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ABSTRACT

Wireless Sensor and Actor Networks (WSANs) recently emergedas major information-

gathering paradigm due to its wide variety of applications,such as issuing tsunami alerts,

chemical attack detection, forests fire detection and intrusion detection in military surveil-

lance. The energy-constrained sensor nodes spend more energy in transmitting data pack-

ets than in sensing operation. The data transmission rate and delivery delay increase due

to increase in packet dropping rate. Thus, improvement in energy efficiency is a challeng-

ing issue while providing reliable data delivery and stringent delivery delay in WSANs.

Reduction of packet dropping rate results in improvement of energy efficiency, data trans-

mission reliability and delivery delay. Packet dropping occurs mainly due to unavailability

of free buffer and unreliable wireless links. Further, energy harvesting technology extends

the lifetime of a sensor network. The volume of harvested energy varies dynamically with

the change in weather conditions over time. This may lead to temporary disconnection

of nodes from the network. Therefore, survivability of a node till the next recharge cycle

improves the reliable data transmission rate in energy harvesting sensor actor networks.

The thesis focuses on the energy efficient and reliable algorithms for data gathering

in wireless sensor and actor networks. The issues of energy efficiency and reliable data

transmission have been addressed while maintaining stringent data delivery delay. In this

thesis, the proposed approaches have achieved reliable data transmission by reducing the

packet dropping rate. Firstly, a markov decision process based buffer management mech-

anism has been designed in tree-based WSAN to reduce the data delivery delay and to

improve the energy efficiency. A mathematical model for a mobile actor is presented to

analyze buffer occupancy and energy consumption with event-centric traffic. Secondly, a

reliable data transmission mechanism using opportunisticencoding has been proposed for

a WSAN with faulty nodes. The proposed mechanism analyzes thequality of link states

and determines the applicability of network coding to improve the data transmission reli-

ability and to reduce the number of data transmissions. Thirdly, a fuzzy based delay and

energy-aware intelligent routing mechanism has been developed to take effective routing

decisions. The proposed mechanism computes a routing metric by considering the residual

iii



energy, link quality, available buffer and distance. Finally, a fuzzy based adaptive duty

cycling algorithm has been designed to achieve network sustainability in harvesting sen-

sor actor networks. Energy consumptions of bottleneck zonehas been estimated with the

proposed network model. The proposed mechanism takes switching decision for network

survivability. Coordinated duty cycle schedule is considered to improve the reliable data

delivery. Performances of proposed approaches have been evaluated through simulation.

Keywords: Wireless sensor and actor networks, energy efficiency, delay, reliable data trans-

mission, buffer management, markov decision process, network coding, energy and delay

aware routing, energy harvesting nodes, network sustainability, duty cycle, fuzzy logic.
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Chapter 1

Introduction

Recent advances in sensing technologies lead to the emergence of heterogeneous sensor

networks including wireless sensor and actor networks (WSANs) [1]. A WSAN is a type

of wireless sensor network (WSN) where one or more number of actors gather (i.e. collect)

data within the sensor deployment region. A group of sensorsand actors are geographi-

cally distributed and interconnected by wireless links in aWSAN. They may be deployed

randomly or deterministically in a monitoring field where persistent human surveillance is

infeasible. Sensors usually communicate with each other using multi-hop paths [2, 3]. In

WSANs, sensors gather information about the physical world and transmit the collected

data to actors. Actors forward data towards a sink node. Fromthe received information,

the actors perform the actions based on the data collected from the physical world. Usually

sensor nodes are static, whereas actors may move in the monitoring area for data gather-

ing. Wireless sensor and actor networks (WSANs) and wirelesssensor networks (WSNs)

share many common considerations concerning network design such as reliability, scala-

bility, connectivity and energy efficiency. The existence of actors along with sensors in

WSANs causes significant difference between the two types of networks. In a sensor net-

work, actions may be performed for local decision making forthe purpose of enhancing

the monitoring and decision making capability in the networks.

Achieving energy efficient and reliable data collection with stringent delay in wireless

sensor and actor networks is a challenging task in applications like monitoring the health

of chemical plants, nuclear plants and bridges, forest fire detection, intrusion detection in
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military surveillance and issuing tsunami alerts. A packetmay be dropped due to unre-

liable link quality, overflow of buffer and low energy levelsof a node. Retransmission

of dropped packets resolves the issue of reliable data collection in WSANs. However, it

increases energy consumption and delivery delay in the network. The above mentioned

observations motivate the present work for designing energy efficient and reliable data col-

lection algorithms in WSANs while maintaining stringent data delivery delay. Further, en-

ergy harvesting technology extends the lifetime of a WSAN. The energy harvesting sensor

nodes harvest energy from various sources, such as sunlight, wind, vibration and thermal.

Survivability of a node till next recharging cycle achievessustainability and reliable data

collection in energy harvesting sensor actor networks.

The contributions in this thesis are as follows:

• An adaptive buffer management mechanism using markov decision process for

efficient data gathering in a WSAN : This work presents a buffer management

mechanism to reduce the data delivery delay and to improve the energy efficiency

in tree-based wireless sensor and actor networks. In this work, analysis on energy

consumptions has been performed with a typical data acquisition model. A mathe-

matical model for an actor is presented to estimate bound on buffer occupancy and

energy consumption.

• A reliable data gathering mechanism using opportunistic encoding in a wireless

sensor and actor network: This work presents an opportunistic encoding mecha-

nism to achieve reliable data gathering (i.e. data collection) in the presence of faulty

nodes. In the proposed mechanism, network coding approach encodes packets to

reduce the number of transmissions. A markov decision process algorithm is de-

signed for opportunistic network coding decisions. The proposed mechanism im-

proves packet level reliability with stringent delivery delay and energy efficiency.

• A fuzzy based energy and delay aware routing protocol for a heterogeneous sen-

sor actor network: This work presents an energy and delay aware routing protocol

using fuzzy logic in heterogeneous sensor actor network. This work considered the

heterogeneous characteristics, such as battery capacity,link quality and buffer ca-
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pacity. The proposed protocol computes a routing metric by considering the residual

energy, available buffer, quality of link and distance (proximity). The proposed pro-

tocol reduces the packet dropping rate and this leads to the reduction in delay and

energy consumption.

• An adaptive duty cycling algorithm for sustainability in energy harvesting sen-

sor actor networks: This work presents a fuzzy based duty cycling algorithm to

achieve sustainability in a tree-based harvesting sensor actor network. Fuzzy logic

controller adaptively controls the duty cycle of a sensor node by considering resid-

ual energy, predicted harvesting energy and expected residual energy. The proposed

mechanism includes a switching decision for survivability.

The rest of this chapter is organized as follows. Motivationbehind the work has been pre-

sented in Section1.1. In Section1.2.1, the requirement of designing an adaptive buffer

management mechanism in tree-based wireless sensor actor network has been highlighted.

Upper bound on buffer occupancy and energy consumption is also estimated in this sec-

tion. In Section1.2.2, the requirement of opportunistic encoding for wireless sensor and

actor networks in the presence of faulty regions has been stressed. A learning automata

based routing mechanism is also explained in this section. In Section1.2.3, a discussion

on energy and delay aware routing protocol using fuzzy logicis mentioned. Section1.2.4

describes the usage of adaptive duty cycling algorithm for sustainability in tree-based en-

ergy harvesting sensor actor network. Section1.3 gives experimental setup details. The

organization of the thesis has been presented in Section1.4.

1.1 Motivation and objectives

Sensor nodes are usually small and low cost battery powered devices and having lim-

ited sensing, data processing and wireless communication capabilities while actor nodes

as compared with sensors have higher computation and communication capabilities and

longer battery life [2]. WSAN can be considered as a heterogeneous network by consider-

ing capabilities of nodes, link characteristics and node mobility.
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WSANs may consist of hundreds or thousands of low-cost sensors which are capable

of sensing and collecting data from the environment and pushthe relevant data to actors.

The actors react to the information by performing appropriate actions. Data packets need

to traverse many hops to reach the actor. However, it is inefficient for every sensor node

to relay sensed data because sensor nodes are often constrained with limited resources in

memory, computation, communication, and battery. One of the most important constraints

for sensor nodes is the low power consumption because the sensor nodes are typically bat-

tery operated devices. Commonly, it is not feasible to replace exhausted batteries once the

network is deployed. Therefore, a primary concern in a WSAN isthe issue of energy ef-

ficiency and network lifetime maximization while providingreliability and stringent delay

in data delivery. Recently, energy harvesting sensor nodes have been designed to harvest

energy from various natural resources, such as solar light,thermal, wind, vibration and

water flow [4]. However, optimal use of this energy till next recharge time is an important

issue in a rechargeable wireless sensor actor network.

In a typical sensor network (multi-hop), nodes in immediatevicinity of actor or sink

will be overburdened and the energy of the nodes will be depleted quickly when compared

with other nodes in the network. This leads to network partitioning and actor cannot re-

ceive data from the sensor nodes [5]. Therefore, improvement in energy efficiency can be

achieved using mobile actor where actor moves across the network to collect data from

sensors. Resource constrained nodes store the packets till amobile actor collects the data.

Therefore, packet dropping occurs when buffers of the nodesare full. The dropped packets

are retransmitted by the source node. This leads to more energy consumption and delay in

data delivery. Secondly, network coding and duty cycle techniques increase the network

lifetime and reliable data delivery in homogeneous networks. However, heterogeneous net-

works (such as WSAN) need further study. Although these solutions are effective in some

scenarios, network lifetime is still determined by the limited battery energy. Further, en-

ergy harvesting based WSAN need to be investigated by using energy efficient techniques

such as duty cycle and network coding. Thus, the present workfocuses on the above men-

tioned observations to increase the energy efficiency whileproviding the data reliability

and stringent data delivery delay in the heterogeneous networks by considering Random
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and Tree-based topologies. The above mentioned challengesmotivate the present work to-

wards energy efficient and reliable data gathering algorithms in wireless sensor and actor

networks. The major objectives of this dissertation are as follows.

1. Analysis of energy efficiency and delay using Markov Decision Process with mobile

actor and with event-centric load in a Tree-based sensor andactor network.

2. Design of a network coding based energy efficient communication approach for a

wireless sensor and actor network in the presence of faulty nodes.

3. Design of a fuzzy logic based energy and delay aware routing protocol for a hetero-

geneous sensor actor network.

4. Analyze the energy efficiency and sustainability of a wireless sensor and actor net-

work with energy harvesting nodes.

1.2 Overview of the Contributions of this Thesis

In this section, an overview of chapter-wise contributionsof this thesis has been presented.

Each subsection presents summary of contributions of the corresponding chapter.

1.2.1 Markov Decision Process Based Adaptive Buffer Management

Mechanism

In this work, a tree-based wireless sensor network is considered with a mobile actor. Sensor

trees are disconnected and mobile actor collects data. Communication range of root node

in a sensor tree is defined asData Collection Region. Data acquisition is done through

the mobile actor. Mobile actor collects the data from all data collection regions (from

root node of every sensor tree) by traveling around the network. Improvement in energy

efficiency is achieved using mobile actor where actor moves across the network to collect

data from sensor nodes [6]. Resource constrained nodes need to store the packets till a

mobile actor collects the data. Therefore, packet droppingoccurs when buffers of nodes are

full. The dropped packets are retransmitted by the source node which lead to more energy
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consumption and delay in data delivery. Delivery delay reduces by reducing the number

of retransmissions. Nodes in the network may get high trafficin a given time period. It

would be beneficial to drop the packets (which are generated from nearest source node)

to improve available buffer space. In this work, an adaptivebuffer management technique

usingMarkov Decision Process(MDP) is proposed to determine the buffer states at which

the packets will be dropped to reduce average delivery delayand energy consumption in the

network. Different MDP policies are formulated to achieve lower delivery delay. The focus

of this work is to estimate the energy utilization in tree-based WSAN. Further, the work

focuses on formulating a mathematical model for mobile actor and analyzing the upper

bound on buffer occupancy and energy consumption. The majorcontributions of this work

are as follows:

• Analysis of energy consumptions in tree-based wireless sensor network while con-

sidering an event-centric network traffic.

• Analysis of bounds on buffer occupancy and energy consumption in tree-based sen-

sor actor networks.

• Design of aMarkov Decision Process based buffer management mechanismto reduce

the end-to-end delay and to improve the energy efficiency in atree-based WSAN.

Analysis of Energy Consumption and Network Delay in a Tree-based Sensor Network

with a Mobile Actor

In this section, an energy consumption has been estimated for the proposed network model

by adopting the model described in [7] and [8]. Buffer of each node is modeled using

M/M/1/b queuing model to analyze the end-to-end delay of a packet in asensor tree.

Further, energy consumption and delay for retransmission of dropped packets have been

estimated.

Upper Bound on Buffer Occupancy and Energy Consumption

In a Wireless sensor and actor network, evaluation of the traveling schedule of mobile actor

is an important issue to reduce the dropping rate of packets.Further, buffer state (buffer

occupancy) of a node changes dynamically in event-centric network. The buffer states of
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tiny sensors are limited due to which some of the packets are dropped. The retransmission

of the dropped packets leads to more delay and more energy consumption in the network.

Therefore, there is a need to estimate the bounds on the buffer occupancy and energy con-

sumption in a tree-based WSAN. In this section, a mathematical model is formulated for an

actor to estimate upper bound on buffer occupancy and energyconsumption in the proposed

network model.

MDP based Buffer Management Algorithm

In the proposed network model, when the actor enters into thedata collection region of a

sensor tree, every node transmits the buffered data to its parent node. Further, the actor

collects data from the root node during its travel through data collection region of the

sensor tree. Nodes in the network may get high traffic at a particular time. The packets

are dropped if sufficient buffer space is not available to store the data. Then, the source

node has to retransmit (the dropped packets) which leads to increase in average end-to-

end delay and energy consumption (for retransmissions of dropped packets). Therefore,

it will be beneficial to drop the packets (which are generatedat nearest sensor nodes) to

increase the available buffer space. However, the number ofretransmissions depends on

the buffer occupancy (i.e. at which state packets are to be dropped and number of packets

to be dropped). Hence, we need to determine the buffer state at which packets need to

be dropped so that average delivery delay and energy consumption for retransmissions

of dropped packets are minimized. To address the above problems, aMarkov Decision

Processbased buffer management is proposed in this section.

The proposed adaptive buffer management mechanism is simulated usingNetwork

Simulator-3[9]. The performance metrics such as average end-to-end delay, energy con-

sumptions and lifetime are taken to compare proposed MDP based adaptive buffer manage-

ment mechanism and geographic routing protocol [10]. Simulation results show that the

average end-to-end delay reduces significantly using the proposed approach in comparison

to a geographic routing protocol. Further, it is observed that there is a reduction of energy

consumption upto 19.83% using the proposed MDP based buffermanagement mechanism

in comparison to a geographic routing protocol.
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1.2.2 Reliable Data Transmission Mechanism using Markov Decision

Process and Network Coding

In this work, a wireless sensor and actor network (WSAN) withn number of sensor nodes

is considered and that are deployed randomly in an area. A faulty region is defined as

a region which is affected by adverse environmental effects(such as fog, rainfall, high

temperature, etc.) for temporary period of time [11]. Nodes in a faulty region are called

as faulty nodes. In a WSAN with faulty regions, achieving highdegree of data reliability

with appropriate end-to-end delay is an inescapable challenge. Data reliability depends on

the quality of wireless channel. It will change dynamicallywith environmental conditions

such as fog, rainfall, high temperature [11] and movable obstacles. Therefore, the quality

of link varies dynamically in the presence of environmentalinterferences.

A packet may be lost due to fluctuation of a wireless link (quality) in the presence

of adverse environmental conditions. However, high data transmission reliability can be

achieved using acknowledgment based retransmission approaches [12, 13]. In a retransmis-

sion based approach, a source packet will be retransmitted till reception of an acknowledg-

ment [12, 13]. Therefore, more number of data transmissions (includingretransmissions)

are required to achieve data transmission reliability. This leads to increase in the number

of data transmissions, delivery delay and energy consumption. Therefore, a retransmission

based approach is inefficient for delay-constrained and energy-constrained applications in

WSAN. Achieving reliable data collection (packet level reliability) with stringent end-to-

end delay requirement is a challenging issue in some of the applications (in WSAN with

faulty regions) such as, issuing tsunami alerts, chemical attack detection, forests fire detec-

tion and intrusion detection in military surveillance [2, 3]. Hence, there is a requirement

of an efficient approach for the delay constrained applications in WSAN. Network coding

mechanism (is a mechanism by which raw packets are encoded and transmitted by sen-

sor nodes) can be applied to achieve improved data collection reliability and reduction in

packet delay when a link is unreliable [12, 13]. Further, the level of packet redundancy

influence the number of data transmissions, there by, energyconsumption. In order to im-

prove data collection reliability along with energy efficiency, appropriate level of packet

redundancy must be chosen adaptively based on the quality ofthe wireless links.
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To address the above mentioned problems, a network coding based reliable data trans-

mission mechanism has been proposed in our work for delay-sensitive applications. Fur-

ther, amarkov decision process (MDP)based algorithm has been designed by considering

variable link quality in a wireless channel. Themarkov decision processis designed for

opportunistic network coding decisions. The MDP algorithmdecides: (a) whether to apply

coding for relaying packets, and (b) decides the level of packet redundancy. Our algorithm

determines the level of packet redundancy (adaptively) in the network coding process for

reduction of data transmissions. Further, aLearning Automatabased mechanism has been

designed to route the traffic through alternate links, in case, the present link quality is bad.

Major contributions of this work are as follows:

• Design of a network coding based reliable data transmissionmechanism to improve

the reliable data collection for a wireless sensor and actornetwork in the presence of

faulty regions.

• Design of a learning automata based mechanism to route the traffic through alternate

links, when the present link quality is bad.

A Network Coding based Data Transmission Mechanism

In this section, an overview of the proposed mechanism is presented. The proposed

mechanism has three major functions, such as,LINK QUALITY(), DIVERTTRAFFIC()

and MDP REDUNDANCY(). The LINK QUALITY() function finds the quality of links

(the probability of successful transmission) of a node to all its neighbors. TheDI-

VERTTRAFFIC() function will be called by a node if the node has poor quality of link

(less than the threshold value (pth) which will be chosen based on application require-

ments) to the next node. Then, the node selects a new next nodewhich has maxi-

mum selection probability as compared with its neighbors using Learning Automata (LA).

MDP REDUNDANCY()function decides whether to encode the packets or not and it finds

the level of packet redundancy which will be applicable in encoding process (if the deci-

sion isDo Network Coding). Moreover, MDP REDUNDANCY()returns the optimal pol-

icy in terms of number of data transmissions per data collection round (including retrans-
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missions), data collection reliability, packet latency and energy efficiency. Deterministic

coding vectors are applied in the coding process.

The proposed mechanism is compared with a redundancy-basedmechanism (proposed

by Wu et al. [12]), the end-to-end erasure coding (EEEC) [14] and automatic retransmis-

sion (AR) [12] in terms of average packet delivery delay, number of data transmissions,

energy consumptions and lifetime. From the simulation results, it has been observed that

the average delivery delay of a packet is reduced using the proposed encoding approach.

It has been observed that the number of data transmissions inthe network are reduced

significantly using the proposed mechanism. Further, network lifetime is improved upto

21.5% and 56.22% with the proposed MDP based encoding mechanism in comparison to

the end-to-end erasure coding and automatic retransmission mechanisms, respectively.

1.2.3 Energy and Delay Aware Routing Protocol using Fuzzy Logic

System

In this work, a heterogeneous sensor actor network with different heterogeneity character-

istics, such as battery capacity, quality of link, buffer capacity is considered. A node (vi)

has different levels of residual energy (Ei), buffer capacity (Bi), associated with link qual-

ity (from nodej to nodei isLji) and distance (from nodej to nodei isDji). Sensor nodes

generate data (by sensing operation) and transfer the data to a local actor node through an

efficient routing path.

Energy efficiency and reliability in data collection are themajor issues in WSANs. In

WSANs, a data collection protocol may satisfy the major application requirements such

as, high data reliability and less delay along with energy efficiency. These requirements

can be achieved by designing an energy efficient routing protocol. The sensor nodes may

be deployed randomly in a dynamic environment [11]. This results in dropping of packets

due to dynamic changes in quality of wireless links. The major reasons for dropping of

packets may be bad wireless link quality, unavailability offree buffer at intermediate nodes

and residual energy at nodes. To ensure the data reliability, the dropped packets need to be

retransmitted and this leads to more delay and energy consumption. Therefore, an energy

efficient routing protocol solves the above issues by takingefficient routing decisions while
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considering energy of a node, link quality and available buffer.

The key observation that motivates this work is the improperselection of a next hop

node (in a routing path) that leads to dropping of packets. That means, selection of a node

which has high available buffer, good wireless link quality, more residual energy and close

distance (proximity) as next hop node reduces the packet dropping rate. However, reduction

of the packet dropping rate increases the data reliability,energy efficiency and reduces the

delivery delay [15, 13]. In this work, a fuzzy based delay and energy aware routing mech-

anism has been proposed to improve the lifetime of the network. A Fuzzy Logic System

(FLS) can be used for blending different parameters and fuzzy rule set that may produce

an optimal result [16, 17]. Residual energy, available buffer, quality of link and distance

(proximity) are the primary considerable parameters to reduce the packet dropping rate at

a node. FLS takes these parameters as input and produces the optimal output value (or a

routing metric value calledchance of becoming next node). Further, Dijkstra’s algorithm

has been adopted to find the routes where the determined routing metric value is considered

as cost.

The major contributions of this work are as follows:

• Design of a delay and energy aware routing protocol using fuzzy logic for a hetero-

geneous sensor actor network.

• A routing metric (i.e. a routing parameter) has been computed by considering the

residual energy, link quality, available buffer and distance (proximity).

A Fuzzy based Energy-Aware Routing Protocol

In the proposed fuzzy based delay and energy aware routing mechanism, a node (vi) finds

the efficient routing path by determining the fuzzy output value (pj) (where,vj is one of the

possible next hop nodes) for next hop node. The fuzzy output value (indicates the value of

routing parameter orchance of becoming next node) is a function of residual energy (Ej),

available buffer (Bj), quality of link (Lij) and distance (Dij). Using the determined fuzzy

output value, Dijkstra’s algorithm finds the routing paths.

The proposed Fuzzy based Energy Aware Routing Mechanism (FEARM) has been
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compared with a PRD (predicted remaining deliveries) routing mechanism [15] and a re-

transmission based approach ([12]) in terms of average end-to-end delay, total number of

retransmissions, lifetime, total energy consumption, data collection rounds at which half

of the nodes die, data collection rounds at which all nodes die and network stability. Sim-

ulation results are presented by considering the differentcombinations of the fuzzy input

variables, (i.e. FEARM with four parameters (residual energy, available buffer, link quality

and distance), FEARM with three parameters (residual energy, available buffer and link

quality), FEARM with residual energy and link quality and FEARM with residual energy

and available buffer). Simulation results show that there is a reduction in (average) de-

lay upto 58.78% with the proposed fuzzy based mechanism. Network (average) energy

consumption is reduced upto 61.82% with the proposed mechanism. Further, it has been

shown that lifetime of the network in case offuzzy with four parametersis better thanfuzzy

with threeandtwo parameters. It has been observed that the network stability is improved

upto 17.72% in comparison to the retransmission based data forwarding approach

1.2.4 Fuzzy Logic Based Adaptive Duty Cycling Mechanism

In this work, a tree-based wireless sensor and actor networkis considered, where the root

is a local actor which collects sensing data from a sensor tree. Let,Ti = (V,E) be a sensor

tree, whereV = {v0, v1, ..., vn} is a set of sensor nodes,v0 is a local actor andE represents

a set of communication links between the sensors. Here, dutycycle enabled sensor nodes

are considered and a node harvests the energy from the sunlight.

A long operational lifetime of WSAN is required for applications, such as monitoring

forest fires, nuclear plants, object tracking and military surveillance [2, 4]. Energy harvest-

ing technology provides a long lasting lifetime to the WSAN. Anode recharges its battery

from the charging vehicles or from the natural resources, such as solar light, thermal, wind

and vibration [4, 18]. A sensor node harvests energy periodically from ambient sources

(such as sunlight). The harvested energy varies dynamically with the weather conditions

over time [18]. The residual energy may reduce with usages and time. This results in

temporary disconnection of the nodes from the network. The temporal-disconnected nodes
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(dead nodes) may join into the network in the next energy available time slot. Hence,

the node should sustain (survive) till next available period of the energy source for im-

proving the lifetime of the network. Achieving sustainability with solar based harvesting

technology is one of the challenging issues which has not been addressed adequately in the

literature.

To address the temporal death of the nodes, we have proposed afuzzy based adap-

tive duty cycling algorithm to achieve the network sustainability in a tree-based energy

harvesting sensor network. Moreover, a prediction model has been proposed to estimate

energy consumption (i.e. residual energy) for a future interval of time. The fuzzy logic

system estimates duty cycle value for a future time period byconsidering residual energy,

predicted harvesting energy and predicted residual energy. Further, a switching decision

has been taken based on the predicted duty cycle value of a node for survival.Active and

sleep schedulesare forwarded to the children nodes to reduce the packet drops. The major

contributions of the work are as follows:

• Design of a fuzzy based adaptive duty cycling algorithm to achieve sustainability in

an energy harvesting sensor actor network.

• Prediction of duty cycle using fuzzy logic by considering current residual energy,

futuristic harvesting energy and residual energy.

The performance of the proposed mechanism is compared with arandomized switch-

ing algorithm [19] by considering network sustainability metrics, such as number of rounds

network is connected, first node disconnected round, numberof packets received at actor

node and maximum number of dead nodes. From the simulation results, it has been ob-

served that there is an improvement in network connected rounds on an average of60.44%

with the proposed mechanism. Survivability of a node is increased on an average of47.13%

with the proposed mechanism. Further, there is a reduction in the maximum number of dead

nodes and a significant improvement in the total number of received packets at actor node

with the proposed mechanism in comparison to a randomized switching algorithm.
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1.3 Experimental Setup

In this thesis,Network Simulator-3(NS3) [9] has been used for simulating the proposed

energy efficient and reliable data gathering mechanisms. The network topologies: flat

and tree have been studied with the proposed mechanisms. A CSMA/CA based medium

access control protocol (IEEE 802.11 standard) is considered in the simulation.Esense,

Erx andEtx are the parameters used to quantify energy consumptions by asensor node

in sensing, receiving and transmitting data over a distanced̂, respectively. The energy

consumptions areEsense = α3,Erx = α12,Etx = α11+α2d̂
n̂, where,α11 represents energy

consumption per bit by the transmitter electronics,α2 denotes the energy dissipated in the

transmit op-amp,α12 represents the energy consumption per bit by the receiver electronics,

α3 denotes the energy cost for sensing a bit andn̂ represents the path loss exponent. The

following simulation parameters are considered in this thesis: the number of nodes is 1000,

transmission range is 30m, the minimum distance between any two sensor nodes in a

tree is 5meters, α11 = 0.937 × 10−6 Joules/bit, α12 = 0.787 × 10−6 Joules/bit [20],

α2 = 10 × 10−12 Joules/bit, α3 = 50 × 10−9 Joules/bit, d̂ = 85meters and path loss

exponent(n̂) is 2 [7], a data packet size is 960bits. The above parameters are used to

evaluate the performance of the proposed algorithms (as discussed in sections1.2.1, 1.2.2,

1.2.3and1.2.4).

