the Scheduling Algorithm-based k-means
Algorithm that will be executed during step 2 in each first period of each

round.

Algorithm 3.4 Scheduling based k-means Algorithm

Require: D: vector of data values, k: number of clusters
Ensure: S: the schedule of sensor nodes.

l:tm« 0

2: Initialize k centers: m{™, ..., m{™

3: Repeat

4: tm <« tm +1
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Ci—o@ /lvjek
for each x; € D do

s = argMin; {||x; — m{™||} // allocate x; to the nearest point center

Cls «— Cls U {x]}

end for
10: foreachi € kdo

1

11: mim —
t [CLi|

Lxjecr, X

12: end for

13: Until convergence

14: {CI%, CP, ...., CI¥} « Bring Clusters (Cl, K);

15: For each cluster j € Clldo // j € K

16: Select Si has higher remaining energy to be Active for each cluster j, Si «
i

17: Set Sy in each cluster to be Sleep if i # I, where Sj < 0;

18: end for

19: return S

Algorithm 3.4 is executed at the gateway level to provide the best
sensor node schedule for the next period during the present round. After
that, the sink (or Gateway) sends notification packets to all sensor nodes in
the WSN to inform them who will stay active and who will go to sleep in
the next period. Active sensors continue monitoring the area of interest to
send their data to the sink next period. The gateway uses node states vector
S (0 for sleep, 1 for active) which has been found in Algorithm 3.4 to decide
the nodes that should keep sending data to sink and the nodes that should

switch into sleep mode until the beginning of the next round.

Algorithm 3.5 explains steps of the proposed approach at both levels

(sensors and gateway) levels.
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Algorithm 3.5 Proposed Scheduling technique

1: Foreachroundrdo //r«<1,2,...,R

2 Set each Si to 1 (1 Active, 0 Sleep) // Wakeup all sensors in the list S
3 Foreachperiodpdo //p<«1,...,P//P«2

4 ForeachiinSdo// i € NS, NS= number of sensor nodes

S5: If Si is Active then

6 Data? «— Collect () // collect data of S; for period p
7 ComFile} <« CompressFunc (Data?)

8 Send ComFile! to the Gateway

9 Update remaining energy of Si

10: Endif

11: End for

12: If p=1then

13: For eachiin S do

14: Datal <« DecompressFunc (ComFile!)

15: V? « Variance ( Data?)

16: End for

17: S « Scheduling Algorithm based Clustering (V, NC)

18: Send Notification Packet to every Si, i € NS to inform her to stay Active
or Sleep

19: Update remaining energy of Si

20: Endif

21: Send collected data during period p to the Sink.
22:  End for

23: End for
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The steps (5-11) are applied in sensors levels, while steps (12-20) are
applied in Gateway levels.

< The CompressFunc uses either Algorithm 3.1 or Algorithm 2.1.

< The DecompressFunc uses either Algorithm 3.2 or Algorithm 2.2,

3.3 Summary

In this chapter, the proposed approach is explained, which is
scheduling sensor nodes that search the correlation among the nodes’ data
sent to the sink to make sleep/active scheduling which eventually
conserves the network energy . Our proposed technique operates into two
levels: sensor nodes and the gateway. The nodes catch the sensed data and
reduce them using either Modified Run Length Encoding (MRLE) or
Huffman Encoding (HE). In addition, the scheduling technique
implemented is based on either the agglomeration clustering or k-means
methods to provide the optimal schedule of the sensor nodes that remain

active in the next period at the gateway layer.
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Chapter Four

Simulation Results and Discussions
4.1 Introduction

This chapter explains the results of simulating and testing the
proposed approach explained in Chapter 3 and evaluating its performance
by performing several experiments based on different performance metrics.
In addition, to verify the efficiency of the suggested approach we perform a
comparison with another scheduling method under the same performance
metrics. The results of the simulation show that the suggested approach is
very efficient in saving energy and extending the lifetime of the network

over other scheduling methods.