1.4 Organization of the Thesis

The main focus of this dissertation is to design and analyze energy efficient and reliable

data gathering algorithms in wireless sensor and actor networks by considering dynamic

environment conditions. The proposed approaches achieve energy efficiency and data col-

lection reliability with stringent delivery delay requirement. The thesis has been organized

into seven chapters.

Chapter 1: In this chapter, a brief introduction to the wireless sensorand actor networks

and objectives of the thesis have been presented. It also describes an overview of the major

contributions and outline of the thesis.
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Chapter 2: In this chapter, energy efficient communication protocols based on duty cy-

cle, network coding and load balancing have been surveyed. Asurvey on reliable data

collection protocols is discussed. The challenges in energy harvesting WSNs have been

presented.

Chapter 3: In this chapter, a Markov Decision Process (MDP) based buffer management

mechanism has been proposed in tree-based WSAN to reduce the data delivery delay and

to improve the energy efficiency. A mathematical model for a mobile actor is presented

to analyze buffer occupancy and energy consumption with event-centric network traffic.

An energy consumption model is presented to estimate energyutilization of the proposed

network model.

Chapter 4: A reliable data transmission mechanism using opportunistic encoding has been

proposed for a WSAN with faulty nodes. A Learning Automata based mechanism has been

designed to route the traffic.

Chapter 5: In this chapter, a fuzzy logic based delay and energy-aware intelligent routing

mechanism has been proposed to select efficient routes. The network performance has been

analyzed with different combinations of fuzzy input variables.

Chapter 6: A fuzzy based adaptive duty cycling algorithm has been proposed to achieve

the network sustainability in harvesting sensor actor networks. Duty cycle has been pre-

dicted using fuzzy logic system by considering current residual energy, futuristic harvesting

energy and residual energy. Energy consumption of bottleneck zone in a duty cycled sensor

network is estimated in this chapter.

Chapter 7: This chapter summarizes the work, outcomes of the contributions and future

scopes for expansion of the work.
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Chapter 2

Literature Survey

A Wireless Sensor Network (WSN) is a group of sensor nodes that are connected among

themselves through a wireless medium to perform distributed sensing tasks [3]. There exist

different kinds of sensors to collect sensory data, such as weather information, intensity of

rainfall and light, the speed at which the wind flows etc. There are many application areas

in which WSNs are adopted, they include, tracking of objects,monitoring and prediction

of natural phenomenon [3, 21]. Latest advances in technology have led to the development

of wireless sensor and actor networks (WSANs) [2, 22]. A Wireless Sensor and Actor

Network (WSAN) is a type of sensor networks where one or more actors are distributed

in the network for data collection and local decision making[1, 2, 3]. In WSANs, sensor

nodes collect the data about the physical world and actors take action decisions and per-

form appropriate actions upon the environment [23]. Sensor nodes are less in cost, have

limited sensing power, computation and wireless communication potentiality. Whereas,

actor nodes are more powerful with high processing potential, more transmission power

and long life battery [2, 24]. Also, the sensors count in a particular target place is high

in number compared to the actors count. This is obvious because of high potentiality of

actor nodes. Since WSAN is a type of WSN, we have discussed a comprehensive survey

on protocols application for WSN. Further, sensor-actor architectures are also discussed in

this chapter. Features of WSANs are discussed below.

1. Real time communication:There exists some applications where WSANs should
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respond very quickly for the sensor input. For example, consider a fire application

where the initiation of the action should be done very quickly. Therefore, reliable

data transfer protocols are required to transfer the data from source sensor to actor

with less delay.

2. Coordination: In WSANs, there are two types of coordination. One is sensor-actor

coordination and the other is actor-actor coordination [25]. In case of sensor-actor

coordination, the event information is being transmitted from sensors to actors. Now,

based on this event information, the actors should coordinate with each other and

make the most suitable action. This form of coordination among the actors is referred

as actor-actor coordination.

2.1 Physical architectures of Wireless Sensor and Actor

Networks

The responsibility of sensor and actor nodes in a WSAN is to collect data from the physi-

cal world and perform the necessary actions based on the collected data. Considering the

physical architecture of WSAN, there exists three components, namely, sensor/actor field,

sink and task manager node. The field in which sensors and actors are distributed is known

to be sensor/actor field. The node that monitors the network is said to be a sink node and

it communicates with both the task manager node and sensor/actor field. Based on the ex-

istence of central controller, the physical architecture of WSAN can be divided into two

types [3]. One is automated architecture (refer Fig.2.1) and the other is semi-automated

architecture (refer Fig.2.2). In case of former architecture, the sensors detect the phe-

nomenon and transmits the data to the actors where the processing is done and suitable

actions are initiated. There exists no central controller and hence it is called as automated

architecture. In case of latter architecture, the sink actsas a central controller and collects

the data and coordinates the suitable actions to the actor nodes. The selection of archi-

tecture depends on type of applications. The semi-automated architecture is similar to the

existing architecture of wireless sensor networks. Protocols can be adopted. In case of au-
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Actor-Actor coordination, actor
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Figure 2.1: Automated Architecture in WSAN

Sink
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- Sensor


- Data


    Sink issuing commands to actor


Figure 2.2: Semi-Automated Architecture in WSAN

tomated architecture, the data transfer is from the sensorsto actors. This approach reduces

latency as compared to the semi-automated architecture where the sink communicates to

actors which are separated by a large distance from the sink node.

In semi-automated architecture, the sensed information ispassed from the sensor nodes

to the sink. Hence, the sensor nodes have to participate morein relaying the data and when

one of these nodes fails, it may result in the loss of a connection thereby losing the net-

work connection. There is more of a chance that sensor nodes near the sink have a higher
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probability of failure than the remaining nodes. In automated-architecture, the sensed in-

formation is passed from sensor nodes to the actor nodes. Thesensor nodes which are

at one hop distance from the actor nodes have a higher load of data relaying. Different

actors will be triggered for each event. This implies that relaying sensor nodes will also

be different for each event. This has the advantage of an evenly distributed relay load on

the nodes. From this, it is obvious that the automated architecture has a longer life time

compared to the semi-automated architecture. However, theselection of architecture is ap-

plication dependent. In this thesis, energy efficient data gathering algorithms are designed

for automated architecture.

2.2 Applications of Wireless Sensor and Actor Networks

The advances in technology allows the applications of WSANs in various systems for mon-

itoring and decision making, such as agriculture micro-climate control, military, home au-

tomation, early detection of disaster, monitoring health,chemical and biological attack

[2, 22]. An overview of main application areas of WSANs are stated below:

1. Environmental Monitoring:Environmental monitoring applications are one of the

most important applications of WSANs. It includes, the earlyprediction of natural

disasters, such as flood and earthquake. In the smart cities,WSANs help to monitor

the quality of air and water [22]. In case of fire accidents, sensors relay the location

and fire intensity to water sprinkler actors so that the fire can be extinguished before

spreading.

2. Smart Home Applications:Nowadays, home automation demand has increased rapidly

[26]. In the smart home, motion and light sensors detect people and then actors exe-

cute appropriate actions based on the user preferences. Moreover, Controlling lights,

automation in electronic appliances, power controlling, home security are highly rec-

ommended applications of WSANs for smart home.

3. Health Monitoring: The wireless sensor networks found the way to monitor the

health using various types of sensors which are embedded in the body of a patient.
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WSANs assist the patients through warnings. Sensors with integrated GPS offer

emergency help at a particular place. Advances in this applications would achieve

enhancement quality of life for patients and the medical treatment will be more flex-

ible and controllable [27].

4. Smart Transportation Applications:The WSANs provide traffic monitoring, jam re-

porting, vehicle accident alerts and intelligent traffic management system [22]. Syn-

chronization among components and delay are critical issues in smart transportation

systems.

5. Agriculture and Forest Applications:Wireless sensors provide many solutions to

improve the quality of agricultural products. The major applications include crop

management, smart irrigation, soil monitoring, weather prediction and plantations.

The WSANs also provide significant solutions for various issues in forest like fire

detection, flood detection, animal monitoring, animal tracking and forest health mon-

itoring [28]. Energy efficiency and reliable data transfer are important issues in agri-

culture and other monitoring applications.

2.3 Communication Architectures in Wireless Sensor Net-

works

The current network topologies that are best suitable for WSNs are star, mesh, tree and

clustered hierarchical architectures (refer Fig.2.3 and Fig. 2.4). Each topology has its

advantages with its own performance metrics. Also, the organization of the network and its

connectivity are affected by the network topology. It is also worth noting that the topology

plays a major role in the design and construction of a wireless sensor network. The major

topologies such as star, mesh, tree and clustered hierarchical architectures are discussed

below.

A star topology is the simplest one that can organize the sensor nodes [29]. Each node

is connected individually to a central node which is also called the hub or a sink node. The

central node can act as a base station or a gateway that directly communicates with the base

station. The nodes which are connected to the central node are said to be the remote nodes.
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Figure 2.3: (a) Star topology (b) Mesh topology
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Figure 2.4: (a) Clustered topology (b) Tree topology

In case of star topology, the only communication is between acentral node and the remote

sensor nodes, but not among the remote sensor nodes. In otherwords, the remote nodes

are capable of sending and receiving the messages to and fromthe central node and they

cannot exchange messages among themselves. This form of communication results in less

consumption of energy for any remote node. This minimized energy consumption is the

main advantage of the star topology. Also, the failure of anyremote sensor node does not

affect the overall functioning of the network. However, failure of the central node is the
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bottleneck which makes the network less reliable. This is because, the central node is the

controller of all the remote nodes attached to it. Hence, single point of failure at the central

node is treated as the major disadvantage for this type of topology. Further, the central

node should be within a particular radio transmission rangeand may not be a choice for the

applications where a robust network is required.

A mesh topology organizes the sensor nodes in such a way that each node is intercon-

nected to as many sensor nodes as possible in a non-hierarchical manner [29]. Basically, it

is a local network topology in which each sensor node is capable to send and receive mes-

sages. This is opposed to the star topology where the data flowis only between the central

node and remote nodes. Unlike star topology, there is no single node that is responsible

for data transfer and dependency on one node do not exist in mesh networks. Also, every

node in the network acts as a router and relays the information to the neighboring nodes.

In order to relay the messages, mesh topology makes use of either of the two techniques,

namely, flooding or routing. Moreover, if any node in the network fails, mesh topology has

the capability of dynamically distributing the work to other remote node. This is the reason

that makes the mesh topology more fault-tolerant. Also, expansion and modification of the

network can be done flexibly without disrupting the other nodes in the network. Therefore,

the mesh topology has high scalability. However, as the number of nodes increase, the cost

of the network also increases. Since it is a multi-hop network, the nodes which are close

to the base station may drain fast and this effects the life period of the network. Also, due

to the increase in the number of hops, there is a possibility that message delivery time also

increased. Hence, the efficient way of organizing the network is to minimize the amount

of messages that are being transferred between the nodes. This can be achieved by parti-

tioning the nodes into groups also called as clusters and thetopology is named as clustered

hierarchical topology.

Clustered hierarchical topology is a multilayer model in which the lowest layer sensor

nodes in the WSN are grouped to form a cluster [29]. The local neighborhood information

in the sensor nodes is used to create the clusters and a cluster head is being elected as a

representative of a particular cluster. Electing a clusterhead mainly depends on the factors,

such as the total number of sensor nodes that are neighbors tothe nodes that participate

22



CHAPTER 2. LITERATURE SURVEY Section 2.4

in the election, the proximity of the nodes to the base station, the total energy resources

available etc. Further, the cluster heads of the lower layerare grouped to form the clusters

at the higher layer. The election process for a cluster head is repeated among the nodes in

this layer too. This process of repetition at each layer results in a hierarchy of clusters. In

summary, this hierarchical structure represents a tree in which the root node is called the

sink, cluster heads are the internal nodes and the sensor nodes acts as leafs. Even though,

it looks like a tree topology, it follows the multi-hop routing which is common in mesh

topology. That is, the paths between the lower and higher layers can be multi-hop routes.

The main advantage of clustered hierarchical topology is the efficient distribution of

workload among the nodes. Also, the cluster head may vary andit is not fixed. A cluster

head is responsible for communication within the cluster nodes, also known as intra cluster

communication and communication among the cluster heads which is referred as inter clus-

ter communication. As it is already said that the communication is done using multi-hop

routing, the nodes that are closer to the base station reducetheir energy faster as compared

to the other nodes. This is due to the fact that there will be high traffic at these nodes which

are closer to the base station. Also, this effects the network coverage area and may result

in hot spot problem [30]. Moreover, there exists few challenging issues, such as selection

of appropriate cluster head, rotation process involved in the selection of new cluster head,

and the number of nodes to be formed as a cluster.

In this thesis, Chapter3 and Chapter6 are based on tree-based WSANs. In Chapter3

and Chapter6, flat WSANs are considered.

2.4 Energy Efficiency in Wireless Sensor Networks

Energy efficiency is a major issue in the design of communication protocols in a wireless

sensor network. The lifetime of the network depends on the energy efficiency. The lifetime

of wireless sensor network is represented in several ways inthe literature [31]. Network

lifetime is estimated using different energy consumption models based on network topolo-

gies. There have been studies on lifetime and energy consumption estimation models in

WSN [5, 7, 21, 32, 33]. In [7], Bhardwajet al. have derived upper bounds on lifetime for
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data gathering in sensor networks. Wanget al. [5] have estimated the energy consump-

tions of bottleneck zone in energy constrained wireless sensor network. In [32], Leeet al.

have estimated the upper bound on the network lifetime in cluster-based sensor networks.

Routet al.[33] have estimated the lifetime of WSN by considering duty cycleand network

coding. Pantaziset al. [21] have provided an exhaustive survey on energy consumption

models in wireless sensor networks.

Bhardwajet al. [7] have demonstrated that lifetime of the network depends on factors

like region of observation, the source behavior, base station location, radio energy and path

loss parameters characteristics, number of nodes and initial energy. The study considered

the following parameters to quantify energy consumptions.Esense, Erx andEtx are the

energy consumptions by a sensor node in sensing, receiving and transmitting data over a

distanced, respectively. The energy consumptions are given byEsense = α3, Erx = α12,

Etx = α11 + α2d
n, where,α11 represents energy consumption per bit by the transmitter

electronics,α2 denotes the energy dissipated in the transmit op-amp,α12 represents the

energy consumption per bit by the receiver electronics,α3 denotes the energy cost for

sensing a bit. The authors assumed that the energy model follows 1
dn

path loss behavior

(n is path loss exponent). The authors have derived an upper bound on the lifetime for a

linear multi-hop wireless sensor network. The energy consumption for relaying a bit over

distanceD is bounded as

Erelay ≥ α1
n

n− 1

D

dchar
− α12

where,dchar is an optimal hop length anddchar = n

√

α1

α2(n−1)
, α1 = α11 + α12.

Wanget al. [5] have considered a bottleneck zone in a wireless sensor network. The

authors have analyzed that the energy resources of the nodesinside the bottleneck zone

imposes upper bounds on the network performance. Further, the study derived the perfor-

mance bounds by considering the network deployment variables, such as the number of

nodes and size of deployment area.
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2.5 Sink and Actor Mobility in Sensor Networks

In a typical sensor network, a node relays the sensed data to sink node using multi-hop

path communication. The nodes (bottleneck zone nodes) which are near to the sink node

consume more energy than other nodes in the network due to heavy data traffic towards

the sink node [5]. Therefore, the energy of bottleneck zone nodes will be depleted quickly

and the network will be partitioned which leads to disruption of the data gathering process

to the sink. This problem is called the hotspot problem [34]. Mobility of the sink node

relieves data traffic burden of the bottleneck zone nodes andenhances energy efficiency. A

mobile sink moves across the network to collect sensed data from the nodes (it spreads the

energy drainage of bottleneck zone nodes to the entire network). This results in uniform

energy consumption. Thus, mobile sink provides load balancing implicitly. Mobility of

sink (or any actor) reduces the data dissemination paths that increases the throughput and

reliability with reduction in energy consumption. In sparse and disconnected networks,

mobile sink gathers the sensing data from isolated portionsof the network whereas a static

sink cannot gather data from disconnected regions.

A mobile sink can collect the sensed data either by periodically flooding the fresh posi-

tion of mobile sink to the network or by traveling through communication range of a sensor

node. The first approach suffers from the overhead of flooding. The second approach is

energy efficient due to less overhead of control packets. However, the nodes need to wait

for the sink to transmit data. A large delay of mobile sink visit may lead to dropping of

packets (due to buffer overflow of a node). In recent studies,the mobility has been used

not only for gathering the data but also for recharging the nodes [35, 36]. A charging ve-

hicle is equipped with resonant coils that moves across the network to recharge the nodes

via wireless energy transfer. In some of the studies, a mobile charger is combined with a

mobile base station for data gathering [37, 4].

In the literature, three sink mobility classes are discussed: Mobile Base Stations (MBS),

Mobile Data Collectors (MDC), and Rendezvous-Based solutions [38]. The sink mobility

is classified into two categories: random mobility and controlled mobility. In random

mobility category, a mobile sink moves randomly over the network and collects the data.
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The random mobility schemes are easy to implement but they suffer from uncontrolled

behaviors and poor performances. In controlled mobility category, the trajectory of mobile

sink will be scheduled in such a way that the delay of data delivery can be reduced. Data

gathering protocols based on the random mobility category are presented in [39, 40, 41].

Shahet al. [39] have designed an architecture where mobile entities (calledMULEs) collect

data from sensors when they come closer to the sensor nodes. In [40], Tong et al. have

proposed a network architecture calledSEnsor Networks with Mobile Agents(SENMA) for

low power and large scale sensor networks. In this model, mobile agents communicate with

a large field of sensors opportunistically. The problem of energy efficient data collection

has been addressed by Jainet al. [41]. The authors have presented and analyzed the

MULE architecture to extend the lifetime of the network by minimizing the communication

responsibility of sensor nodes.

The works presented in [42, 43, 44, 45] are based on the controlled mobility models.

Gandhamet al. [42] have proposed a heuristic approach that determines the locations of

mobile base stations to increase the lifetime of wireless sensor networks. Further, Wang

et al. [43] have designed a linear optimization model which determines visiting locations

of mobile sink and also waiting time at visiting locations for maximizing the lifetime of a

grid network topology. In [44], optimal movement of a mobile base station problem has

been provided using a provably optimal algorithm in wireless sensor network. Luo [45] et

al. have developed an analytical model which jointly considersmobility and routing for

characterizing the network lifetime.

Hossainet al. [46] have proposed equal energy dissipation condition by exactplace-

ment of nodes to ensure equal energy dissipation in wirelessimage sensor network. Renet

al. [47] have considered data collection maximization problem in energy renewable sensor

networks in which a mobile sink travels along a predefined path to collect data from sensors

and also discussed issues of energy renewable sensors. In [48], Gu et al. have discussed

delay-bounded sink mobility problem by a mathematical model in which issues, such as

sink scheduling, data routing, bounded delay are considered. Umeret al. [49] have intro-

duced a hybrid rapid response routing protocol for a wireless body area sensor network to

transmit delay sensitive data for patients. A mobile data collector has been introduced by
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Raoet al. [6] to prolong the lifetime of sensor network. In [6], heuristic traveling paths

for a mobile actor have been designed under two constraints,namely,data overflow on a

sensor nodeandtimeliness of each data.

Ma et al. [50] have proposed a greedy algorithm where single and multiplemobile data

collectors are considered for data gathering. It focuses onthe problem of minimizing the

length of data gathering tour. The authors also consider multiple collectors to gather data

for applications with strict distance and time constraints. In [51], Zhaoet al. have studied

the tradeoff between energy saving and data gathering latency in mobile data gathering.

Zhaoet al. [52] have proposed an efficient data gathering scheme which is a joint design

of mobility and space-division multiple access (SDMA) technique in WSNs. The authors

focus on minimizing the data gathering time by exploring thetrade-off between the shortest

moving tour and the full utilization of SDMA.

In this thesis, a model for mobile actor has been formulated and presented in Chapter3.

The bounds on visiting times and contact times are estimatedfor a mobile actor to mitigate

buffer overflow problem.

2.6 Duty Cycling in Sensor Networks

Duty cycling is a widely used mechanism to reduce energy consumption in wireless sensor

networks [53]. It aims to reduce the sleep state of sensor nodes and increase the network

life time consequently. The two possible states of a sensor node areactiveandsleepstates.

A duty cycle can be defined as the ratio of the time spent in active state to the total time.

In other words, the fraction of time a sensor node is active during its entire life time in

a wireless sensor network is said to be its duty cycle [54, 33]. Basically, there will be a

longer life time by choosing appropriate duty cycle. Generally, a node turns off most of the

components when no communication takes place and goes to sleep state [53].

In the process of reducing the time of sleep state, duty cycling mechanism must reduce

collision rates and control packet overhead. Moreover, an increase in collision rate and con-

trol traffic can cause serious energy consumption [53]. Duty cycling mechanism may also

affect the network coverage and connectivity. Hence, redundancy can be introduced during
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the deployment of sensors so that lower duty cycles do not affect the network performance

[54]. Even though redundancy helps in avoiding the degradationof network performance,

fixing the redundancy level is not a simple task. Also, the main challenging issue in de-

signing a duty cycle mechanism is to determine the active andsleep state schedule. Based

on the above issues, duty cycling can be classified into two types, namely, random duty

cycling and coordinated duty cycling [54, 53, 33].

In case of random duty cycling, the manner in which a sensor node is made active and

sleep is independent of the other sensor nodes. This fact of sensor nodes being independent

of each other leads to zero control packet overhead and also makes the random duty cycling

a simpler mechanism. Whereas, in coordinated duty cycling, the sensor nodes communi-

cate with each other and exchange the messages to make them active and sleep. This way

of coordinated sleep schedule results in more robust network in terms of network connec-

tivity and coverage. But, the problem is that more energy willbe consumed in achieving

the coordination among the sensor nodes.

The random and coordinated sleep mechanisms based on the network coverage using

low duty cycling have been studied by Hsinet al. [55]. In their work, the authors have

presented two scheduling algorithms for random sleep and coordinated sleep respectively.

They have studied the performance metrics, such as coverageextensity and coverage inten-

sity [55]. Further, a detailed investigation on random duty cycled wireless sensor networks

based on the coverage intensity has been discussed in [54]. The problem of enhancing the

lifetime of a network using duty cycle in a wireless sensor network has been addressed in

[33].

In [56], a distributed delay efficient data aggregation scheduling mechanism has been

proposed for duty cycled WSN. Yooet al. [57] have proposed dynamic duty cycle schedul-

ing schemes to reduce sleep latency and achieve the balancedenergy consumptions for

an energy harvesting WSN. Wuet al. [58] have proposed a delay aware energy efficient

flooding mechanism for synchronous duty cycled WSNs.

In Chapter6, a coordinated duty cycle WSAN has been considered. In this work, duty

cycle of a sensor node is determined to achieve the sustainability in an energy harvesting

sensor actor network.
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2.7 Network Coding in Wireless Sensor Networks

The term network coding is firstly introduced by Ahlswedeet al. [59]. Network coding is

a novel technique that has been introduced in multi-hop networks for improving network

throughput and reducing packet delay. In coding technique,intermediate nodes encode the

data packets before transmission. Network coding reduces the number of transmissions in

the network and therefore, improves the network energy efficiency. In WSNs, packets will

be dropped due to unreliable wireless links and node failures. In WSNs, network coding

has been incorporated to improve the performance of a WSN [59].

In [59], the messages received at the intermediate nodes are beingencoded before for-

warding and this results in reduction in the network traffic load. The network information

flow problem is also introduced in [59]. Ahlswedeet al. have considered a point-to-point

communication network. The scalability, throughput and efficiency of the network have

been improved in [59]. Further, in [59], the authors have proposed a mechanism to maxi-

mize the network information flow. This mechanism involves grouping of multiple packets

and transmits them instead of simply forwarding the received packets. In [60], the num-

ber of grid transmissions and circular configurations are decreased in-order to increase the

life time of the network nodes. This is achieved because of the network coding mecha-

nism. They also present the interaction amongtraffic rate, energy of the nodes, densityand

the number of nodes. Honget al. [61] have proposed a network coding based distributed

algorithm for data gathering to maximize the network lifetime. Wanget al. [62] have pro-

posed an algorithm for the 2-hop information exchange in WSN.They have also tested the

algorithm ongrid andrandom topologies.

The encoding technique improves the network bandwidth efficiency in comparison

to the traditional store and forward mechanism [63]. In wireless networks, packets are

dropped due to the link failures. AI-Kofahi and Kamalet al. [64] have designed a network

coding based approach to mitigate the effect of packet loss.Erasure coding is a popular

technique to increase the data transmission reliability bygenerating redundant data. Srouji

et al. [14] have designed a reliable data transfer scheme (RDTS) using erasure coding to re-

duce data redundancy and to improve the network lifetime. In[14], encoding is performed
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hop-by-hop manner i.e. an intermediate node determines thenumber of redundant packets

adaptively for next hop. A network coding based communication paradigm has been pro-

posed by Routet al. [33] in a wireless sensor network to reduce traffic load in bottleneck

zone. In [8], an adaptive data aggregation strategy using network coding has been proposed

to improve the energy efficiency in a clustered sensor network.

2.7.1 Linear Network Coding Technique

In this section, a linear network coding process is explained. Let us assume thatn packets

(C1, C2, ..., Cn) are sensed by source nodes in a network. These packets are transmitted to

the destination via intermediate encoder nodes. Assume,k is total number of packets that

can be encoded into a single packet at a time and therefore, the number of encoded packets

generated by a encoder node isn/k. The encoding and decoding process of linear network

coding is explained below.