4.2 Simulation Framework

This section shows the simulation findings using a custom simulator-
based python programming language. A real sensed data from the sensor
network has been utilized in Intel Berkeley Research Lab [77]. This
simulation considered the positions of sensor nodes and the related data set
files of each sensor node. Each sensor will send its data periodically and
wait for the message from the gateway to inform it to stay active or sleep
for the next period. The simulation continues until all the data in the data

file of sensor nodes are finished.

The main goal of the conducted experimental results is to show the
effectiveness of the suggested approach. Figure 4.1 displays the deployment
of the sensors in the Intel Laboratory. The sensed data from some nodes are
perhaps lost or truncated (See the yellow mark in Figure 4.1). We are

considered only the temperature in this simulation for the sake of simplicity.
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It is supposed that all the sensor devices sent their data to the gateway

located at the laboratory center.

1 [[I—
000 %

Figure 4.1: The Deployment of the Sensors in the Intel Laboratory

In the simulation, the proposed approach employed the energy
consumption model introduced in section 2.9. This model took into account
only the consumed energy of transmitting and receiving.

The proposed technique compared with another method called the
PFF (Prefix-Frequency Filtering) technique using the same dataset and the
same simulation parameters to ensure the effectiveness of the proposed
approach. The suggested techniques performance has been assessed using a
variety of performance indicators. such as Active Sensor Ratio, Energy
Consumption in Joules, Transmitted Data Ratio in KB, and Percentage of
Lost Data. The values of the parameters utilized in the simulations are

shown in Table 4.1.
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Table 4.1: Parameters Setting

Parameter Value
Number of Sensors (NS) 47
Size of Period (P) 20, 50, and 100
Number of Clusters (NC) 30
Threshold « 0.03, 0.05, and 0.07
Eelec 50 * 10°°
Bamp 100 * 1012

4.3 Performance Evaluation and Analysis

In this section, the efficiency of the proposed approach is evaluated
using various measures. The key aim of these experiments is to show that
our approach will effectively produce interesting results for energy

conservation at sensor nodes in WSN.

4.3.1 Selecting the Number of Clusters (NC)

In this experiment, we explain the effect of the Number of Clusters (NC)
on the performance of the proposed approach. Table 4.2 shows the effect
(NC) on the performance of the scheduling approach. This experiment is
performed on the network of the sensor of 47 sensors (In Fact, the total
number of sensors is 54, but 7 sensors of them were perhaps lost or
truncated, so we based our experiments on 47 sensors only), p = 50, and
o = 0.02. where refers (Active Sensor Ratio (ASR), Transmitted Data Ratio
(TD), Energy Consumption (EC), Percentage of Lost Data (PLD)).
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Table 4.2: Number of Clusters (NC) vs ASR, TD, EC, and PLD

NC ASR TD EC PLD
10 20.86 4.00 0.0024 16.02
15 31.14 4.40 0.0027 10.07
20 41.41 4.79 0.0029 6.17
25 51.38 5.15 0.0031 3.54
30 60.54 5.46 0.0033 2.16
35 68.73 5.74 0.0035 1.27
40 75.08 5.94 0.0036 0.76

As shown in Table 4.2, when the NC increased the transmitted data
to the sink increased since the number of active sensors increased. Hence,
the consumed energy increased, and the total number of lost measures
decreased. Therefore, it is important to select several clusters that balance
the consumed energy and the lost data. Experimentally we select NC equal

to the 30 and fixed for all experiments.

4.3.2 Active Sensor Ratio (ASR)

One key performance metric is to reduce the number of active sensors
that take on the sensing task during the next period while maintaining an
acceptable data accuracy at the gateway node. The active sensor ratio is

shown in Figure 4.2 for various data sizes and o values.
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Figure 4.2: Active Sensor Ratio

As shown in the results of Figure 4.2, The scheduling approach based
on (KmeansHE) activates a lower number of sensor nodes in most data sizes
per period. The results of the scheduling approach (AgglomHE) are
competitive and provide a lower number of active nodes compared with rest
approaches except (KmeansHE) . The scheduling approach with lossy
compression can increase the activated sensor nodes due to the high

reduction in the data arrived at the gateway.

4.3.3 Transmitted Data Ratio (TDR)

In Figure 4.3, we show the effect of the parameters P and o on the amount
of transmitted data to the gateway node per period. Figure 4.3 depicts the

ratio of transmitted data to gateway per period.
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Figure 4.3: Transmitted Data Ratio

The scheduling approaches i.e. KmeansMRLE and AgglomMRLE
reduced the ratio of sent data higher than another approach. The
AgglomMRLE decreased the transmitted data from 94.3 up to 98.8
compared to the PFF. The KmeansMRLE decreased the transmitted data
from 75.9% up to 78.7% compared to the PFF.

This is due to deactivating the sensor nodes that transmit the same
data to the gateway node during each round. Furthermore, integrate the
scheduling approach with a lossy compression method to further compress

the sent data by each sensor node to the gateway.
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4.5.4 Energy Consumption (EC)

To show the effectiveness of the suggested approach, EC measure by
the sensor node is computed. Figure 4.4 demonstrates how the proposed

approach outperforms the PFF method in terms of energy usage.

B PFF B KmeansMRLE B AgglomMRLE ®m KmeansHE AgglomHE
0.12
“w
=
S 0.1
=
g 0.08
R
o
£ 0.06
S
wv
g 0.04
S 5
as
- 0.02
=
i
0 — e — e S— —— — S—
0.03 0.05 0.07
= PFF 0.117 0.093 0.08

m KmeansMRLE

m AgglomMIRLE

m KmeansHE
AgglomHE

0.001259393
0.000276585
0.001305021
0.001322871

0.001069148
0.000278752
0.001305021
0.001322871

0.000974225
0.000279947
0.001305021
0.001322871

Threshold o

[a] P=20
H PFF B KmeansMRLE B AgglomMRLE = KmeansHE AgglomHE
0.12
Dy
=
= 0.1
o
—
c
r 0.08
2
o
£ 0.06
3
v
S 0.02
S 5
>
s 0.02
c
[§8)
0 - -— N — . N
0.03 0.05 0.07
= PFF 0.094 0.073 0.06
m KmeansMRLE 0.002850571 0.002368971 0.002134851
m AgglomMRLE 0.000276215 0.000278258 0.000279429
= KmeansHE 0.003295728 0.003295728 0.003295728
AgglomHE 0.003342378 0.003342378 0.003342378
Threshold o

[b] P=50

66




Chapter Four Simulation Results and Discussions

H PFF B KmeansMRLE B AgglomMRLE KmeansHE AgeglomHE

0.12

0.1

0.08

0.06

0.04

0.02

Energy Consumption (Joules)

= PEF

m KmeansMRLE
m AgglomMRLE

KmeansHE
AgglomHE

-
0.03

0.083
0.005482126
0.000280871
0.006670619
0.006746274

-
0.05

0.063
0.004517265
0.000285597
0.006670619
0.006746274

[
0.07

0.052
0.004056483
0.000288047
0.006670619
0.006746274

Threshold a

[c] P=100

Figure 4.4, Energy Consumption

The scheduling approaches (KmeansMRLE and AgglomMRLE)
consumed less energy compared with other approaches due to transmitting
fewer data to the gateway. The AgglomMRLE decreased the consumed
energy from 99.5% up to 99.8% compared to the PFF. The KmeansMRLE
decreased the consumed energy from 95.3% up to 98.1% compared to the
PFF.