Encoding process:The coded packets are viewed as elements in finite fieldGF (2s),

where2s is the size of the finite field. In the encoding process, a node selects a sequence of

coefficientsq = (q1, q2, ..., qn), called encoding vector, from finite filedGF (2s). A single

output packet is generated by linear combination of a set ofn packetsGi(i = 1, 2, ..., n)

arriving at a node. The encoded output is generated by computing the following linear

combination:

Y =
n

∑

i=1

qiGi, qi ∈ GF (2s) (2.1)

Every node in the network computes similar linear combination (as given in equation2.1)

for transmitted data. The encoding vector (q) is also transmitted with the coded packet and

it is used in the decoding process by the receiver.

Decoding process:A receiver node retrieves the original packets from the set of lin-

ear combination of packets. Let, a node receives(q1, Y 1), ..., (qm, Y m) (m is number of

received coded packets). The symbolsY j andqj denote the information symbol and the

encoding vector for thejth received packet, respectively. To decode the coded packets, the
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following linear equation need to be solved.

Y j =
n

∑

i=1

qj iGi, j = 1, ...,m (2.2)

The above linear system (Equation2.2) hasm equations andn unknowns. A receiver must

receive at leastn linearly independent packets for proper decoding of the coded packet. In

Equation2.2, the only unknown isGi which contains the original data packets transmitted

in the network. Then number of original packets can be retrieved by solving the linear

system (Equation2.2) after gettingn linearly independent packets. In the next section,

XOR coding mechanism is explained. XOR coding is a special case of linear network

coding. In XOR coding, the network coded packets (that are elements inGF (2) = 0, 1)

are forwarded in the network.
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Figure 2.5: (a) Packets exchange between two nodes using XORnetwork coding (b) The
Butterfly Network (SourcesS1 andS2 multicast their information to receiversR1 andR2)

2.7.2 XOR Network Coding

An example of XOR network coding scheme is presented in Fig.2.5(a). NodeA andB are

not in the transmission range of each other and intermediatenodeC falls in the transmission

range of both nodesA andB. Thus, nodesA andB will exchange the data packets through

the intermediate nodeC. In XOR coding, nodeC relays coded packet (a ⊕ b) to nodesA
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andB with a single transmission, after receiving the packetsa andb from the nodesA and

B, respectively. Then nodeA decodes the coded packet (i.e.(a⊕(a⊕b))) to get the packet

b. Similarly, nodeB gets the data packeta. In the absence of XOR coding, relay nodeC

needs to perform two separate transmissions for relaying both data packets. Thus, network

coding reduces the number of data transmissions and improves the bandwidth efficiency

[65, 66].

Fig. 2.5(b)shows the butterfly network where linear network coding increases the net-

work throughput [67]. Two source nodes (S1 andS2) have packetsx1 andx2 that must be

transmitted to the two destination nodes (R1 andR2), which each want to know bothx1 and

x2. Each edge can carry only a single value at a time.R1 receives both packets if all the

network resources are utilized by it. We could route the packetx1 from sourceS1 along the

pathAD and the packetx2 from sourceS2 along the path{BC, CE, ED}. Similarly, if re-

ceiverR2 uses all the network resources, then it could also receive both packets (the packet

x2 from sourceS2 along the pathBF and the packetx1 from sourceS1 along the path

{AC, CE, EF}). In multicasting, both receivers should receive the packets simultaneously

from both sources. But, we can send only packet through linkCE per time slot. Routing

is insufficient to transmit both packets simultaneously to both destinations. Using a XOR

coding technique, two source nodes can be transmitted to both destinations simultaneously.

NodeC can take packetsx1 andx2 and XOR them to create a third packetx3 = x1 ⊕ x2

and transmitted through edgeCE. R1 receivesx1 andx1⊕x2 and it can decode to retrieve

x1 andx2. Similarly,R2 receivesx2 andx1 ⊕ x2 and it can decode to retrievex1 andx2.

XOR network coding increases the network throughput when multicasting.

2.8 Markov Decision Process Approaches in Sensor Net-

works

Wireless sensor network operates in dynamic (random) environments and most of the sys-

tem parameters are dependent on the environment factors [68]. To achieve long lifetime

and low maintenance cost, a WSN requires adaptive and robust mechanisms to address
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data dissemination, topology formulation, sensing coverage and other resource optimiza-

tions. In these problems, a set of optimized decisions or actions must be taken to achieve

design goals in WSNs. In such stochastic environment, a mathematical framework called

Markov Decision Processes(MDPs) helps to model the system dynamics to optimize the

desired objectives of the network [68]. According to markov theory, the future state of a

sensor node depends upon the current state rather than the past state. MDP is a power-

ful decision making approach, which deals with the system variation and adaptive policy

management (by selecting best actions in each state). The important components of MDP

model arestates of the system, set of actions or policies, state transition probability, reward

functionanddecision epoch[68].

Alsheikhet al. [68] have discussed applications ofmarkov decision processfor a wire-

less sensor network to solve the resource management issues. There are various models

(designed based on markov decision process) that deal with the issues of delay-energy

tradeoff in WSNs. Linet al. [69] have designed a MDP based algorithm for delay-sensitive

WSNs under dynamic environments. The algorithm enables the nodes to determine their

appropriate transmission power to maximize the network utility. A node’s propagation gain

of wireless channel and queue size are considered to define the MDP’s states. Similarly,

Hao et al. [70] have analyzed the energy consumption and delay tradeoff insensor net-

works using markov decision process framework. Guoet al. [71] have developed a MDP

based opportunistic routing protocol with controlled transmit power level in WSN. This

scheme reduces the end-to-end delay and consumes less energy. In [72], a markov decision

process model has been designed by Mohaptraet al. to solve the energy-delay trade-off

issue for network coding decisions in a two-way relay network. In [73], the MDP approach

achieves an optimal tradeoff between energy efficiency and communication performance.

MDP has been used to solve neighbor discovery problems in WSNs[74, 75]. In [74],

Madan and Lall have considered the problem of neighbor discovery for a randomly de-

ployed sensor network. A MDP model is designed to solve the neighbor discovery prob-

lem to minimize energy consumption. In [75], Stabellini extended [74] and developed an

MDP-based neighbor discovery algorithm using dynamic programming for WSNs. In [74],

the authors have not considered the contention windows and collisions in dense networks.
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This limitation has been addressed in [75].

In energy harvesting sensor networks, various MDP based models are proposed to bal-

ance the tradeoff between the energy consumption and harvesting. Murtaza [73] et al. have

proposed an optimal data transmission and battery chargingpolicy for solar powered sen-

sor networks. Markov decision process has been incorporated to model the behavior of

a node. A markov decision process approach has been presented to analyze the optimal

recharge policies in a rechargeable sensor network by Misraet al. [76]. Kar et al. [77]

have addressed an optimal sensor activation problem in a rechargeable sensor network to

maximize the network performance. Fernandez-Beset al. [78] have proposed MDP based

censoring policy to optimize the expected sum of transmitted messages in harvesting sen-

sor network. Routet al. [79] have proposed amarkov decision processbased switching

algorithm for a rechargeable sensor network to increase sustainability in a data collection

tree.

In Chapter3, an adaptive buffer management using markov decision process has been

designed to reduce end-to-end delay and to improve energy efficiency in tree-based wire-

less sensor and actor networks. In Chapter4, a markov decision process is designed for

opportunistic network coding decisions and determining the level of packet redundancy in

the network coding process for reduction of data transmissions.

2.9 Fuzzy Logic in Wireless Sensor Networks

In the literature, several studies are performed on fuzzy based approaches to analyze the

network lifetime [80, 81, 82]. Fuzzy logic is a suitable technique for making real time

decisions and modeling uncertainties of a system. Moreover, fuzzy logic controller can be

used by combining different parameters and rules and that produce a result. Fuzzy logic

is less complex and flexible and it requires less computational resources. In classical set,

an element is associated with zero or one. However, in fuzzy set, every element is associ-

ated with some degree of membership. The fuzzy logic system (as shown in Fig.2.6) has

four modules, namely, fuzzifier, fuzzy rules set, fuzzy inference system and defuzzifier. In

the fuzzifier module, membership functions are used to determine the membership values
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Figure 2.6: Block Diagram of Fuzzy Logic System

and membership levels (linguistic levels) for given crisp input parameters. Fuzzy rules can

be generated using experimental data or heuristic data. Fuzzy inference system infers the

fuzzy output by applying the fuzzy rule set to the membershipfunctions. Finally, defuzzi-

fier transforms the fuzzy output value to a crisp value. Centroid and maximum methods are

well used techniques for defuzzification [83, 84, 17].

In the existing works [85, 86, 87, 88, 17], fuzzy logic systems have been used in wire-

less sensor networks for cluster head selection, efficient decision making, network lifetime

maximization, energy consumption minimization and efficient routing protocols. In wire-

less sensor networks, fuzzy logic approaches are designed to handle uncertainties in clus-

tering algorithms [85, 86, 89]. Generally, fuzzy logic helps in blending different clustering

parameters for selecting a cluster head. Gupta et al. [85] have proposed a novel mech-

anism based on fuzzy logic for cluster head selection in WSN. Three fuzzy descriptors

(residual energy, concentration, and centrality) are considered for cluster head selection.

In this centralized approach [85], each sensor node forwards its clustering information to

the base station and cluster heads are selected centrally. Kim et al. [86] have developed

a distributed cluster head election approach based on fuzzy. In [86], cluster head (CH) is

selected by using two fuzzy descriptors (residual energy and local distance). Moreover,

Anno et al. [87] have desgined a cluster formation and cluster head selection mechanism

in WSN. The fuzzy parameters, remaining battery power, number of neighbor nodes, dis-

tance from cluster centroid and network traffic, are employed in the process of cluster head

selection. They have shown that remaining energy and numberof neighbor nodes are more
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important parameters than the distance. Bagci et al. [89] have proposed a fuzzy unequal

clustering algorithm which adjusts the cluster head radiusby considering the distance to

the base station and residual energy as fuzzy parameters. This approach solves the hotspot

problem by decreasing the intra-cluster work of the sensor nodes which are closer to the

base station (or have less residual energy). Ran et al. [88] have improved LEACH protocol

using Fuzzy Logic by considering battery, distance and nodedensity as fuzzy parameters.

The above fuzzy based clustering algorithms are designed based on the LEACH protocol

and considered residual energy as fuzzy parameter for the selection of cluster head. How-

ever, Leeet al. [17] have considered predicted remaining energy in a fuzzy logic based

clustering approach. Also, the authors introduce a model toestimate the predicted energy

consumption.

In [90], Ni et al. have proposed a cluster head selection approach based on fuzzy clus-

tering and particle swarm optimization (PSO). The fuzzy clustering has been proposed for

initial clustering of sensor nodes. In the improved PSO, thefitness function is designed

by considering the energy consumption and distance factors(of sensor network). Neam-

atollahi et al. [80] have addressed the energy wastage overhead which is imposed from

consecutive reclustering of nodes. In [80], a fuzzy-based hyper round policy sets the clus-

tering task dynamically. A fuzzy inference system is used todetermine reclustering time

by considering two fuzzy descriptors:energy budget of a nodeanddistance to the sink.

Arjunanet al. [81] have proposed a fuzzy logic based Unequal Clustering and AntColony

Optimization (ACO) based routing to eliminate hotspot problem and to extend lifetime of

network. This hybrid protocol proposed for cluster head selection, inter-cluster routing

and cluster maintenance. In the fuzzy inference system, residual energy, distance to BS,

distance to its neighbors, node degree and node centrality are considered as input vari-

ables and probability of becoming cluster head and cluster size are considered as output

variables. Collattaet al. [16] have proposed a fuzzy logic based mechanism to compute

the sleeping time of sensor nodes in an industrial wireless sensor network to improve the

energy efficiency. In [16], a particle swarm optimization (PSO) algorithm is presented to

obtain the optimal values and parameters of the fuzzy logic controller. The mechanism de-

fines the sleeping time of sensor nodes based on battery leveland to the ratio of throughput
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to workload. Nayaket al. [82] have proposed an energy efficient clustering algorithm us-

ing fuzzy logic for WSNs. In [91], Yousafet al. have proposed a fuzzy logic based power

allocation scheme for a cooperative and delay constraint energy harvesting wireless sensor

network.

In this thesis, fuzzy logic system based mechanisms are designed in Chapter5 and

Chapter6. In Chapter5, routing decisions are taken using a fuzzy logic system by con-

sidering network resources, such as residual energy, quality of link, available buffer size

and distance. In Chapter6, the proposed fuzzy logic system determines the expected duty

cycle value by considering the residual energy, predicted harvesting energy and expected

residual energy.

2.10 Reliability in Wireless Sensor Networks

Reliable data collection is a primary goal for various applications of wireless sensor net-

work [13]. In WSNs, the sensor nodes collect information from the environment and relay

to the sink or actor node using mutli-hop communication. Thewireless channel can be

affected by the adverse environmental conditions, such as fog, rainfall, wind, high temper-

ature and movable obstacles. Thus, the quality of wireless link varies dynamically with the

environmental conditions. Due to lossy nature of wireless communication, packets may be

lost during the data transmission. Retransmission and redundancy are the two techniques

that are used in WSNs to enhance the reliable data transmission. Both techniques can be

performed based on either hop-by-hop or end-to-end. Mahmood et al. [13] have discussed

several reliability protocols which are based on retransmission and redundancy.

The existing schemes (in [92, 93, 94, 95, 96]) provide the reliable data transmission

based on the retransmission technique. Reliable Multi-Segment Transport (RMST) [92] is

a transport layer protocol. It provides reliable data transmission using selective negative

acknowledgments (NACKs). RMST performs loss detection and ithas been developed

for multimedia applications in WSNs. Iyeret al. have proposed a Sensor Transmission

Control Protocol (STCP) in [93]. STCP uses ACK and NACK for retransmission of a

lost packet. It is based on end-to-end retransmission mechanism in which a source node
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caches the packet until it gets an ACK from the sink. The key features offered by STCP

are controlled variable reliability and congestion detection and avoidance. Wanet al. [94]

have proposed Pump Slowly Fetch Quickly (PSFQ) protocol which is based on a hop-

by-hop downstream reliability mechanism. It is mainly based on three operations (pump,

fetch and report). It performs the loss detection and data recovery using retransmission.

Reliable Bursty Convergecast(RBC) has been proposed by Zhanget al. [95] to improve

channel utilization and to reduce ACK losses. RBS is a windowless block acknowledgment

scheme and it considers adaptive timer mechanism in time based retransmissions to reduce

end-to-end delay. Tunable Reliability with Congestion Control for Information Transport

(TRCCIT) has been proposed by Shaikhet al. [96] to proved reliable data transmission for

WSNs. It uses hybrid acknowledgment and retransmission timers to achieve reliable data

transmission in dynamic network conditions. Further, STCP and TRCCIT protocols are

suitable for continuous flow applications. RBC is developed for high-volume bursty traffic

applications and RMST is for multimedia applications. However, these protocols [92, 93,

94, 95, 96] are based on retransmission based mechanisms which provide the reliability at

high cost of communication overhead, energy consumption and memory utilization.

In the redundancy based retransmission approach, a lost packet is recovered through

coding techniques. Redundancy approach improves both reliability and energy efficiency.

In [97], an energy-efficient and reliable transport protocol has been proposed by Leet al.

to balance energy consumption and reliability in WSNs. Parket al. [98] have proposed

a downstream reliability mechanism which ensures the reliability from sink-to-sensors in

wireless sensor networks. A network coding based adaptive redundant protocol has been

proposed by Wuet al. [12] to determine the level of redundancy in a link to achieve high

data reliability with low delay. Kelleret al. [99] have proposed a data collection protocol

called Sensecode to balance the energy efficiency and end-to-end packet error rate using

network coding. Zhanget al. [100] have proposed a unequal redundancy level data collec-

tion scheme for a wireless sensor network to achieve high reliability. Basagniet al. [101]

have considered mobile sink and delay issues. The authors have definedMixed Integer

Linear Programminganalytical model to find routes to the sink node for maximizing the

network lifetime.
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In this thesis, energy efficient and reliable data gatheringalgorithms are designed for

wireless sensor and actor networks. Primarily, reliable data collection depends on packet

dropping rate. A packet may be dropped due to buffer overflow,unreliable link quality

and low energy levels of a sensor node. In Chapter3, the problem of packet loss due to

buffer overflow has been considered. The problem of packet drops due to unreliable link

quality is addressed in Chapter4. In Chapter5, packet loss has been reduced due to an

efficient routing metric which is computed based on the link quality, available buffer and

energy level. Further, Chapter6 addresses network sustainability issue in energy harvesting

sensor and actor networks. In this work, reliable data delivery is improved by achieving

survivability of nodes till next recharge period.

2.11 Energy Harvesting Wireless Sensor Networks

Wireless Sensor Actor Networks (WSANs) remain operational for limited amount of time

due to limited battery capacity of a sensor node [2]. A long operational lifetime of WSAN

is required for applications, such as monitoring forest fires, nuclear plants, object tracking

and military surveillance. Energy harvesting technology provides a long lasting lifetime in

WSAN [102]. A node recharges battery in two ways: (i) through mobile charging vehicles

and (ii) from the natural resources. In the first case, charging vehicles move close to the

nodes and recharge the batteries via wireless energy transfer technology [37, 4, 35, 36]. In

the second case, a node recharges its battery from the natural resources, such as solar light,

thermal, wind and vibration [102, 18, 79].

The process of energy harvesting allows the sensors to collect the energy from the

surroundings that include solar and kinetic energy. Later,this energy can be converted to

electrical energy and saved for future purpose or consumed at that moment. In an energy

harvesting technique, nodes’ energy consumptions and harvesting energy predictions need

to be analyzed to know the power consumption behavior of nodes. This allows to determine

the next recharge cycle. Energy saving mechanisms are required because energy of a node

is limited in between the recharge cycles. Also, the variation in the amount of harvested

energy among different sensor nodes could lead to uneven distribution of residual energy.
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Hence, energy balance is an important issue for designing routing protocols in harvesting

sensor networks.

Some of the studies [37, 4, 36, 35] are based on mobile charger models. Zhaoet al.

[37] have studied joint design of energy replenishment and datagathering in WSNs using

mobile collectors. However, they have considered energy consumption of data transmis-

sion only (but not consumption of data receiving and sensing). The recharging rates are

also considered as constant instead of time-varying. Further, Guoet al. [4] have proposed

a joint wireless energy replenishment and mobile data gathering framework by considering

all types of sensor energy consumptions and time-varying nature of recharging time. In

[4], a multifunctional SenCar is presented for charging sensornodes via wireless energy

transfer. Data packets are collected via multi-hop transmissions. Guoet al. [4] have pro-

posed an anchor point selection algorithm to determine the sensor nodes for recharging and

sequence of anchor points. Here, the anchor point represents position of a sensor node.

Shuet al. [36] have proposed a joint energy replenishment and schedulingmechanism to

maximize the lifetime for rechargeable sensor networks. Most of the previous works have

not considered the moving energy consumption of the charging vehicle and charging ca-

pacity in their models. Wanget al.[35] have proposed a recharge scheduling problem under

such important constraints. Further, a mathematical modelis also proposed to calculate the

minimum number of charging vehicles needed.

Tan et al. [18] have proposed a markov model to trace the energy harvestingpro-

cess and discussed the rechargeable node’s performance aspects, such as temporal death

occurrence probability, probability density of the residual energy, stationary energy con-

sumption, packet blocking probability and queue length distribution in data buffer. Zhang

et al. [103] have addressed the problem of system design of energy harvesting devices

in terms of energy and data buffer. Further, Misraet al. [104] have studied constrained

relay node placement problem in an energy harvesting WSN to achieve connectivity and

sustainability. Dynamic activation of sensor nodes to maximize system performance has

been presented by Karet al.[77]. A markovian model has been designed for calculating

sensor discharge and recharge periods. Active time scheduling mechanisms are proposed

for rechargeable sensor networks by Pryymaet al.[105]. Dynamic activation policies for
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event capture in rechargeable sensor network have been proposed by Renet al.[106]. Rout

et al. [79] have proposed a markov decision process based switching algorithm to achieve

sustainable data collection in a rechargeable sensor network. In [79], a node recharges the

battery from the sunlight.

In this thesis, energy harvesting nodes are considered in Chapter6. The nodes harvest

energy from the sunlight. Chapter6 addresses the sustainability issue in energy harvesting

sensor and actor networks. In Chapter6, switching decisions are taken based on the duty

cycle value to achieve the network sustainability. Further, coordinated duty cycle schedule

has been considered to improve the reliable data delivery.

2.12 Summary

In this chapter, different types of network topologies in wireless sensor networks are dis-

cussed. A survey on energy efficiency and energy consumptionmodel has been presented.

Energy efficient techniques, such as mobile sink, duty cycle, network coding based com-

munication have been discussed. An exhaustive suvey on markov decision process and

fuzzy logic based approaches is performed. Further, reliable data transmission approaches

for WSNs have been presented. Energy harvesting techniques in wireless sensor networks

are discussed. In this thesis, both energy efficient and reliable data transmission approaches

have been designed for wireless sensor and actor networks. Further, the work presented in

this thesis has been compared with existing approaches in the literature. In the next chapter,

an adaptive buffer management mechanism using MDP has been presented to address the

problem of packet loss due to buffer overflow.
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Chapter 3

Adaptive Buffering Algorithm using

Markov Decision Process in Tree-based

WSANs

WSANs are a group of sensors and actors that are geographically distributed and intercon-

nected by wireless links. Usually, sensor nodes are static where as actors may move in the

monitoring area with self-awareness to fulfill the tasks [2]. Nodes in immediate vicinity of

actor (or sink) will be overburdened and the energy of the nodes will be depleted quickly

while compared with other nodes in the network. This leads tonetwork partitioning and an

actor cannot receive data from the sensor nodes [5].

In a WSAN, evaluation of the traveling schedule of mobile actor is an important issue

to reduce the dropping rate of packets. Further, buffer state (buffer occupancy) of a node

changes dynamically in event-centric network. The buffer states of tiny sensors are limited

due to which some of the packets are dropped. The retransmission of the dropped packets

leads to more delay and more energy consumption in the network. Therefore, there is a need

to estimate the bounds on the buffer occupancy and energy consumption in a tree-based

WSAN. Nodes in the network may get high traffic at a particular time. It will be beneficial

to drop the packets (which are generated at nearest sensor nodes) to increase the available

buffer space. However, the number of retransmissions depends on the buffer occupancy

(i.e. at which packets are to be dropped and number of packetsto be dropped). Therefore,
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an efficient mechanism is required to find an accurate buffer state to drop minimum number

of packets so that average end-to-end delay and energy consumptions will be minimized.

In this chapter, a Markov Decision Process (MDP) based buffer management mecha-

nism has been designed with varying available buffer levelsof sensor nodes. The novelty

of the approach lies on applying MDP in a tree-based sensor (mobile) actor network for

efficient buffer management. Further, energy efficiency of the system is enhanced due to

efficient buffer management in dynamic traffic conditions. Anode determines the optimal

policy using the proposed algorithm to reduce the number of retransmissions, there by,

minimizing delay and energy consumption. In this work, energy consumptions have been

estimated using an event-centric network traffic. A mathematical model for actor has been

formulated to estimate bound on buffer occupancy and energyconsumption.

The major contributions of this chapter are as follows:

• Analysis of energy consumptions in tree-based wireless sensor network while con-

sidering an event-centric traffic.

• Design of aMarkov Decision Process based buffer management mechanismfor ef-

ficient data gathering by reducing the end-to-end delay and improving the energy

efficiency in a tree-based WSAN.

• Analysis of bounds on buffer occupancy and energy consumption in tree-based sen-

sor actor networks.

The rest of the chapter is organized as follows. Initially, motivation and problem for-

mulation is discussed in section3.1. The proposed network model is introduced in section

3.2.1. In section3.2.2, energy utilization model has been presented. A mathematical model

has been formulated in section3.2.3for actor to formulate bounds on buffer occupancy and

energy consumption. In section3.3, a Markov Decision Processbased buffer manage-

ment mechanism has been presented to reduce the delivery delay and to improve energy

efficiency in tree-based sensor network. Performance evaluation has been done through

simulation studies in section3.4. The concluding remarks are given in section3.5.
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3.1 Motivation and Problem Formulation

Improvement in energy efficiency can be achieved using mobile actor where actor moves

across the network to gather data from sensor nodes [6]. Resource constrained nodes store

the packets till a mobile actor collects the data. Therefore, packet dropping occurs when

nodes buffers are full (Packet dropping due to channel noiseis not considered in this work).

The dropped packets are retransmitted by the source node which lead to more energy con-

sumption and delay in data delivery. Delivery delay reducesby reducing the number of

retransmissions. Nodes in the network may get high traffic atany time, it would be ben-

eficial to drop the packets generated from nearest source node to improve available buffer

space. In our work, an adaptive buffer management techniqueusingMarkov Decision Pro-

cessis proposed to determine the buffer states at which the packets will be dropped to

reduce average delivery delay and energy consumption in thenetwork. Different MDP

policies are formulated to achieve lower delivery delay. The focus of this work is to esti-

mate the energy utilization in tree-based WSAN. Further, thework focuses on formulating

a mathematical model for mobile actor and analyzing the upper bound on buffer occupancy

and energy consumption.

3.2 Estimation of Energy Consumptions and Network De-

lay in a Tree-based Sensor Network with a Mobile Ac-

tor

In this section, a network model is introduced. An energy consumption model has been

presented to estimate the energy utilization for the network model. Further, a mathematical

model is formulated to estimate upper bound on the buffer occupancy and energy con-

sumption in the sensor tree. Buffer of each node is modeled using M/M/1/b queuing

model [107] to analyze the end-to-end delay in a sensor tree. Energy consumption and

delay for retransmission of dropped packets have been estimated.
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Figure 3.1: Tree-based Sensor Network with Mobile Actor

3.2.1 Network Model and Preliminaries

A tree-based wireless sensor network is considered with a mobile actor (shown in Fig.

3.1). Tree based topology avoids flooding and data can be sent using unicast instead of

broadcast. The topology saves energy than flat topology as flooding is not necessary for

data communication (for establishing the data forwarding paths). Sensor nodes get more

opportunity to aggregate or pre-process the data in tree-based topologies. In a tree-based

topology, scalability is limited up to a certain number of depths of the tree. The topology

works well for medium sized networks, but has scalability limitations that degrade perfor-

mance for larger sensor network. However, negative effectsof dense deployment may be

reduced using the transmission and duty cycle scheduling ofthe sensor nodes.

Sensor trees are disconnected and mobile actor (Am) collects data (shown in Fig.3.1).