This enhanced result in saving the energy of the WSN comes from
the effectiveness of the proposed scheduling approach that activates as few
sensor nodes as possible per period while maintaining a good data quality
level at the gateway node. In addition, the compression approaches that are
utilized further reduced the sent data to the gateway and led to saving the

energy of sensor nodes in the 10T network.
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4.5.5 Percentage of Lost Data (PLD)

In this experiment, the data loss ratio of the received data at the
gateway is studied. It is important to design an energy-saving technique
balance between the consumed energy and the percentage of data loss so
that no significant data loss affects the quality of data at the gateway. Figure

4.5 shows the Percentage of Lost Data.
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Figure 4.5. Percentage of Lost Data

Figure 4.5 shows that the proposed approach relatively lost higher
data with P=20 and 50 as compared to the PFF approach. Because our
approach highly reduces the sent data to the gateway while saving energy
and the suitable quality of data at the gateway. Our method produced a
higher data accuracy with P=100 in comparison with PFF despite the high

reduction of transmitted data to the gateway .

The AgglomMRLE decreased the percentage of lost data from 5.3%
up to 21.1 % compared to the PFF. Furthermore, scheduling approaches
with HE gives a better performance in decreasing the lost data ratio
compared with PFF when P=100. Due to impact, the lossless compression
method assisted in increasing the accuracy of the data at the sink.
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Therefore, the suggested approach preserves the original data and
considerably decreases the rate of data loss significantly while optimizing
the lifetime of the 10T network.

4.5 Summary

This chapter explains the evaluation results of the proposed technique
using a custom simulator-based python programming language as well as
real data of a sensor network. Within this chapter, the suggested technique's
performance has been assessed using a variety of performance indicators.
such as Active Sensor Ratio (ASR), Energy Consumption (EC) in Joules,
Transmitted Data Ratio (TDR) in KB, and Percentage of Lost Data (PLD).
The comparison results show that our proposed technique outperforms the
PFF technique in terms of several performance metrics like the active sensor
ratio, data sent ratio, data loss ratio, energy-saving, and energy

consumptions.
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Chapter Five

Conclusions and Suggestions for Future Works

5.1 Conclusions

Based on the conducted results of the proposed approach, some points can

be concluded and can be summarized as follows:

1. This search thesis suggests an Energy-efficient scheduling approach
using clustering and encoding in WSNSs.

2. The proposed scheduling techniques provides decreased the number
of active sensor nodes during monitoring the area of interest using
an energy-efficient scheduling way saving the batteries power of the
sensor nodes in WSNSs.

3. The proposed approach uses encoding approaches like HE and
MRLE to further reduce the transmitted data to the sink. The MRLE
method provides completive results when it is employed at the
sensor node compared with other methods.

4. When the NC increased the transmitted data to the sink increased,
the consumed energy increased, and the total number of lost
measures decreased. Therefore, it is important to select several
clusters that balance the consumed energy and the lost data.

5. The AgglomMRLE decreased the transmitted data from 94.3% up
to 98.8% compared to the PFF. The KmeansMRLE decreased the
transmitted data from 75.9% up to 78.7% compared to the PFF.

6. The AgglomMRLE decreased the consumed energy from 99.5% up
to 99.8% compared to the PFF. The KmeansMRLE decreased the
consumed energy from 95.3% up to 98.1% compared to the PFF.

7. The proposed approach loses a little bit higher data with P=20 and
50 as compared to the PFF approach. Our method produced a higher
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data accuracy with P=100 in comparison with PFF despite the high
reduction of transmitted data to the gateway . The AgglomMRLE
decreased the percentage of lost data from 5.3% up to 21.1 %
compared to the PFF. Furthermore, scheduling approaches with HE
introduced a better performance by decreasing the lost data ratio
compared with PFF in the size P=100 due to utilizing the lossless
compression method that assisted in increasing the accuracy of the
data at the sink.

5.2 Future Works

1. We plan to provide the schedules for more than one period.

2. We plan to implement the presented work on a cluster-based
network by executing the scheduling algorithm inside each cluster
head.

3. The deep learning approaches can be exploited to schedule the
sensor nodes either using grouping or optimization.

4. The encoding methods can be improved to further decrease the
transmitted data to the sink.

5. It is planned to employ a data prediction approach at the sink to
predict the missing data and increase the accuracy of received data
at the sink.

6. Real experiments could be made to assess the efficiency of the

proposed technique.
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