Data acquisition is done through the mobile actor. A sensor tree (Ti) is modeled asTi =

(V,E), whereV = {v0, v1, ..., vn} denotes set of sensor nodes,v0 is a root node and

E represents the set of the communication links. Each sensor node has maximum of̄n

children in a sensor tree. In the proposed network model, total number of disconnected

sensor trees is assumed asm and the communication ranges of a sensor node and an actor
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node areR andRa, respectively. Communication range of root node in a sensor tree is

defined asData Collection Region(DCR). In a sensor tree, sensors (are stationary) store

their generated data (by monitoring the events) and forwardto their parent node. Mobile

actor collects the data from all data collection regions (from root node of every sensor

tree) by traveling around the network (refer Fig.3.1). Contact time(ti) is defined as

the amount of time the actor moves in the data collection region of the sensor tree(Ti).

Depending on the contact time (not constant), the mobile actor adjust its speed to collect

maximum number of packets which are available at a sensor tree. In our work, due to

limited transmission range of sensor nodes and limited velocity of mobile actor, the system

is considered as collection of sensor trees. In the proposednetwork model, when mobile

actor enter into the data collection region of a tree, every sensor node in same tree relays

its data to the respective parent nodes. Further, mobile actor informs the contact time to

nodes in the sensor tree to adjust their data transfer rate. Sensor nodes manage their buffers

to reduce the dropping rate of packets based on the next visiting time of the actor.

In this chapter, a packet at node-A is called as lower priority if it is generated by nearest

source node-S. Sensor nodes store the data till a mobile actor collects thedata. Nodes in

the network may get high traffic at any time. Packet dropping occurs when node’s buffer is

full. The dropped packets are retransmitted by the source node. If the dropped packets are

not lower priority packets, then consumes more energy and cause delay in a data delivery.

It would be beneficial to drop the lower priority packets to improve available buffer space

so that higher priority packets should not be dropped. The notations are mentioned in Table

3.1.

3.2.2 Estimation of Energy Consumptions

In this section, an energy consumption model is presented toestimate energy utilization of

a sensor tree in the proposed network architecture (see Fig.3.1).

Energy consumption in the proposed architecture has been estimated by using the

model described in [7, 8]. Esense, Erx andEtx are the parameters used to quantify en-

ergy consumptions by a sensor node in sensing, receiving andtransmitting data over a
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Table 3.1: Summary of the Used Notations

Symbol Description
Ti Sensor tree-i
Ti = (V,E) V is set of sensor nodes andE is set of edges
Am Mobile actor
m Number of sensor trees
n Number of sensor nodes in a sensor tree
n̄ Maximum number of children of a sensor node
R Communication range of a sensor node
Ra Communication range of an actor node
b Sensor node’s buffer capacity
DCR Data Collection Region
ti Contact time of a sensor tree (Ti)
α11 Energy consumption per bit by the transmitter electronics
α2 Energy consumption per bit in the transmit op-amp
α12 Energy consumption per bit by the receiver electronics
α3 Energy consumption for sensing a bit
α1 α11 + α12

n̂ Path loss component
l Size of generated data by a sensor node per event
β Average rate of occurrence of events
Rb Radius of a bottleneck zone
H Radius of a sensor tree
k Maximum number of hops in a bottleneck zone
h Height of a sensor tree (in terms of hops)
ρt Node density in a sensor tree
∆Coh Energy consumption by sensor nodes for the

overhearing of data
Ai Area of a sensor treeTi

∆ti Time between the last visiting time and current visiting
time of the mobile actor at sensor tree (Ti)

T i
d Upper bound on∆ti

ec(vj) Energy consumption nodevj for sending and receiving
data in one unit of time

eg(vj) Energy consumption nodevj for sensing operation in
one unit of time

E(vj) Residual energy of nodevj
fcj Size of incoming data from nodevc to the nodevj
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Figure 3.2: Bottleneck zone in a sensor tree

R
b


dr


r

d


Root node of a sensor tree

R
b
-Bottleneck zone radius
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Figure 3.4: Buffering model with̄n children

distanced̂, respectively. The energy consumptions are given byEsense = α3, Erx = α12,

Etx = α11 + α2d̂
n̂, where,α11 represents energy consumption per bit by the transmitter

electronics,α2 denotes the energy dissipated in the transmit op-amp,α12 represents the en-

48

Figures/1/tree-energy.eps
Figures/1/energy.eps
Figures/1/queue.eps


CHAPTER 3. ADAPTIVE BUFFERING ALGORITHM USING MARKOV DECISION PROCESS IN TREE-BASED WSANS Section 3.2

ergy consumption per bit by the receiver electronics,α3 denotes the energy cost for sensing

a bit andn̂ represents the path loss component. The energy consumptions in our model are

estimated by considering an event-centric application [8]. Further,l is the size of generated

data by each sensor node per event andβ is the average rate at which events occur per unit

time [32]. Therefore, energy consumption for sensing is represented asα3ltβ in time t.

Nodes around the root in a sensor tree form a bottleneck zone [5] (refer Fig. 3.2). Rb

is the radius of bottleneck zone andH is the radius (longest distance from root node to

any leaf node in a sensor tree) of a sensor tree . Maximum number of hops presented in a

bottleneck zone isk and height (h) of a sensor tree is defined as the longest path (number

of hops) from root node to any leaf node in a sensor tree. Energy consumption of the sensor

tree (Ti) till time t is given byECi

ECi = (n̄h+1 − 1)α3ltβ +

(n̄h+1
−n̄k+1)ltβ
∑

j=1

Cj +

∫ Rb

0

∫ 2π

0

p(x1)ltβρtrdθdr

+

∫ H

Rb

∫ 2π

0

p(x2)ltβρtrdθdr +∆Coh (3.1)

Where,Cj is the energy consumption of a node inside the bottleneck zone to relayjth-bit

from outside of the bottleneck zone to the root node [5, 7] and is estimated as follows

Cj ≥ α1
n̂

n̂− 1

Rb

dm
(3.2)

According to ref.[7], dm is the length of one hop and is as follows

dm = n̂

√

α1

α2(n̂− 1)
(3.3)

where,α1 = α11 + α12.

Node density in the sensor tree isρt = n̄h+1

Ai

, where,Ai is the area of sensor tree(Ti).

The termρtrdθdr is the number of nodes in differential area (shown in Fig.3.3) [8]. p(x1)

is the energy consumption of a node (in bottleneck zone whichis x1 distance away from
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the root node) to transmit a bit [7], i.e.

p(x1) ≥ α1
n̂

n̂− 1

x1

dm
− α12 (3.4)

where,p(x2) is the energy consumption (of a node in(H−Rb) region which isx2 distance

away from bottleneck zone) to transmit a bit [7] is as follows

p(x2) ≥ α1
n̂

n̂− 1

x2

dm
− α12 (3.5)

The first term inEquation(3.1) is the energy consumption of the sensor tree due to

sensing operation till timet. The second term inEquation (3.1) represents the energy

consumption of nodes in bottleneck zone to forward the data which is generated in(H−Rb)

zone. InEquation(3.1), third term is the energy spent by bottleneck zone nodes to forward

its own generated data to root node. The fourth term inEquation(3.1) is energy spent by

(H −Rb) zone nodes to forward its own generated data upto bottleneckzone. InEquation

(3.1), the last term (∆Coh) is the energy spent by the sensor nodes in the sensor tree dueto

overhearing in wireless transmission.

3.2.3 Upper Bound on Buffer Occupancy and Energy Consumption

In this section, a mathematical model is presented for an actor to estimate upper bound on

buffer occupancy and energy consumption in the proposed architecture (as shown in Fig.

3.1).

The mobile actor collects data from root node of every sensortree (when actor enters

into data collection region) while moving. The velocity of the actor in data collection region

(DCR) depends on contact time of respective sensor tree. Let,∆ti is the time between

last visiting time and current visiting time of the mobile actor at sensor tree (Ti). Packet

dropping rate increased more at bottleneck zone nodes if there is no upper bound on∆ti.

Therefore, maximum time bound (T i
d) is defined as an upper bound on∆ti and is minimize

the dropping rate of the packets when mobile actor is not visiting the sensor tree(Ti) within
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the stipulated time. Hence,∆ti ≤ T i
d. It is estimated as follows

lT i
dβ(n̄

h+1 − 1) ≤ (n̄k+1 − 1)b

T i
d ≤

b(n̄k+1 − 1)

lβ(n̄h+1 − 1)
(3.6)

where,b is buffer capacity (in terms of bits) of a sensor node.Equation(3.6) denotes the

maximum time to full the buffers of bottleneck zone nodes andit has been used inEquation

(3.9) to reduce the dropping rate of packets at bottleneck zone nodes.

The objective of the model is to estimate the bound on buffer occupancy and energy

consumption subject to the following constraints (i) Totalenergy consumption of a node in

sensor tree should not exceed its residual (current) energy(ii) Minimizing the dropping rate

of packets due to buffer overflow (iii) Every node in the tree should satisfy the data flow

constraint i.e the amount of data a node is sending is equal tothe sum of the receiving data

(from its children) and generating data (by sensing operation). Mobile actor contact time

at sensor treeTi is denoted asti. The termec(vj) is the energy consumption of nodevj for

sending and receiving data in one unit of time. The termeg(vj) is the energy consumption

for sensing operation in one unit of time. Mobile actor collects the maximum data available

at sensor nodes in a sensor tree by estimating the optimal contact times and the time spent

by the actor traveling from one sensor tree to the next one hasnot been considered in this

work.

Maximize(T =
m
∑

i=1

ti) (3.7)

subject to:

ec(vj)ti + (eg(vj)(∆ti + ti)) ≤ E(vj),

for j ∈ n andi ∈ m (3.8)

T − ti ≤ T i
d, for i ∈ m (3.9)

51



CHAPTER 3. ADAPTIVE BUFFERING ALGORITHM USING MARKOV DECISION PROCESS IN TREE-BASED WSANS Section 3.2

n̄
∑

c=1

fcj + (∆ti + ti)lβ = fjp, for j ∈ n andi ∈ m (3.10)

where,m is the number of sensor trees in the proposed network model (refer section3.2.1)

andn is the number of sensor nodes in each sensor tree. The actor collects the values

of the required parameters (as mentioned in the aboveEquation(3.8), Equation(3.9) and

Equation(3.10)) when it visits the sensor trees.

The first term inEquation(3.8) is the energy consumption of the nodevj for transmis-

sion and reception operations during the contact time(ti) of an actor at sensor tree(Ti).

The second term inEquation(3.8) denotes the energy consumption of nodevj for sensing

operation in time(∆ti+ ti). The sum of these two consumptions is less than or equal to the

residual (current) energy (E(vj)) of nodevj. Equation(3.9) depicts that the difference of

any two consecutive visiting times of mobile actor at data collection region (DCR) of the

sensor tree(Ti) will have maximum time boundT i
d (estimated usingEquation(3.6)) which

minimizes the packets dropping rate. InEquation(3.10), fcj represents the total incoming

data to the nodevj from its children (̄n is the maximum number of children),(∆ti + ti)lβ

is data generated in time (∆ti + ti) andfjp is total size of data flow fromvj to its parent or

root node (vp). Moreover,Equation(3.10) depicts the data flow constraint.

The above optimization problem is modeled using linear programming (Equation(3.8),

Equation(3.9) andEquation(3.10)) and can be solved in polynomial time. Based on the

optimal contact time(ti) which is computed from optimization problem (referEquation

(3.7)), actor calculates its accurate velocity in the data collection region of sensor tree

(Ti). The constraints (inEquation(3.9) andEquation(3.10)) ensures the actor to collect

maximum number of packets which are available at nodes. Further, the actor needs to visit

within the stipulated (bound) time (as given inEquation(3.9)). The optimal states are

identified where end-to-end delay and energy consumptions will be minimized.

3.2.4 Analysis of End-to-End Delay using Queuing Theory

In this section, buffer of a node is modeled usingM/M/1/b queuing system [107] to

estimate the average end-to-end path delay of a packet in a sensor tree.
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In a sensor tree, nodes generate data (by sensing operation)and forward to its parent

node. Assume that the arrival rate of data flow to a node follows poisson distribution. In

Fig. 3.4, λ1, λ2, ...&λn̄ (where,n̄ is maximum number of children of nodevi) are poisson

flows generated by the children of nodevi. Using superposition property of poisson pro-

cesses [108], the combined stream arrives at a parent nodevi is a poisson process with rate

λi where,λi = λ1 + λ2.... + λn̄ + λs andλs is sensing data rate of nodevi. M/M/1/b

queue is the link queue for nodevi, with arrival parameterλi and service rateµi, where

µi=
Bandwidth of link

Packet size . According toM/M/1/b queuing model [107], the expected waiting time

in a nodevi is given byEd(vi)

Ed(vi) =
ρ̂i[1− (b+ 1)ρ̂i

b + bρ̂i
b+1]

λi(1− Pb)(1− ρ̂i)(1− ρ̂i
b+1)

(3.11)

and ρ̂i is the expected number of packets at nodevi (ρ̂i = λi

µi

), Pn is the steady state

probability that a nodevi hasn packets and is as follows

Pn =
ρ̂i

n(1− ρ̂i)

1− ρ̂i
b+1

Consider a path where a node at levelkl generates a packet and sends to its parent.

After queuing delay at the parent node, the parent forwards the packet to its parent. Finally,

the packet is relayed to level-1 node i.e root node. End-to-end path delay defined as the

time required to reach the root. End-to-end path delay of a packet is formed by sum of

queuing delay ofkl levels nodes and propagation delay ofkl hops. End-to-end path delay

of a packet (in sensor tree with level-kl) is given by

E(T ) =

kl
∑

i=1

Ed(vi) +
1

∑

i=kl

(PDi−1
i ) (3.12)

wherePDi−1
i is the propagation delay of a packet from level-i to level-(i− 1).
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3.2.5 Estimation of Energy Consumption and End-to-End Delay for

Retransmission of Dropped Packets

In a sensor tree, additional delay and energy consumption will be incurred for the dropped

packets. If a mobile actor visits a data collection region late byδt time, then the queuing

system is discussed here by considering two factors, (a) Nodes with infinite buffer (mem-

ory) (b) Nodes with finite buffer (memory). In the first case, packet end-to-end delay is

directly proportional to the delayed visit by the actor. Retransmissions of packets are not

needed because there is no packet dropping in the first case. However, in the second case,

nodes have finite buffer (b is capacity of buffer), packets generated inδt time are stored in

buffer if the memory is not filled. If the buffer is full, then the packets will be dropped by

the nodes. In this case, source needs to retransmit (the packets) which leads to more delay

in data delivery and more energy consumption.

Consider a tree where a nodevi at level-kl drops the packets due to unavailability of

actor in the data collection region or due to empty buffer space. Assume, the volume of

dropping packets by nodevi is dpkl. Nodevi receives the packets from nodes belong to

lower levels in the path. Therefore, packet size can be written as,dpkl= dpkl+1 + dpkl+2 +

...dph whereh is height of sensor tree anddpkl+1 is size of the packets generated at level-

(kl + 1). Energy consumption for retransmission of dropped packets at nodevi is given by

Exc

Exc =

h−kl
∑

j=1

j(α1 + α2d̂
n̂)dpkl+j (3.13)

Consider, a packetdpkl is dropped by level-kl node and it is generated at level-j (j >

kl), then delay for this packet is given byExd

Exd =

j−kl−1
∑

i=0

(Ed(vj−i) + PDj−i−1
j−i ) + Ed(vkl) (3.14)

Energy consumption and delay reduce by dropping the packetsthat are generated by the

nearest level nodes (i.e while dropping the packets at level-k, the packets which are gener-

ated at nearest level will be dropped first).
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3.3 Markov Decision Process based buffer management

mechanism

In this section, MDP based buffer management mechanism is proposed to reduce the aver-

age end-to-end delay and to improve energy efficiency in tree-basedWireless Sensor and

Actor Networks.

In the proposed network model (refer Fig.3.1), when the actor enters into the data

collection region of a sensor tree, every node transmits thebuffered data to the parent node.

Further, the actor collects the data from the root node during its travel through data collec-

tion region of the sensor tree. The packets are dropped if sufficient buffer space is not avail-

able to store the data. Then, the source node has to retransmit (the dropped packets) which

leads to increase in average end-to-end delay and energy consumption (for retransmissions

of dropped packets). Hence, we need to determine the buffer state at which packets need to

be dropped so that average delivery delay and energy consumption for retransmissions of

dropped packets are minimized. To address the above problems aMarkov Decision Process

based buffer management is presented in the next section.

3.3.1 MDP Based Buffer Management Algorithm

In this section, MDP based buffer management mechanism (Algorithm 3.1) is presented.

After construction of sensor trees (line 1-3,Algorithm3.1), every node in the network finds

the optimal policy (line 4-6,Algorithm 3.1) by running the MDPBUFFER () algorithm

(Algorithm 3.2). In Algorithm 3.2 (refer line 1-4), every node calculates the reward for

all policies (which are defined in the Table3.4) using theEquation(3.17) and chooses the

optimal reward policy. Further, a node determines the buffer state (B) and the number of

packets to be dropped (D) from chosen policy (refer line 5,Algorithm3.2). When node’s

buffer state is reached to buffer state of selected policy (line 8,Algorithm 3.1) then the node

drops the lower priority packets (those packets that are generated by nearest level nodes to

the root in a sensor tree). The detailed explanation of the proposed mechanism is given in

section3.3.2.
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Algorithm 3.1 MDP Buffer ManagementMechanism (G)
Input: G is a graph withm disconnected components

1: for i = 1 to m do
2: For each disconnected componenti, sensor tree (Ti) is constructed using breadth-

first search algorithm
3: end for
4: for i = 1 to m do
5: for j = i to n do
6: Node (vij) calls theMDP BUFFER ()algorithm (Algorithm3.2) to choose the

optimal policy and nodes finds the buffer state (B) and the number of packets (D%) to
be drop.

7: Node calculates the buffer state based on its available buffer
8: if buffer state(vij) == B then
9: Node (vij) drops theD% of lower priority packets

10: end if
11: end for
12: end for
13: go to 4

3.3.2 MDP Based Buffer Management Policies

Markov process helps to model optimal policy by comparing the original condition of wire-

less sensor network with improved condition. InMarkov Theory, the future state of the

sensor node depends upon the current state, rather than the past state [76].

Let, the set{F0, F1, F2,...} represents the number of available buffer units a sensor

node has at{0th, 1st, 2nd,...} time intervals. The total available buffer (free buffer) ofthe

node is categorized into 4 levels and each level is considered as one state (refer Fig.3.5).

StateB1 will have maximum available buffer and stateB4 will have minimum available

buffer. Initially, a node starts with maximum available buffer. P{Ft+1 = j|Ft = i} is the

probability that a node hasi units of available buffer at timet and it hasj units of available

buffer after time(t + 1). Further,{b0, b1, b2...} are the number of buffer units occupied

during {0th, 1st, 2nd,...} time intervals and so on. Therefore, the random variablebt is

the units of buffer occupied in time intervalt. Assume,bt follows a Poisson distribution

with mean(λ̂) one unit of available buffer. Thus, the over all process can be treated as an

Markov Decision Process. The probability of̂k number of buffer units occupied during the
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Figure 3.5: State transition diagram with different bufferstates

interval (t+ 1) is given by

f(bt+1 = k̂) = (λ̂k̂e−λ̂)/k̂! (3.15)

Thus,Ft (for t = 0, 1, 2, ...) is a stochastic process, the possible states of the process

are the integers4, 3, 2, 1 representing the possible buffer (available) units at the end of a

time interval. The value ofbt+1 is calculated for the transition fromFt to Ft+1 using the

following:

Ft+1 =











max{4− bt+1, 1}, if Ft = 4,

max{Ft − bt+1, 1}, if Ft ≤ 3,

Using the value ofbt+1, the probabilityPij for transition fromFt toFt+1 is calculated by

Equation(3.15). Fig. 3.5shows the state transition diagram whereB1, B2, B3 andB4 are

the states of the node and Table3.2(a)shows the initial transition matrix for state transition

diagram wherePij is the probability of changing the state fromBi to Bj. In stateB1,

a sensor node operates with maximum available buffer (4 units) where the probability of

buffer overflow is minimum. In statesB2 andB3, a node operates with 3 units and 2 unites

of available buffer, respectively. In stateB4, a node operates with minimum available buffer

(1 unit) where the probability of buffer overflow is maximum.If available buffer (memory)

is more (in terms of units) then, the possibility of droppingof packets reduce. Hence,

delivery delay of packets will be less. Therefore, deliverydelay of a packet is inversely
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Table 3.2: Initial transition matrix and actions with relevant states

(a) Initial Transition Matrix

Pij B1 B2 B3 B4

B1 0.368 0.368 0.184 0.08
B2 0 0.368 0.368 0.264
B3 0 0 0.368 0.632
B4 0 0 0 1

(b) Decisions and Actions

Decision Action Relevant
States

1 Do not drop the packetsB1,B2

2 Drop the packets B3,B4

proportional to the available buffer space of the node as given in following equation,

Delivery delay=
τ

Available buffer unites
(3.16)

where,τ is a positive constant. The expected delivery delay is considered as reward of

the MDP policy and is estimated in different buffer states byusing theEquation(3.16) (as

shown in Table3.3).

Algorithm 3.2 MDP BUFFER ()

1: for All MDP buffer management mechanism policiesdo
2: Find steady state probabilitiesΠ1, Π2, Π3,...,Πns

wherens is the number of states
(probability values will be calculated by transition probability matrix of each policy)

3: Reward =Π1R1 + Π2R2 + Π3R3 +,...,+Πns
Rns

(referEquation(3.17))
4: end for
5: Select the optimal policy based on the rewards and returns the buffer state (B) and

number of packets (D) to be dropped

In this work, two decisions are considered for MDP policy (refer Table3.2(b)). De-

cision 1 is Do not drop packets, where a node will not drop the packets from the buffer.

Decision 2is Drop the packets, where a node drops the packets (low priority packets) from

the buffer. Table3.4 shows the policies and decisions for each state. For simplicity, two

policies (P2 andP6) have been considered in simulation (refer section3.4.1). In policyP2,

if the node in stateB3, B4 then,drop the 10% packets(lower priority packets) from the
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Table 3.3: Buffer availability and expected delay

State Available buffer (in units) Expected delay due to dropping of packets

B1 4 0.25τ
B2 3 0.33τ
B3 2 0.5τ
B4 1 τ

Table 3.4: Dropping Policies

Policy Verbal Description D1 D2 D3 D4

P1 Drop 5% packets at stateB3, B4 1 1 2 2
P2 Drop 10% packets at stateB3, B4 1 1 2 2
P3 Drop 15% packets at stateB3, B4 1 1 2 2
P4 Drop 5% packets at stateB4 1 1 1 2
P5 Drop 10% packets at stateB4 1 1 1 2
P6 Drop 15% packets at stateB4 1 1 1 2

Table 3.5: The Transition matrix for policyP2 andP6

(a) The Transition matrix for policyP2

Pij B1 B2 B3 B4

B1 0.368 0.368 0.184 0.08
B2 0 0.368 0.368 0.264
B3 0 0.4 0.6 0
B4 0 0 0.4 0.6

(b) The Transition matrix for policyP6

Pij B1 B2 B3 B4

B1 0.368 0.368 0.184 0.08
B2 0 0.368 0.368 0.264
B3 0 0 0.368 0.632
B4 0 0 0.6 0.4
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Table 3.6: Steady state probabilities and rewards of different policies

Policy Π1 Π2 Π3 Π4 Reward

P1 0 0.18248 0.57664 0.24087 0.34175
P2 0 0.30864 0.48765 0.20370 0.54914
P3 0 0.40107 0.42246 0.17647 0.519
P4 0 0 0.24038 0.75962 0.31077
P5 0 0 0.3870 0.6124 0.80615
P6 0 0 0.48701 0.51299 0.7555

buffer and the decision for statesB1, B2 is Do not Drop(refer policyP2 in Table3.4). The

transition matrix for policyP2 (refer Table3.5(a)) is calculated as follows

In stateB3, the available buffer space for a node is 50%-25% (refer Fig.3.5). In state

B3, a node drops 10% packets (policyP2) to increase the available buffer space. A node

may stay in the same state (B3) or it may change its state toB2. In the first case, the

node stays in the same state (B3) if it has 25%-40% available buffer space. Therefore, the

probability of staying in the same state is15/25 = 0.6 (refer Table3.5(a)). In the second

case, the node will switch from stateB3 to stateB2 if it has 40%-50% available buffer

space. Therefore, the probability of transition from stateB3 to stateB2 is 10/25 = 0.4

(refer Table3.5(a)). Similarly, transition probability values for stateB4 are calculated.

In policyP6, if the node in stateB4, thendrop the 15% packets(lower priority packets)

from the buffer and the decision for statesB1, B2, B3 is Do not Drop(refer policyP6 in

Table3.4). Table3.5(b) shows the transition matrix for policyP6 ( which is calculated

similarly as Table3.5(a)). Expected delivery delay (reward) is calculated by using the

equation as given in below:
ns
∑

k=1

[ΠkRk] (3.17)

where,Πk is the steady state probability and it is calculated using transition probability

matrix (Table3.5(a) for policy P2 and Table3.5(b) for policy P6). Rk is the expected

delivery delay (refer Table3.3) of a packet at stateBk andns is number of states.

Steady state probabilities(Π1,Π2,Π3 andΠ4) for policyP2 is calculated by solving the

steady state equations (Equation(3.18)). Steady state equations are constructed using the
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transition probability matrix (Table3.5(a)) as shown below

Π1 = 0.368Π1

Π2 = 0.368Π1 + 0.368Π2 + 0.4Π3

Π3 = 0.184Π1 + 0.368Π2 + 0.6Π3 + 0.4Π4

Π4 = 0.08Π1 + 0.264Π2 + 0.6Π4

Π1 +Π2 +Π3 +Π4 = 1



















































(3.18)

Reward for policyP2 is estimated as follows

Reward(P2) = Π1R1 +Π2R2 +Π3R3 +Π4R4

= 0 ∗ 0.25 + 0.30864 ∗ 0.33 + 0.48765 ∗ 0.5 + 0.20370 ∗ 1 = 0.54914

Similarly, steady state probabilities and rewards (expected delivery delays) are calculated

for policiesP1, P3, P4, P5 andP6 and presented in Table3.6. It is observed from Table3.6

that policyP4 is giving optimal reward.
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Figure 3.6: Average end-to-end delay of a packet in a sensor tree (λ = 10, µ = 15, buffer
size = 100 packets)
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3.4 Performance Evaluation

The proposed adaptive buffer management mechanism using MDP has been simulated us-

ing Network Simulator-3[9]. A CSMA/CA based medium access control protocol (IEEE

802.11 standard) is used in the simulation [109]. The performance metrics such as average

end-to-end delay, energy consumptions and lifetime are taken to compare proposed MDP

based adaptive buffer management mechanism policies and geographic routing protocol

[10]. In the geographic routing protocol, a source node sends the data to the destination

using the location information. It does not require floodingand hence, reduces the control

overhead. In our work, a tree-based sensor network is considered where each node sends

the data to its parent node and it does not require flooding. Further, dedicated routing tables

and flooding are not required in the geographic routing protocol and the proposed approach.
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Figure 3.7: Energy consumption of a sensor tree in the network (λ = 10, µ = 15, buffer
size = 100 packets)
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Figure 3.8: Number of data collection rounds network is connected (λ = 10, µ = 15, buffer
size = 100 packets)

3.4.1 Simulation Results and Discussions

Sensor nodes are randomly deployed in a deployment area and trees are created with dis-

connected component using breadth-first-search algorithm(see Fig.3.1). Actor determines

the contact times of data collection region (DCR) (referEquation(3.7)) and calculates its

velocity in the sensor tree. Actor collects the data via rootnode of a sensor tree. Actor node

is not an energy constraint node in comparison to a sensor node [2]. In each data collection

round, root node collects data from all sensor nodes in a tree. Lifetime of the network is

defined as the number of data collection rounds in which all the nodes are connected [19].

In simulation, retransmissions are performed till the rootnode get all the packets from the

sensor tree.

The following simulation parameters are considered in our work. The number of nodes

in a sensor tree is 1000, transmission range is 30m, the minimum distance between any two

sensor nodes in a tree is 5m, initial energy of a node is 2500Joules, α11 = 0.937× 10−6
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Figure 3.9: Average end-to-end delay of a packet in a sensor tree with varying buffer size
(λ = 10, µ = 15, number of nodes = 100)

Joules/bit, α12 = 0.787 × 10−6 Joules/bit [8], α2 = 10 × 10−12 Joules/bit, α3 =

50 × 10−9 Joules/bit, d̂ = 85m and path loss component(n̂) is 2 [7]. Amount of data

generated by each node per event i.e.l = 960bits [8] and all the nodes are having different

values ofβ. λ is a arrival data flow (follows poisson distribution) into a node and its value is

10 in simulation. Departure parameter of link isµ and its value is considered as 15. Buffer

size of a node is 100 packets and each packet size is 960 bits. Two policies, namely, policy

P2 (Drop 10% packets from buffer at stateB3, B4) and policyP6 (Drop 15% packets from

buffer at stateB4) have been experimented in simulation for simplicity.

In this work, the proposed MDP based buffer management mechanism policiesP2 and

P6 have been compared with geographic routing protocol [10] in terms of average end-to-

end delay of the packet, energy consumption of the sensor tree and the number of rounds

in which all the nodes in a sensor tree are connected.

Fig. 3.6 shows the comparison of average end-to-end delay between the MDP based

buffer management mechanism policies and geographic routing protocol [10] by consider-
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Figure 3.10: Energy consumption of a sensor tree with varying buffer size (λ = 10, µ = 15,
number of nodes=100)

ing the buffer size as 100 packets, arrival data flow (λ) as 10 and service rate (µ) (departure

parameter) as 15. It can be observed that from Fig.3.6, policy P2 provides less delay as

compared to the policyP6 and geographic routing protocol (refer Table3.6). As the num-

ber of nodes increases, the height of the tree also increases. The nodes in nearest levels to

the root node of a tree drops more number of packets due to moredata traffic. Every node

determines its optimal buffer state and number of packets tobe dropped using the proposed

MDP algorithm. The total number of dropping of packets is reduced with the proposed

MDP algorithm. Therefore, the number of retransmissions isreduced which leads to the

reduction in average end-to-end delay of a packet as shown inFig. 3.6. In Fig. 3.6, after

600 nodes, delay has increased rapidly using geographic routing protocol in comparison to

theP2 andP6 policies.

The energy consumption of a sensor tree (refer Fig.3.7) is compared between the

MDP based buffer management mechanism policies and geographic routing protocol [10]

by considering the buffer size as 100 packets, arrival data flow (λ) as 10 and service rate
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Figure 3.11: Average end-to-end delay of a packet in a sensortree with varying departure
time (λ = 10, buffer size=100 packets, number of nodes=100)

(µ) (departure parameter) as 15. In the proposed method, low priority packets (which are

generated by the nearest level nodes) are dropped to reduce the delay and as well as energy

consumption. The proposed MDP algorithm reduces the numberof dropped packets (low

priority) which leads to the reduction in the number of retransmissions. Therefore, energy

consumption of a tree is reduced with the proposed MDP algorithm. It can be seen from

Fig. 3.7 that energy efficiency of the sensor tree is improved (i.e. reduction of energy

consumption upto 19.83%) using the proposed MDP based buffer management mechanism.

Fig. 3.8 shows performance of the proposed mechanism in terms of network lifetime

(defined as number of rounds in which network is connected). It can be seen from Fig.3.8

that network remains connected more number of rounds using the MDP based buffer man-

agement mechanism in comparison to geographic routing protocol. The proposed mecha-

nism identifies the optimal state to drop the low priority packets and hence, it reduces the

number of retransmissions when compared with the geographic routing protocol. There-
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Figure 3.12: Energy consumption of a sensor tree with varying departure time (λ = 10,
buffer size=100 packets, number of nodes=100)

fore, energy consumptions of the sensor tree is reduced. Further, the number of rounds, in

which network is connected, increases using the proposed mechanism. As the number of

nodes increases, buffer of the nodes in the initial levels ofthe tree will be overloaded with

heavy traffic. Further, the node’s energy deplete quickly due to more number of packet

droppings. Hence, connectivity of the network (in terms of rounds) is reduced as the num-

ber of nodes increases (refer Fig.3.8).

Fig. 3.9and Fig.3.10show the comparison of delay and energy consumption of a tree

between proposed buffer management mechanism policies andgeographic routing proto-

col [10] by varying the buffer size of a node from 50 packets to 500 packets, respectively.

Simulation results are presented for 100 nodes in the both cases. A node can accommodate

more number of packets as the buffer size increases. Therefore, the queuing delay of a

packet increases where, queuing delay is the amount of time packets will stay in buffer. It

can be observed from Fig.3.9that as the buffer size (memory capacity) increases, the aver-
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age end-to-end delay is increased. As buffer size increases, more number of packets can be

accommodated in the buffer of a node and this approach reduces the number of dropping

of packets. Therefore, the number of retransmissions for dropped packets also reduces.

Hence, reductions in number of retransmissions occurs which leads to the reduction in the

energy consumption (refer Fig.3.10). It is observed from Fig.3.9 that proposed MDP

based buffer management mechanism with policy (P2) gives significant reduction in delay

when compared with the geographic routing protocol [10]. Energy consumption is reduced

up to 16.75% (refer Fig.3.10) using the MDP based buffer management mechanism.

Fig. 3.11 and Fig. 3.12 show the comparison of delay and energy consumption of

a tree between proposed buffer management mechanism policies and geographic routing

protocol [10] by varying the service rate (departure parameter) from 10 to 50, respectively.

Simulation results are presented for 100 nodes and each nodebuffer size is 100 packets. It

can be observed from Fig.3.11that increase in service rate will reduce the delay because

the queuing delay of a packet is reduced. This leads to reduction in packets dropping (i.e

nodes accommodate the new packets). Hence, energy consumption is reduced in a tree

(ref Fig. 3.12). It is observed from Fig.3.11that proposed MDP based buffer management

mechanism with policy (P2) provides significant reduction in delay. Energy consumption is

reduced up to 7.04% (see Fig.3.12) using the MDP based buffer management mechanism.

3.5 Summary

In this chapter, an adaptive buffer management mechanism using Markov Decision Process

(MDP) has been presented for a tree-basedWireless Sensor and Actor Network. Analysis

on energy consumptions is performed for a typical data acquisition model and a retransmis-

sion (of dropped packets) model in a tree based sensor actor network. The optimal buffer

state of a node is evaluated to drop the minimal number of packets to reduce the average

end-to-end delay and energy consumptions. The bounds on visiting times and contact times

are estimated for a mobile actor to mitigate buffer overflow problem (dropping of packets).

Simulation results show that the average end-to-end delay reduces significantly using the

proposed Markov Decision Process based approach in comparison to a geographic rout-
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ing protocol. Further, it is observed that there is a reduction of energy consumption upto

19.83% using the proposed MDP based buffer management mechanism in comparison to

a geographic routing protocol. In this chapter, reliable data transmission is achieved by

reducing the packet drops at buffer level. In the next chapter, reduction of packet drops at

link level has been investigated for reliable data gathering in a flat WSAN.
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Chapter 4

Reliable Data Gathering Mechanism

using Opportunistic Encoding in

WSANs

In a WSAN with faulty regions, achieving high degree of data transmission reliability with

appropriate end-to-end delay is an inescapable challenge.Data transmission reliability de-

pends on the quality of the wireless channel. It will change dynamically with environmental

conditions, such as fog, rainfall, high temperature [11] and movable obstacles. Therefore,

the quality of link varies dynamically in the presence of environmental interferences.

Packet loss may happen due to fluctuation of wireless links (quality) in the presence of

adverse environmental conditions. Reliable data collection can be achieved using acknowl-

edgment based retransmission (automatic retransmission)approaches [12, 13]. These ap-

proaches require more number of data transmissions (including retransmissions) to achieve

reliable data collection. As the number of data transmissions increase, energy consumption

and packet delivery delay also increase. Hence, there is a requirement for an efficient data

delivery approach for the delay sensitive applications in WSAN. Network coding mecha-

nism (is a mechanism by which raw packets are encoded and transmitted by sensor nodes

[99]) can be applied to improve reliability in data gathering and to reduce packet delivery

delay (in case a link is unreliable [12, 13]). But, the level of packet redundancy (to be

used in encoding process) influences the number of data transmissions and energy con-
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sumptions. In order to improve the data collection reliability along with energy efficiency,

appropriate level of packet redundancy must be chosen adaptively based on the quality of

the wireless links.

In this chapter,a reliable data transmission mechanism using opportunistic encoding

has been proposed for a wireless sensor and actor network to achieve reliable data collection

along with energy efficiency in the presence of faulty regions. A markov decision process

(MDP) algorithm has been designed by considering variable (wireless) link quality. The

novelty of this work lies in the MDP algorithm which chooses:(a) whether to apply coding

for relaying packets, and (b) the level of packet redundancy. Further, aLearning Automata

based mechanism has been proposed to route the traffic through alternate links, in case, the

present link quality is bad. The major contributions of thischapter are as follows:

• Design of a network coding based reliable data gathering mechanism for a wireless

sensor and actor network in the presence of faulty regions.

• Design of a learning automata based mechanism to route the traffic through alternate

links, when the present link quality becomes bad.

• Simulation results are presented to show the efficacy of the proposed mechanism in

terms of packet latency, number of data transmissions, lifetime and energy consump-

tion.

The rest of the chapter is organized as follows. In Section4.1, motivation and problem

formulation have been discussed. In Section4.2.1, network model is introduced. In Section

4.2.2, A Network Coding based Reliable Data Transmission Mechanismhas been proposed

to provide reliable data collection in the wireless sensor and actor network. Network cod-

ing using deterministic coding vectors has been discussed in Section4.2.3. In Section

4.2.4, a case study is presented. In Section4.2.5, a link quality has been analyzed using

Markov Decision Processto determine the required amount of packet redundancy. Further,

performance evaluation has been done by presenting the simulation results in Section4.3.

Finally, the work is concluded in Section4.4.
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4.1 Motivation and Problem Formulation

Achieving reliable data collection (packet level reliability) with stringent end-to-end delay

requirement is a challenging issue in some of the applications (in WSAN with faulty re-

gions), such as issuing tsunami alerts, chemical attack detection, forests fire detection and

intrusion detection in military surveillance [2, 3, 110]. A link may be unreliable in the

presence of a faulty region that results in loss of packets. In an automatic retransmission

(AR) approach, a source packet will be retransmitted till reception of an acknowledgment

[12, 13]. This leads to increase in the number of data transmissions, delivery delay and

energy consumption [111]. Therefore, the automatic retransmission approach is inefficient

for delay-sensitive and energy-constrained applicationsin WSAN. Network coding mech-

anism encodes raw packets appropriately to reduce the number of transmissions [12, 99].

Network coding can be applied based on link loss rates and appropriate level of redun-

dancy. Network coding offers a high degree of reliable data with low delay in comparison

to the non-coded data transmission when a wireless link is unreliable. Additional computa-

tion overhead helps in reducing the number retransmissions. Retransmission overhead with

network coding approach is less than the overhead introduced by the retransmission-based

approach.

Wireless sensor network operates in dynamic (random) environments and most of the

system parameters (such as link and energy) deviate from therequired values. In such

cases, system parameters should be adaptively changed to meet the desired goals of a net-

work. In such a stochastic environment, a different set of optimized decisions or actions

can be implemented in sensor nodes to achieve design goals. Amathematical framework

calledMarkov Decision Processes(MDPs) can be adopted to model the system dynamics

to optimize the desired objectives of the network.

To address the above mentioned problems, a network coding based reliable data trans-

mission mechanism has been proposed in our work for delay-sensitive applications. Fur-

ther, amarkov decision processis designed for opportunistic network coding decisions.

Our algorithm determines the level of packet redundancy (adaptively) in the network cod-

ing process for reduction of data transmissions. A learningautomata based mechanism is
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proposed to route the traffic through another node if the quality of link to the next node is

less than a threshold (the value of the threshold may vary from application to application).

In [12], source node determines the redundancy level by considering the link loss rate of

the worst link to the sink node. However, in our work, a MDP algorithm has been designed

to analyze the quality of link states which may change with the adverse environmental

conditions. The novelty of the proposed mechanism lies on applying MDP to choose the

network coding decisions and to determine the appropriate level of packet redundancy in

the encoding process. The proposed MDP based mechanism determines the optimal policy

which ensures the reliable data delivery with optimal packet redundancy level. Moreover,

the optimal policy reduces the number of data transmissionsand thereby, improves the

energy efficiency.

4.2 A Network Coding based Data Transmission Mecha-

nism

In this section, firstly, the network model is presented. Secondly, aNetwork Coding based

Data Transmission Mechanismis proposed to provide reliable data gathering. Further, an

encoding process is presented using deterministic coding vectors. Finally, a markov deci-

sion process based algorithm has been proposed to analyze the quality of wireless commu-

nication link.

4.2.1 Network Model

A wireless sensor and actor network consists ofn sensor nodes that are deployed randomly

in an areaA as shown in Fig.4.1. Let, G(V,E) be a graph representing the monitoring

areaA that contain the sensor nodes and an actor, whereV = {v1, v2, ..., vn} denotes a

set of sensor nodes andE = {e1, e2, ..., en} denotes the set of communication links. A

faulty region is defined as a region which is affected by adverse environmental effects for

temporary period of time [11, 112, 113, 114]. Nodes in a faulty region are called as faulty

nodes. After the temporary period, functionality of the faulty nodes will be normal. But,
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Figure 4.1: The illustration of faulty regions in the wireless sensor and actor network

a node will be failed permanently due to energy depletion. InFig. 4.1, the regionsx1

andx2 are affected by the environmental conditions at different times. In adata collection

round, an actor node collects the data from every sensor node in thenetwork. The actor

node process the collected data and performs the appropriate actions [2, 115]. Lifetimeof

a network is defined as the number of data collection rounds upto which all the nodes are

connected [19]. pth and p̂th are the lower and upper threshold values of a wireless link

quality, respectively. These values may be chosen based on the application requirements.

Table4.1shows the notations used in this chapter.

4.2.2 A Network Coding based Data Transmission Mechanism

In this section, aNetwork Coding based Data Transmission Mechanismis proposed. The

proposed mechanism (Algorithm4.1) has three major functions, such asLINK QUALITY(),

DIVERTTRAFFIC()andMDP Redundancy(). TheLINK QUALITY()function (referAl-

gorithm4.2) finds the quality of links (i.e. the probability of successful transmission) of a

node to all its neighbors. TheDIVERTTRAFFIC()(referAlgorithm4.3) function diverts

the traffic through one of the neighbor nodes. TheMDP Redundancy()(refer Algorithm
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Table 4.1: Summary of Notations

Symbol Description
G =
(V,E) V is set of sensor nodes andE is set of edges
A Monitoring area
n Number of sensor nodes in the network
d Degree of a node
Pij Link quality (Probability of successful transmission of

a packet from node-i to node-j)
pth Lower threshold value of a link quality
p̂th Upper threshold value of a link quality
rl Level of a encoded packet redundancy
Ei Energy of node-i
Di Degree (number of neighbors a node have) of node-i

Bi Buffer of node-i
Bdi Bandwidth of node-i
Si Score of a node-i
P̂ij Selection probability of node-j from node-i
P̂ old
ij Previous selection probability of node-j from node-i

α11 Energy consumption per bit by the transmitter electronics
α2 Energy consumption per bit in the transmit op-amp
α12 Energy consumption per bit by the receiver electronics
α3 Energy consumption for sensing a bit
α1 α11 + α12

n̂ Path loss exponent
Hs Number of broadcastedHello packets
Hr Number of ACK received for respectiveHello packets
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4.6) function decides whether to encode the packets or not and itfinds the level of packet

redundancy which will be applicable in the encoding process(if the decision isDo Network

Coding). Moreover,MDP Redundancy()function returns the optimal policy in terms of,

number of data transmissions per data collection round (including retransmissions), data

gathering (i.e. collection) reliability, packet latency and energy efficiency.

The Wireless Sensor and Actor Network(G(V,E)), as discussed in Section4.2.1, is

provided as input to theAlgorithm 4.1. The link quality of every node in the network is

computed usingAlgorithm4.2 (as mentioned in lines 1-7,Algorithm4.1). A node broad-

castsHello packets (Hs number of packets) in a duration of timeT (line 2,Algorithm4.1).

The node will receive the acknowledgments (Hr number of ACK) for respective broad-

casted packets from its neighbors (whered is the maximum number of neighbors) (lines

3-4, Algorithm 4.1). In Algorithm 4.2, Pij is the link quality (i.e. probability of success-

ful transmission of a packet) of a node (vi) with its neighbor node (vj) and is estimated

as the ratio ofHr to Hs. Further, ifPij is less than a threshold value (pth), then the node

will choose another next hop node from its neighbors as a new next hop node to route the

data traffic usingAlgorithm4.3 (as mentioned in lines 10-11,Algorithm4.1). If the Pij is

greater than or equal tôpth, then the packets are forwarded without using encoding (as per

lines 12-13,Algorithm4.1). However, in other cases of link qualities, the decision (whether

to do encoding or not) will be taken byMDP Redundancy()(lines 15-16,Algorithm 4.1)

which is explained in section4.2.5.

In Algorithm4.3, a node selects a new next node which has maximum selection proba-

bility as compared with its neighbors using Learning Automata (LA). Every node calculates

the score value of its neighbors usingAlgorithm4.4 (as mentioned in lines 2-3,Algorithm

4.3). Score (Sj) of a node-j defines the level of resources of the node and it depends on

the resources available with node-j, such as energy (Ej), degree (Dj), buffer (Bj) and

bandwidth (Bdj) [116]. In Algorithm4.4, Score of a node is calculated by

S = Wenergy ∗ Enor +Wdegree ∗Dnor +Wbuffer ∗Bnor +Wbandwidth ∗Bdnor

whereWenergy, Wdegree, Wbuffer andWbandwidth are the weights of energy, degree, buffer

and bandwidth, respectively.

Normalized values of energy(Enor), degree(Dnor), buffer (Bnor) and bandwidth(Bdnor)
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are estimated usingAlgorithm 4.5 (as given in lines 1-3,Algorithm 4.4). Further, prob-

ability of selection of node-j (P̂ij) is calculated using score(Sj), link quality (Lij) and

previous probability of selection value(P̂ old
ij ) (line 4,Algorithm4.3) and is given by

P̂ij = Wscore ∗ Sj +Wlink ∗ Lij +Wold ∗ P̂
old
ij

whereWscore, Wlink andWold are weights of score, link quality and previous probabilityof

selection of node-j, respectively andWscore +Wlink +Wold = 1.

A neighbor node (which has maximum selection probability) will be selected as a new

next node (by following lines 5-10,Algorithm 4.3). The entire process (as mentioned in

Algorithm4.1 and discussed in this section) has been represented in a flowchart as shown

in Fig. 4.2. The encoding process using deterministic coding vectors is presented in the

next section.

4.2.3 Network Coding using Deterministic Coding Vectors

Network coding provides a high degree of reliable data collection with low delay by intro-

ducing redundancy of packets when a link is unreliable [12, 111]. However, the amount of

redundancy (to be maintained) depends on the quality of the link. The amount of redun-

dancy affects the energy efficiency. Moreover, proposed mechanism adaptively maintains

the redundancy levels using network coding (depending on quality of links) to achieve

energy efficient reliable data collection.

In the proposed mechanism, every node forwards the coded packets. Deterministic

coding vectors are applied in the encoding process. A node encodes the pair-wise packets

using deterministic coding vectors [12]. The number of coded packets (redundancy levels)

will be determined by markov decision process. The redundancy level may be varied from

1 to kl where,kl is the maximum redundancy level of an encoded packet. However, this

depends on the link loss rates and application requirements. In this work, a maximum of

ten deterministic coding vectors (linearly independent) (kl = 10) are implemented in the

encoding process. The matrixC (Equation4.1) shows the linear independent deterministic
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Algorithm 4.1 Network Coding based Data Transmission Algorithm
Input: G(V,E)
Output: Optimal policy and level of packet redundancy

1: for i = 1 to n do
2: Nodevi ∈ V broadcast theHello packets in the duration ofT .
3: for j = 1 to d do // (d is the degree of nodevi)
4: Hr andHs are the number ofack received and number of broadcastedHello

packets respectively.
5: Pij =LINK-QUALITY( Hr, Hs) (Algorithm4.2) //(every node calculates the

quality of link and quality of link state of all its neighbors)
6: end for
7: end for
8: Nodej is the next node of nodei. Pij is the link quality of nodei to nodej
9: for i = 1 to n do

10: if Pij < pth then
11: next node=DIVERT TRAFFIC( i) //(Divert the traffic through nextnode (us-

ing Algorithm4.3))
12: else ifPij ≥ p̂th then
13: Do not use Network Coding
14: else
15: Nodevi calls theMDP Redundancy()(Algorithm4.6). It will select the opti-

mal policy (in terms of number of transmissions) which is suitable to its quality of link
state and redundancy level (rl) based on thePij.

16: Nodevi transmit the data using network coding with redundancyrl.
17: end if
18: end for
19: go tostep1

Algorithm 4.2 LINK QUALITY(Hr,Hs)
Input: Hr,Hs.
Output: Quality of a link or probability of successful transmission (Pl).

1: if Hr ≥ Hs then
2: Pl = 1
3: else

4: Pl =
Hr

Hs
5: end if
6: return Pl
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Algorithm 4.3 DIVERT TRAFFIC(i)

1: max = −1, nn = −1
2: for j = 1 to d do //d is the degree of nodei.
3: Sj = SCORE(Ej, Dj, Bdj , Bj) //(Algorithm4.4)
4: P̂ij = Wscore ∗ Sj +Wlink ∗ Lij + (1−Wscore −Wlink) ∗ P̂

old
ij

5: if P̂ij > max then
6: max = P̂ij

7: nn = j
8: end if
9: end for

10: return nn

Algorithm 4.4 SCORE(E,D,Bd,B)
Input: E,D,Bd,B
Output:S

1: SetEnor=NORMALIZE(E,maxenergy,minenergy)
2: SetDnor=NORMALIZE(D,maxdegree,mindegree)
3: SetBnor=NORMALIZE(B,maxbuffer,minbuffer)
4: SetBdnor=NORMALIZE(Bd,maxbdwidth,minbdwidth)
5: S= Wenergy*Enor +Wdegree*Dnor+ Wbuffer*Bnor+

Wbandwidth*Bdnor
6: return S

Algorithm 4.5 NORMALIZE(value,max,min)
Input: value, max, min
Output:valuenor

1: Setvaluenor =
value−min

max−min
2: return valuenor
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Figure 4.2: Flowchart of the proposed mechanism

coding vectors (c1, c2, ..., c10) which are chosen fromGF(23).
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The encoded packets are obtained as given inEquation4.2, wherep1, p2 are the raw

packets.
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Here,y1, y2, ...y10 are the encoded packets.

A node forwards an appropriate number of encoded packets based on the level of link

quality. In decoding process, a node retrieves the originalpackets from at least two encoded

packets. Further, the following lemma holds for the increment of the size of an encoded

packet proportional to a constantd.

Lemma 4.2.1.Encoded packet size increases by maximum of(d + 1) bits in the encoding

process. Encoded packet size depends on the field size ofGF (2d) (i.e. ond), but not on

packet size.

Proof. The maximum deterministic coding vector withGF(23) is (7, 7). One of the en-

coded packets is (7p1 + 7p2). The number of bits required to store7p1 is (l + 3) bits

(because,23 ∗ 2l = 2l+3, wherel is the packet size). Similarly,7p2 packet requires(l + 3)

bits. The total number of bits required to store (7p1+7p2) packet is(l+4) bits (i.e. one bit

for carry in the addition operation (2l+3 + 2l+3)). Therefore, encoded packet size increases

by a maximum of four bits. Hence, the difference between the energy consumptions for

transmitting a packet with sizel bits and an encoded packet with size(l+4) bits is constant

(i.e. proportional to (d+ 1)).
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4.2.4 Case Study

An example is presented by computing the number of data transmissions for an automatic

retransmission (AR) approach [12] and the proposed mechanism. Let,node-s want to

forward the packets (p1 andp2) to node-d with link loss rate (i.e. fromnode-s to node-

d) as 0.5. In the automatic retransmission mechanism, a node retransmits the packet if

it fails to detect the acknowledgment. This happens when either the packet or the ACK

(acknowledgment) is not reached. Therefore, the number of data transmissions (including

retransmissions and ACK) carried out for successful transmission of packets(p1 andp2)

is 6 (if loss probability of ACK is same as data packet). In the proposed mechanism,

node-s will choose four encoded packets from matrixY (referEquation4.2) and encoded

packets will be transmitted.Node-d can extract the original packets if it receives at least

two encoded packets. Therefore, proposed mechanism needs four data transmissions for

successful delivery of packets (p1 andp2). Moreover, a retransmission increases the packet

delay. However, the proposed mechanism, ensures the reliable data delivery with a network

coding mechanism, which reduces the delivery delay. Further, without network coding

mechanism, a node must send twop1 and twop2 packets (with link loss rate of 0.5) so that

next receiver node can receive the two packets. But, this mechanism may not give reliable

data delivery because the possible received combinations of that two packets are(p1, p1)

or (p2, p2) or (p1, p2). Both the packets are received in the latter combination only, i.e.

(p1, p2). Therefore, the proposed network coding based mechanism gives the high degree

of reliable data delivery with a reduced number of data transmissions.

4.2.5 Analysis of Link Quality using Markov Decision Process

Quality of a wireless communication link fluctuates with dynamic adverse environmen-

tal effects and with movable obstacles. Wireless communication link may be stable in

the favorable environment [11]. A non-faulty node may have different quality of links in

comparison to the faulty nodes. The data may not reach to faulty nodes due to adverse envi-

ronmental effects. Further, more number of data transmissions (including retransmissions)

are required to achieve high data reliable data collection by using hop-by-hop automatic
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Table 4.2: Expected number of packet redundancy (per pair-wise packets) for encoding
process to achieve reliable data delivery

State Quality of link Quality of link (Pl) Redundancy

(in units) (Probability of successful transmission) (rl = 2
Pl

)
L1 1 0-0.2 10
L2 2 0.2-0.4 5
L3 3 0.4-0.6 3.32
L4 4 0.6-0.8 2.5
L5 5 0.8-1 2

retransmission approach in the presence of faulty regions [12]. This leads to increase in

the energy consumption and packet latency. Therefore, to reduce the number of data trans-

missions and to increase the reliable data delivery, network coding mechanism is applied.

However, data delivery reliability depends on the level of packet redundancy in the en-

coding process. Selection of appropriate level of packet redundancy improves the energy

efficiency and reduces the packet latency. The quality of a link helps in deciding the ap-

propriate level of redundancy. To take effective decisions, quality of link is modeled as

Markov Chain. According toMarkov Theory, the future state of a link quality depends on

the current state rather than the past state [76, 79, 117].

In this work, five different statesL1, L2, L3, L4 andL5 are defined on the different

levels of link qualities (refer Table4.2). StateL5 has maximum link quality and state

L1 has minimum link quality. Let, the set{L0, L1, L2, ...} represents the number of link

quality units (levels) that a link has at{0th, 1st, 2nd, ...} time slots.P{Lt+1 = j|Lt = i}

is the probability that a link hasi units of link quality at timet and it hasj units of link

quality at(t+1). {LR0, LR1, LR2, ...} are the number of units reduction in quality of link

during the{0th, 1st, 2nd, ...} time slots. It is assumed that the reduction in the quality of

link (LRt) follows the Poisson distribution with mean(λ) as one unit (occurrence of faulty

region follows the Poisson distribution) [76, 117]. The probability of reduction of number

of link quality units (̂n) during the interval(t+ 1) is given byEquation4.3.

P{LRt+1 = n̂} =
λn̂e−λ

n̂!
(4.3)

The possible states for quality of link at a given time slot are L5 with a link quality
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Figure 4.3: The State Transition Diagram

Table 4.3: Initial Transition Matrix

P ij L5 L4 L3 L2 L1

L5 0.368 0.368 0.184 0.061 0.019
L4 0 0.368 0.368 0.184 0.08
L3 0 0 0.368 0.368 0.264
L2 0 0 0 0.368 0.632
L1 0 0 0 0 1

value of 5 units,L4 with a link quality value of 4 units,L3 with a link quality value of 3

units,L2 with a link quality value of 2 units andL1 with a link quality value of 1 unit (refer

Table4.2). In levelL5, quality of link is better than levelL1 (link loss rate is more at state

L1). A node may be isolated from the network in stateL1 due to its bad link quality. The

value ofLRt+1 is calculated for transition fromLt to Lt+1 by the following:

Lt+1 =











max{5− LRt+1, 1}, if Lt = 5,

max{Lt − LRt+1, 1}, if Lt ≤ 4,

The probability valueP ij for transition fromLt to Lt+1 is calculated by placing the

appropriate value ofLRt+1 in Equation4.3. Table4.3 shows the initial transition matrix

and Fig.4.3shows the state transition diagram, whereL1, L2, L3, L4 andL5 are the states

of the link quality andP ij is the probability of transition from stateLi to Lj. Link quality

deteriorates only in the period of adverse environmental conditions. After this period,

wireless link quality may improve.

In this work, the maximum number of data transmissions required for the successful
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transmission of a packet is considered as areward. If the quality of a link is maximum

(very good), then packet will not be lost and the number of data transmissions will be very

much less. If the link quality is not good, then more number ofretransmissions need to

be done for successful delivery of the packet using hop-by-hop mechanism. In this case,

energy consumption and packet delay will be increased. The number of data transmis-

sions (including ACK and retransmissions) generated per data packet can be calculated by

Equation4.4(which is adopted from [12]).

Nd = (1 +
nr
∑

x=1

Fx) + (1 +
nr
∑

x=1

Fx) ∗ Pij (4.4)

where,Fx = (1− P 2
ij)

x.

In Equation4.4,Nd is the total number of transmissions (including ACK and data trans-

missions),nr is the maximum number of retransmissions (nr=5) ,Pij is the probability of

successful transmission from nodei to nodej, Fx is the probability that a node fails to

detect the corresponding ACK of thexth data transmission. The first part of theEquation

4.4 denotes the number of data transmissions and the second partdenotes the number of

ACK transmissions per data packet for an automatic retransmission (AR) approach [12].

In the automatic retransmission approach (without encoding the data), the number of data

transmissions (refer Table4.2for different levels of link quality) required for the successful

transmission of a packet is calculated by usingEquation4.4. Table4.2shows the number

of data transmissions (number of redundancy) needed to achieve the reliable data delivery

in the network coding based approach. Thus, the maximum number of transmissions (ex-

pected costs) are calculated in both the approaches (hop-by-hop automatic retransmission

approach and network coding based approach) for different levels of link quality (refer Ta-

ble 4.4). This will be used in finding the reward (referEquation4.5) in the proposed MDP

approach.

In this work, three decisions are considered for MDP as shownin Table4.5. The first

decision isDo Network Coding, where a node send the data after encoding and the level of

redundancy depends on its link quality (refer Table4.2). In decision 1, the number of data

transmissions will be reduced. Further, packet delay and energy consumption will also be
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Table 4.4: Expected cost (in terms of number of transmissions per pair-wise packets i.e.
any two encoded combinations (referEquation4.2))

Decision Relevant Expected Expected cost due to Total
States cost due to AR approach expected

encoding(refer Table4.2) (referEquation4.4) cost
Do L1 10 0 10

Network L2 5 0 5
Coding L3 3.32 0 3.32

L4 2.5 0 2.5
Don’t L2 0 11.34 11.34
Do L3 0 8.26 8.26

Network L4 0 5.6 5.6
Coding L5 0 4 4

Table 4.5: Decisions and actions

Decision Action Relevant States

1 Do Network Coding L1, L2, L3, L4

2 Don’t Do Network Coding L4, L5

3 Divert (route) the Traffic L1

Table 4.6: Policies

Policy Verbal description D5 D4 D3 D2 D1

P1 Do Network Coding if state isL1 2 2 2 2 1
P12 Do Network Coding if state isL1, L2 2 2 2 1 1
P13 Do Network Coding if state isL1, L3 2 2 1 2 1
P14 Do Network Coding if state isL1, L4 2 1 2 2 1
P123 Do Network Coding if state isL1, L2, 2 2 1 1 1

L3

P1234 Do Network Coding if state isL1, L2, 2 1 1 1 1
L3, L4

Pd Divert the traffic if the state isL1 2 2 2 2 3
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Algorithm 4.6 MDP Redundancy ()

1: for all policiesdo
2: Find steady state probabilitiesΠ1, Π2, Π3,...,Πns

wherens is the number of states
(probability values will be calculated by transition probability matrix of each policy)

3: Reward =Π1R1 + Π2R2 + Π3R3 +,...,+Πns
Rns

4: end for
5: Select the optimal policy based on the rewards. If the policyis the network coding

based policy, then it returns the level of redundancy (rl) which will be used in encoding
process to get reliable data collection.

Table 4.7: Transition Matrix for PolicyP1

P ij L5 L4 L3 L2 L1

L5 0.368 0.368 0.184 0.061 0.019
L4 0 0.368 0.368 0.184 0.08
L3 0 0 0.368 0.368 0.264
L2 0 0 0 0.368 0.632
L1 1 0 0 0 0

Table 4.8: Transition Matrix for PolicyP12

P ij L5 L4 L3 L2 L1

L5 0.368 0.368 0.184 0.061 0.019
L4 0 0.368 0.368 0.184 0.08
L3 0 0 0.368 0.368 0.264
L2 1 0 0 0 0
L1 1 0 0 0 0

Table 4.9: Policies and rewards

Policy Π1 Π2 Π3 Π4 Π5 Reward

P1 0.1817 0.1820 0.1812 0.1674 0.2875 7.46
P12 0.08154 0.14064 0.2215 0.2047 0.33515 5.9
P13 0.09423 0.1072 0.1605 0.2347 0.4031 5.618
P14 0.1205 0.12152 0.13298 0.16809 0.45679 5.928
P123 0.0296 0.0759 0.1798 0.2629 0.4516 4.552
P1234 0.0116 0.03737 0.11274 0.22549 0.61274 3.692
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reduced. The second decision isDon’t Do Network Coding, where the data will be sent

without encoding. Thedecision 2will be considered if the quality of link is good. Finally,

the third decision isDivert the Traffic, where a node will not get a link (i.e. the quality

of link is less than a threshold value (pth)) to the next node. Moreover, the traffic will be

routed by selecting a new next node from its neighbors (referAlgorithm4.3).

Table4.6 shows the decision to be taken in each state for each policy. The first policy

(P1) is Do Network Coding if state isL1, if a node’s link is in stateL1 then the node

encodes the packets before sending. The level of packet redundancy depends on the link

quality (refer Table4.2). Therefore, reliable data delivery is achieved with reduced number

of packet redundancy (i.e. reduced number of data transmissions) in policyP1. Table4.7

shows the transition matrix for PolicyP1. Expected number of data transmissions (reward)

is calculated by using the following equation:

Reward =
ns
∑

k=1

[ΠkRk] (4.5)

where,Πk is the steady state probability and it is calculated using transition probability ma-

trix (Table4.7for policyP1 and Table4.8for policyP12). Rk is the expected cost (number

of data transmissions) (refer Table4.4) at stateLk andns is the number of states.Algorithm

4.6 shows the calculation of reward for all policies. Similarly, reward is calculated for all

policies and presented in Table4.9. The policyP1234 provides the minimum number of

data transmissions and it is selected as optimal policy (Algorithm4.6, line 5). Therefore,

if a node is in stateL1, L2, L3 andL4, then the node encodes the data using appropriate

number of packet redundancy (depends on the state of a link, refer Table4.2) to achieve

maximum data delivery reliability, reduction in the numberof data transmissions and thus,

reduction in packet latency and energy consumption.

4.3 Performance Evaluation

In this section, the proposed mechanism is compared with a redundancy-based mecha-

nism (proposed by Wuet al. [12]), the end-to-end erasure coding (EEEC) [14] and au-

tomatic retransmission (AR) in terms of average packet delivery delay, number of data
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Figure 4.4: Average end-to-end delay of a packet by varying the number of faulty nodes

transmissions, energy consumptions and lifetime. The proposed mechanism is simulated

usingNetwork Simulator-3(NS3) [9]. The proposed mechanism has been compared with a

retransmission-based approach to show the efficacy of the network coding approaches. The

proposed mechanism and end-to-end erasure coding (EEEC) approach are redundancy-

based mechanisms. In the EEEC approach, a node calculates the number of redundant

packets according to the probability of successful delivery of a path. The proposed mecha-

nism is hop-by-hop redundancy-based mechanism and it uses less number of transmissions

in comparison to the end-to-end coding.

4.3.1 Experimental Setup

The sensor nodes are deployed randomly in an areaA. Every node generates packets by

sensing operation and relay towards an actor. A node determines the quality of link (refer

Algorithm4.2) and it determines the level of packet redundancy usingAlgorithm4.6(if the

decision isDo Network Coding). A data collection roundis defined as the time interval
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Figure 4.5: Total number of data transmissions (including retransmissions) in a round by
varying the number of faulty nodes

when every node generates two packets and forwards to the actor. Network lifetimeis de-

fined as the number of data collection rounds in which all the nodes are connected [19, 118].

In the proposed mechanism, two packets are encoded in every data transmission. Actor is

not an energy constrained node. In the automatic retransmission (AR) approach, a node will

retransmit the packet till it gets corresponding acknowledgment. In the end-to-end erasure

coding (EEEC) approach, a node calculates the number of redundant packets according to

the probability of successful delivery of a path. In the redundancy based mechanism [12],

a source node determines the redundancy level using the linkloss rate of the worst link to

the actor node. In the proposed mechanism, markov decision process analyzes the qual-

ity of link states and determines the applicability of network coding and redundancy level.

Further, a node encodes the packets with appropriate numberof redundancy level.

The simulation parameters are : number of sensor nodes in thenetwork: 1000, trans-

mission range of a node:30m and initial energy of a node:25KJ . Further, the energy
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Figure 4.6: Total energy consumption of the network by varying the number of faulty nodes

consumption parameters are :Esense, Erx andEtx which quantify energy consumptions

by a sensor node in sensing, receiving and transmitting dataover a distancêd, respectively

[7]. Esense = α3, Erx = α12, Etx = α11 + α2d̂
n̂, where,α11 represents energy consump-

tion per bit by the transmitter electronics,α2 denotes the energy dissipated in the transmit

op-amp,α12 represents the energy consumption per bit by the receiver electronics,α3 de-

notes the energy cost for sensing a bit andn̂ represents the path loss component [7]. The

energy parameters are adopted from [8] and the values areα11 = 0.937×10−6 Joules/bit,

α12 = 0.787×10−6 Joules/bit , α2 = 10×10−12 Joules/bit, α3 = 50×10−9 Joules/bit,

d̂ = 85m and path loss exponent(n̂) = 2.

4.3.2 Simulation Results and Discussion

In this section, the proposed mechanism is compared with a redundancy-based mechanism

[12], end-to-end erasure coding (EEEC) [14] and automatic retransmission (AR) in terms
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Figure 4.7: Lifetime of the network by varying the number of faulty nodes

of average packet delivery delay, number of data transmissions, energy consumptions and

lifetime. Two scenarios are considered in the simulation toshow the performance of the

proposed MDP based opportunistic network coding mechanism. In scenario 1, number

of nodes is 100 and mechanisms are compared in terms of performance metrics (as stated

above) by varying the number of faulty nodes (from 5% to 40%) in the network. Insce-

nario 2, number of faulty nodes is considered as 5%. The mechanisms are compared by

varying the number of nodes (100 nodes to 1000 nodes) in the network. In Fig. Figures4.4

to 4.7, the results are depicted by considering the simulation inputs as given inscenario 1.

Further, the values (mentioned inscenario 2) are considered for the results as shown in Fig.

Figures4.8 to 4.11. In both scenarios, maximum number of retransmissions per packet is

assumed as 5.

Fig. 4.4shows the average delivery delay of a packet for one data collection round. In

automatic retransmission (AR) approach, packet delay is more than other approaches. The

delay increases due to increase in the number of retransmissions required for an undeliv-

ered packet. It can be observed from Fig.4.4 that as the number of faulty nodes increases
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Figure 4.8: Average end-to-end delay of a packet (5% of nodesfaulty)

in the network, the average delivery delay of a packet increases. Moreover, more number

of data and acknowledgment packets are lost and every lost packet triggers a retransmis-

sion. The proposed MDP based mechanism provides reduction in delay as compared to

other mentioned methods. In the proposed network coding based mechanism, packet drops

reduce (when the faulty nodes increases in the network) due to opportunistic network cod-

ing decisions and adaptive maintenance of packet redundancy. Similarly, Fig. 4.8 shows

the average delivery delay of a packet by varying number of nodes from 100 to 1000. In

retransmission approach, as number of nodes increases, thedelay also increases rapidly.

This is due to the increase in number of hops to the actor from the source nodes.

Fig. 4.5depicts the total number of data transmissions for one data collection round. In

the automatic retransmission (AR), number of data transmissions increases with increase in

the number of faulty nodes. In the end-to-end erasure coding(EEEC) [14], source estimates

the number of redundant packets using the probability of successful delivery of a path. In

EEEC, the number of packets transmitted in the first hop is muchlarger than in the last
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Figure 4.9: Total number of data transmissions (including retransmissions) in a round (5%
of nodes faulty)

hop. This leads to increase in the number of data transmissions. In the redundancy-based

mechanism (proposed by Wu et al. [12]), source node calculates the redundancy level based

on the link loss rate of the worst link to the actor node. It results in increase of number of

data transmissions at source node. The proposed mechanism reduces the number of data

transmissions. This is due to determining the optimal packet redundancy level by analyzing

the quality of link state using markov decision process. It is observed from Fig.4.5 that

the total number of data transmissions increases with the increase in the number of faulty

nodes. However, the proposed mechanism determines the optimal policy which ensures the

reliable data delivery (gathering) with less number of datatransmissions as compared with

other methods. Similarly, Fig.4.9shows the total number of data transmissions occurred in

a data collection round by varying the number of nodes. As number of nodes increases, the

number of hops to the actor also increases. It leads to more number of data transmissions.

Fig. 4.6 shows the performance of the proposed mechanism in terms of total energy
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Figure 4.10: Total energy consumption of the network (5% of nodes faulty)

consumption in the network for one data collection round. The energy consumption of

a network mainly depends on the total number of data transmissions. In the automatic

retransmission approach, a node sends ACK packet after successful reception of every

packet. This leads to increase in overhead in terms of numberof data transmissions. In the

EEEC, more number of data transmissions are transmitted thanthe proposed mechanism

because EEEC is an end-to-end coding mechanism. It is observed from Fig. 4.6 that the

proposed mechanism consumes less energy as compared with other methods because MDP

mechanism reduces the number of data transmissions. Fig.4.10shows the comparison of

the total energy consumption in the network by varying the number of nodes in the network.

It can be seen from Fig.4.6 that the energy efficiency of the network is improved with the

proposed mechanism.

Fig. 4.7and Fig.4.11show the network lifetime (in terms of the data collection rounds)

for first scenario and second scenario, respectively. The proposed algorithm determines

the link state at which network coding will be done and also the optimal level of packet
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Figure 4.11: Lifetime of the network by varying the number ofnodes in the network (5%
of nodes faulty)

redundancy. This optimal policy reduces the number of data transmissions as compared

to the other mentioned approaches. Therefore, energy consumption is reduced with the

proposed mechanism. It can be observed from Fig.4.7and Fig.4.11that network remains

connected more number rounds (i.e. improvement in lifetime) using the proposed MDP

based network coding mechanism in comparison to the other existing approaches.

4.4 Summary

In this chapter,a reliable data transmission mechanism using opportunistic network coding

has been proposed for wireless sensor and actor network withfaulty nodes. The proposed

mechanism improves the packet level reliability with stringent delivery delay requirement

in the presence of faulty nodes. Further, network coding decision and level of packet re-
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dundancy are taken on the basis of quality of wireless links to achieve the energy efficient

reliable data collection. Network performance parameters, such as average delivery delay,

total number of data transmissions, energy consumptions and lifetime are taken for com-

parison of the proposed network coding mechanism with a redundancy based mechanism,

end-to-end erasure coding and automatic retransmission approach. Further, network per-

formance is observed with different number of faulty nodes in the network. From the sim-

ulation results, it has been observed that the average delivery delay of a packet is reduced

using the proposed encoding approach. Further, it has been observed that the number of

data transmissions in the network are reduced significantlyusing the proposed mechanism.

Further, network lifetime is improved upto 21.5% and 56.22%with the proposed MDP

based encoding mechanism in comparison to the end-to-end erasure coding and automatic

retransmission mechanisms, respectively. In the next chapter, a routing metric is computed

to reduce the packet loss by considering buffer occupancy, link quality and energy levels

of a sensor node. Further, an intelligent delay and energy aware routing protocol has been

proposed for selection of an efficient next hop node (in a routing path) to reduce the packet

dropping rate.
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Chapter 5

Adaptive Fuzzy Based Energy and Delay

Aware Routing Protocol for Efficient

Data Gathering in WSANs

Energy efficiency and reliability in data gathering are majorissues in WSANs. In WSANs,

a data collection protocol may satisfy the major application requirements, such as high data

reliability and less delay along with energy efficiency. These requirements can be achieved

by designing an energy efficient intelligent routing protocol. The sensor nodes may be

deployed randomly in a dynamic environment [11]. This results in dropping of packets

due to dynamic changes in quality of wireless links. The major reasons for dropping of

packets may be bad wireless link quality, unavailability offree buffer at intermediate nodes

and residual energy at nodes. To ensure data reliability, the dropped packets need to be

retransmitted and this leads to more delay and energy consumption. Therefore, an energy

efficient routing protocol may solve the above issues by taking efficient routing decisions

while considering energy of a node, link quality and available buffer.

The key observation that motivates the work (presented in this chapter) is the improper

selection of a next hop node in a routing path. This leads to dropping of packets. That

means, selection of a node which has high available buffer, good wireless link quality,

more residual energy and close distance (proximity) as nexthop node reduces the packet

dropping rate. Thus, reduction in packet dropping rate increases the data reliability, energy

98



CHAPTER 5. ADAPTIVE FUZZY BASED ENERGY AND DELAY AWARE ROUTING PROTOCOL FOR EFFICIENT DATA GATHERING IN WSANS Section 5.1

efficiency and reduces the delivery delay [15, 13]. In this chapter, a fuzzy based intelligent

delay and energy aware routing mechanism has been proposed to improve the lifetime of the

network. The fuzzy logic system (FLS) used for the implementation of multicriteria control

strategies and it is capable of making decisions even with incomplete information. Fuzzy

logic also used for blending different parameters and fuzzyrule set that may produce an

optimal output [16, 17, 91]. In a routing path, selection of a node which has high available

buffer, good wireless link quality, more residual energy and close distance as next hop node

reduces the packet dropping rate. To handle this uncertainty, fuzzy logic system is used for

the routing metric evaluation. In this chapter, fuzzy logicsystem is used for computing a

routing metric value (calledchance of becoming next node) by combining the parameters,

such as residual energy, available buffer, quality of link and distance. Further, Dijkstra’s

algorithm has been adopted to find the routes where the determined routing metric value is

considered as cost. The major contributions of this chapterare as follows:

• Design of an intelligent delay and energy aware routing protocol using fuzzy logic

for a heterogeneous sensor actor network.

• A routing metric (i.e. a routing parameter) has been computed by considering the

residual energy, link quality, available buffer and distance (proximity).

• Simulation has been performed to show the performance of theproposed protocol in

terms of delay, number of retransmissions, energy consumption, lifetime, half nodes

die, last node dies and network stability of the network.

The rest of the chapter is organized as follows. In section5.1, motivation and problem

formulation have been discussed. Network model has been introduced in section5.2.1.

Energy consumption model is presented in section5.2.2. Fuzzy based energy aware routing

mechanism has been proposed in section5.2.3. In section5.2.4, the procedure of fuzzy

logic system is presented. Further, simulation results have been discussed in section5.3.

Finally, section5.4concludes the work.
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5.1 Motivation and Problem Formulation

Design of an energy efficient routing protocol (for a heterogeneous sensor network where

the environment changes dynamically) poses several challenges, such as data reliability,

stringent delay and energy efficiency [15, 13]. Packet loss is one of the major factors that

results in the above mentioned network. Retransmission of the lost packet may achieve

data reliability, but it increases the delay and energy consumption [13]. In a heterogeneous

sensor actor network, packet loss (at a node) may occur due tobad link quality, overflow

of the buffer or energy levels of the node. Packet loss may be reduced by designing an

efficient routing metric (or a routing parameter) which is computed based on the link qual-

ity, available buffer and energy level. In the PRD (predicted remaining deliveries) routing

mechanism [15], a routing metric is computed using the residual energy, link quality, de-

lay and distance. However, in a large scale sensor network, more number of packets are

dropped by the nodes which are near to the actor node due to thebuffer overflow. In the

PRD routing metric [15], the number of expected transmissions and link bandwidth are

considered to obtain the delay (the time spent in transmitting the packet) which is a con-

stant for the network where bandwidth is assumed as same for all the links. End-to-end

delay increases with the number of dropped packets. More number of packets dropped due

to the poor link quality and buffer overflow. Therefore, available buffer is an important

parameter that needs to be considered in the computation of arouting metric. PRD rout-

ing metric does not address the available buffer as a parameter. The proposed mechanism

has been compared with the PRD routing mechanism to show that the available buffer is

an important parameter in the computation of routing metric. In this work, aFuzzy based

Energy-Aware Routing Mechanism(FEARM) has been proposed to improve the perfor-

mance of a heterogeneous sensor network by considering the residual energy, link quality,

available buffer and distance (proximity). Further, Dijkstra’s algorithm is adopted to find

the efficient routes using a computed routing metric (or a parameter).
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Table 5.1: Summary of Notations

Symbol Description
n Number of sensor nodes in the network
A Local actor node
Ei Residual energy of a nodei
Bi Available (free) buffer of a nodei
Lji Quality of a link from nodej to nodei
Dji Distance from nodej to nodei
d[u] cost of the path to nodeu
f [v] Predecessor of nodev
pj Fuzzy output value (routing metric value)
µ(X) membership value of input variableX

5.2 Fuzzy Based Energy-Aware Routing Mechanism for a

Heterogeneous Sensor Actor Network

In this section, the network model is introduced. An energy consumption model has been

presented. Further, a routing metric has been computed using the proposed fuzzy based

routing mechanism and Dijkstra’s algorithm has been adopted to find the routes in the

proposed mechanism.

5.2.1 Network Model

A heterogeneous sensor actor network is represented as a graphG(V ∪ A,E) as shown in

Fig. 5.1, whereV = {v1, v2, v3...vn} is a set ofn number of sensor nodes,E is a set of

links andA is a local actor node (for large scale network). Heterogeneity characteristics,

such as battery capacity, quality of link, buffer capacity are considered in this work. A

node (vi) has different levels of residual energy (Ei), buffer capacity (Bi), associated with

link quality (from nodej to nodei is Lji) and distance (from nodej to nodei is Dji).

Sensor nodes generate data (by sensing operation) and transfer the data to a local actor

node (A) through an efficient routing path. A node (vi) finds the efficient routing path by

determining the fuzzy output value (pj) (where,vj is one of the possible next hop nodes)

for next hop node. The fuzzy output value (indicates the value of routing parameter or
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Figure 5.1: The illustration of energy-aware routing path (i.e. data gathering path) in the
wireless sensor and actor network

chance of becoming next node) is a function of residual energy (Ej), available buffer (Bj),

quality of link (Lij) and distance (Dij). Every node forward its residual energy, link quality

and available buffer to its neighbor nodes to compute the routing metric. Some amount of

control packet overhead will be introduced due to the above metric. The notations used in

this chapter are described in Table5.1.

5.2.2 Energy Consumption Model

This section presents the same energy consumption model as in [7, 8]. Energy consumption

parameters for sensing, receiving and transmitting data (over a distanced) areEs, Er and

Et, respectively. According to the path loss model, signal strength is reduced by1/dn̂,
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wheren̂ is the path loss exponent. The energy consumption are given as follows:

Es = α3

Er = α12

Et = α11 + α2d
n̂

where,α3 (joules/bit) is the energy consumption for sensing operation,α12 (joules/bit)

is the energy consumed by the receiver electronics,α11 (joules/bit) is the energy/bit con-

sumed by the transmitter electronics andα2 (joules/bit/meter2 for n̂ = 2) is energy

dissipated in the transmit op-amp [7]. In this work, energy consumptions are computed for

an event centric applications [8, 119]. Let, l is the size of data generated by a sensor per

event andβ is the average rate of events occur per unit time [32]. Therefore, the energy

consumption for sensing operation till timet will be ltβα3. A node’s energy consumption

for sensing operation and transmitting sensed data in timet is ltβ(Es + Et).

5.2.3 Fuzzy Based Energy-Aware Routing Mechanism: FEARM

In this section, the proposed fuzzy based delay and energy aware routing mechanism

(FEARM) is presented. Every node finds the fuzzy output valuesfor neighbor nodes. Fur-

ther, Dijkstra’s algorithm [120, 121] has been adopted to find the efficient routes (i.e. data

gathering routes) in the proposed mechanism.

In Algorithm5.1, every node finds the fuzzy output values to its neighbor nodes based

on residual energy, link quality, available buffer and distance (lines 1 to 5). Algorithm5.4

determines the fuzzy output value (chance of becoming next node) and it is explained in

the next section. InAlgorithm5.1, lines 6 to 15 computes the efficient paths based on the

fuzzy output value. InAlgorithm5.2, cost of the path from the starting node to a nodeu is

d[u] and it is initialized tozero(for starting node, cost isone). In Algorithm5.3, if nodeu

precedes nodev, then the cost to nodev is d[v]← d[u]∗pv, whered[u] is cost of the path to

u andpv is the fuzzy output value (chance of becoming next node) of nodev. The detailed

explanation ofAlgorithm5.4 is given in section5.2.4.
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Algorithm 5.1 Fuzzy Based Energy-Aware Routing Mechanism
Input: G(V,E), S, n, Residual Energy (E), Available Buffer (B), Distance(D), Link
Quality (L)
Output: Energy-aware routing paths

1: for i = 1 to n do
2: for each vertexj ∈ Adj[i] do
3: P [i][j] =FuzzyLogic System(Ej, Bj, Dij , Lij)
4: end for
5: end for
6: Initialize(G,S) //referAlgorithm5.2
7: S ← ∅
8: Q← V [G]
9: while Q 6= ∅ do

10: u←MAX(Q)
11: S ← S ∪ {u}
12: for each vertexv ∈ Adj[u] do
13: Relax(u, v, P [u][v]) //referAlgorithm5.3
14: end for
15: end while

Algorithm 5.2 Initialize(G,S)

1: for each vertexu ∈ V [G] do
2: d[u] = 0
3: f [u] = NULL
4: end for
5: d[s] = 1

Algorithm 5.3 Relax(u, v, pv)

1: if d[v] < d[u] ∗ pv then
2: d[v]← d[u] ∗ pv
3: f [v]← u
4: end if

Table 5.2: Fuzzy input/output variables and their linguistic variables

Input/Output variables Linguistic variables
Residual energy Low, Medium, High
Available buffer Low, Medium, High
Link quality Poor, Average, Good
Distance Far, Adequate, Close
Chance of becoming Low, Weak, Medium, Strong,
next node Very Strong
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Algorithm 5.4 FuzzyLogic System(Ej, Bj, Dij , Lij)
Output: Chance of becoming node-j as next node (pj)

1: Empty the listl < value,membershiplevel >
2: Find membership values (µ(E), µ(B), µ(D) andµ(L)) and linguistic levels usingTri-

angularmembership function.
3: DR ={A rule set with all possible combinations of determined linguistic levels (from

line− 2}
4: for each rule inDR do
5: if µ(E), µ(B), µ(D), µ(L) then fit the membership levels of this rule
6: Add an entry to the listl with
7: value = maximum(µ(E), µ(B), µ(D), µ(L))
8: membershiplevel = output membership level of this rule
9: end if

10: end for
11: pj =Defuzzify(l)
12: returnpj

Fuzzifier
 Fuzzy inference

system


Defuzzifier


Fuzzy rule set


Residual energy


Chance of becoming

next node


Available buffer


Link quality


Distance


Figure 5.2: Fuzzy Logic System

5.2.4 Fuzzy Logic System for Determining Routing Metric

The fuzzy logic system (refer Fig.5.2) has four modules, namely, fuzzifier, fuzzy rules

set, fuzzy inference system and defuzzifier. In the fuzzifiermodule, membership values

(µ(E), µ(B), µ(D), µ(L)) and membership levels (linguistic levels) for a given crisp input

parameters (E,B,D,L) are determined using the membership functions. Fuzzy rules set

is a set ofif-then rules which are generated usingMamdani fuzzy inferencemodel [122]

(refer Table5.3). A fuzzy rule can be represented as follows:If x is A1 AND y is A2

Thenz is B1, whereA1, A2 andB1 are the linguistic variables of fuzzy setsx, y andz,

respectively. Fuzzy inference system infers the fuzzy output by applying the fuzzy rule set

to the membership functions. Finally,defuzzifiertransforms the fuzzy output value to a

crisp value. In this work,Center of Area(COA) method has been used in defuzzification
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Figure 5.3: Membership functions for (a) Residual energy (b)Available (free) buffer (c)
Quality of link (d) Distance
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Figure 5.4: Membership function for output variablechance of becoming next node

process [17, 80, 81].

In this work, the input variables for the fuzzy logic system are residual energy (E),

available buffer (B), quality of link (L) and distance (D). The fuzzy sets that describe the

residual energy and available buffer are shown in Fig.5.3(a)and Fig.5.3(b), respectively.
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The linguistic variables for these input variables arelow, mediumandhigh. The fuzzy set

that describes the quality of link input variable is shown inFig. 5.3(c). The linguistic

variables for this input variable arepoor, averageandgood. The fuzzy set that describes

the distance input variable is shown in Fig.5.3(d). The linguistic variables for this input

variable areclose, adequateand far. The only fuzzy output variable is thechance of be-

coming next nodeand is depicted in Fig.5.4. Five linguistic variableslow, week, medium,

strongandvery strongare considered for fuzzy output variable. The fuzzy set input and

output variables and their corresponding linguistic variables are shown in Table5.2. In

this work, triangular membership functions are used for alllinguistic variables of input and

output variables. Triangular membership functions are used to reduce computational costs

(conversion from crisp value to the fuzzy value) and to simplify implementation [80].

Fuzzy rules can be generated using experimental data or heuristic data. In this work,

fuzzy rules are generated using heuristic fuzzy rule generation method which follows the

following principle: a node with high residual energy, highavailable buffer, good quality of

link and close distance has the highestchance of becoming the next nodein a routing path.

Morevoer, based on the four input variables and three membership levels, 81 fuzzyif-then

mapping rules are defined in Table5.3. All fuzzy rules contribute to some degree to the

final decision. However, some rules do not contribute significantly to the final decision and

can be eliminated. In the literature, most of the works [17, 80, 81, 82, 16] have been used

all the fuzzy rules to evaluate the final decision. The fuzzy output variable is derived by

predefined fuzzy rules and membership functions. This derived fuzzy output variable has

been transformed to a single crisp value (which indicates the Chance of becoming the next

nodein the routing path) using center of area (COA) method in the defuzzification process.

The working process of fuzzy logic system has been presentedin Algorithm 5.4. In

Algorithm5.4, a list l < value,membershiplevel > is initialized to zero (line-1). Asso-

ciate membership values and linguistic levels are determined for every given fuzzy input

variable using membership functions (refer Fig.5.3) (line-2). Further,Determined Ruleset

(DR) is constructed.(DR) is a set of all possible combinations of determined linguistic

levels (line-3). For each rule inDR, the associate output linguistic variable will be found

using predefined fuzzy rule set (refer5.3). An entry will be added to the listl which has
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maximum membership value (line-4 to line-10). Finally, defuzzifier transforms the listl to

a single output value (line-11).

Table 5.3: Fuzzy decision making rules

Inputs Output

Energy Available buffer Distance Link Quality Chance of becoming

next node

Low Low Far Poor Low

Low Low Far Average Low

Low Low Far Good Weak

Low Low Adequate Poor Low

Low Low Adequate Average Weak

Low Low Adequate Good Medium

Low Low Close Poor Weak

Low Low Close Average Weak

Low Low Close Good Medium

Low Medium Far Poor Low

Low Medium Far Average Low

Low Medium Far Good Low

Low Medium Adequate Poor Low

Low Medium Adequate Average Weak

Low Medium Adequate Good Medium

Low Medium Close Poor Low

Low Medium Close Average Weak

Low Medium Close Good Medium

Low High Far Poor Low

Low High Far Average Low

Low High Far Good Low

Low High Adequate Poor Low

Continued on next page
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Table 5.3 – continued from previous page

Energy Available buffer Distance Link Quality Chance of becoming

next node

Low High Adequate Average Weak

Low High Adequate Good Medium

Low High Close Poor Weak

Low High Close Average Medium

Low High Close Good Strong

Medium Low Far Poor Low

Medium Low Far Average Low

Medium Low Far Good Weak

Medium Low Adequate Poor Low

Medium Low Adequate Average Weak

Medium Low Adequate Good Medium

Medium Low Close Poor Low

Medium Low Close Average Weak

Medium Low Close Good Medium

Medium Medium Far Poor Weak

Medium Medium Far Average Medium

Medium Medium Far Good Strong

Medium Medium Adequate Poor Medium

Medium Medium Adequate Average Strong

Medium Medium Adequate Good Very Strong

Medium Medium Close Poor Medium

Medium Medium Close Average Strong

Medium Medium Close Good Very Strong

Medium High Far Poor Weak

Medium High Far Average Medium

Medium High Far Good Strong

Continued on next page
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Table 5.3 – continued from previous page

Energy Available buffer Distance Link Quality Chance of becoming

next node

Medium High Adequate Poor Medium

Medium High Adequate Average Strong

Medium High Adequate Good Very Strong

Medium High Close Poor Medium

Medium High Close Average Strong

Medium High Close Good Very Strong

High Low Far Poor Low

High Low Far Average Low

High Low Far Good Weak

High Low Adequate Poor Low

High Low Adequate Average Weak

High Low Adequate Good Medium

High Low Close Poor Low

High Low Close Average Weak

High Low Close Good Medium

High Medium Far Poor Weak

High Medium Far Average Medium

High Medium Far Good Strong

High Medium Adequate Poor Medium

High Medium Adequate Average Strong

High Medium Adequate Good Very Strong

High Medium Close Poor Medium

High Medium Close Average Strong

High Medium Close Good Very Strong

High High Far Poor Weak

High High Far Average Medium

Continued on next page
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Table 5.3 – continued from previous page

Energy Available buffer Distance Link Quality Chance of becoming

next node

High High Far Good Strong

High High Adequate Poor Medium

High High Adequate Average Strong

High High Adequate Good Very Strong

High High Close Poor Medium

High High Close Average Strong

High High Close Good Very Strong

5.3 Performance Evaluation

In this section, the proposed Fuzzy based Energy Aware Routing Mechanism (FEARM) has

been compared with a PRD (predicted remaining deliveries) routing mechanism [15] and

a retransmission based approach ([12]) in terms of average end-to-end delay, total number

of retransmissions, lifetime, total energy consumption, data collection rounds at which half

of the nodes die, data collection rounds at which all nodes die and network stability.

5.3.1 Simulation Environment

Simulation results are presented by considering the different combinations of the fuzzy in-

put variables, (i.e. FEARM with four parameters (residual energy, available buffer, link

quality and distance), FEARM with three parameters (residual energy, available buffer and

link quality), FEARM with residual energy and link quality and FEARM with residual en-

ergy and available buffer). The simulation is performed using theNetwork Simulator 3[9].

The simulation parameters are shown in Table5.4 [7, 8]. In the simulation, heterogeneity

is considered in the network as follows: all nodes have different energy capacity (20KJ
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Table 5.4: Simulation Parameters

Parameter Value
Number of sensor nodes100 to 1000 nodes
Transmission range 30meters
Initial energy of a node 20KJ to 25KJ
Es = α3 α3 = 50× 10−9 Joules/bit
Er = α12 α12 = 0.787× 10−6Joules/bit
Et = α11 + α2d

n̂ α11 = 0.937× 10−6Joules/bit,
α2 = 10× 10−12Joules/bit/meter2

d = 85 meters
Path loss exponent (n̂) 2
Data generated per event
by a node (l) 960bits
Average rate of events
occur per unit time (β) 100
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Figure 5.5: Average end-to-end delay (inseconds)

to 25KJ), buffer capacity (2K to 2.5K bytes) and all links are assigned with link qual-

ities between 0 to 1 (follows uniform distribution). The size of generated data per event
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Figure 5.6: Total number of retransmissions

is considered as 960bits (refer Table5.4). To achieve high data reliability, hop-by-hop

(link layer) retransmissions are performed till a packet reaches to the next hop node. In a

data collection round, every node generates one packet and transmit to the local actor. In

this simulation, lifetime of the network is defined as the number of data collections rounds

completed till the first node die [118, 19].

5.3.2 Simulation Results and Discussions

Fig. 5.5 and Fig. 5.6 show the comparison of average end-to-end delay of a packet and

number of retransmissions among fuzzy based delay and energy aware routing mechanisms

(FEARM with four parameters, FEARM with three parameters, FEARM with residual en-

ergy and link qualityand FEARM withresidual energy and available buffer), PRD routing

mechanism [15] and a retransmission based approach [12]. In the proposed mechanism,

routing decision has been taken using the proposed fuzzy logic system to reduce the packet

drops. Reduction of packet dropping rate incurs reduction inthe packet retransmission rate
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Figure 5.7: Total energy consumption (inJoules)

in a data gathering route. Reduction of packet retransmission rate further reduces not only

the energy consumption, but also delivery delay of a packet.It has been observed from the

Fig. 5.5 that the fuzzy based energy-aware routing mechanism (FEARM), FEARM with

three parameters (residual energy, available buffer and link quality), FEARM withresidual

energy and link qualityand FEARM withresidual energy and available buffer, reduces

the average delay upto 58.78%, 53.54%, 41.96% and 23.58%, respectively, in comparison

to the retransmission based approach. PRD routing mechanism[15] does not consider the

available buffer as a parameter in the computation of the routing metric. In a large scale

sensor network, the nodes near to the actor node will be overburdened and drop the packets

due the overflow of the buffer. These dropped packets need to be retransmitted and this

leads to the increase in delay and number of retransmissions. It can be seen from Fig.5.5

that the proposed fuzzy based routing mechanism (with four parameters) reduces the aver-

age delay upto 7.3% in comparison to the PRD routing mechanism[15]. It can be seen from

Fig. 5.6that the fuzzy based energy-aware routing mechanism, FEARM with three param-
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Figure 5.8: Lifetime of the network (indata collection rounds)

eters (residual energy, available buffer and link quality), FEARM with residual energy and

link quality and FEARM withresidual energy and available buffer, reduces the number of

(average) retransmissions upto 52.89%, 46.6%, 30.45% and 11.19%, respectively, in com-

parison to the retransmission based approach [12]. The proposed mechanism reduces the

number of (average) retransmissions upto 8.2% in comparision to the PRD metric [15].

Fig. 5.7 shows the comparison of energy consumption of the network among the pro-

posed mechanisms (with different parameters) and retransmission based approach. En-

ergy consumption of the network increases as number of nodesincreases. In the PRD

routing mechanism and retransmission based approach, the number of retransmissions are

increased due to increase in the number of packet drops as compare to the proposed mech-

anism. The proposed mechanism provides an efficient routingpath and this reduces the

packet dropping rate in the network. The proposed mechanismachieves less energy con-

sumption (i.e. an average reduction upto 61.82% and 9.6%) incomparison to the retrans-

mission based approach and PRD mechanism, respectively.
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Figure 5.9: Half of the nodes die (indata collection rounds)

Fig. 5.8 and Fig. 5.9 illustrate the lifetime (when first node dies) and half of the

nodes die round (the round in which 50% of nodes die), respectively. The lifetime of

the network is improved with the proposed mechanism as compared to the retransmission

based approach.Half of the nodes die roundis a data collection round at which half of the

sensor nodes are died in the network [17, 123]. It can be observed from Fig.5.8 that as

number of nodes increases, the lifetime of the network reduces. The (average)half of the

nodes die round(in data collection rounds) is increased upto 18.38 % (referFig. 5.9) (i.e.

lifetime is increased) with the proposed mechanism in comparison to the retransmission

based approach. From the Fig.5.8 and Fig. 5.9, it can be observed that a significant

lifetime improvement has been achieved with the proposed mechanism in comparison to

the PRD routing metric.

Fig. 5.10 shows the stability of the network in terms of number of data collection

rounds. Network stability is defined as the difference (in rounds) between first node dies

round and half of the nodes die round [82]. Fig. 5.10 shows that the proposed mecha-
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Figure 5.10: Network stability (indata collection rounds)
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Figure 5.11: Data collection round at which last node dies
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nism improves the (average) stability of the network upto 17.72 % in comparison to the

existing approach [12]. The fuzzy based energy-aware routing mechanism (FEARM) with

three parameters (residual energy, available buffer and link quality), FEARM with resid-

ual energy and link quality and FEARM with residual energy andavailable buffer improve

the network stability upto 14%, 9.42%, 3.59%, respectively, in comparison to the existing

approach [12]. The proposed mechanism improves the network stability incomparison to

the PRD routing metric (refer Fig.5.10). Fig. 5.11illustrates the data collection round at

which last node dies. In the PRD mechanism and retransmissionbased approach, last node

dies much before in comparison to the proposed mechanism (refer Fig. 5.11). Therefore,

residual energy, available buffer, link quality and distance (proximity) are the important

parameters for choosing the next hop node in a routing path.

5.4 Summary

In this chapter, a delay and energy aware fuzzy based routingprotocol is proposed to take

an efficient routing decision in a heterogeneous sensor network. A node’s residual energy,

link quality, free buffer and distance (proximity) are considered as the fuzzy input vari-

ables. The network performance has been measured with different combination of fuzzy

input variables. The proposed routing protocol reduces thepacket dropping rate and this

leads to reduction in delay and energy consumption. Simulation results show that there

is a reduction in (average) delay upto 58.78% with the proposed fuzzy based mechanism.

Network (average) energy consumption is reduced upto 61.82% with the proposed mech-

anism. Further, it has been shown that lifetime of the network in case offuzzy with four

parametersis better thanfuzzy with threeand two parameters. It has been observed that

the network stability is improved upto 17.72% in comparisonto the retransmission based

data forwarding approach. In the next chapter, energy harvesting nodes are considered in

WSANs for prolonging the network lifetime. Node survivability has been addressed (in the

next chapter) to investigate the reliable data transmissions in energy harvesting sensor and

actor networks.
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Chapter 6

Fuzzy Logic Based Adaptive Duty

Cycling Algorithm for Sustainability in

Energy Harvesting WSANs

Wireless Sensor Actor Networks (WSANs) remain operational for limited amount of time

due to limited battery capacity of a sensor node [2]. A long operational lifetime of WSAN

is required for applications, such as monitoring forest fires, nuclear plants, object tracking

and military surveillance [2, 33, 19, 79, 4, 124]. Energy harvesting technology provides a

long lasting lifetime in WSAN. A node recharges battery from the charging vehicles or from

the natural resources, such as solar light, thermal, wind and vibration [4, 35, 18, 125, 126].

A node is capable of harvesting energy from sunlight. The volume of harvested energy

varies dynamically with the weather conditions over time [18]. The residual energy may

reduce with usages and time. This results in temporary disconnection of the nodes from the

network. The temporal-disconnected nodes may join into thenetwork in the next energy

available time slot. Hence, the node should sustain (survive) till next available period of

the energy source for improving the lifetime of the network.Node sustains till the next

recharge round by using the energy conservation techniques, such as duty cycling, load

balancing and data aggregation [19].

The existing models (such as [4, 35]) are based on the wireless charging by a mobile

charger. Wireless charging technology may not be suitable for applications (like deep for-
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est) where a mobile charger cannot travel to replenish the energy of sensor nodes. In this

type of applications, solar energy harvesting technology provides a long lasting lifetime to

the network. Further, the energy resources are typically dynamic and uncontrolled [127].

Achieving network sustainability with solar based harvesting technology is one of the chal-

lenging issues which has not been addressed adequately in the literature.

Duty cycle and load balancing techniques collectively improve the network sustainabil-

ity and throughput. Duty cycled wireless sensor network is categorized into two types:

random duty cyclingandcoordinated duty cycling[54]. In the random duty cycled wire-

less sensor network, the sensor nodes are turnedon andoff randomly on their own. In a

coordinated duty cycled wireless sensor network, the sensor nodes coordinate with each

other (via exchanging the information) to followonandoff (i.e.activeandsleep) schedule.

The coordinated duty cycled WSN is potentially efficient for communication in terms of

synchronization among nodes and network connectivity [54, 33].

In this chapter, a fuzzy based adaptive duty cycling algorithm has been proposed to

achieve the network sustainability in a tree-based energy harvesting sensor actor network.

Moreover, a prediction model has been proposed to estimate energy consumption (i.e.

residual energy) for a future interval of time. A node estimates duty cycle value using

fuzzy logic system for a future time period by considering residual energy, predicted har-

vesting energy (for a future time slot) and predicted residual energy (for a future time slot).

Further, a switching decision has been taken by a node based on the predicted duty cy-

cle value of a node for survival. Coordinated duty cycling is considered in this work. To

achieve efficient communication,active and sleep schedulesare forwarded to the children

nodes. The major contributions of this chapter are as follows:

• Design of a fuzzy based adaptive duty cycling algorithm to achieve sustainability in

an energy harvesting sensor actor network.

• Prediction of duty cycle using fuzzy logic by considering current residual energy,

futuristic harvesting energy and residual energy.

• Simulation results are presented to show the efficacy of the proposed mechanism to

provide improved network sustainability and successful data reception.
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The rest of the chapter is organized as follows. Section6.1 presents the motivation of

our work and problem formulation. In section6.2.1, a network model is introduced. In

section6.2.2, the energy consumption has been computed for future time period. In sec-

tion 6.2.3, energy consumption of the network has been derived for the proposed network

model. Further, a fuzzy based adaptive duty cycle algorithmhas been proposed in section

6.2.4. Section6.2.5presents the fuzzy logic system procedure. Section6.3 discusses the

performance evaluations of the proposed mechanism and finally, section6.4concludes the

work.

6.1 Motivation and Problem Formulation

In an energy harvesting sensor networks, a node harvests energy from ambient sources,

such as solar light, thermal, wind and vibration. The amountof harvested energy may

vary with weather conditions or seasonal changes. Therefore, the volume of harvested

energy may be less than the energy consumption of a node in a time slot. This results in

temporary disconnection of the nodes. A node may join into the network in the next (solar)

energy available period. The temporary disconnected nodesaffect the quality of service

of the network. To address the temporary disconnection of the nodes, we have proposed a

fuzzy based adaptive duty cycle mechanism for sustainability of the nodes till next recharge

period. Fuzzy logic system (FLS) is used to estimate the expected duty cycle of the node

for future time slot. Current residual energy, predicted harvesting energy (for a future time

slot) and expected residual energy (for a future time slot) are considered as input parameters

and expected duty cycle is considered as an output parameterfor fuzzy logic system. FLS

generates an optimal output value (expected duty cycle) by integrating the input variables

and fuzzy rules set [17, 16, 91].

In a tree-based sensor network, load balancing is one of the techniques to improve the

lifetime of the network. A randomized switching algorithm has been proposed in [19] to

balance the load (in terms of data forwarding) in a sensor tree, so that all nodes have uni-

form load. In a network, load balancing is achieved by switching operations (switch the

children from its parent node to other potential parent nodes) [19]. However, rechargeable
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Figure 6.1: The illustration of duty cycle based switching process in a tree-based sensor
and actor network

sensor nodes are not considered in [19]. In a rechargeable tree-based sensor network, ev-

ery node has different energy levels due to the unequal amount of harvested energy and

energy consumption. Therefore, load balancing technique may not achieve sustainability.

Duty cycle is a suitable mechanism for a rechargeable sensornetwork to achieve the sus-

tainability (by conserving the energy). In our work, duty cycle is estimated using a fuzzy

logic system. Based on the expected duty cycle value, a node forwards theactive and sleep

scheduleto the children nodes or switches its children to potential parent nodes for reliable

data gathering.

6.2 Adaptive Duty Cycling Mechanism using Fuzzy Logic

In this section, the proposed network model is introduced. An energy consumption model

and a harvesting model are presented to estimate the residual energy of a node for future

time slots. Further, a fuzzy based adaptive duty cycling mechanism has been proposed for

energy harvesting sensor networks.
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6.2.1 Network Model

A tree-based wireless sensor and actor network is considered (shown in Fig.6.1), where the

root node is a local actor which collects sensing data from a sensor tree. Let,Ti = (V,E) be

a sensor tree, whereV = {v0, v1, ..., vn} represents a set ofn sensor nodes andv0 is a local

actor (i.e. Fig.6.1 shows the sub-tree from a large scale network tree) andE represents

a set of communication links between the sensors. Here, coordinated duty cycle enabled

sensor nodes are considered and a node harvests energy from the sunlight [128]. Further, a

node switches to a potential parent (a node which has more duty cycle). Adata collection

round is defined as the duration that an actor collects the data froma sensor tree [19]. The

notations used in this chapter are shown in Table6.1.

6.2.2 Energy Consumption and Harvested Model

In this work, energy consumptions are estimated by adoptingenergy parameters as pro-

posed in [33, 79]. The parameters of energy consumptions for sensing, receiving and trans-

mitting data (over distancêd) areEs, Er andEt, respectively and are given byEs=α3,

Er=α12, Et=α11 + α2d̂
n̂, wheren̂: path loss exponent,α11: energy consumption per bit by

the transmitter electronics,α2: energy dissipation in the transmit op-amp,α12: energy con-

sumption per bit by the receiver electronics andα3: energy consumption for sensing a bit

[79]. Further, an event centric application has been considered in our work. Energy estima-

tion is done by considering occurrence of events. A sensor node generatesl bits of sensing

data per event.β is an average rate of events that occur per unit time [79]. Therefore, the

energy consumption for sensing in time slott is given byα3ltβ. The energy consumption

(Eci) of a node(vi) is the sum of the consumptions for sensing, receiving data from its

children (Ci is the total number of children of a nodevi) and transmitting the total data to

its parent node and is given by

Eci = α3ltβ + α12Ciltβ + (Ciltβ + ltβ)(α11 + α2d̂
n̂) (6.1)

In our work, we have adopted an energy prediction model called Weather-Conditioned

Moving Average Model[128] to predict the harvested energy (using solar sensors) for a

future time slot. In our work, a day is divided intor time slots(t0, t1, ..., tr). According to
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Table 6.1: Summary of Notations

Symbol Description
n Number of sensor nodes in the network
T Sensor tree
Ei(t) Residual energy of a nodei at timet
Exi(t) Expected residual energy of a nodei at timet
Hi(t) Harvesting energy of a nodei at timet
Eci(t) Energy consumption of a nodei at timet
Ci Number of children of nodevi
Br Radius of bottleneck zone
k Maximum number of hops in bottleneck zone
h Height of sensor tree
n̄ Maximum number of children in sensor tree

the model [128], the predicted harvesting energy is computed using the harvesting energy

value at previous time slot of the same day and the mean value of the past days of same

time slot and is given by

H(d, t+ 1) = α.H(d, t) +GAPk.(1− α).MD(d, t+ 1) (6.2)

whereH(d, t + 1) represents the predicted harvesting energy for a dayd at time slott, α

is a weighting factor,MD(d, t + 1) is the mean of the harvesting energies at(t + 1) time

slots for the previousD days andGAPk measures the solar conditions in the present day

relative to the previous days [128].

The energy consumption (Equation6.1), residual energy(Ei) and the harvesting energy

(Equation6.2) are used in the estimation of expected residual energy(Exi) of a node for

the future time slot (referline 4, Algorithm6.1).

6.2.3 Energy Consumption Model

In this section, energy consumption of bottleneck zone in a sensor tree is estimated by

considering duty cycle enabled nodes. In a sensor tree (shown in Fig. 6.2), nodes around

the root node (called bottleneck zone) consume more energy than other nodes in the tree

[5]. Br is the radius of the bottleneck zone. The symbolk is the maximum number of hops

in the bottleneck zone andh is the height of the sensor tree. Height of a sensor tree is the
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Figure 6.3: A bottleneck zone of radiusBr at root node of sensor tree

longest path (number of hops) from the root node to a leaf nodein the tree. Each sensor

node in the tree has maximum ofn̄ children.

The total energy consumption in the bottleneck zone is the summation of consumptions

due to (i) sensing operation of the nodes in the bottleneck zone (Esb), (ii) relaying its own

sensed data (generated by bottleneck zone nodes) to the rootnode (Erb), and (ii) relay

the data (which is generated by the outside of the bottleneckzone nodes) to the root node

(Erob). Therefore, the total energy consumption of the bottleneck zone (Ebc) is given by

Ebc = Esb + Erb + Erob (6.3)

The energy consumption of bottleneck zone nodes for sensingoperation (Esb) ispn̄k+1α3ltβ,

wherepn̄k+1 is the average number of bottleneck zone nodes which are in the active state,

probabilityp denotes the average proportion of time (during the time slott) in which a node

will be in the active state. The energy consumption (Erb) for relying sensed data (generated
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by bottleneck zone nodes) is given by

Erb =

∫ Br

0

∫ 2π

0

k(x)pltβρtrdθdr (6.4)

wherek(x) is the energy consumption for transmitting a bit by a bottleneck zone node

which isx distance away from the root (actor) node [7, 8] and is given by

k(x) ≥ α1
n̂

n̂− 1

x

dm
− α12

where,dm is the length of one hop [7] anddm = n̂

√

α1

α2(n̂−1)
, α1 = α11 + α12. Density of a

sensor tree isρt = n̄h+1

A
, where,A is the area of a sensor tree(Ti). The term (pρtrdθdr) is

the number of active nodes in the differential area (as shownin Fig. 6.3) [129].

The energy consumption (Erob) for relaying sensed data (generated at out side of the

bottleneck zone) is given by

Erob =

p(n̄h+1
−n̄k+1)ltβ
∑

i=1

Ei (6.5)

where,Ei is the energy consumption of a sensor node (which is inside the bottleneck zone)

to relayith bit from outside of the bottleneck zone to the root (actor) node and is given by

Ei ≥ α1
n̂

n̂− 1

Br

dm
(6.6)

Therefore, the total energy consumption in the bottleneck zone with duty cycle (i.e.p) is

given by

Ebc = pn̄k+1α3ltβ +

∫ Br

0

∫ 2π

0

k(x)pltβρtrdθdr +

p(n̄h+1
−n̄k+1)ltβ
∑

i=1

Ei (6.7)

Duty cycle and its impact on sustainability

Duty cycle mechanism is one of the energy conservation techniques in wireless sensor net-

works. Most of the existing works have not addressed the estimation of duty cycle value in

the literature. In a harvesting sensor network, a node does not sustain till next recharge time

if it does not have sufficient residual energy. The node conserves some amount of energy

to sustain till next rechargeable time. Estimating the appropriate amount of conservation

energy (when a node sleeps) to achieve the sustainability and reliable data delivery is a

challenging problem in energy harvesting sensor networks.In our work, duty cycle (for a
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future time slot) is estimated by considering the current residual energy, harvesting energy

(for a future time slot) and expected residual energy (for a future time slot) to achieve the

sustainability in the harvesting sensor network. If the duty cycle value is very low, then the

node does not perform its operations for a long period of time(because node spends long

period of time in sleep state). This leads to unreliable datadelivery. Therefore, children

(of those nodes) will be switched to other potential parent nodes to achieve reliable data

delivery. Further,active and sleep schedule(coordinated duty cycle schedule) improves

the reliable data delivery. The proposed fuzzy based adaptive duty cycling mechanism has

been presented in the next section.
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Figure 6.4: Membership functions for (a) input variables (Residual energy, Predicted har-
vesting energy, Expected residual energy) (b) output variable (Duty cycle)

6.2.4 Fuzzy Based Adaptive Duty Cycling Algorithm

In this section, fuzzy based adaptive duty cycle algorithm (Algorithm6.1) is proposed for

an energy harvesting sensor actor network to achieve sustainability. At the end of time

slot t, a node estimates the energy consumption(Ec(t + 1)) for next time slot(t + 1)

using theEquation6.1and predicts the value of harvested energy(Hi(t+ 1)) for time slot

(t+1) using theEquation6.2(lines2 to 3). Further, the node determines expected residual

energy(Exi(t+1)) for time slot(t+1) (line 4). A Fuzzy Logic System (FLS) determines

the expected duty cycle(Ed) adaptively by considering the residual energy(Ei), predicted
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Algorithm 6.1 Fuzzy Based Adaptive Duty Cycling Algorithm
Input: Tree-based sensor actor network (Ti) Output: Sustainable sensor tree

1: for i = 1 to n do
2: Eci(t+1) = α3l(t+1)β+α12Cil(t+1)β+(Cil(t+1)β+ l(t+1)β)(α11+α2d̂

n̂)
3: Predict the value ofHi(t+ 1) using theEquation6.2.
4: Exi(t+ 1)=Ei(t) +Hi(t+ 1)− Eci(t+ 1)
5: Ed[i] =FuzzyDuty Cycle(Ei(t), Hi(t+ 1), Exi(t+ 1))
6: if Ed[i] < Th then
7: Switch Children(i)
8: else
9: Forward theactive and sleep scheduleto the children

10: end if
11: end for

Algorithm 6.2 FuzzyDuty Cycle(Ei(t), Hi(t+ 1), Exi(t+ 1))
Output: Expected duty cycleEdi

1: Empty the listl < value,membershiplevel >
2: Find membership values (µ(Ei(t)), µ(Hi(t+1)) andµ(Exi(t+1)) and linguistic levels

usingTriangular membership function.
3: DR ={A rule set with all possible combinations of determined linguistic levels (from

line− 2)}
4: for each rule inDR do
5: if µ(Ei(t)), µ(Hi(t+1)), µ(Exi(t+1)) then fit the membership levels of this rule
6: Add an entry to the listl with
7: value=Max(µ(Ei(t)), µ(Hi(t+ 1)), µ(Exi(t+ 1)))
8: membershiplevel = output membership level of this rule
9: end if

10: end for
11: Edi =Defuzzify(l)
12: returnEdi

Algorithm 6.3 Switch Children(i)

1: Enqueue(children(i))
2: while IsEmptyQueue==falsedo
3: j =Dequeue()
4: Pp =Find PotentialParents(j)
5: if Pp == ∅ then
6: Enqueue(children(j))
7: end if
8: ∀p̄∈Pp, Select a potential parent nodep̄ with maximum duty cycle value(Ed[p̄]).
9: p̄ is the new parent of nodej

10: Update the tree
11: end while
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Figure 6.5: Fuzzy Logic System

harvested energy(Hi) and expected residual energy(Exi) (line 5) as input parameters. The

explanation of the FLS process (Algorithm 6.2) is discussed in the next section. Further,

a node takes the switching decision based on the determined expected duty cycle value to

sustain till the next rechargeable time. If the expected duty cycle value of a node is less

than a threshold value(Th) (which varies from application to application), then children of

the node will be switched to potential parent (referAlgorithm 6.3). Otherwise, the node

forwards itsactive and sleep scheduleto the children so that the children send their data at

active time periods (for reliable data delivery) (lines6 to 10).

In Algorithm6.3, switching process is presented. Children of a node (which has the less

expected duty cycle value than the threshold value) will be inserted into a queue (called

Enqueue) (line 1). Further, the potential parents will be found for every removal node from

the queue (calledDequeue) (lines 3 to 4). Potential parents of a node is a set of nodes

which are in the communication range of that node (other thanthe current parent). A node

with highest expected duty cycle value will be chosen from the potential parents as a new

parent. If a child node does not have a potential parent, thenits subsequent children will be

inserted into the queue (lines5 to 10).

6.2.5 Fuzzy Logic System for Determining Duty Cycle

In this section, a fuzzy logic system (FLS) is presented and the duty cycle is estimated for

a future time slot. The process of fuzzy logic system has beenpresented inAlgorithm6.2.

Fig. 6.5shows the fuzzy logic system with three input parameters, such as current residual
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Table 6.2: Fuzzy decision making rules

Inputs Output
Residual Predicted harvesting Expected residual Duty cycle
energy energy energy
Low Low Low Very Low
Low Low Medium Low
Low Low High Medium
Low Medium Low Low
Low Medium Medium Medium
Low Medium High High
Low High Low Low
Low High Medium Medium
Low High High Very High
Medium Low Low Very Low
Medium Low Medium Low
Medium Low High Medium
Medium Medium Low Low
Medium Medium Medium Medium
Medium Medium High High
Medium High Low Low
Medium High Medium Medium
Medium High High High
High Low Low Very Low
High Low Medium Low
High Low High Medium
High Medium Low Low
High Medium Medium Medium
High Medium High Medium
High High Low Low
High High Medium Medium
High High High Very High

Table 6.3: Fuzzy input/output variables and their linguistic variables

Input/Output variable Linguistic values
Residual energy Low, Medium, High
Predicted harvesting energyLow, Medium, High
Expected residual energy Low, Medium, High
Duty cycle Very Low, Low, Medium,

High, Very High
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Figure 6.6: Flowchart of the proposed mechanism

energy, predicted harvesting energy (for a future time slot) and predicted residual energy

(for a future time slot) and (one output parameter) expectedduty cycle. FLS process has

four steps: (i) Fuzzifier, (ii) Fuzzy rule set, (iii) Fuzzy inference system and (iv) Defuzzi-

fier. The fuzzifier converts the crisp values of input parameters to the membership values

and linguistic levels using the triangular membership functions (line 2, Algorithm 6.2).

The membership functions of the input and output variables are shown in Fig.6.4(a)and

Fig. 6.4(b), respectively. The linguistic variables of input variables are considered aslow,

mediumandhigh and the linguistic variables of output variable (expected duty cycle) are
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considered asvery low, low, medium, highandvery high(as shown in Table6.3).

Fuzzy rule set is a collection of fuzzy decision making ruleswhich are generated from

three input variables as shown in Table6.2. Fuzzy rules are generated based on the follow-

ing principle. A node with high current residual energy, high predicted harvesting energy

(for a future time slot), high expected residual energy (fora future time slot) acquires high-

est expected duty cycle value. Fuzzy inference system finds the fuzzy output by using the

fuzzy rule set and membership functions. InAlgorithm 6.2, line 3 to line 9 explains the

fuzzy inference process. Further, the defuzzifier convertsthe fuzzy output to a crisp value

(which indicates the expected duty cycle of a node) (line 11). In our work,center of area

(COA) method (is also called center of gravity in the literature [83, 84]) is used in the

defuzzification process [17].

The complete working operation of the proposed fuzzy based adaptive duty cycling

algorithm is given in the flowchart as shown in Fig.6.6. At the end of time slott, a node

estimates the future residual energy and predicted harvested energy for time slot(t + 1).

Further, the node determines the expected duty cycle (for time slot(t + 1)) using fuzzy

logic system. The parameters current residual energy, harvesting energy (for a future time

slot) and expected residual energy (for a future time slot) are considered as fuzzy inputs and

duty cycle is the fuzzy output. The node switches its children to another potential parent

node if duty cycle value is less than the threshold value, otherwise, the node forwards the

active and sleep scheduleto its children for reliable data collection.

6.2.6 Analysis of Fuzzy Based Adaptive Duty Cycling Algorithm

In this section, the proposed mechanism has been analyzed interms of time complexity

and overhead. InAlgorithm6.3, line 1 takesO(Ĉmax) time where,Ĉmax is the maximum

number of children of a node in the tree. The loop on line 2 runsfor O(Ĉmax) time. Line 3

takesO(1) time. FindPotentialParents() function on line 4 takesO(P̂p max) time where,

P̂p max is maximum number of neighbors of a node in the tree. Line 5 runs inO(1) time.

Line 6 takesO(Ĉmax) time. Lines 8 and 9 run inO(1) time. Line 10 takesO(n) time to

update the tree (n is the total number of nodes in the tree). SinceĈmax ≤ P̂p max < n,
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the complexity of SwitchChildren() function (Algorithm6.3) is obtained asO(nĈmax). In

Algorithm6.1, the loop on line 1 runs for all nodes in the network. Line 2 takesO(Ĉmax)

time. Lines 3 and 4 runs inO(1) time. In line 5, FuzzyDuty Cycle() function (Algorithm

6.2) runs inO(1) time. The Switch function (Algorithm6.3) on line 7 takesO(nĈmax) time.

Therefore, the total time complexity of the proposed mechanism is obtained asO(n2Ĉmax).

Every node in the tree forwardsactive and sleep scheduleonly to its children in each

time slot (every round) (line 9 inAlgorithm6.1). A data packet traverses multiple hops to

reach the actor node whereas duty cycle scheduling packets are forwarded only to the chil-

dren nodes (i.e. with one hop). Therefore, in comparison to energy consumption for data

packet transmission, the energy consumptions for control packet transmissions are mini-

mal for large-scale sensor networks. Assume that, in a network, maximum 1000 number

of control packets are generated for 100 number of nodes in 100 data collection rounds.

The size of the control packet is considered as 10 bytes [130] which is significantly smaller

than the size of a data packet (refer Table6.4). The energy consumption for transmitting

the control packets is1000 ∗ 10 ∗ 8 ∗ Et = 0.080 Jules (refer Table6.4). Moreover, the

maximum number ofn control packets (duty cycle scheduling packets) are transmitted in

the tree for each time slot wheren is the number of nodes in the tree.

6.3 Performance Evaluation

In this section, the performance of the proposed mechanism is compared with a randomized

switching algorithm [19] by considering network sustainability metrics, such as number of

rounds network is connected, first node disconnected round,number of packets received at

actor node and maximum number of dead nodes.

6.3.1 Simulation Environment

The proposed fuzzy based adaptive duty cycle algorithm is simulated using theNetwork

Simulator-3[9]. A sensor tree is constructed using the breadth-first-search algorithm. In

a data collection round, a node relays the data to a parent node. Assume that, every node

generates 1 unit of data packet (i.e. 960 bits each) in a round(each time slot) [19]. The ini-
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Table 6.4: Simulation Parameters

Parameter Value
Number of sensor nodes100 to 500 nodes
Transmission range 30meters
Initial energy of a node 2500KJ
Es = α3 α3 = 50× 10−9 Joules/bit
Er = α12 α12 = 0.787× 10−6Joules/bit

Et = α11 + α2d̂
n̂ α11 = 0.937× 10−6Joules/bit,

α2 = 10× 10−12Joules/bit/meter2

d̂ = 85 meters
Path lose exponent (n̂) 2
Data generated per event
by a node (l) 960bits
Average rate of events
occur per unit time (β) 100
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Figure 6.7: Total number of rounds for which network is connected
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Figure 6.8: First node disconnected round

tial energy of a node is2500Joules and a node harvests maximum of200Joules per round.

The following simulation parameters are considered:α3 = 50 × 10−9Joules/bit, α12 =

0.787×10−6Joules/bit,α11 = 0.937×10−6Joules/bit,α2 = 10×10−12Joules/bit/meter2,

d = 85 meters andn̂=2 [79, 8]. The number of sensor nodes are varied from 100 to 500

and the simulation results are presented for 100 rounds. Table 6.4 shows the parameters

which are considered in the simulation.

6.3.2 Simulation Results and Analysis

Fig. 6.7 shows the comparison of the number of rounds (a parameter fortime duration)

in which all nodes are connected between the proposed fuzzy based adaptive duty cycle

mechanism and the randomized switching algorithm [19]. It can be observed from Fig.

6.7 that, using the proposed approach the network remains connected for (on an average)

60.44% of time duration (in rounds) in comparison to the randomizedswitching algorithm.
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Figure 6.9: Maximum number of dead nodes

Table 6.5: Total (average) number of control packets generated per data collection round

Number of nodes Number of control packets
100 99
150 148
200 195
250 239
300 278
350 311
400 339
450 359
500 374

The proposed mechanism estimates the expected duty cycle value of a node for future time

slots. According to the duty cycle value, the node will perform the switching operation

or forwards theactive and sleep scheduleto the children for sustainability (i.e. till next

rechargeable time slot). On the other hand, the randomized switching algorithm performs
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Figure 6.10: Total number of packets received for 100 data collection rounds

the switching operation to balance the current load factor.The existing approach does not

consider the sustainability condition. It can be seen from Fig. 6.7that, as number of nodes

increases, the network connectivity rounds decreases because the nodes near to the actor

are overloaded with more incoming data traffic. Therefore, the nodes near to the root node

deplete their energy quickly.

Fig. 6.8shows that the first node die round (first round in which first node dies) and it

occurs first with the randomized algorithm [19] in comparison to the proposed mechanism.

The proposed mechanism takes switching decision based on the expected residual energy.

This gives the survivability to a node till next rechargeable time. It can be seen from Fig.

6.8 that, a node survives on an average of47.13% rounds with the proposed mechanism.

Further, Fig.6.9shows the maximum number of dead nodes for100 rounds. The proposed

mechanism reduces the maximum number of dead nodes significantly as compared with

the randomized switching algorithm [19].

Fig. 6.10and Fig.6.11show the average number of packets received at the root (local
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Figure 6.11: Total number of lost packets for 100 data collection rounds

actor) node and number of lost packets in a sensor tree, respectively. In a duty cycle based

network, packets may be dropped if the receiver node is in inactive state. In the proposed

mechanism, a node forwards theactive and sleep scheduleto the children so that children

relay the data at active time periods. This results in reduction of dropping packets (refer Fig.

6.11) with the proposed mechanism as compared to the randomized algorithm [19]. Table.

6.5 shows that the total (average) number of control packets (active and sleep schedule

packets) generated in a sensor tree per data collection round. It can be seen from Table.6.5

that as number of nodes increases the traffic generated by thecontrol packets increases. It

has been observed from Fig.6.7, Fig. 6.8and Fig.6.9that the sustainability of the network

is improved and this provides better network stability. Further, successful reception of

packets is also improved as shown in Fig.6.10.
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6.4 Summary

In this chapter, a fuzzy based adaptive duty cycle algorithmhas been proposed to achieve

sustainability for an energy harvesting sensor network. Duty cycle of a sensor node is

adaptively chosen by the fuzzy logic controller. Fuzzy logic system determines the ex-

pected duty cycle value by considering the residual energy,predicted harvesting energy

and expected residual energy. Further, the proposed mechanism takes a switching decision

for survivability of the network. Coordinated duty cycle schedule has been considered to

improve the reliable data gathering. From the simulation results, it has been observed that

there is an improvement in network connected rounds on an average of60.44% with the

proposed mechanism. Survivability of a node is increased onan average of47.13% with

the proposed mechanism. Further, there is a reduction in themaximum number of dead

nodes and a significant improvement in the total number of received packets at actor node

with the proposed mechanism in comparison to a randomized switching algorithm.
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Chapter 7

Conclusion and Future Scope

This thesis investigates the design and development of data gathering protocols which en-

hance the lifetime and reliable data transmission while providing stringent delivery delay

in wireless sensor and actor networks. Different data gathering protocols which utilize

less energy and delay when gathering data in the sensor actornetwork are presented. The

proposed mechanisms achieve better performance in terms ofthe end-to-end delay, energy

consumptions, number of data transmissions and lifetime. The proposed data collection

protocols are implemented and verified using thenetwork simulator-3. A comparative

study of the proposed protocols has been presented and discussed through a number of

experiments in order to demonstrate their merits and capabilities.

In this thesis, the main challenges of WSANs, such as energy efficiency, reliable data

delivery and delivery delay have been addressed. For various applications of WSANs, it

is important to improve reliable data collection along withenergy efficiency. Reliable data

transmission depends on packet loss. Retransmission of dropped packet does not satisfy

the strict delivery delay requirement and also it increasesenergy consumption. Therefore,

reduction of packet dropping rate improves energy efficiency and reduces delay for reliable

data collection. In this thesis, the main parameters, such as buffer overflow, unreliable

link quality and low energy levels (temporary disconnection of nodes due to low energy

levels) are identified that cause the dropping of packets. This thesis has made contributions

by considering the above factors in making data gathering algorithms in WSANs energy

efficient and reliable. Contributions of this thesis are to investigate the reduction of packet
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loss (by considering different aspects like buffer occupancy, link loss rate and energy levels

of nodes) in the data gathering process.

7.1 The Major Contributions of the Thesis

An adaptive buffer management mechanism using markov decision process has been de-

veloped for tree-based sensor and actor networks. This is presented in Chapter3. The

proposed approach reduces the number of retransmissions, delivery delay and improves

the energy efficiency. The state of a node is represented as buffer levels which may change

with dynamic traffic. The buffer states (in which packets will be dropped) are determined

to minimize the average delivery delay and energy consumption. Also, the bounds on vis-

iting times and contact times are estimated for a mobile actor to mitigate buffer overflow

problem. The energy consumptions have been estimated with the proposed network model.

In Chapter4, a reliable data transmission mechanism using opportunistic encoding has

been proposed for a WSAN with faulty nodes. A link may be unreliable in the presence of a

faulty region that results in loss of packets. A network coding approach has been designed

by considering link loss rates and appropriate level of redundancy to achieve reliable data

delivery. Further, a markov decision process is developed for opportunistic network coding

decisions. The proposed mechanism determines the level of packet redundancy adaptively

in the encoding process to improve reliable data gathering and to reduce the number of data

transmissions.

A fuzzy based delay and energy-aware intelligent routing mechanism has been pro-

posed in Chapter5 to select efficient routes. In a heterogeneous sensor actor network,

packet loss may occur due to bad link quality, overflow of buffer and low energy levels.

Retransmission of the lost packets leads to increase in energy consumption and delay. In

the proposed mechanism, routing decisions are taken using afuzzy logic system by consid-

ering network resources, such as residual energy, quality of link, available buffer size and

distance (proximity).

In Chapter6, a fuzzy based adaptive duty cycling algorithm has been designed to

achieve the network sustainability in harvesting sensor actor networks. In the proposed

approach, current residual energy, predicted harvesting energy (for a futuristic time slot)
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CHAPTER 7. CONCLUSION AND FUTURE SCOPE Section 7.2

and predicted residual energy parameters are considered asfuzzy input variables to esti-

mate duty cycle for a sensor node. A node takes a switching decision based on predicted

duty cycle value for survivability. Also, coordinated dutycycling is considered in Chapter

6 to improve reliable data collection. The energy consumptions in bottleneck zone have

been estimated by considering duty cycle in WSANs.

7.2 Future Scope

Although the proposed data gathering algorithms show promising performance improve-

ments as compared to existing relevant mechanisms available in the literature, there are

other aspects and scenarios which could be considered. Someof the potential extensions

of our research work presented in this thesis are listed as follows:

• In Chapter3, we have formulated a model for an actor to estimate bound on buffer

occupancy and energy consumption with one mobile actor. However, in amulti-actor

scenario, the actor-actor coordination during path scheduling and packet gathering

can be explored as future scope of research. Further, research may be extended to

investigate the performance of the proposed MDP approach ina duty-cycled flat

network.

• In Chapter4, a network coding based reliable data gathering mechanism has been

presented. This approach can be further explored in the presence of node mobility

and rechargeable sensor nodes.

• As a future research scope, the problem addressed in Chapter5 can be further inves-

tigated with duty cycle based sensor network. Further research may be extended by

exploring the proposed delay and energy aware routing protocol with various degree

of node mobility and their movement patterns.

• As future research challenge, energy harvesting sensor actor networks can be further

investigated for different node mobility and network topologies. .
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